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Abstract

Prefrontal cortex mediates cognitive control by means of circuitry organized along dorso-ventral and rostro-caudal axes.
Along the dorso-ventral axis, ventrolateral PFC controls semantic information, whereas dorsolateral PFC encodes task rules.
Along the rostro-caudal axis, anterior prefrontal cortex encodes complex rules and relationships between stimuli, whereas
posterior prefrontal cortex encodes simple relationships between stimuli and behavior. Evidence of these gradients of
prefrontal cortex organization has been well documented in fMRI studies, but their functional correlates have not been
examined with regard to integrity of underlying white matter tracts. We hypothesized that (a) the integrity of specific white
matter tracts is related to cognitive functioning in a manner consistent with the dorso-ventral and rostro-caudal
organization of the prefrontal cortex, and (b) this would be particularly evident in healthy older adults. We assessed three
cognitive processes that recruit the prefrontal cortex and can distinguish white matter tracts along the dorso-ventral and
rostro-caudal dimensions –episodic memory, working memory, and reasoning. Correlations between cognition and
fractional anisotropy as well as fiber tractography revealed: (a) Episodic memory was related to ventral prefrontal cortex-
thalamo-hippocampal fiber integrity; (b) Working memory was related to integrity of corpus callosum body fibers
subserving dorsolateral prefrontal cortex; and (c) Reasoning was related to integrity of corpus callosum body fibers
subserving rostral and caudal dorsolateral prefrontal cortex. These findings confirm the ventrolateral prefrontal cortex’s role
in semantic control and the dorsolateral prefrontal cortex’s role in rule-based processing, in accordance with the dorso-
ventral prefrontal cortex gradient. Reasoning-related rostral and caudal superior frontal white matter may facilitate different
levels of task rule complexity. This study is the first to demonstrate dorso-ventral and rostro-caudal prefrontal cortex
processing gradients in white matter integrity.
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Introduction

Why do healthy older people decline in the efficiency of

cognitive control, a cognitive function strongly dependent on PFC

that includes working memory (WM), episodic memory, and

reasoning [1,2]? Older people present something of a puzzle for

understanding the relation between brain change and cognitive

change. They show a pattern of reduced PFC-dependent cognitive

control in tandem with increased PFC activation [3]. Because

changes in white matter integrity appear to be the most important

neural correlate of cognitive aging [4], specific white matter tracts

likely have a role in age-related modulation of the way PFC-

dependent functions are integrated within and outside of PFC.

We describe a novel approach for understanding white matter

integrity in older adults by advancing the hypothesis that the

integrity of specific white matter tracts is related to cognitive

functioning in a manner consistent with the organization of the

PFC. We test specific predictions about how PFC organization is

reflected in the integrity of projecting white matter tracts.

Associations between white matter integrity and cognitive

functions in older individuals can be informative not only about

the neurocognitive organization of the PFC but also about possible

age-related changes in that organization.

Cognitive control relies to a large degree on lateral prefrontal

lobe grey matter function [5–7], which appears to be organized

according to dorso-ventral and rostro-caudal processing gradients.

Along the dorso-ventral axis, dorsolateral PFC (dlPFC) encodes

task rules that enable the transformation of perception into action,

whereas ventrolateral PFC (vlPFC) exerts control over semantic

knowledge [8–10]. Superimposed on this dorso-ventral organiza-

tion is a rostro-caudal organization that is based on processing

complexity: anterior prefrontal regions represent complex rules

and relationships between stimuli, whereas posterior PFC struc-

tures represent simple relationships between stimuli and behavior

[9,11–14].

Cognitive control relies not only on grey matter but also on

white matter tracts subserving cortico-cortical and cortico-

subcortical integration [15–17]. However, theoretical accounts of

the functionality of dorso-ventral and rostro-caudal differentiations

of cognitive processes are based mainly on functional imaging

studies and have not been tested in the PFC’s white matter

architecture. Given that age-related white matter changes appear
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to be a significant neural substrate of cognitive aging [4,18], there

are important reasons to assess the role of PFC white matter

organization in older adults.

First, fMRI-based accounts of these organizational principles

provide little information about the integration of PFC-dependent

cognitive functions within PFC and extra-prefrontal systems.

Examining the links between structural neural organization and

cognition will deepen understanding about how the PFC generates

and integrates information in the service of cognitive control at a

systems level. Information about increases or decreases in integrity

of the white matter tracts that connect brain regions may, for

example, help to interpret task-related brain activation increases or

decreases that are commonly found in older compared to younger

adults.

Second, it is important to know whether dorso-ventrally and

rostro-caudally organized cognitive control processes are associat-

ed with specific inter- and intra-hemispheric structural connectiv-

ity patterns reflecting different mechanisms of PFC-dependent

cognitive control. For example, there is evidence of a role in WM

for intra-hemispheric dorso-dorsal connections between the frontal

and parietal lobes, viz., dorsal superior longitudinal fasciculus (SLF

II) [19,20]. This suggests the SLF II is involved in top-down

control of PFC during parietal cortex-dependent maintenance

processes in WM [21]. There is also evidence that anterior corpus

callosum is involved in inter-hemispheric inhibitory or excitatory

processes in PFC-dependent WM control [22–26]. For vlPFC-

dependent episodic memory, on the other hand, evidence suggests

reliance on intra-hemispheric, but not inter-hemispheric connec-

tions [23,27].

Third, studying correlations between PFC organization and

white matter integrity can reveal whether the specific tracts

important for cognitive control vary with age. The aged brain

experiences decreased white matter integrity particularly in the

PFC [28–30], which is bilaterally connected through fibers of the

anterior corpus callosum. Reduced integrity in the anterior corpus

callosum has been associated with decline in PFC-dependent

cognitive control in older adults [23,26,31], whereas increased

PFC white matter integrity has been observed following cognitive

control training in older adults [24]. The evidence that older

adults activate the PFC bilaterally in contrast to the unilateral

pattern in young people [32,33] suggests the anterior corpus

callosum has a prominent role in PFC-dependent cognitive control

in older adults. However, to date, the correspondence between

portions of the anterior corpus callosum and specific PFC-

dependent cognitive functions has not been studied. We asked

whether associations between anterior callosal white matter

integrity and cognitive control in older adults subserve dorso-

ventrally or rostro-caudally organized PFC grey matter.

White matter integrity as a reflection of PFC-dependent
cognitive control

Although PFC white matter integrity has been associated with

cognitive function in both young and older adults, theoretical

accounts of dorso-ventral and rostro-caudal organizational prin-

ciples of the PFC have not been previously tested in white matter.

Regarding episodic memory, correlations with white matter

integrity revealed reliance on fronto-thalamic connections via

the anterior internal capsule and temporal lobe white matter

[23,27]. Regarding WM, associations have been found with the

SLF II in young people [19,20] and with the genu of the corpus

callosum across the adult age range [22–24,26]. Regarding

reasoning, associations have been observed between PFC white

matter and frontal, parietal, and temporal tracts [22,34].

Reductions in white matter integrity appear to be an important

substrate of cognitive aging but no previous study has related white

matter integrity to the organization of the PFC. Accordingly, in

the present study we examined, in a population of healthy older

adults, three cognitive processes that recruit the PFC and can

distinguish white matter tracts along the dorso-ventral and rostro-

caudal dimensions - episodic memory, WM, and reasoning. We

hypothesized that the integrity of specific white matter tracts is

related to cognitive functioning in a manner consistent with the

postulated dorso-ventral and rostro-caudal organization of the

PFC, as described in the following paragraphs.

Dorso-ventral organization of the lateral PFC
Both imaging and lesion studies reveal a clear dorso-ventral

processing organization in the dlPFC (Brodmann area, BAs 8, 9,

46, 6 rostral) that can be observed in WM, episodic memory, and

reasoning tasks. The dlPFC appears to be involved in encoding

task rules aimed at transforming perception into action [9,35]. For

example, it is activated when words are organized according to a

mathematical pattern [36], or reordered according to a physical

property of the object that the word represents [37], and during

analytical reasoning [38]. This processing is facilitated by dorsal

neocortical pathways and connections between dlPFC and

adjacent prefrontal and premotor regions [39]. The vlPFC (BAs

44, 45, 47) appears to be involved in the encoding and selection of

items held in semantic memory [8,40–43]. It is activated during

the encoding of remembered words and pictures [41], semantic

analysis and phonological rehearsal of source memory for nouns

[44], and selection and inhibition of familiar letters [45–47]. This

processing is facilitated by connections between vlPFC and the

inferior and superior temporal cortices [10].

