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Blurring of the cortical gray and white matter border on MRI is associated with normal aging, pathological aging, and the presence of focal
cortical dysplasia. However, it remains unclear whether normal variations in signal intensity contrast at the gray and white matter
junction reflect the functional integrity of subjacent tissue. This study explores the relationship between verbal abilities and gray and
white matter contrast (GWC) in healthy human adults. Participants were scanned at 3 T MRI and administered standardized measures of
verbal expression and verbal working memory. GWC was estimated by calculating the non-normalized T1 image intensity contrast above
and below the cortical gray/white matter interface. Spherical averaging and whole-brain correlational analyses were performed. Sulcal
regions exhibited higher contrast compared to gyral regions. We found a strongly lateralized and regionally specific profile with reduced
verbal expression abilities associated with blurring in left hemisphere inferior frontal cortex and temporal pole. Reduced verbal working
memory was associated with blurring in widespread left frontal and temporal cortices. Such lateralized and focal results provide support
for GWC as a measure of regional functional integrity and highlight its potential role in probing the neuroanatomical substrates of
cognition in healthy and diseased populations.

Introduction
Blurring of the gray and white matter juncture is an important
marker of neuropathology (Barkovich et al., 2001). Until recently, appreciation of gray and white matter contrast (GWC)
was limited to visual inspection of MRI scans; however, new
surface-based postprocessing methods allow for quantification of
subtle variations in GWC across the cortical mantle. This enables
assessment of age-related and disease-related changes in gray and
white matter contrast that may not be visually apparent on gross
inspection of MRI images. Importantly, it also enables the investigation of regional blurring effects associated with cognitive abilities in healthy individuals.
Blurring of the gray and white matter junction occurs in normal aging, showing larger effect sizes than cortical thinning (Salat
et al., 2009). Increased gray–white blurring is found in individuals with Alzheimer’s disease (AD) compared to age-matched
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fects in temporal and limbic regions. Regional blurring in inferior
lateral and medial temporal regions is associated with the extent
of hippocampal volume loss in individuals with AD, even after
controlling for cortical thinning, suggesting that blurring may
reflect a distinct pathology from traditional measures of cortical
thickness or volume loss (Salat et al., 2011).
Regional blurring is an established marker of focal cortical
neuropathology, particularly in the radiological diagnosis of focal
cortical dysplasia (FCD) (Barkovich et al., 2001; Colombo et al.,
2003; Huppertz et al., 2005; Thesen et al., 2011). In addition to
histological abnormalities in gray matter, such as large dysmorphic neurons and balloon cells, which can lead to cortical thickening in FCD (Blümcke et al., 2011), there is a greater density of
white matter neurons just adjacent to the gray–white boundary
(Andres et al., 2005; Sisodiya et al., 2009). Together with hypomyelination and gliosis, this can result in blurring of the gray–
white boundary in the dysplastic region (Bernasconi et al., 2011).
Using cortical thickness and GWC metrics together detects the
presence of epileptogenic cortical malformations (of which FCD
is one subtype) with high sensitivity and specificity (Thesen et al.,
2011).
Despite evidence of age-related and disease-related blurring of
the gray–white boundary, it remains unclear whether focal regions of decreased GWC are associated with diminished neuronal
functional integrity. Although domain-specific cognitive inefficiency is found in focal cortical dysplasia (Oki et al., 1999; Klein et
al., 2000), the direct relationship between regional blurring and
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function has not been investigated. Multiple contributing factors
would have to be considered in a sample of neurologically compromised individuals, making it difficult to establish whether
decreased contrast independently contributes to cognitive inefficiency. Therefore, we investigated whether regional blurring of
the gray and white boundary is associated with cognitive abilities
in neurologically intact volunteers. We chose verbal performance
measures for their lateralizing and localizing potential (Turken
and Dronkers, 2011) and hypothesized that increased gray–white
blurring of left hemisphere language regions such as inferior
frontal cortex (Broca’s area), lateral temporal, and inferior parietal regions would be associated with individual differences in
verbal abilities, relative to age-matched peers, on standardized
verbal intelligence indices.

