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Abstract
We acquired diffusion tensor images on 33 normal adults aged 22–64 and 15 adolescents aged 14–
21. We assessed relative anisotropy in stereotaxically located regions of interest in the internal
capsule, corpus callosum, anterior thalamic radiations, frontal anterior fasciculus, fronto-occipital
fasciculus, temporal lobe white matter, cingulum bundle, frontal inferior longitudinal fasciculus,
frontal superior longitudinal fasciculus, and optic radiations. All of these structures except the optic
radiations, corpus callosum, and frontal inferior longitudinal fasciculus exhibited differences in
anisotropy between adolescents and adults. Areas with anisotropy increasing with age included the
anterior limb of the internal capsule, superior levels of the frontal superior longitudinal fasciculus
and the inferior portion of the temporal white matter. Areas with anisotropy decreasing with age
included the posterior limb of the internal capsule, anterior thalamic radiations, fronto-occipital
fasciculus, anterior portion of the frontal anterior fasciculus, inferior portion of the frontal superior
longitudinal fasciculus, cingulum bundle and superior portion of the temporal axis. Sex differences
were found in the majority of areas but were most marked in the cingulum bundle and internal capsule.
These results suggest continuing white matter development between adolescence and adulthood.
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Introduction
Diffusion tensor imaging is an MRI methodology that, by measuring the direction of movement
of water molecules, can be used to infer the orientation and alignment of axonal tracts [1]. In
healthy myelinated axon bundles in which all the axons are aligned, the movement of the water
is restricted by the axonal membrane and the myelin sheath. Bundles in which the fibers are
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crossing or are oriented in many different directions or in which the myelin or axons are
unhealthy may allow less restricted directional diffusion of water [2]. Diffusion tensor
assessments yield a measure termed anisotropy, high when water diffusion is limited in
direction such as in the corpus callosum and low when there is unrestrained or random water
movement [3].

Myelination begins in the brain prenatally and is largely accomplished during the first 2
postnatal years [4]. Unlike the rest of the brain, myelination continues in the neocortical
association areas into adolescence and adulthood, especially in the frontal and temporal lobes
[5,6]. Development of the prefrontal cortex during adolescence is significant and marked
changes in physiological indices of prefrontal function such as EEG occur during this period
[7]. This is the first study of the differences in white matter between adolescence (ages 14–21)
and adulthood using diffusion tensor imaging.

Several studies have shown a general increase in anisotropy during the time between infancy
and adolescence. Schneider et al. [8] found that anisotropy increased from the neonatal period
through age 16 in deep white matter areas in frontal, parietal, temporal and occipital regions.
In a study of 153 subjects between the ages of 1 day and 11 years, Mukherjee et al. [9] found
an increase in anisotropy in the corpus callosum, internal capsule, caudate nucleus, lenticular
nucleus and thalamus. An increase in anisotropy with age between ages 5 and 18 was found
in the internal capsule, corticospinal tract, left arcuate fasciculus and right inferior longitudinal
fasciculus, and a decrease in two small clusters next to the frontal horn of the lateral ventricles
and adjacent to the caudate nucleus bilaterally [10]. Schneider et al. [8] found increased
anisotropy in the pons, crus cerebri, posterior internal capsule, frontal, temporal, occipital and
parietal white matter, genu and splenium of corpus callosum with age in children aged 0–16.

Klingberg et al. [11] showed an increase in anisotropy in frontal white matter between
childhood (mean age 10) and adulthood (mean age 27). Similarly, Ben Bashat et al. [12] found
an increase in anisotropy in the corpus callosum, internal capsule, and subcortical white matter
from infancy to age 23.

Anisotropy has been found to decrease starting in early adulthood and continuing throughout
the lifespan. In a sample of adult men between the ages of 23 and 76 years, a decrease in
anisotropy was seen by Pfefferbaum et al. [13] in all regions studied except the splenium.
Nusbaum et al. [14] showed a decrease in anisotropy with age in adults between the ages of
20 and 91 years in the periventricular white matter, frontal white matter, and genu and splenium
of the corpus callosum and an increase in anisotropy with age in the internal capsule bilaterally.
However, an examination of 16 regions of interest (ROIs) by Yoshiura et al. [15] failed to
reveal any statistically significant age effects in young adults (age 20–40). We noted the lack
of direct comparisons between late adolescents and adults in a single study. A consideration
of these studies suggested the need for a detailed comparison of the adolescent and adult
periods.