This evidence is consistent with the view that the dlPFC codes

task-relevant rules to transform a wide range of sensory inputs into

actions (‘‘how’’ function) [9,48], thereby accounting for a range of

dlPFC-dependent rule-based functions such as re-organizing

words and objects. The anatomical connectivity of the dlPFC

with the dorsal parietal cortex (dorso-dorsal pathways), and vlPFC

with temporal association areas (ventro-ventral pathways), lends

support to the described functional specializations [10,39,49–51].

What has not been investigated previously are the specific white

matter tracts that are critical for specific aspects of dorsally- and

ventrally-mediated cognitive control.

Rostro-caudal organization of the lateral PFC
Current views of the rostro-caudal organization within the

lateral PFC are also based on functional imaging and lesion

evidence. Anterior PFC is thought to facilitate processing of

domain-integrative, relationally complex, abstract, and temporally

extended information, whereas posterior PFC facilitates processing

of domain-specific, less complex, concrete, and temporally close

information [10,12,52–54]. The rostro-caudal gradients in the

vlPFC evolved in the context of a cytoarchitecture that likewise

varies regionally in complexity. The vlPFC consists of distinct

subdivisions that gradually increase in granularity from caudal to

rostral regions [55–57]. Also, anatomical connectivity in some

dlPFC regions suggests distinct rostral and caudal pathways: the

more rostrally located BA 9 and BA 46 are connected with the

multimodal superior temporal cortex and rostral superior tempo-

ral gyrus, whereas the more caudally located BA 8 is connected

with visuospatial parietal and posterior visual temporal cortices

[10].

Fuster [13] argued that rostro-caudal dlPFC gradients reflect

the ability of the lateral frontal cortex to exert cognitive control

over temporally segregated components of behavior sequences

Prefrontal White Matter Organization in Cognition

PLOS ONE | www.plosone.org 2 December 2013 | Volume 8 | Issue 12 | e81410



[5,53]. Specifically, premotor cortex encodes the stimulus at hand,

caudal lateral PFC represents temporally close perceptual context,

and rostro-lateral PFC encodes temporally distant stimulus

context. In accordance with this idea, Koechlin et al. [53] showed

that activation in lateral frontal regions of sensory, contextual, and

episodic control increased in magnitude in a caudal-to-rostral

manner, and exerted causal top-down influences among the

regions. A series of related functional and lesion imaging studies

using a hierarchical response selection task revealed a similar

pattern of lateral rostro-caudal frontal organization [52,58] that

may signal conflict resolution in ambiguous stimuli by imposing

additional processing steps in progressively rostral regions [59].

Less is known about possible rostro-caudal gradients of semantic

control in the vlPFC, although one study found that solving

anagrams of increasingly abstract words evoked brain activations

in progressively anterior areas among ventro-, dorso-, and rostro-

lateral PFC regions [60]. Evidence for the role of white matter

integrity in rostro-caudal PFC organization in cognitive processing

would advance the current knowledge about the organization of

the PFC.

Predictions for PFC white matter organization in the
current study

We assessed three cognitive functions that recruit the PFC and

can be used to distinguish white matter tracts along the dorso-

ventral and rostro-caudal dimensions. We asked whether associ-

ations between the regional integrity of white matter microstruc-

ture and specific cognitive function support the organizational

principles within the PFC.

The dorso-ventral organization was assessed by comparing the

integrity of tracts subserving episodic memory and WM. We

predicted that episodic memory, assessed with the logical memory

subtest of the Wechsler Memory Scale III (WMS III) [61], would

rely on the integrity of anterior corona radiata tracts (fronto-

thalamic connections), thereby supporting vlPFC-dependent

semantic control. This prediction is based on (a) diffusion-tensor

imaging (DTI)-based evidence of a relation in older adults between

white matter integrity in these tracts and episodic memory

performance [23,27] and (b) fMRI evidence for vlPFC-dependent

semantic control [8,9]. Because the WMS logical memory test

measures the retrieval aspect of semantic cognition - the executive

process of goal-directed activation of semantic knowledge - it was

chosen to assess ventral PFC-dependent semantic control [62–70].

We further predicted that WM, assessed with the Letter Number

Sequencing (LNS) subtest of the Wechsler Adult Intelligence Scale

III (WAIS III) [71], would be associated with integrity in anterior

transcallosal connections between the bilateral dlPFC (corpus

callosum genu/body), thereby facilitating dlPFC-dependent task

rule encoding. This prediction is based on previous evidence that

anterior callosal white matter integrity is related to WM in older

adults [22,23,26], evidence of increased corpus callosum genu

integrity following WM training in older adults [24], and fMRI

evidence for dlPFC-dependent task rule encoding [9,10]. Finally,

we predicted that reasoning, assessed with the matrix reasoning

subtest of the WAIS III, would be associated with integrity in

anterior PFC white matter based on previous fMRI studies on

reasoning function [38,72].

The rostro-caudal organization was assessed by comparing

WM, associated with relatively posterior PFC areas (dlPFC), and

reasoning ability, associated with the anterior PFC. Specifically,

we predicted that abstract thinking, assessed with the matrix

reasoning subtest of the WAIS III [71], would show dependence

on anterior PFC tracts that connect the frontal pole with parietal

association cortices. We predicted that this would be particularly

true for participants who solve WAIS III items with more complex

designs compared to participants that solve simpler designs. Our

prediction is based on findings from two previous studies in older

adults that showed reliance of reasoning ability on PFC tracts

[22,34] and the reviewed fMRI evidence of the rostral PFC’s

representation of complex rules and relationships between stimuli

[9,11–14].

Methods

Ethics Statement
All procedures were approved by the George Mason University

Institutional Review Board and written informed consent was

obtained from each participant prior to testing. Participants

received monetary compensation for their time and effort.

Sample
Initially, 142 individuals with no self-reported history of

neurologic and psychiatric disorders were considered for this

study, which is part of a longitudinal study on healthy aging.

Clinical signs for cognitive dysfunction were assessed with the Mini

Mental State Exam (MMSE, cut-off: raw score,25) [73]. In

addition, T2-weighted FLAIR MRI images sensitive for lesion

detection were acquired and evaluated by a neuroradiologist to

screen for significant injuries and brain pathology, such as tumors

and stroke. Three adults were excluded based on their MMSE

scores, but no one was excluded based on the neuroradiological

evaluations. One adult had to be excluded because of a poor

ventral prefrontal diffusion signal. In four adults, matrix reasoning

and LNS scores were not available. Therefore, the final sample

consisted of 134 healthy adults aged 41 to 86 (mean = 63.3,

SD = 10.3). The study group was predominantly female (63.4%),

right-handed (85.8%), and White (85.6%). The remainder of the

sample was classified as Hispanic (5.5%), African-American

(3.9%), or Other (5%).

Neuropsychological assessment
Neuropsychological assessment was performed as part of a

larger test battery in the Healthy Aging Study at the George

Mason University Psychology Department in Fairfax, Virginia.

The Mini Mental State Exam was used to screen for cognitive

impairment [73]. Episodic memory was assessed with the logical

memory subscale of the WMS III [61]. Participants were

instructed to retain as much information as possible from an

aurally presented short biographical story. Episodic memory

measures the quantity of semantic information retrieved from

the story which is captured by the number of correctly recollected

semantic units (raw score). WM was assessed with the LNS

subscale of the WAIS III [71]. Participants were read sequences of

alternating digits and letters in scrambled order and required to

immediately retrieve them in ascending numeric followed by

alphabetical order. LNS measures the efficiency with which

individuals manipulate sequential order. A raw score was

computed based on the number of accurately completed trials.

The matrix reasoning test of the WAIS III [71] was used to assess

abstract reasoning at a range of stimulus complexity. Participants

were shown incomplete designs that started with simple compar-

isons of single dimensions (e.g., shape or color) and then gradually

increased in complexity in the relations between stimuli dimen-

sions (e.g., color, shape, and orientation had to be considered

simultaneously). They were then asked to select a design part to

complete each design from a choice of five parts. The number of

correctly completed designs (raw score) was recorded. In order to

test our hypothesis of dorso-ventral and rostro-caudal PFC white

Prefrontal White Matter Organization in Cognition
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matter organization of cognitive control, we excluded any

assessments that were not from standardized tests and any that

did not assess PFC-mediated cognitive control.

MRI data acquisition
MRI images were collected with a Siemens Allegra head-only

MRI scanner and a standard quadrature transmit-receive head

coil. Axial images were acquired using a diffusion-weighted single-

shot EPI sequence with 12 gradient directions (1000 s/mm2;

TE = 75 ms; TR = 10000 ms; slice thickness = 3 mm, 50 slices,

acquisition matrix = 128 mm6128 mm) and 3 repetitions.