Materials and Methods
Participants. A sample of 32 healthy adults (16 males/16 females) recruited from the community through Internet-based advertisement gave
consent to participate in the study. Participants were determined to be
free of psychiatric and neurological disorders through an initial semistructured screening interview. The age range was 21– 66 years (mean ⫽
42.36, SD ⫽ 11.38). Participants were all right handed, as determined by
the Edinburgh Handedness Inventory (Oldfield, 1971), with scores ranging from 40 to 100 (mean ⫽ 85.63, SD ⫽ 16.40). All participants were
above a borderline level of IQ on the Wechsler Adult Intelligence Scale—
Third Edition. Full-scale IQ scores ranged from 84 to 143 (mean ⫽
109.53, SD ⫽ 16.50). Group education level ranged from an eighth grade
education to a graduate degree (mean years of education ⫽ 15.19, SD ⫽
2.74). This study was approved by the Institutional Review Board of New
York University.
Cognitive assessment. All subjects completed the Wechsler Adult Intelligence Scale—Third Edition (WAIS-III), a standardized intelligence
measure comprised of several subtests that assess a wide-range of cognitive abilities (Wechsler, 1997). Factor analyses of the WAIS-III subtests
have identified four indices, two of which are associated with verbal
abilities: the Verbal Comprehension Index (VCI) and the Working
Memory Index (WMI); and two of which are associated with nonverbal/
visuospatial abilities: the Perceptual Organization Index and the Processing Speed Index. Total index scores are calculated based on the sum of the
subtest age-corrected scores. Each participant’s index Standard Score
reflects their performance relative to their age-matched peers (within
5–10 years). We chose to analyze VCI and WMI indices for their neuroanatomical localizing potential, given prior evidence of hemispheric and
regionally specific neural substrates for these indices (Gläscher et al.,
2009), and robust neuropsychological evidence for left perisylvian involvement in speech and language processes (Damasio and Damasio,
2000; Woermann et al., 2003; Josse and Tzourio-Mazoyer, 2004; Turken
and Dronkers, 2011). The VCI is comprised of three subtests (Vocabulary, Similarities, and Information) that assess expressive vocabulary,
verbal abstract reasoning, and verbal conceptualization; the WMI is
comprised of three subtests (Digit Span, Letter-Number Sequencing, and
Arithmetic) that assess phonological attention and concentration.
MRI scanning and image processing. Imaging was performed at the
NYU Center for Brain Imaging on a 3 T Siemens Allegra head-only MR
scanner. Image acquisitions included a conventional three-plane localizer and two T1-weighted gradient-echo sequence (MPRAGE) volumes
(TE ⫽ 3.25 ms, TR ⫽ 2530 ms, TI ⫽ 1.100 ms, flip angle ⫽ 7°, FOV ⫽ 256
mm, voxel size ⫽ 1 ⫻ 1 ⫻ 1.33 mm). Acquisition parameters were
optimized for increased gray/white matter image contrast. The imaging
protocol was identical for all subjects studied. The image files in DICOM
format were transferred to a Linux workstation for morphometric analysis. The two T1-weighted images were rigid body registered to each
other and reoriented into a common space, roughly similar to alignment
based on the AC–PC line. Images were automatically corrected for spatial
distortion due to gradient nonlinearity (Jovicich et al., 2006) and B1 field
inhomogeneity (Sled et al., 1998), registered, and averaged to improve
signal-to-noise ratio. Images were further processed with the FreeSurfer

(4.0.2) software package (http://surfer.nmr.mgh.harvard.edu) and customized Matlab software.
Surface reconstruction and gray–white matter contrast measurements.