The brain develops in a progressive manner in which lower-order areas such as subcortical
regions and primary sensory and motor cortices develop first and the multimodal association
areas develop later. Also phylogenetically older areas develop before younger areas [16]. The
frontal and temporal multimodal association areas are relatively young cortical areas
phylogenetically. The functions they are involved with develop during adolescence, and there
is evidence of myelination during adolescence and early adulthood in these regions.

Executive functions including abstract reasoning and higher language functions develop
greatly during the adolescent period [17,18]. Nagy et al. [19] found that working memory, a
component of abstract reasoning and executive functioning, correlated positively with
anisotropy in the frontal lobe in children and adolescents, the area thought responsible for these
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functions. They also found that reading ability positively correlated with anisotropy in the
temporal lobe, particularly on the left, in this age group. Postmortem data [5] as well as diffusion
tensor anisotropy data [12] have suggested that white matter development is largely complete
by age 21, so we chose to contrast subjects divided at this age. We hypothesize that we will
see changes in white matter anisotropy between adolescence and adults in tracks such as the
anterior thalamic radiations, internal capsule and temporal axis in which a majority of the fibers
are involved in connectivity of these frontal and temporal regions; in contrast, the optic
radiations, a major primary sensory track, will be stable and show little change in anisotropy
between adolescence and adulthood.

Methods
Subjects

Thirty-three adult volunteers (20 men, 13 women, mean age = 42.2, SD = 11.5, range = 22–
64) were recruited by word of mouth or advertisement. Adolescent comparison subjects (8
males, 7 females, mean age = 17.13, SD = 2.13, range = 14–21) were recruited through local
area newspaper advertisement and word of mouth. All of the subjects were given a
Comprehensive Assessment of Symptoms and History (CASH) structured interview to exclude
history of psychiatric illness in themselves or in their first-degree relatives [20]. All subjects
were excluded if there was evidence of a significant neurological impairment, medical
conditions thought to interfere with cerebral functioning, history of head trauma, or significant
history of drug or alcohol abuse (i.e., if they did not meet current or past criteria for substance
abuse or dependence).

All subjects were recruited to age and sex-match a companion cohort of patients with psychosis
and thus there is only an approximate match of adolescents against adults for sex. For this
reason ANCOVA was used to control for potential sex differences. For all subjects under age
18, consent for participation was given, and written informed consent was obtained from a
parent. Written informed consent was obtained from subjects who were 18 years or older.

Image Acquisition
The diffusion tensor sequence acquired 14 7.5-mm-thick slices (TR = 10 s, TE = 99 ms, TI =
2.2 s, b = 750 s/mm, δ = 31 ms, Δ = 73 ms, NEX = 5, voxel = 1.8 × 1.8 × 7.5 mm, FOV = 230
mm), and the SPGR (Spoiled Gradient Recalled Acquisition) anatomical sequence acquired
124 1.2-mm-thick slices (TR = 24 ms, echo time = 5 ms, flip angle = 40°, Signa LX/CV 1.5T
system; GE Medical Systems, Milwaukee, Wisc., USA). This sequence was chosen because
of its data-acquisition speed, an important consideration when imaging patients with psychosis.
It also allows us to perform signal averaging to improve the signal-to-noise ratio. Before the
diffusion tensor sequence, a turbo spin echo was also acquired to obtain a localizing anatomical
image. All scans were read by a radiologist and no abnormalities were reported.

Image Processing
To assess the degree of diffusion anisotropy in each voxel we used the relative anisotropy. This
quantity is a measure of the degree of anisotropy in a voxel, the degree to which the diffusivity
is biased along the fiber axis as opposed to perpendicular to it. In order to solve for the
components of the diffusion tensor, seven diffusion EPI images were then obtained: six with
different non-collinear gradient weightings (angles) and one with no diffusion gradient applied.
We then computed the anisotropy for every voxel which formed the basic raw data set that was
analyzed subsequently.