Diffusion imaging data processing
MRI data processing was performed using the FDT toolbox

(version 2.0) implemented in FSL 4.1.8. [74]. Preprocessing of

diffusion-weighted images included correction for head move-

ments and eddy currents, creating a brain mask on non-diffusion-

weighted reference images, and voxel-wise fitting of the diffusion

tensor model yielding fractional anisotropy (FA) maps for each

participant. FA is a frequently used index of white matter integrity

that quantifies the magnitude and directionality of water diffusion

in the brain [75,76]. It is assumed that white matter has an

oriented fiber structure which results in faster movement of water

molecules along the lengths of axons and slower movement in

perpendicular directions due to molecular barriers. FA values can

range from zero to one, where zero indicates non-directional

(isotropic) and one indicates perfectly directional (anisotropic)

diffusion. The cellular basis of anisotropic water diffusion in the

brain is not fully understood to date. Research indicates that it is

not exclusively related to the ordered arrangement of white matter

fibers but also depends on the density of axon packing, axonal

diameter, axon volume fraction, and degree of myelination [76–

78].

Tract-based spatial statistics (TBSS) [79] was then applied to

compute whole-brain correlations between FA and cognitive

performance. The TBSS processing stream included removal of

brain edge outliers from the diffusion tensor fitting, non-linear

registration of individual FA maps to the FMRIB58_FA standard

space, and linear transformation of the registration parameters

into 1 mm isotropic MNI152_T1 space. Normalized FA maps

were averaged to create a mean FA map across subjects. Then, the

mean FA map was thresholded at 0.2 to define a white matter

skeleton mask – a common set of voxels across subjects that is used

for further analyses [79]. Finally, all subjects’ aligned FA data were

projected onto the mean FA skeleton that was fed into a voxel-wise

covariance analysis.

Statistical analyses of fractional anisotropy
A one-sample voxel-wise whole brain t-test (general linear

regression, GLM) was computed on the skeletonized mean FA

maps of all participants (N = 134). In the GLM, the raw scores

from the cognitive assessments of matrix reasoning, LNS, and

episodic memory (immediate recall) were included as regressors of

interest, while age, sex, handedness, z-transformed MMSE scores,

and the z-transformed number of years of education served as

nuisance regressors.

In addition, the study group was divided by the level of

participants’ performance on the matrix reasoning score using the

split-half method to assess whether performance on complex

versus simple items of this measure is related to rostro-caudal PFC

organization. This analysis was first carried out on the whole brain

FA maps. To reduce the number of comparisons in these smaller

groups of participants (N = 67 in each group), we additionally

performed statistical analyses using a TBSS-derived mean white

matter skeleton mask specifically created to include only PFC

white matter voxels. Whole brain and PFC-only voxel-wise t-tests

were performed separately on the high and low-performing

participants using matrix reasoning, age, sex, handedness, z-

transformed MMSE scores, and the z-transformed number of

years of education as predictors.

For all analyses, positive and negative cognition-FA associations

were examined. FSL’s Randomise tool with threshold-free cluster-

enhancement (tfce) thresholding and family-wise error (FWE)

correction for multiple comparisons was used to obtain correla-

tional maps. [80]. Images were overlaid onto a rendered brain

volume (MNI152_T1_1 mm) for display purposes. The JHU

White-Matter Tractography Atlas and Juelich Histological Atlas

were used to determine the identity and probabilities of white

matter tracts that revealed significant correlations between FA and

cognition. Adjacent grey matter structures were identified using

Talairach labels, also implemented in FSL 4.1.8 [74].

Probabilistic tractography analyses
Single-seed probabilistic tractography implemented in FSL’s

FDT toolbox was used to create white matter path distributions

from white matter areas that showed significant correlations with

episodic memory, WM, and reasoning (TBSS analysis results).

This analysis has the advantage that likely cortical targets can be

estimated which is not possible with TBSS. First, local diffusion

directions for the primary and secondary fiber orientations in each

voxel were computed with a fully automated Bayesian estimation

method (BedpostX) [81]. Then, diffusion image registration

parameters were computed for transformation to

MNI152_T1_1mm space for each individual. Tractography was

performed on each individual’s data using Probtrackx to

reconstruct fiber tracts that pass through the seeded white matter

areas. Specifically, 5000 samples were drawn through the

probability distributions of each seed voxel, probabilistic tracking

propagated at a step length of 0.5 mm, and a curvature threshold

of 0.2 was applied to limit the analysis to likely fiber pathways that

turn approximately 80 degrees or less [81].

Small 2 mm spherical seed masks (Figs. 1; 2B,C) were created in

1 mm isotropic MNI152_T1 standard space for nine locations.

Seven of these locations were based on the whole-brain FA-

cognition correlation results from the three positive statistical

TBSS contrasts carried out in the entire sample; two more

locations were based on the analysis in the subgroup of

participants that solved less complex matrix reasoning items

(described in Results, FA-cognition correlations derived from the

TBSS analysis). The correlation maps for episodic memory, WM,

and matrix reasoning in the subsample of participants that solved

less complex items yielded highly localized peak intensities. We

therefore used voxels that yielded the highest probability of

belonging to a certain tract and the greatest signal intensity as the

centers for the seeds that were based on these correlations. To

determine the voxels with the highest probability of belonging to a

certain tract, the JHU Juelich White-Matter Tractography Atlas

was used first and, in cases where this atlas did not yield a tract

label, the Juelich Histological Atlas was used instead to classify the

peak voxels in each seed region and obtain their probability values.

The statistical map that resulted from the whole-brain FA-matrix

reasoning correlational analysis in the entire sample did not reveal

localized peaks. Therefore, rostral and caudal white matter voxels

were selected from significant white matter voxels subjacent to the

dlPFC. The rostro-caudal cut-off was set to y = 34 (MNI 1 mm

space) based on results from a previous fMRI study that assessed

rostro-caudal dlPFC gradients [53]. Voxels with the greatest signal

intensities from the rostral and caudal white matter areas subjacent

Prefrontal White Matter Organization in Cognition
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to dlPFC grey matter served as centers for the seeds derived from

this correlation analysis.

Based on these criteria, the following seeds were used for the

fiber tractography analyses: right inferior fronto-occipital fascicu-

lus (IFOF; seed 1: MNI, 23, 23, 3; episodic memory); right anterior

thalamic radiation (seed 2: 23, 19, 11; episodic memory); left

corpus callosum body (seed 3: 216, 17, 28, WM); left anterior

thalamic radiation (seed 4: 225, 31, 10; WM, from left IFOF/

anterior thalamic radiation cluster); IFOF (seed 5: 225, 31, 7;

WM, from left IFOF/anterior thalamic radiation cluster); left

rostral dlPFC (seed 6: 211, 45, 36; matrix reasoning, entire

sample); left caudal dlPFC (seed 7: 211, 12, 57; matrix reasoning,

entire sample); anterior BA6 (seed 8: 219, 9, 39; matrix reasoning,

low performers); posterior BA6 (seed 9: 218, 210, 41; matrix

reasoning, low performers).

For each seed region, the raw connectivity map of each

participant was computed and thresholded at 50% to include

pathways that were evident in at least half of the samples that were

drawn through each voxel of each of the seed regions. The

thresholded maps were then binarized and summed for all

participants to create seven group maps that yielded the highest

values in areas with the most overlap of pathways among

participants for the seven seed regions.

Results

Whole-brain FA-cognition correlations (entire sample)
Whole-brain correlations between FA and each of the three

cognitive measures were carried out on episodic memory, WM,

and reasoning in the entire sample. We found the following

positive FA-cognitive control correlations (negative contrasts did

not yield significant results).

Episodic memory. Higher FA in the right vlPFC, including

the IFOF (peak probability, 55%, JHU White-Matter Tracto-

graphy Atlas) and anterior thalamic radiation (37%, JHU White-

Matter Tractogaphy Atlas), was associated with better perfor-

mance on the WMS logical memory (immediate recall) test

(p,0.05; FWE corrected, based on the threshold-free cluster-

enhanced statistical image), indicating that ventro-ventral long-

range association fibers and fibers that convey information from

Figure 1. Probabilistic tractography results. Top row: Pathways for episodic memory (A), working memory (B), and reasoning (C) are shown in
2D overlaid onto MNI152_T1_1 mm standard space (radiological convention). The color code represents the number of participants for which
connectivity distributions were found in a given voxel with warm colors indicating larger and cold colors indicating smaller participant overlap
(yellow = largest overlap, light blue = smallest overlap). Seed locations are indicated by arrows. Bottom row: Pathways for episodic memory (A),
working memory (B), and reasoning (C) are shown in 3D using MRIcroGL overlaid onto MNI152_T1_1 mm standard space (vPFC, ventral prefrontal
cortex; CC, corpus callosum; a, anterior; p, posterior; l, left, r, right).
doi:10.1371/journal.pone.0081410.g001

Prefrontal White Matter Organization in Cognition
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subcortical thalamic nuclei to the PFC facilitate episodic memory

(Fig. 3A).