The averaged volumetric MRI scan was used to construct models of each
subject’s cortical surface using an automated procedure that involves (1)
segmentation of the white matter, (2) tessellation of the gray/white matter surfaces, (3) inflation of the folded surface tessellation, and (4) automatic correction of topological defects. These steps have been described
in detail previously (Dale et al., 1999; Fischl et al., 1999, 2001). The white
matter surface was refined to obtain submillimeter accuracy in delineating the gray/white matter junction. The surface was then deformed outward to locate the pial surface. Each automated reconstructions was
manually checked for errors and corrected, if necessary, by an experienced technician blinded to the hypothesis of the study. Manual intervention was necessary only in ⬍5% of the scans and in every case only
minimal. FreeSurfer methodology has shown high validity and reliability
for surface generation and reliable correlations with cognitive performance for other measures, such as cortical thickness (Fischl and Dale,
2000; Dickerson et al., 2008). GWC was estimated by calculating the
non-normalized T1 image intensity contrast [(white ⫺ gray)/(white ⫹
gray)] at 0.5 mm above versus below the gray/white interface with trilinear interpolation of the images (Fig. 1). Values can range from 0 to 1, with
values closer to 0 indicating less contrast and thus more blurring of the
gray/white boundary. Sulcal depth measures were based on FreeSurfer
routines that calculate the dot product of the movement vectors with the
surface normal, yielding measures of the depth/height of each point
above the average surface, and are used for dividing the cortical surface in
gyral and sulcal areas. In addition, mean signed curvature was estimated
at each vertex using standard FreeSurfer routines, giving a measure of the
“sharpness” of cortical folding, differentiating between gyral and sulcal
regions. Calculations of these measures were automatic and operator
independent. Maps were smoothed with a Gaussian kernel (10 mm
FWHM) across the surface and averaged across participants using a
spherical averaging technique (Fischl et al., 1999), which accurately
matches anatomically homologous regions across participants by aligning sulcal– gyral patterns while minimizing metric distortions. An automated cortical parcellation scheme was used for anatomical localization
of results (see Fig. 3III; Fischl et al., 2004).
For each hemisphere, a general linear model was used to estimate the
effects of gray and white matter contrast on verbal index scores at each
vertex along the cortical surface. We controlled the familywise error rate
by means of Monte Carlo simulations as implemented in FreeSurfer 5.0
(Hayasaka and Nichols, 2003; Hagler et al., 2006). The data were tested
against an empirical null distribution of maximum cluster size across
10,000 iterations synthesized with an initial cluster threshold of p ⬍ 0.05,
yielding significant clusters corrected for multiple comparisons across all
vertices. Corrected significance clusters of GWC correlations with verbal
test scores were mapped onto the inflated surface of the average brain
reconstruction for visual display. Given prior reports of a relationship
between age and GWC (Salat et al., 2009; Westlye et al., 2010), average
GWC values for each significant cluster were extracted and regressed on
raw uncorrected VCI and WMI index scores (sum of subtest raw scores)
to assess the independent contribution of regional blurring to index score
variation after partialing out age and sex effects.

Results
Age, sex, and WAIS-III scores
VCI standard scores in our sample ranged from 88 to 142
(mean ⫽ 113.84, SD ⫽ 15.03) and WMI standard scores ranged
from 78 to 150 (mean ⫽ 104.84, SD ⫽ 17.37). Pearson correlations revealed that VCI and WMI scores were highly correlated
with each other (r ⫽ 0.736, p ⬍ 0.001). There was no association
between age and VCI (r ⫽ ⫺0.27, p ⫽ 0.142) or WMI (r ⫽
⫺0.207, p ⫽ 0.26) scores, which is not surprising considering that
all standard scores are age corrected. Years of education were
unrelated to VCI (r ⫽ 0.29, p ⫽ 0.112) or WMI (r ⫽ 0.046, p ⫽
0.802) scores, which may represent a sample bias given the strong
education effects in the larger WAIS-III standardization sample
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Gray and white matter contrast
associated with aging
Gray and white matter contrast was negatively correlated with age across the frontal, parietal, and superior temporal lobes
of both hemispheres (at a threshold of
p ⫽ 0.01, corrected for multiple comparisons), showing decreased contrast with
advancing age. Similar to prior findings
(Salat et al., 2009), the strongest effects
were present in prefrontal and anterior
temporal regions bilaterally. There were
no regions where GWC was positively
correlated with age.