Anatomical MRI were resectioned to standard Talairach-Tournoux position using the
algorithm of Woods et al. [21] and a six-parameter rigid-body transformation. The anisotropy
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images from each subject were then aligned to subject’s own standard-position anatomical
images using the same six-parameter rigid-body transformation. Note that both the structural
and diffusion tensor images remained in their original dimensions and were only aligned using
the six-parameter alignment. Neither the diffusion tensor nor the structural data were smoothed.

We tested the extent of error of coregistration and potential distortion of the diffusion tensor
images by using the less distorted structural MRI as described in detail elsewhere [22]. The
median difference of the absolute image frame coordinates of the anterior and posterior brain
edges between structural and anisotropy images was 0.0 and 1.78 mm, respectively, and the
median difference in brain length was 2.23 mm, just above 1%. The mean absolute value in
millimeters of the differences between the diffusion tensor and MRI locations in the anterior
and posterior brain edges was ±2.14 and ±2.71 mm, respectively. Thus distortion was minimal
for these images.

Statistical Analysis
On the basis of earlier studies of aging, we selected specific white matter tracts of the brain,
i.e. anterior thalamic radiations, cingulum bundle, corpus callosum, frontal anterior fasciculus,
frontal superior and inferior longitudinal fasciculus, frontal occipital fasciculus, internal
capsule, temporal white matter (located along the central anteroposterior axis of the temporal
lobe) located at standard stereotaxic locations as indicated in the print version of the Talairach
and Tournoux [23] atlas and their coordinates recorded (table 1). We typically chose the
position of the actual label for the structure in the atlas. Since not all structures were labeled
on every page, we carried the xy coordinates through to those pages from the more inferior or
superior label. We also consulted the atlases of Mori et al. [24] and Ludwig and Klingler
[25] for the accurate dorsoventral placement.

The anterior and superior portions of the internal capsule are shown to extend above the caudate
in the Ludwig and Klingler [25] atlas, and the Mori et al. [24] atlas similarly labels it in slices
above the caudate, so these areas were included in table 1. The anterior corona radiata and
superior corona radiata are probably included in the ROI for the internal capsule [24]. We
adopted the term ‘anterior thalamic radiations’ for the ROI of medial frontal fibers shown in
figure 3 from Mori et al. [24]. The region labeled frontal occipital fasciculus includes both
inferior and superior frontal occipital fasciculi [24,26,27]. For the frontal superior longitudinal
fasciculus, our coordinates from the Talairach and Tournoux [23] atlas are similar to those in
the Mori et al. [24] atlas but may contain fibers of the more medial corona radiata. The frontal
inferior longitudinal fasciculus is termed the inferior frontal occipital fasciculus in Mori et al.
[24] and is a frontal occipital tract (fig. 7). The temporal axis is in fact a group of
occipitotemporal fibers including the inferior longitudinal fasciculus, the inferior fronto-
occipital fasciculus [24]. The optic radiations were selected as an early developing control
comparison area.

The square ROI (5 × 5 pixels) was applied centered on that coordinate and at the proportion
as the brain-bounding box in the Talairach and Tournoux [23] atlas by our own software. Each
axial MRI anatomical slice brain edge was traced and this edge was used to generate the brain-
bounding box. Talairach coordinates for each brain were then calculated based on the x and y
proportions of this box. An algorithmic adjustment was made so that ROIs were moved closer
to the centroid of the slice if the box fell partly outside the coregistered brain outline, as could
happen in brains that were especially narrow in the y direction. To verify accuracy the
coordinates were transformed into MNI space and visually checked against the MNI brain for
placement using MRI-cro [28]. All locations listed in table 1 fell in white matter in the MNI
standard image. Since scans were collected over a period of several years we thought it
important to avoid potential artifacts of scanner drift and axial inequalities in anisotropy values,
each value was expressed as the ratio of the voxel value to the whole slice mean value.
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Second, we are aware that the position of structures varies across subjects. We assessed the
effect of individual variation on stereotaxic error by using 35 normal adults who had had the
anterior limb of the internal capsule traced [29]. This structure was chosen because it had four
discrete and defined boundaries against which to assess error; errors in the placement of the
frontal occipital fasciculus would have been more ambiguous in error distance assessment since
there is surrounding white matter. The centroid of the internal capsule for z = 12 was located
at x = 18, y = 13 with standard deviations of 3.03 and 3.86, respectively. This point was quite
close to our template location of x = 17, y = 10, z = 12 for the mid-anterior internal capsule
chosen from the Talairach and Tournoux [23] atlas (table 1). The x direction width of the
internal capsule in the Talairach atlas was approximately 8 mm at this point, meaning that about
66% of 5-mm ROI boxes would be entirely within the internal capsule. While a 3-mm box
would be more likely to fall entirely within the internal capsule, noise in a smaller box would
be higher, making the 5-mm size a reasonable compromise. Thus, as widely asserted, the
Talairach and Tournoux [23] atlas is a reasonable approximation of the human brain.