Working memory. Higher FA in two PFC clusters were

associated with better LNS performance: in the left body of the

corpus callosum (98%, Juelich Histological Atlas) and in the left

IFOF/anterior thalamic radiation (45%/32%, JHU White-Matter

Tractogaphy Atlas; Fig. 3B). These results approached significance

(p = 0.07, FWE corrected, based on the threshold-free cluster-

enhanced statistical image). Peak signal intensities were found in

the left body of the corpus callosum near the anterior intraparietal

cortex (IPC; 96%, Juelich Histological Atlas, p,0.05; tfce

corrected). These findings indicate that frontal and parietal white

matter tracts are implicated in WM.

Reasoning. In the PFC, we found greater FA in bilateral

fibers along the entire anterior to posterior extent of the superior

frontal cortex in close proximity to individual superior frontal gyri

associated with better reasoning performance (p,0.05; FWE

corrected, based on the threshold-free cluster-enhanced statistical

image; Fig. 3C). These fibers were not classified as any of the

major long-range association or fronto-subcortical fibers by the

white matter atlases implemented in FSL. Also in the PFC, there

were significant correlations between reasoning and FA in the

bilateral genu and body of the corpus callosum. This widespread

prefrontal white matter network extended into the premotor

cortex, superior and inferior parietal cortices, left posterior

parahippocampal gyrus, bilateral anterior corona radiata and

bilateral splenium of the corpus callosum.

FA-cognition correlations associated with reasoning
complexity

To test our hypothesis concerning reasoning and PFC tracts

connecting the frontal pole with parietal association cortices,

whole-brain and PFC-only correlations between FA and matrix

reasoning were carried out in two subsamples: high (matrix

reasoning raw score.17) and low (matrix reasoning raw

score,18) performing individuals. On the whole brain level, no

significant associations were found between FA and matrix

reasoning. Justified by our hypothesis, analyses were also restricted

Figure 2. PFC correlations between FA and less complex reasoning. TBSS (A) and probabilistic tractography (B, C) results are displayed for
reasoning in low-performing individuals. A: Reasoning in low-performing participants relies on white matter subjacent to the left anterior (aBA6) and
left posterior (pBA6) BA6 (PFC-only analysis; p = 0.08, corrected). B, C: Pathways tracked from aBA6 (B) and pBA6 (C) are shown overlaid onto
MNI152_T1_1 mm standard space (radiological convention). The color code represents the number of participants for which connectivity
distributions were found in a given voxel with warm colors indicating larger and cold colors indicating smaller participant overlap (yellow = largest
overlap, light blue = smallest overlap). Seed locations are indicated by arrows (CC, corpus callosum).
doi:10.1371/journal.pone.0081410.g002

Figure 3. Whole-brain correlations between FA and cognitive measures (entire sample). Color-coded white matter tracts represent
significant positive correlations between FA and episodic memory (A; p,0.05, corrected), working memory (B; p = 0.07, corrected), and reasoning (C;
p,0.05, corrected). Episodic memory relies on right anterior thalamic radiation (atR) and right inferior fronto-occipital fasciculus (IFOF); Working
memory is facilitated by left body of corpus callosum fibers (bCC) and left atR/IFOF fibers; Reasoning depends on integrity in caudal (cSFC) and rostral
(rSFC) superior frontal cortex, premotor cortex, corpus callosum (all bilateral, but displayed exemplary for the left hemisphere), and additional frontal,
parietal, temporal, and subcortical white matter (not shown here). Results are overlaid onto MNI152_T1_1 mm standard space.
doi:10.1371/journal.pone.0081410.g003
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to PFC white matter tracts. These revealed a trend for a positive

correlation between FA subjacent to two areas in the left superior

frontal gyrus (near anterior and posterior BA 6; p = 0.08, FWE

corrected, based on the threshold-free cluster-enhanced statistical

image; Fig. 2A) and matrix reasoning performance in the

individuals who performed poorly on the matrix reasoning test.

No significant correlations or trends were found in the group of

high performing individuals. Negative contrasts did not yield

significant results.

Probabilistic tractography results
Seed masks were used to track pathways associated with the

three cognitive measures and revealed distinct connectivity

patterns in ventral, dorso-rostral, and dorso-caudal PFC white

matter.

Episodic memory. Tracking from the first seed region that

we identified as the right IFOF based on the TBSS analysis

revealed that these fibers are primarily right anterior thalamic

radiation fibers passing through the anterior limb of the internal

capsule to connect the ventral PFC with the thalamus (Fig. 1A,

seed 1). At the level of the right putamen, some fibers from the

seeded area continue their course into the putamen. We therefore

refer to these tracts as ventral PFC-subcortical paths to account for

their cortico-subcortical course. These tracts subserve medial (BA

10) and lateral (BA 45) ventral PFC regions to facilitate prefrontal-

thalamic and prefrontal-putamen communication. A second fiber

orientation in the first seed is evident in this map that indicates

inter-hemispheric vlPFC connections via the corpus callosum

genu.

Relatively dorsal to these ventral PFC-subcortical connections

run pathways that we identified as the anterior thalamic radiation

based on the TBSS results (Fig. 1A, seed 2). Tractography revealed

that their medial and lateral ventral PFC targets are similar in

location to those found with the first seed mask (BAs 10, 45).

However, their extra-frontal terminations take a more posterior

course into the right hippocampus. We therefore refer to these

connections as a ventral PFC-hippocampal path. A second fiber

orientation is evident that passes through the corpus callosum genu

thereby facilitating inter-hemispheric communication between the

bilateral ventral PFC.

Working memory. Tracking from the third seed region

revealed corpus callosum body fibers (Fig. 1B, seed 3) that

interconnect the bilateral superior frontal gyri (BA 6). A second

fiber pathway connects the dorsal PFC with the posterior cingulate

cortex (BA 31). Tracking from the fourth and fifth seed region

(identified as the left anterior thalamic radiation based on the

TBSS analysis) revealed PFC-subcortical pathways passing

through the anterior limb of the internal capsule, with cortical

targets in the vlPFC (BA 45) and dlPFC (BA 9; Fig. 1B, seed 4).

Some of these fibers continue beyond the level of the thalamus to

end in the left hippocampus, thereby indicating a PFC-

hippocampal pathway. A second fiber orientation connects the

left PFC with its contralateral counterpart (BA 9). Fiber tracking

from the fifth seed, located immediately ventral to the anterior

thalamic radiation location and initially identified as the left IFOF,

revealed pathways that were very similar to those revealed by

tracking from the fourth seed (Fig. 1B, seed 5).

Reasoning (entire sample). The sixth seed region was

created to assess white matter tracts subjacent to the left rostral

superior frontal gyrus. Tracking from that seed revealed forceps

minor fibers that are extensions of the corpus callosum body

providing inter-hemispheric connections with the right rostral

superior frontal gyrus (Fig. 1C, seed 6). Other fibers that pass

through the sixth seed have subcortical targets that are less certain

but may include the thalamus, putamen, and/or brain stem.

Similarly, the seventh seed mask was used to assess tracts subjacent

to the left caudal superior frontal cortex. The main fiber

orientation revealed by that seed were forceps minor fibers that

are extensions of the corpus callosum body connecting the caudal

superior frontal gyrus with its contralateral counterpart. A second

fiber orientation revealed in this map appears to run perpendicular

to the corpus callosum and connects the left caudal superior

frontal region with the left inferior frontal gyrus (Fig. 1C, seed 7).

Before reaching the inferior frontal gyrus, some of these fibers take

a medial course via the posterior limb of the internal capsule

ending in the thalamus.

Reasoning (low performing individuals). The eighth and

ninth seed regions were created to assess white matter tracts

subjacent to the left caudal superior frontal gyrus (anterior and

posterior BA 6). Tracking from the eighth seed revealed corpus

callosum body fibers that interconnect the bilateral anterior BA 6

(Fig. 2B). A second fiber orientation revealed tracts to the left

inferior frontal gyrus. Some additional fibers were found that

connect the thalamus with BA6. Tracking from the ninth seed

region revealed corpus callosum body fibers that interconnect the

bilateral posterior BA 6 (Fig. 2C). A second fiber orientation was

found revealing connections between BA 6 and the thalamus.

Discussion

Consistent with our hypothesis that white matter integrity

reflects organizational gradients in PFC previously seen in

functional imaging studies, we found distinct intra- and inter-

hemispheric PFC white matter fibers associated with PFC-

mediated cognitive function.