Gray and white matter contrast
associated with VCI and WMI
Figure 3 depicts the whole-brain vertexby-vertex correlations between gray and
white matter contrast and VCI ( I) and
WMI (II ) index scores on an inflated surface. Results are strongly left-lateralized,
span gyral and sulcal regions, and are unidirectional in that increased blurring is
consistently associated with decreased
performance. Regions showing correlations with VCI include left inferior frontal
cortex (pars triangularis and pars orbitalis) and temporal pole, indicating that
Figure 1. Computing GWC. A, Sampling points on T1-weighted MPRAGE image with gray–white (GW) junction surface (pink more blurring of the gray and white matline) and pial surface (turquoise). The green dot shows the sampling location of the gray matter intensity value at 0.5 mm into the ter junction is associated with lower VCI
gray matter relative to the GW junction (red dot). The blue dot shows the sampling location of the white matter intensity value at scores in these regions. There were no re0.5 mm into the white matter relative to the GW junction. Sampling is repeated at each vertex along the GW junction. B, Model of gions where blurring was associated with
T1 intensity values plotted as a function of distance from the GW junction. The red circle represents the gray–white boundary. higher VCI scores, nor were there any
Negative values on the x-axis represent sampling in the white matter [higher (“brighter”) intensities], and positive values repre- significant clusters observed in the right
sent sampling in the gray matter [lower (“darker”) intensities]. The blue circle represents sampling at 0.5 mm in the white matter, hemisphere.
and the green circle represents sampling from the same distance in the gray matter. C, Group maps. I, Average gray–white contrast
Lower WMI standard scores were as(average GWC) across all subjects for both the left (LH) and right (RH) hemispheres. Top row shows lateral views, middle row medial
sociated with more blurring in the left
views, and bottom row ventral views of the inflated group template surface. Smaller values (dark blue) indicate increased blurring,
hemisphere inferior frontal cortex (pars
i.e., less sharp contrast between gray and white matter. II, SD maps showing the variability in GWC across individuals and cortical
triangularis, pars opercularis, and pars orareas. Higher values (yellow) indicate higher variability.
bitalis), middle frontal gyrus (i.e., dorsolateral prefrontal cortex, Brodmann areas
(Wechsler, 1997). One-way ANOVAs revealed that there were no
9 and 46), posterior superior frontal gyrus (i.e., frontal eye fields),
differences between males and females on VCI scores (t(30) ⫽
subcentral gyrus, superior and inferior temporal gyri, and lateral
0.45, p ⫽ 0.65; females: mean ⫽ 112.63, SD ⫽ 13.9; males:
occipital gyrus, as well as a small region in the right hemisphere
mean ⫽ 115.06, SD ⫽ 16.44). However, there was a difference on
cuneus and lateral occipital gyrus (see Fig. 3). There were no
WMI scores (t(30) ⫽ 2.07, p ⫽ 0.05; females: mean ⫽ 98.81, SD ⫽
regions where blurring was associated with higher WMI scores.
11.95; males: mean ⫽ 110.88, SD ⫽ 20.07), which is consistent
To analyze the independent contribution of GWC to VCI
with the small but significant sex effects observed in the larger
performance after partialing out age effects, we performed hierstandardization sample (Wechsler, 1997).
archical regression analyses for each significant left hemisphere
cluster. Regional blurring in the left inferior frontal cluster acGroup average gray and white matter contrast distribution
counted for an additional 13.8% of the variance in VCI scores
Group GWC means and SD for each vertex across the cortical
(b ⫽ ⫺0.47, t(29) ⫽ ⫺2.17, p ⫽ 0.04), and regional blurring in the
left anterior temporal cluster accounted for an additional 16.9%
surface are depicted in Figure 1C. There were no sex differences in
of the variance in VCI scores (b ⫽ ⫺0.49, t(29) ⫽ ⫺2.49, p ⫽
average gray and white matter contrast in the left (t(30) ⫽ 0.128,
p ⫽ 0.899) or right (t(30) ⫽ 0.396, p ⫽ 0.695) hemisphere. Figure
0.02). Given evidence in our sample of sex differences in working
2 shows that local GWC is significantly correlated with sulcal
memory scores, age and sex effects were partialed out before
depths (r ⫽ 0.59, p ⬍ 0.001) and curvature (r ⫽ 0.79, p ⬍ 0.001)
regressing inferior frontal and superior temporal cluster averages
and that GWC increases linearly from gyral to sulcal regions.