A ROI-based strategy was used for three reasons: (1) to minimize type I statistical errors in
evaluating large numbers of ROIs in both hemispheres through the use of multiway repeated-
measures analysis of variance (ANOVA) and a single F ratio test indicating the hypothesized
diagnostic age group × hemisphere × region interaction; (2) to minimize type II errors resulting
from assessing small individual potentially noisy ROIs, and (3) to provide standard and known
brain atlas locations for replication. We also controlled type I error by not discussing main
effects or interactions that are not interpretable (e.g., main effect of slice level across structures
measured at multiple axial slice levels). Anisotropy is a scalar invariant under rotation and
translation and thus ROI data analysis can be carried out on images reoriented to standard AC-
PC position. We also reported Huynh-Feldt and MANOVA F values for completeness. Since
probability values are obtained from multiway MANOVA interactions and multiple region
plots are provided, standard error bars are not included.

Results
Frontal versus Optic Radiations

The anterior portion of the frontal anterior fasciculus, well within the frontal lobe, showed a
large difference between adolescents and adults while little age effect was seen in the optic
radiations in the occipital lobe at corresponding Talairach z values (fig 1, occipital vs. frontal
× age, F = 5.11, d.f. = 1, 44, p = 0.028). No significant effects involving age were found in the
optic radiations alone (age, F = 0.19, d.f. = 1, 44, p = 0.66).

Internal Capsule
The anisotropy of the posterior limb of the internal capsule was higher in adolescents than
adults while in contrast, the center of the anterior limb was higher in adults. These differences
were statistically confirmed by a significant age group × anterior-posterior position interaction
for all six internal capsule positions (fig. 2a, F = 3.40, d.f. = 5, 220, p = 0.006, Huynh-Feldt
(HF) ε = 0.98, HF Adj. d.f. = 4.90, 215.62, HF Adj. p = 0.006). This difference between
adolescents and adults was also confirmed for the two anterior-most positions, where the
majority of the fibers are thalamocortical [30], considered alone (age × anterior-posterior
interaction, F = 9.65, d.f. = 1,44, p = 0.0034). Adolescents had higher anisotropy than adults
at superior levels and lower anisotropy than adults at inferior levels (fig. 2b, age × inferior-
superior, F = 2.95, d.f. = 4, 176, p = 0.022, HF ε = 0.87, HF Adj., d.f. = 3.50, 153.89, HF Adj.
p = 0.028). Adolescents had much higher anisotropy in the posterior portion of the internal
capsule than adults for the more superior levels (fig. 2c, age × anterior-posterior × inferior-
superior, F = 3.38, d.f. = 20, 880, p < 0.00001, HF ε = 0.59, HF Adj. d.f. = 11.94, 525.43, HF
Adj. p < 0.0001).
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Sex differences were also prominent in the anisotropy patterns. Adolescent women had higher
anisotropy in the posterior limb of the internal capsule than adult women but men of both ages
were similar in anisotropy along the entire anterior-posterior dimension. Adolescent women,
also had higher anisotropy in the superior portion of the internal capsule compared to adult
women and this effect was greatest in the right hemisphere. Adolescent men, however, showed
lower anisotropy in the superior portion of the internal capsule in the right hemisphere as
compared to adults, which was less marked in the left hemisphere. We also observed a pattern
of higher anisotropy in adult women than adolescents at the most superior levels on the left
(fig. 2d, e, age × sex × inferior-superior × hemisphere, F = 3.19, d.f. = 4, 176, p = 0.015). There
was also a sex × hemisphere × inferior-superior × anterior-posterior (but not by age) interaction
that was analyzed for completeness (F = 2.60, d.f. = 20, 880, p = 0.00016, HF ε = 0.74, HF
Adj. d.f. = 14.84, 652.87, HF Adj. p = 0.00089).