Regional variation in white matter integrity along the
dorso-ventral PFC axis

Our findings in white matter support the dorso-ventral

distinction claimed to exist in gray matter between semantic and

rule-based processing [9]. Specifically, we identified (a) ventral

prefrontal tracts that subserve communication in episodic memory

and (b) dorsal prefrontal tracts that subserve communication in

working memory.

Regarding ventral aspects of PFC organization, previous

functional imaging studies found that episodic memory recruits

the vlPFC [40–42,44], thalamus [82], putamen [83], and

hippocampus [8,43,84,85]. Nevertheless, the full circuitry of

episodic memory is unknown to date and our findings are

informative about the ventral circuitry of episodic memory. We

found that episodic memory relies on ventral cortico-subcortical

circuitry (ventral prefrontal-thalamic, ventral prefrontal-putamen,

and ventral prefrontal-thalamo-hippocampal pathways). This is in

line with two previous DTI studies that revealed that anterior

thalamic radiation fibers carry information between the vPFC and

thalamus [23,27]. Both lateral and medial vPFC are connected

with the medial dorsal thalamus and putamen [86–89]. Even

though the ventral prefrontal (vPFC) terminations that we

identified here (BA 10, BA 45) are known to be critically involved

in episodic memory retrieval [90], less is known about the role of

fronto-thalamic and fronto-putamen interactions in higher-order

cognition [15–17]. Some research indicates that fronto-thalamic

loops have a general role in modulating response magnitude, firing

mode, and synchrony of cortical neurons in the service of

cognition [91]. Our results confirm the importance of fronto-

thalamic interactions.

Our results extend what was previously known about the

circuitry subserving episodic memory by finding a ventral

Prefrontal White Matter Organization in Cognition
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prefrontal-thalamo-hippocampal pathway not previously reported.

Previous animal research revealed the existence of multiple

hippocampal-thalamic connections that interact with the PFC

and other brain structures in the service of recollection memory

[92]. With the spatial resolution of the current tractography data,

we cannot determine the thalamic nuclei through which these

tracts pass. One possibility is that these fibers belong to an anterior

thalamic feed-forward system thought to convey integrated

hippocampal-thalamic signals to the PFC [92]. Such a system is

well known from lesion work showing the importance of the

hippocampus in using information derived from past experience to

carry out a range of tasks. This pathway appears to be critical for

short-term episodic memory – both hippocampus/PFC-mediated

memory formation and PFC-mediated subsequent selection of

memory [93]. The present findings confirm the importance of this

pathway in human episodic memory.

Regarding the dorsal aspect of PFC organization, we predicted

WM (measured using the LNS task) would rely on integrity of

frontal and parietal white matter tracts based on previous

functional [9,10] and diffusion imaging evidence [19,22–24,26].

Specifically, we predicted an effect on WM performance of

integrity in (a) corpus callosum body fibers that integrate

information between the bilateral dlPFCs, and (b) fibers that

connect the dlPFC with the parietal cortex (via the SLF II). We

found a trend for WM reliance on corpus callosum body

connections between the bilateral dlPFC, underscoring the

important role of frontal inter-hemispheric integration in the

service of WM. Our findings are also in accord with longstanding

neuropsychological evidence from acallosal and commissuroto-

mized patients and a growing body of diffusion-based research

suggesting that corpus callosum fibers subserve the bilateral

integration of cognitive functions [22,23,26,94–96]. A large body

of functional neuroimaging evidence suggests that the dlPFC

mediates WM, including conditions requiring manipulation of

information according to a rule [36,97–101], as in the LNS task.

Therefore, the corpus callosum body connections between the

bilateral dlPFC appear to subserve rule-based information

manipulation in WM.

We did not predict reliance of WM on white matter connections

between the vlPFC and subcortical structures, but we did observe

trend-level involvement of a left-sided vlPFC-thalamo-hippocam-

pal pathway. That tract follows a path that is similar to the right-

sided pathways that we found in our FA-episodic memory

analyses. We speculate that the verbal nature of the LNS task

requires communication between vlPFC and the thalamus/medial

temporal lobe. The finding of WM reliance on vlPFC tracts does

not align with the claimed dorso-ventral PFC distinction that is the

focus of the current study.

Regional variation in white matter integrity along the
rostro-caudal axis

Our findings in the WM and reasoning domains support the

existence of a rostro-caudal PFC white matter gradient previously

claimed to exist in gray matter. That gradient reflects varying

levels of processing complexity [9] that map to specific rostral and

caudal frontal cortical areas [52,53]. Comparing the current WM

results with those from previous fMRI studies that investigated

lateral PFC function differences along a rostro-caudal axis [52,53],

the dlPFC connections that we found appear to facilitate

communication between the bilateral caudal dlPFC. This area

corresponds approximately to the caudal dlPFC reported by Badre

et al. [52] that was activated when participants had to

simultaneously consider two stimulus characteristics. In the

current study, participants had to simultaneously consider

numerical and alphabetical orders to successfully complete the

LNS task, which may explain the reliance of WM on caudal dlPFC

white matter tracts found in the current study.

Regarding the rostral PFC organization, we predicted that

associations with reasoning would be strongest in rostral PFC

white matter based on functional evidence that anterior prefrontal

regions are important in representations of complex rules and

relationships between stimuli [12,53,97]. Correlations of FA with

matrix reasoning that we observed revealed a wide-spread fronto-

parietal-temporal-subcortical white matter network. This finding is

consistent with evidence that integrity in several tracts subserves

fronto-parieto-temporal and cortico-subcortical communication,

shown to share common variance with reasoning ability [34]. Our

findings are also in agreement with previous brain activation

studies that showed fluid ability, deductive reasoning, and abstract

thinking are dependent on dlPFC, vlPFC, and posterior parietal

structures [38,60,72,102].

A considerable portion of the tracts that we detected lay along a

rostro-caudal axis in the dlPFC, extending into the more caudally

located premotor cortex. Pathways tracked from rostral and

caudal white matter underneath the dlPFC revealed the anterior

corpus callosum subserving caudal and rostral PFC areas. The

rostro-caudal gradient in the PFC is claimed to reflect increases in

task rule complexity as the organizing principle of dlPFC rostro-

caudal hierarchy [9]. We speculate that our observation that

matrix reasoning performance relies on premotor, caudal dlPFC,

and rostral dlPFC fibers is consistent with the increasing

complexity of task rules implemented by the increasing number

of stimuli dimensions (color, shape, orientation) that have to be

considered as the matrix reasoning task progresses. However, these

findings are not sufficiently specific to link complex reasoning to

rostral and simple reasoning to caudal PFC white matter.

Another finding in the current study was particularly revealing

about the role of white matter in rostral-caudal organization. We

found a trend for FA-reasoning associations in the caudal dlPFC

(left BA 6) in participants whose matrix reasoning ability was

limited to solving easier items. Functional evidence of the PFC’s

rostro-caudal organization suggests that the caudal dlPFC,

including BA 6, facilitates processing of domain-specific, less

complex, concrete, and temporally close information, compared to

the rostral PFC which is involved in the processing of complex,

abstract, and temporally distant information [10,12,52,53]. Our

finding is in accordance with these previous accounts of rostro-

caudal distinctions in PFC function as they suggest that

performance with less complex reasoning demands is more

strongly associated with connections between left BA 6 and both

inferior frontal cortex and right BA 6, suggesting reliance of

processing of simple rules and relationships on these pathways.

Our results do not support the notion of a rostro-caudal

abstraction gradient in the ventrolateral PFC [9,60] as we found

both rostral (BA 10) and caudal (BA 45) ventral PFC regions

involved in episodic memory. Previous research has shown that

distinct rostral and caudal regions of the caudate nucleus are

associated with the complexity of controlled processing of semantic

information [103] and that multiple hippocampal-thalamic

connections exist that interact with the PFC in the service of

recollection memory [92]. Therefore, future research could be

aimed at identifying rostro-caudal complexity gradients in

subcortical regions, such as the thalamus, to further our

understanding of prefrontal-subcortical organization in episodic

memory.