on WMI scores. Regional blurring in the left frontal cluster (comDirectly comparing GWC from sulcal regions with GWC from
prised of pars opercularis, pars triangularis, and dorsolateral
gyral regions, averaged across individuals, showed a significant
frontal regions) contributed an additional 14% of the variance in
difference, with lower values (increased blurring) in the gyrus
WMI scores (b ⫽ ⫺0.49, t(28) ⫽ ⫺2.5, p ⫽ 0.02), and regional
blurring in the left superior temporal cluster (spanning the sulcus
compared to the sulcus (t(31) ⫽ 27.46; p ⬍ 0.001).
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and gyrus) contributed an additional
11.7% of the variance in WMI scores (b ⫽
⫺0.42, t(28) ⫽ ⫺2.25, p ⫽ 0.03). In sum,
regional blurring contributed independently to variation in verbal test scores in
all clusters after controlling for age and
sex.

Discussion
The current results demonstrate a remarkably lateralized and focal relationship between regional contrast of the gray
and white matter boundary and verbal
abilities in healthy individuals. Stronger
performance on a standardized index of
verbal intellectual abilities (verbal expression, reasoning, and conceptualization) is
associated with sharper gray–white contrast in left hemisphere language regions,
specifically, pars triangularis and pars orbitalis (Broca’s area), and temporal pole.
The left inferior frontal cortex is well established as a critical hub for language Figure 2. A, Investigation of gray–white matter contrast differences at the sulcal fundus (S), sulcal wall (W), and gyral crown
processing (Sahin et al., 2009; Burns and (G). B, Sulcal depth was measured across the whole cortex and displayed on the inflated cortical surface (red, sulcal areas; gray,
Fahy, 2010; Turken and Dronkers, 2011), sulcal wall; blue, gyral areas). C, GWC along the gyral-sulcal continuum for both the left (LH) and right (RH) hemispheres. Increasing
and the temporal pole is consistently im- GWC values represent sharper contrast. Zero on the x-axis denotes the middle point between sulcus and gyrus (sulcal wall). Positive
plicated in object naming (Tranel, 2006) numbers reflect areas toward the sulcus, and negative numbers reflect areas toward the gyrus. The green line represents a linear
and semantic retrieval (Patterson et al., polynomial fit. In both hemispheres, a linear increase in GWC is observed from gyrus (G) to sulcus (S) (r ⫽ 0.59, p ⬍ 0.001). D, GWC
as a function of signed curvature. Increasing GWC values represent sharper contrast. Positive curvature values are associated with
2007; Tsapkini et al., 2011). Stronger perdegree of curvature in the sulcus and negative values with degree of curvature in the gyrus. Increased GWC is associated with
formance on a standardized verbal work- increased curvature in the sulcus (r ⫽ 0.79, p ⬍ 0.001).
ing memory index is associated with
sharper contrast in widespread left hemiRees, 2011), sharper contrast was invariably associated with
sphere frontal and temporal regions, consistent with robust evistronger performance.
dence from functional neuroimaging (Vigneau et al., 2006) and
Second, such results suggest that age-related decline in GWC
lesion (Müller and Knight, 2006) studies that indicate a predommight explain a portion of the variance in age-related cognitive
inance of left lateralized prefrontal and temporal activity during
decline. In the current study, we were interested in the relationrehearsal/manipulation of phonological material (Baddeley,
ship between GWC and cognitive performance, independent of
1992), as well as left-lateralized frontal eye field activity during
aging. Our results demonstrate that regional blurring contributes
verbal cognition (Kinsbourne, 1972; Gur et al., 1983).