Anterior White Matter Tracts
More anterior positions within the frontal lobe tended to show higher anisotropy in adolescents
than in adults and this tended to be greater at more superior levels. For the anterior thalamic
radiations adolescents displayed higher anisotropy than adults in all but the most inferior level
of the brain (fig. 3a, age × inferior-superior, F = 3.24, d.f. = 3, 132, p = 0.024). Also anisotropy
was observed to be higher in the left hemisphere than the right hemisphere (F = 6.65, d.f. = 1,
44, p = 0.013). Adult women had lower anisotropy than men across all inferior-superior levels
but in adolescents women had higher anisotropy for slice levels intersecting the basal ganglia
and in the left hemisphere (fig. 3c, d, age × sex × hemisphere × inferior-superior, F = 2.96, d.f.
= 3, 132, p = 0.035).

A similar finding appeared for the frontal occipital fasciculus with the anterior portion showing
higher anisotropy in adolescents while the more posterior portion showed this adolescent effect
only for the two superior levels (fig. 4a, age × inferior-superior × anterior-posterior, F = 6.27,
d.f. = 4, 176, p < 0.0001, HF ε = 0.88, HF Adj. d.f. = 3.51, 154.23, HF Adj. p = 0.00022).
Women had higher anisotropy than men in the superior levels, especially on the left, but age
effects were not significant (fig. 4b, sex × inferior-superior × hemisphere, f = 3.40, d.f. = 4,
176, p = 0.011).

Similarly, the frontal anterior fasciculus showed higher anisotropy in adolescents in the most
anterior position (fig. 5a, age × anterior-posterior, F = 7.10, d.f. = 1, 44, p = 0.011; fig. 5b, age
× inferior-superior × anterior-posterior position, F = 4.65, d.f. = 5, 220, p = 0.00047, HF ε =
0.93, HF Adj. d.f. = 4.67, 205.39, HF Adj. p = 0.00066). Women had higher anisotropy than
men in the frontal anterior fasciculus in the right hemisphere and lower anisotropy in the left
hemisphere (fig. 5c, sex × hemisphere, f = 4.56, d.f. = 1, 44, p = 0.038).

The frontal superior longitudinal fasciculus showed adolescents having lower anisotropy in
the more superior level and higher than adults in the more inferior level (fig. 6a, age × inferior-
superior, F = 16.86, d.f. = 2, 88, p < 0.00001, HF ε = 0.85, HF Adj. d.f. = 1.71, 75.21, HF Adj.
p < 0.00001). For the frontal inferior longitudinal fasciculus we found that women changed
little with age while adult men had higher anterior anisotropy than adolescents (fig. 7a, age ×
sex × anterior-posterior, F = 4.14, d.f. = 1, 44, p = 0.048).

Corpus Callosum
There was no main effect of age or sex in the corpus callosum. Higher anisotropy was seen in
the genu and splenium as compared to the body (fig. 8a, anterior-posterior, F = 5.56, d.f. = 6,
264, p = 0.000019, HF ε = 0.97, HF Adj. d.f. = 5.85, 257.22, HF Adj. p = 0.000024). Men had
higher anisotropy in the anterior-most and posterior-most locations while women had higher
values in the second most anterior point; in the body of the corpus men have higher values than
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women on the left while women had higher values than men on the right (fig. 8b, sex ×
hemisphere × anterior-posterior, F = 2.24, d.f. = 6, 264, p = 0.040, HF ε = 0.88, HF Adj. d.f.
= 5.29, 232.66, HF Adj. p = 0.047).