Prefrontal White Matter Organization in Cognition

PLOS ONE | www.plosone.org 8 December 2013 | Volume 8 | Issue 12 | e81410



PFC organization and aging
In the current study, we sought to identify organizational

principals of PFC function in white matter integrity in an aging

population. One influential brain aging theory suggests that aging

is associated with reductions in hemispheric asymmetries in brain

function, and increased bilateral processing, claimed to be

compensation for age-related decline in neurocognitive function

[32,33,104]. The beneficial effects of bilateral processing are

presumably facilitated through corpus callosum fibers in addition

to concomitant bilateral intra-hemispheric engagement of white

matter structure [105,106]. We found evidence of bilateral

processing via the corpus callosum for all three observed cognitive

processes, suggesting that the integrity of the corpus callosum plays

a role in the greater bilateral involvement of older brains on a

range of tasks. Our findings of a distinct dorso-ventral and rostro-

caudal PFC white matter organization confirm results from fMRI

and lesion studies in younger populations. As such, our findings

are important not only for showing that the greater bilateral

involvement seen in gray matter in older people is also evident in

white matter, but also for showing that nevertheless the

organization of PFC-dependent cognitive control seen in the

young is maintained in older adults.

Summary and limitations
This is the first report of a relation between white matter

integrity and PFC hierarchical organization. These findings

complement a small functional imaging literature supporting

current theories of PFC hierarchical organization. We obtained

evidence for the existence of functional specializations in PFC

white matter by showing (a) vlPFC-thalamo-hippocampal white

matter subserves semantic control, (b) corpus callosum body fibers

subserve task rule processing, and (c) anterior corpus callosum

fibers connect bilateral rostral and caudal dlPFC fibers subserving

reasoning. Thus, associations between the integrity of PFC white

matter circuitry and cognitive performance confirm and extend

evidence on PFC organization from brain activation studies. A few

of our findings only approached significance and therefore have to

be interpreted with caution. The current study is notable for its

inclusion of a relatively large adult age range, reasonable sample

size, and the control of several factors that have been shown to

interact with white matter integrity and cognitive function,

including age, sex, handedness, and education [30,107–109]. It

is one of only a few studies that have assessed white matter-

cognition correlations on the whole-brain level therefore avoiding

an a priori bias towards individual tracts. By using probabilistic

tractography, we were able to show likely pathways that pass

through the significant regions of FA-cognition correlation,

thereby allowing the visualization of the terminal branches of

tracts that are relevant in cognition.

TBSS is a sophisticated statistical method to assess correlations

between diffusion-derived parameters of white matter integrity

and cognitive performance for major white matter tracts. It allows

simultaneous assessment of the integrity of important tracts

without bias to a priori defined regions on well-aligned group

data. Probabilistic tractography significantly strengthened the

understanding of our TBSS findings and allowed us to perform a

group overlay of fiber connections. On the downside, both TBSS

and tractography suffer from a range of limitations, notably the

applied tensor model that cannot satisfactory resolve the presence

of two or more fiber orientations in a given voxel. In addition,

partial volume averaging in single voxels that present with

complex fiber relations such as crossing and ‘‘kissing’’ of fibers

may result in inaccurate FA values [110]. Another limitation in the

current study is that we could not directly compare our white

matter findings to those from young adults.

Conclusion

In sum, we found evidence for dorso-ventral and rostro-caudal

distinctions that are embedded in a larger neocortical and

subcortical scheme of dorso-dorsal and ventro-ventral connectiv-

ity. We speculate that cognition-FA associations result from a

combination of experience-driven adaptation [111–113] and

genetic predisposition [114]. Because age-related reductions in

white-matter integrity appear to be the most important neural

substrate of cognitive aging, particularly in the PFC [30,115,116],

and white matter can be altered through cognitive training

[24,117,118], associations between white matter integrity and

cognitive functions in older individuals can lead to a greater

understanding of the circuitry underlying the organization of the

PFC and of brain health in a large proportion of people.

Author Contributions

Conceived and designed the experiments: RP PMG JCT. Performed the

experiments: SASC. Analyzed the data: MS SASC. Wrote the paper: MS

PMG. Critical revision of manuscript: RP JCT SASC. Data interpretation:

MS PMG.

References

1. Rajah MN, D’Esposito M (2005) Region-specific changes in prefrontal function

with age: a review of PET and fMRI studies on working and episodic memory.

Brain 128: 1964–1983.

2. Salthouse TA (2004) What and when of cognitive aging. Current Directions in

Psychological Science 13: 140–144.

3. Greenwood PM (2007) Functional plasticity in cognitive aging: review and

hypothesis. Neuropsychology 21: 657–673.

4. Madden DJ, Bennett IJ, Song AW (2009) Cerebral white matter integrity and

cognitive aging: contributions from diffusion tensor imaging. Neuropsychol Rev

19: 415–435.

5. Fuster JM (2001) The prefrontal cortex–an update: time is of the essence.

Neuron 30: 319–333.

6. Miller EK, Cohen JD (2001) An integrative theory of prefrontal cortex

function. Annu Rev Neurosci 24: 167–202.

7. Wood JN, Grafman J (2003) Human prefrontal cortex: processing and

representational perspectives. Nat Rev Neurosci 4: 139–147.

8. Blumenfeld RS, Ranganath C (2007) Prefrontal cortex and long-term memory

encoding: an integrative review of findings from neuropsychology and

neuroimaging. Neuroscientist 13: 280–291.

9. O’Reilly RC (2010) The What and How of prefrontal cortical organization.

Trends Neurosci 33: 355–361.

10. Petrides M (2005) Lateral prefrontal cortex: architectonic and functional

organization. Philos Trans R Soc Lond B Biol Sci 360: 781–795.

11. Badre D (2008) Cognitive control, hierarchy, and the rostro-caudal

organization of the frontal lobes. Trends Cogn Sci 12: 193–200.

12. Buckner RL (2003) Functional-anatomic correlates of control processes in

memory. J Neurosci 23: 3999–4004.

13. Fuster JM (2004) Upper processing stages of the perception-action cycle.

Trends Cogn Sci 8: 143–145.

14. Smith EE, Jonides J (1999) Storage and executive processes in the frontal lobes.

Science 283: 1657–1661.

15. Alexander GE, DeLong MR, Strick PL (1986) Parallel organization of

functionally segregated circuits linking basal ganglia and cortex. Annu Rev

Neurosci 9: 357–381.

16. Draganski B, Kherif F, Kloppel S, Cook PA, Alexander DC, et al. (2008)

Evidence for segregated and integrative connectivity patterns in the human

Basal Ganglia. J Neurosci 28: 7143–7152.

17. Middleton FA, Strick PL (2000) Basal ganglia output and cognition: evidence

from anatomical, behavioral, and clinical studies. Brain Cogn 42: 183–200.

18. Park DC, Reuter-Lorenz P (2009) The adaptive brain: aging and neurocog-

nitive scaffolding. Annu Rev Psychol 60: 173–196.

Prefrontal White Matter Organization in Cognition

PLOS ONE | www.plosone.org 9 December 2013 | Volume 8 | Issue 12 | e81410



19. Burzynska AZ, Nagel IE, Preuschhof C, Li SC, Lindenberger U, et al. (2011)

Microstructure of frontoparietal connections predicts cortical responsivity and

working memory performance. Cereb Cortex 21: 2261–2271.

20. Karlsgodt KH, van Erp TG, Poldrack RA, Bearden CE, Nuechterlein KH, et

al. (2008) Diffusion tensor imaging of the superior longitudinal fasciculus and

working memory in recent-onset schizophrenia. Biol Psychiatry 63: 512–518.

21. Edin F, Klingberg T, Johansson P, McNab F, Tegner J, et al. (2009)

Mechanism for top-down control of working memory capacity. Proc Natl Acad

Sci U S A 106: 6802–6807.

22. Charlton RA, Barrick TR, Lawes IN, Markus HS, Morris RG (2010) White

matter pathways associated with working memory in normal aging. Cortex 46:

474–489.

23. Kennedy KM, Raz N (2009) Aging white matter and cognition: differential

effects of regional variations in diffusion properties on memory, executive

functions, and speed. Neuropsychologia 47: 916–927.

24. Lovden M, Bodammer NC, Kuhn S, Kaufmann J, Schutze H, et al. (2010)

Experience-dependent plasticity of white-matter microstructure extends into

old age. Neuropsychologia 48: 3878–3883.

25. van der Knaap LJ, van der Ham IJ (2011) How does the corpus callosum

mediate interhemispheric transfer? A review. Behav Brain Res 223: 211–221.

26. Zahr NM, Rohlfing T, Pfefferbaum A, Sullivan EV (2009) Problem solving,

working memory, and motor correlates of association and commissural fiber

bundles in normal aging: a quantitative fiber tracking study. Neuroimage 44:

1050–1062.

27. Smith EE, Salat DH, Jeng J, McCreary CR, Fischl B, et al. (2011) Correlations

between MRI white matter lesion location and executive function and episodic

memory. Neurology 76: 1492–1499.

28. Grieve SM, Williams LM, Paul RH, Clark CR, Gordon E (2007) Cognitive

aging, executive function, and fractional anisotropy: a diffusion tensor MR

imaging study. AJNR Am J Neuroradiol 28: 226–235.