to the variance in performance, after controlling for age. HowSuch results have important implications for future MRI morever, an age-related decrease in GWC was strong and present
phometry investigations. First, they provide initial evidence that
across most of the frontal, temporal, and parietal lobes, consisregional blurring of the gray and white matter boundary may be
tent with prior findings (Salat et al., 2009, 2011). Future studies
used as a metric to assess individual differences in cognitive abilshould investigate the relationship between regional blurring of
ities. Structural MRI measures such as local gray matter volume,
the gray–white boundary and performance in extended agecortical thinning, and white matter fractional anisotropy are inrange and clinical (e.g., neurodegenerative disease) samples.
creasingly being used to assess cognitive strengths and weakPrior evidence of more extensive blurring in medial temporal and
nesses in healthy individuals (Kanai and Rees, 2011), with the
limbic areas in AD (Salat et al., 2011) suggests that AD-related
understanding that such differences constrain existing cognitive
patterns of memory impairment, such as rapid forgetting (Hart et
theories (Vogel and Awh, 2008) and provide corroborative evial., 1988; Kramer et al., 2004; Greenaway et al., 2006), might be
dence for neuroanatomical functional specialization (Blackmon
partially explained by such regionally specific effects (Jack et al.,
et al., 2010). Given the correlative nature of such studies, it is
2008). Similar to hippocampal volume loss, abnormal blurring of
critical that the structure–performance relationships identified
mesial temporal structures may prove to be a sensitive biomarker
are consistent with findings from functional MRI, electrophysiof neurodegenerative disease progression (Caroli and Frisoni,
ological, and lesion research. The strongly lateralized findings
2010).
presented here are consistent with robust evidence for left lanThird, such results highlight the role of GWC as a potential
guage lateralization in right-handed individuals (Woermann et
metric to assess the relationship between focal cortical abnormalal., 2003; Josse and Tzourio-Mazoyer, 2004; Tyler and Marslenities and domain-specific cognitive impairment. Given the sensiWilson, 2008; Turken and Dronkers, 2011), strengthening the
tivity of localized gray–white matter blurring in the detection of
potential of GWC as a marker of focal neuronal integrity. The
developmental cortical malformations (Chan et al., 1998;
strictly unidirectional relationship between GWC and cognitive
Barkovich et al., 2001; Thesen et al., 2011), it may prove a
test scores is worth noting. Unlike cortical thickness, which can
useful metric to investigate cognitive deficits associated with
neuro-migrational abnormalities. Although the participation of
have a bidirectional relationship to performance (Kanai and
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Figure 3. Group correlation cluster maps on the inflated average surface for GWC and performance on the WAIS-III Verbal Comprehension Index (Verbal Expression) (I ) and Verbal Working
Memory Index (II) across the whole cortical surface, corrected for multiple comparisons. Light blue values represent areas showing decreased performance associated with increase blurring. The
absence of any yellow clusters shows that no region showed decreased blurring associated with decreased performance. III, Cortical parcellation scheme of the inflated average surface for
anatomical orientation. a, Superior temporal gyrus; b, superior temporal gyrus; c, middle temporal gyrus; d, inferior temporal gyrus; e, occipital pole; f, angular gyrus; g, central sulcus; h, precentral
sulcus (superior part); i, precentral gyrus; k, precentral sulcus (inferior part); m, inferior frontal sulcus; n, middle frontal gyrus; o, pars opercularis; p, pars triangularis; q, circular insula sulcus; r, pars
orbitalis; s, subcentral gyrus; t, superior frontal sulcus (for a full list of regions, see Fischl et al., 2004).

dysplastic cortex in functional networks is debated (Janszky et al.,
2003; Kirschstein et al., 2003; Danckert et al., 2007; Duchowny,
2009), domain-specific deficits have been demonstrated in FCD,
with lesions in the left hemisphere associated with verbal deficits
in children (Klein et al., 2000) and in the left parietal region with
left–right disorientation, finger agnosia, and dyscalculia (Oki et
al., 1999). Furthermore, postmortem dissection has revealed lowgrade dysplastic changes in the dominant hemisphere planum
temporale of individuals with developmental dyslexia (Galaburda et al., 1985). Regardless of whether dysplastic regions are
functionally networked, their presence impacts cognitive efficiency (Duchowny, 2009), the degree to which might be further
investigated in vivo with GWC or a combination of GWC and
cortical thickness metrics (Thesen et al., 2011).