Cingulum Bundle
Adolescents had higher anisotropy in the cingulum bundle and this was most marked in the
posterior half of the cingulum bundle (fig. 9a, age, F = 10.48, d.f. = 1, 44, p = 0.0022; fig. 9b,
age × anterior-posterior, F = 3.81, d.f. = 8, 352, p = 0.00026, HF ε = 0.63, HF Adj. d.f. = 5.01,
220.64, HF Adj. p = 0.0025). Higher anisotropy in adolescents was also confirmed in an
ANOVA containing only the anterior portion with the higher parts of the bundle showing the
higher values in adolescents (age × inferior-superior, F = 9.82, d.f. = 4, 200, p < 0.0001, HF
ε = 0.90, HF Adj. d.f. = 3.62, 180.77, HF Adj. p < 0.0001). Overall anisotropy was higher on
the left than on the right (fig. 9c, hemisphere, F = 5.73, d.f. = 1, 44, p = 0.021). Women had
higher anisotropy than men in the left hemisphere, but men and women were equal on the right
(fig. 9d, sex × hemisphere, F = 5.89, d.f. = 1, 44, p = 0.019).

Temporal White Matter Axis
Adolescents had a higher anisotropy in the most superior level of the temporal axis and a lower
anisotropy in the inferior portion of the temporal axis in the left hemisphere (fig. 10a, age ×
hemisphere × inferior-superior, F = 3.79, d.f. = 2, 88, p = 0.026). No significant difference
between adolescents and adults was seen in the right temporal axis. No sex differences were
observed in the temporal axis.

Discussion
Regional Differences in Age Effects

White matter anisotropy shows changes even between the relatively mature brains of
adolescence (ages 14–20) and adulthood (ages 22–64). These patterns of age change are
complex, showing both relative increases and decreases in anisotropy with age and even show
different directions in different portions of the same white matter structures. Significant age
effects were most often age × region or age × inferior-superior or anterior-posterior position
interactions.

As hypothesized, white matter tracts associated with multimodal polysensory structures
showed adolescent versus adult differences while tracts associated with primary sensory or
motor cortex showed virtually no adolescent versus adult differences. This was especially
apparent in the comparison of the frontal anterior fasciculus and the optic radiations. The
structures showing adolescent versus adult areas included the internal capsule, frontal anterior
fasciculus, fronto-occipital fasciculus, temporal axis, frontal superior longitudinal fasciculus,
cingulum, frontal cingulate bundle, and anterior thalamic radiations. All of these structures are
also associated with the frontal or temporal cortex. As expected, the early maturing primary
sensory optic radiations showed no change in anisotropy between adolescence and adulthood.
The corpus callosum, also relatively early maturing and having a large portion of fibers
connecting primary motor and sensory areas, similarly did not show age effects in anisotropy.
The exception is the frontal inferior longitudinal fasciculus which did not show age effects
despite its significant frontal connection.

Our age range, 14–64 years, bridges that of earlier anisotropy studies which tended to show
increasing anisotropy in childhood and adolescence and decreasing anisotropy starting in
adulthood. Our detailed stereotaxic regional analysis suggests that the topological organization
of each tract may have characteristic age-related patterns and that maturation is associated with
both increases and decreases in anisotropy.
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Anisotropy and Neuronal Characteristics
The interpretation of relative anisotropy is complex and many microscopic anatomical changes
could contribute to altering the signal with age. Changes in anisotropy do not necessarily
indicate complete remodeling of connection pathways. Anisotropy changes may result from
alterations in axon geometry, including the thickening of the axonal bundles, the reduced water
content in between axons, the thickening of the myelin sheet and the myelination of the
previously unmyelinated axons [31], all events which may not change the final target of the
axon, although they might modify the physiological properties of the connection.