29. Pfefferbaum A, Sullivan EV, Hedehus M, Lim KO, Adalsteinsson E, et al.

(2000) Age-related decline in brain white matter anisotropy measured with

spatially corrected echo-planar diffusion tensor imaging. Magn Reson Med 44:

259–268.

30. Salat DH, Tuch DS, Greve DN, van der Kouwe AJ, Hevelone ND, et al.

(2005) Age-related alterations in white matter microstructure measured by

diffusion tensor imaging. Neurobiol Aging 26: 1215–1227.

31. Persson J, Nyberg L, Lind J, Larsson A, Nilsson LG, et al. (2006) Structure-

function correlates of cognitive decline in aging. Cereb Cortex 16: 907–915.

32. Cabeza R, Anderson ND, Locantore JK, McIntosh AR (2002) Aging

gracefully: compensatory brain activity in high-performing older adults.

Neuroimage 17: 1394–1402.

33. Reuter-Lorenz PA, Jonides J, Smith EE, Hartley A, Miller A, et al. (2000) Age

differences in the frontal lateralization of verbal and spatial working memory

revealed by PET. J Cogn Neurosci 12: 174–187.

34. Penke L, Maniega SM, Bastin ME, Valdes Hernandez MC, Murray C, et al.

(2012) Brain white matter tract integrity as a neural foundation for general

intelligence. Mol Psychiatry 17: 1026–1030.

35. Corbetta M, Kincade JM, Shulman GL (2002) Neural systems for visual

orienting and their relationships to spatial working memory. J Cogn Neurosci

14: 508–523.

36. Bor D, Cumming N, Scott CE, Owen AM (2004) Prefrontal cortical

involvement in verbal encoding strategies. Eur J Neurosci 19: 3365–3370.

37. Blumenfeld RS, Ranganath C (2006) Dorsolateral prefrontal cortex promotes

long-term memory formation through its role in working memory organization.

J Neurosci 26: 916–925.

38. Prabhakaran V, Smith JA, Desmond JE, Glover GH, Gabrieli JD (1997)

Neural substrates of fluid reasoning: an fMRI study of neocortical activation

during performance of the Raven’s Progressive Matrices Test. Cogn Psychol

33: 43–63.

39. Petrides M, Pandya DN (2006) Efferent association pathways originating in the

caudal prefrontal cortex in the macaque monkey. J Comp Neurol 498: 227–

251.

40. de Zubicaray GI, McMahon KL, Eastburn MM, Finnigan S, Humphreys MS

(2005) fMRI evidence of word frequency and strength effects during episodic

memory encoding. Brain Res Cogn Brain Res 22: 439–450.

41. Kirchhoff BA, Wagner AD, Maril A, Stern CE (2000) Prefrontal-temporal

circuitry for episodic encoding and subsequent memory. J Neurosci 20: 6173–

6180.

42. Maril A, Simons JS, Mitchell JP, Schwartz BL, Schacter DL (2003) Feeling-of-

knowing in episodic memory: an event-related fMRI study. Neuroimage 18:

827–836.

43. Ranganath C, Johnson MK, D’Esposito M (2003) Prefrontal activity associated

with working memory and episodic long-term memory. Neuropsychologia 41:

378–389.

44. Dobbins IG, Foley H, Schacter DL, Wagner AD (2002) Executive control

during episodic retrieval: multiple prefrontal processes subserve source

memory. Neuron 35: 989–996.

45. D’Esposito M, Postle BR, Jonides J, Smith EE (1999) The neural substrate and

temporal dynamics of interference effects in working memory as revealed by

event-related functional MRI. Proc Natl Acad Sci U S A 96: 7514–7519.

46. Jonides J, Nee DE (2006) Brain mechanisms of proactive interference in

working memory. Neuroscience 139: 181–193.

47. Jonides J, Smith EE, Marshuetz C, Koeppe RA, Reuter-Lorenz PA (1998)
Inhibition in verbal working memory revealed by brain activation. Proc Natl

Acad Sci U S A 95: 8410–8413.

48. Goodale MA, Milner AD (1992) Separate visual pathways for perception and

action. Trends Neurosci 15: 20–25.

49. Croxson PL, Johansen-Berg H, Behrens TE, Robson MD, Pinsk MA, et al.

(2005) Quantitative investigation of connections of the prefrontal cortex in the

human and macaque using probabilistic diffusion tractography. J Neurosci 25:
8854–8866.

50. Petrides M, Pandya DN (1999) Dorsolateral prefrontal cortex: comparative
cytoarchitectonic analysis in the human and the macaque brain and

corticocortical connection patterns. Eur J Neurosci 11: 1011–1036.

51. Wakana S, Jiang H, Nagae-Poetscher LM, van Zijl PC, Mori S (2004) Fiber

tract-based atlas of human white matter anatomy. Radiology 230: 77–87.

52. Badre D, D’Esposito M (2007) Functional magnetic resonance imaging

evidence for a hierarchical organization of the prefrontal cortex. J Cogn
Neurosci 19: 2082–2099.

53. Koechlin E, Ody C, Kouneiher F (2003) The architecture of cognitive control
in the human prefrontal cortex. Science 302: 1181–1185.

54. Gilbert SJ, Spengler S, Simons JS, Steele JD, Lawrie SM, et al. (2006)
Functional specialization within rostral prefrontal cortex (area 10): a meta-

analysis. J Cogn Neurosci 18: 932–948.

55. Cavada C, Company T, Tejedor J, CompanyCruz-Rizzolo RJ, Reinoso-
Suarez F, (2000) The anatomical connections of the macaque monkey

orbitofrontal cortex. A review. Cereb Cortex 10: 220–242.

56. Morecraft RJ, Geula C, Mesulam MM (1992) Cytoarchitecture and neural

afferents of orbitofrontal cortex in the brain of the monkey. J Comp Neurol
323: 341–358.

57. Petrides M, Pandya DN (2002) Comparative cytoarchitectonic analysis of the
human and the macaque ventrolateral prefrontal cortex and corticocortical

connection patterns in the monkey. Eur J Neurosci 16: 291–310.

58. Badre D, Hoffman J, Cooney JW, D’Esposito M (2009) Hierarchical cognitive

control deficits following damage to the human frontal lobe. Nat Neurosci 12:

515–522.

59. Desrochers TM, Badre D (2012) Finding parallels in fronto-striatal organiza-

tion. Trends Cogn Sci 16: 407–408.

60. Christoff K, Keramatian K, Gordon AM, Smith R, Madler B (2009) Prefrontal

organization of cognitive control according to levels of abstraction. Brain Res
1286: 94–105.

61. Wechsler D (1987) Wechsler memory scale-revised. San Antonio, TX:
Psychological Corporation.

62. Badre D, Poldrack RA, Pare-Blagoev EJ, Insler RZ, Wagner AD (2005)
Dissociable controlled retrieval and generalized selection mechanisms in

ventrolateral prefrontal cortex. Neuron 47: 907–918.

63. Kohler S, Paus T, Buckner RL, Milner B (2004) Effects of left inferior

prefrontal stimulation on episodic memory formation: a two-stage fMRI-rTMS

study. J Cogn Neurosci 16: 178–188.

64. Menon V, Boyett-Anderson JM, Schatzberg AF, Reiss AL (2002) Relating

semantic and episodic memory systems. Brain Res Cogn Brain Res 13: 261–
265.

65. Rajah MN, McIntosh AR (2005) Overlap in the functional neural systems
involved in semantic and episodic memory retrieval. J Cogn Neurosci 17: 470–

482.

66. Ratcliff R, McKoon G (1986) More on the distinction between episodic and

semantic memories. J Exp Psychol Learn Mem Cogn 12: 312–313.

67. Thompson-Schill SL, D’Esposito M, Aguirre GK, Farah MJ (1997) Role of left

inferior prefrontal cortex in retrieval of semantic knowledge: a reevaluation.
Proc Natl Acad Sci U S A 94: 14792–14797.

68. Wagner AD, Pare-Blagoev EJ, Clark J, Poldrack RA (2001) Recovering
meaning: left prefrontal cortex guides controlled semantic retrieval. Neuron 31:

329–338.

69. Whitney C, Kirk M, O’Sullivan J, Lambon Ralph MA, Jefferies E (2011) The
neural organization of semantic control: TMS evidence for a distributed

network in left inferior frontal and posterior middle temporal gyrus. Cereb
Cortex 21: 1066–1075.