The microstructural basis for blurring of the gray–white
boundary has yet to be determined; however, it is likely that
several processes contribute. Water content is the most important determinant of T1 signal in the brain (Paus et al., 2001). The
more water present in a given tissue compartment, the longer the
T1 and lower the signal on a T1-weighted image. In an adult
brain, T1 is the shortest in white matter and the longest in gray
matter, resulting in higher white matter signal intensity. Gray
matter atrophy results in increased intensity values due to decreased water content and demyelinating processes result in decreased white matter intensities due to increased water content,
both of which would result in poorer differentiation of the gray–
white boundary (Magnaldi et al., 1993). These factors likely contributed to the strong age-related GWC effects we observed.

Iron content can influence absolute T1 intensity values, primarily impacting local magnetic inhomogeneities (Paus et al.,
2001). However, GWC is a metric that is normalized to the local
imaging environment. It is a ratio rather than an absolute measure of
tissue intensity; therefore, it controls for field inhomogeneities or
variation in absolute signal intensity across cortex. However, as a
ratio, it cannot determine whether the performance-related contrast
variation is more dependent on white or gray matter properties, or
both.
Given that the relationship between regional left hemisphere
blurring and verbal functions was present after controlling for
aging, other factors outside of gray matter atrophy or demyelination should be considered, such as individual differences in the
anatomic arrangement of axons at the gray–white junction and
intracortical myelin density. Another factor is the presence of
white matter neurons just below cortical layer VI, the density of
which is unrelated to aging (Rojiani et al., 1996). Interstitial white
matter neurons thinly populate the superficial white matter of
healthy adult brains (Hardiman et al., 1988; Ramón y Cajal, 1995;
Suárez-Solá et al., 2009; García-Marín et al., 2010). They are believed to be remnants of the embryonic subplate (Chun and
Shatz, 1989) that have either failed to undergo programmed cell
death (Luhmann et al., 2009) or are the result of disrupted migrational processes (Chevassus-au-Louis and Represa, 1999).
Their density is increased at the gyral crown relative to the sulcus
(Akbarian et al., 1993), which is consistent with our finding of
increased blurring in the gyrus. Such correspondence suggests
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they may impact GWC values, although direct investigation with
combined MRI and histological methods is needed.
Some caveats must be taken into account when interpreting
the current findings. First, the sample size was relatively small for
the age range we sampled. Although the laterality and regional
specificity of the results is striking, replication in a large
extended-age sample is recommended for further confirmation.
Second, although the direction of the sex difference we observed
on the WMI is consistent with findings from the large-scale U.S.
WAIS-III standardization sample (Longman et al., 2007; Wechsler,
1997), the size of the discrepancy is larger and may represent a
sample bias. Our results do not suggest that variations in GWC
contribute to this difference. The relationship between GWC and
WMI was independent of sex and there were no sex differences in
left or right hemisphere average GWC. Finally, as data on regional GWC variations is only beginning to emerge, the extent to
which training or expertise may impact contrast values remains
unclear. Longitudinal studies involving skill learning are recommended to determine the degree to which changes in GWC may
reflect structural plasticity in subjacent tissue.
In sum, the current study demonstrates a relationship between verbal abilities and blurring of the gray and white matter
junction in left hemisphere frontal and temporal regions. Findings support the involvement of a left hemisphere network of
temporal and frontal sites to support verbal expression and verbal
working memory and suggest that the GWC metric can probe the
substrate of the communication pathways that tie this network
together. Future studies are recommended to confirm the regional specificity of our findings in large-scale samples and to
establish whether GWC might be a mediating variable between
neurological disease and cognitive deficits. Additionally, combined histological and MRI studies should attempt to delineate
the degree to which cortical atrophy, demyelination, or interstitial white matter neuron density impacts contrast properties at
the gray and white matter junction.
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Suárez-Solá ML, González-Delgado FJ, Pueyo-Morlans M, MedinaBolívar OC, Hernández-Acosta NC, González-Gómez M, Meyer G
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