70. Ye Z, Zhou X (2009) Conflict control during sentence comprehension: fMRI
evidence. Neuroimage 48: 280–290.

71. Wechsler D (1997) Wechsler adult intelligence scale. San Antonio, TX:
Psychological Corporation.

72. Kroger JK, Sabb FW, Fales CL, Bookheimer SY, Cohen MS, et al. (2002)
Recruitment of anterior dorsolateral prefrontal cortex in human reasoning: a

parametric study of relational complexity. Cereb Cortex 12: 477–485.

73. Folstein MF, Folstein SE, McHugh PR (1975) ‘‘Mini-mental state’’. A practical

method for grading the cognitive state of patients for the clinician. J Psychiatr

Res 12: 189–198.

74. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, et al.

(2004) Advances in functional and structural MR image analysis and
implementation as FSL. Neuroimage 23 Suppl 1: S208–219.

75. Basser PJ (1995) Inferring microstructural features and the physiological state of
tissues from diffusion-weighted images. NMR Biomed 8: 333–344.

76. Pierpaoli C, Basser PJ (1996) Toward a quantitative assessment of diffusion
anisotropy. Magn Reson Med 36: 893–906.

77. Beaulieu C (2002) The basis of anisotropic water diffusion in the nervous
system - a technical review. NMR Biomed 15: 435–455.

Prefrontal White Matter Organization in Cognition

PLOS ONE | www.plosone.org 10 December 2013 | Volume 8 | Issue 12 | e81410



78. Sen PN, Basser PJ (2005) A model for diffusion in white matter in the brain.

Biophys J 89: 2927–2938.
79. Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, et al.

(2006) Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion

data. Neuroimage 31: 1487–1505.
80. Nichols TE, Holmes AP (2002) Nonparametric permutation tests for functional

neuroimaging: a primer with examples. Hum Brain Mapp 15: 1–25.
81. Behrens TE, Berg HJ, Jbabdi S, Rushworth MF, Woolrich MW (2007)

Probabilistic diffusion tractography with multiple fibre orientations: What can

we gain? Neuroimage 34: 144–155.
82. Shallice T, Fletcher P, Frith CD, Grasby P, Frackowiak RS, et al. (1994) Brain

regions associated with acquisition and retrieval of verbal episodic memory.
Nature 368: 633–635.

83. Ystad M, Hodneland E, Adolfsdottir S, Haasz J, Lundervold AJ, et al. (2011)
Cortico-striatal connectivity and cognition in normal aging: a combined DTI

and resting state fMRI study. Neuroimage 55: 24–31.

84. Cabeza R, Nyberg L (2000) Neural bases of learning and memory: functional
neuroimaging evidence. Curr Opin Neurol 13: 415–421.

85. Squire LR, Zola-Morgan S (1991) The medial temporal lobe memory system.
Science 253: 1380–1386.

86. Barbas H, Henion TH, Dermon CR (1991) Diverse thalamic projections to the

prefrontal cortex in the rhesus monkey. J Comp Neurol 313: 65–94.
87. Ferry AT, Ongur D, An X, Price JL (2000) Prefrontal cortical projections to the

striatum in macaque monkeys: evidence for an organization related to
prefrontal networks. J Comp Neurol 425: 447–470.

88. Goldman-Rakic PS, Porrino LJ (1985) The primate mediodorsal (MD) nucleus
and its projection to the frontal lobe. J Comp Neurol 242: 535–560.

89. Van der Werf YD, Jolles J, Witter MP, Uylings HB (2003) Contributions of

thalamic nuclei to declarative memory functioning. Cortex 39: 1047–1062.
90. Lepage M, Ghaffar O, Nyberg L, Tulving E (2000) Prefrontal cortex and

episodic memory retrieval mode. Proc Natl Acad Sci U S A 97: 506–511.
91. Saalmann YB, Kastner S (2011) Cognitive and perceptual functions of the

visual thalamus. Neuron 71: 209–223.

92. Aggleton JP, O’Mara SM, Vann SD, Wright NF, Tsanov M, et al. (2010)
Hippocampal-anterior thalamic pathways for memory: uncovering a network

of direct and indirect actions. Eur J Neurosci 31: 2292–2307.
93. Marr D (1971) Simple memory: a theory for archicortex. Philos Trans R Soc

Lond B Biol Sci 262: 23–81.
94. Doron KW, Gazzaniga MS (2008) Neuroimaging techniques offer new

perspectives on callosal transfer and interhemispheric communication. Cortex

44: 1023–1029.
95. Gazzaniga MS, Bogen JE, Sperry RW (1962) Some functional effects of

sectioning the cerebral commissures in man. Proc Natl Acad Sci U S A 48:
1765–1769.

96. Glickstein M, Berlucchi G (2008) Classical disconnection studies of the corpus

callosum. Cortex 44: 914–927.
97. D’Esposito M (2007) From cognitive to neural models of working memory.

Philos Trans R Soc Lond B Biol Sci 362: 761–772.
98. Emery L, Heaven TJ, Paxton JL, Braver TS (2008) Age-related changes in

neural activity during performance matched working memory manipulation.
Neuroimage 42: 1577–1586.

99. Haut MW, Kuwabara H, Leach S, Arias RG (2000) Neural activation during

performance of number-letter sequencing. Appl Neuropsychol 7: 237–242.
100. Postle BR (2006) Working memory as an emergent property of the mind and

brain. Neuroscience 139: 23–38.

101. Wager TD, Smith EE (2003) Neuroimaging studies of working memory: a
meta-analysis. Cogn Affect Behav Neurosci 3: 255–274.

102. Perfetti B, Saggino A, Ferretti A, Caulo M, Romani GL, et al. (2009)
Differential patterns of cortical activation as a function of fluid reasoning

complexity. Hum Brain Mapp 30: 497–510.

103. Mestres-Misse A, Turner R, Friederici AD (2012) An anterior-posterior
gradient of cognitive control within the dorsomedial striatum. Neuroimage 62:

41–47.
104. Morcom AM, Good CD, Frackowiak RS, Rugg MD (2003) Age effects on the

neural correlates of successful memory encoding. Brain 126: 213–229.
105. Banich MT (1998) The missing link: the role of interhemispheric interaction in

attentional processing. Brain Cogn 36: 128–157.

106. Welcome SE, Chiarello C (2008) How dynamic is interhemispheric
interaction? Effects of task switching on the across-hemisphere advantage.

Brain Cogn 67: 69–75.
107. Buchel C, Raedler T, Sommer M, Sach M, Weiller C, et al. (2004) White

matter asymmetry in the human brain: a diffusion tensor MRI study. Cereb

Cortex 14: 945–951.
108. Gerstorf D, Ram N, Hoppmann C, Willis SL, Schaie KW (2011) Cohort

differences in cognitive aging and terminal decline in the Seattle Longitudinal
Study. Dev Psychol 47: 1026–1041.

109. Kanaan RA, Allin M, Picchioni M, Barker GJ, Daly E, et al. (2012) Gender
differences in white matter microstructure. PLoS One 7: e38272.

110. Catani M, Stuss DT (2012) At the forefront of clinical neuroscience. Cortex 48:

1–6.
111. Bengtsson SL, Nagy Z, Skare S, Forsman L, Forssberg H, et al. (2005)

Extensive piano practicing has regionally specific effects on white matter
development. Nat Neurosci 8: 1148–1150.

112. Hanggi J, Koeneke S, Bezzola L, Jancke L (2010) Structural neuroplasticity in

the sensorimotor network of professional female ballet dancers. Hum Brain
Mapp 31: 1196–1206.

113. Jancke L (2009) Music drives brain plasticity. F1000 Biol Rep 1: 78.
114. Kohannim O, Jahanshad N, Braskie MN, Stein JL, Chiang MC, et al. (2012)

Predicting white matter integrity from multiple common genetic variants.
Neuropsychopharmacology 37: 2012–2019.

115. Raz N, Lindenberger U, Rodrigue KM, Kennedy KM, Head D, et al. (2005)

Regional brain changes in aging healthy adults: general trends, individual
differences and modifiers. Cereb Cortex 15: 1676–1689.

116. Sala S, Agosta F, Pagani E, Copetti M, Comi G, et al. (2010) Microstructural
changes and atrophy in brain white matter tracts with aging. Neurobiol Aging

33: 488–498 e482.

117. Engvig A, Fjell AM, Westlye LT, Moberget T, Sundseth O, et al. (2011)
Memory training impacts short-term changes in aging white matter: a

longitudinal diffusion tensor imaging study. Hum Brain Mapp 33: 2390–2406.
118. Takeuchi H, Sekiguchi A, Taki Y, Yokoyama S, Yomogida Y, et al. (2010)

Training of working memory impacts structural connectivity. J Neurosci 30:
3297–3303.

Prefrontal White Matter Organization in Cognition

PLOS ONE | www.plosone.org 11 December 2013 | Volume 8 | Issue 12 | e81410