Internal Capsule—As with the general trend of white matter, anisotropy has been reported
to increase with age in children and adolescents [10,32,33] and decrease in older adults [9,
34]. In our detailed analysis, we noted that adults tended to have higher values in the superior
level and lower values in the inferior levels. Adolescents also had higher values in the posterior
but not anterior portion of the internal capsule. The age effects showed a different pattern in
men and women. The largest change with age was seen in the superior level with adult men
showing higher anisotropy than adolescent men on the right and adult women showing higher
anisotropy than adolescent women on the left. The complex interactions between age, anterior/
posterior position and inferior/posterior reflect the complex organization of the internal capsule
with the anterior portion primarily thalamocortical fibers [30] with a superior/inferior
prefrontal cortex topographic organization. It is of interest that adolescents had higher
anisotropy than adults in the superior posterior limb, which is primarily motor fibers, but also
contains thalamocortical (mostly thalamofrontal fibers, perhaps from the intermedullary
lamina) connections. It is possible that these mediodorsal thalamic fibers that exit the thalamus
and connect to the prefrontal cortex develop in late adolescence and early adulthood; since
these fibers course anteriorly and the motor fibers of the corona radiata course vertically,
development of the former would reduce anisotropy values. Axonal trajectory work on these
projections has largely been carried out in animals and detailed study of the human tractography
data will be necessary to fully address these issues.

Anterior White Matter Tracts—Our finding of generally decreased anisotropy in adults
compared with adolescents is consistent with the frontal anisotropy results over the adult
lifespan (ages 21–76) observed by Salat et al. [35] and follows the same trend as the results
seen between children and adults by Klingberg et al. [11]. Our results are not directly
comparable with Pfefferbaum et al. [36], who studied a young adult group (mean age 29) and
compared them with an old group (mean age 72) of which all subjects were older than any of
ours. Our findings in adults for the anterior thalamic radiations are not consistent with Szeszko
et al. [37], who found that women have higher frontal anisotropy particularly in the left
hemisphere while we found higher anisotropy in men in both hemispheres. However, in our
sample, adolescent women did show higher anisotropy than men at some levels of the anterior
thalamic radiations most markedly on the left.

Corpus Callosum—We found higher anisotropy in men than women for the genu and
splenium with less marked sex differences or with women higher than men in the body of the
callosum. This is generally consistent with two earlier studies [38,39] that also found greater
anisotropy in men than women in the corpus callosum both using traced-ROI methods. Our
findings in men were partially similar to Chepuri et al. [40], who observed higher anisotropy
in the splenium than body using ROI drawn directly on the anisotropy images and Snook et al.
[41], who observed higher anisotropy in the splenium than the genu. Our results for the anterior-
to-posterior gradient in males are similar to those of Sulivan et al. [42], who found an almost
U-shaped function (highest for splenium, second highest for most anterior section) for younger
subjects except that we found higher anisotropy in the genu than the body. These differences
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in anisotropy between men and women may be related to reported higher density (fibers/
mm2) in men than in women [43].

Cingulum Bundle. We found higher anisotropy in the left hemisphere, which is consistent with
an earlier study [44] using tract-tracing and measurement of anisotropy within the bundle. This
also indicates that our stereotaxic method produces not dissimilar results to other ROI
techniques.

Temporal White Matter Axis—We observed that adolescents had a marked superior-
inferior gradient in the left hemisphere but adults did not; little superior-inferior gradient or
age change is visible in either group in the right hemisphere. This is consistent with dominant
hemisphere organization during adolescence, possibly more prominent for the superior
temporal gyrus than the middle and inferior temporal gyri.

Limitations
The results indicated that anisotropy showed changes with age, marked in some major tracts.
While one explanation is clearly developmental change, our study did not use longitudinal
data, so subject selection biases could have created apparent age effects. These might include
the direct effects of education or bias in selecting individuals as adolescents who might not
match educational attainments of older subjects. Because of difficulties in recruiting minors,
there were also fewer individuals in the adolescent group, which diminishes statistical power.
Also, the study did not explore changes below age 14, omitting any change in anisotropy during
a potentially relevant period of development; this might have restricted the range of change
and prevented our demonstrating age-related change in some structures. The ratio of men to
women in the two samples was slightly but not significantly higher in the adults and we assessed
this by including sex as an independent group dimension in MANOVA.

We cannot exclude the possibility that changes in anisotropy may reflect overall changes in
connections between brain areas. These changes may be due to normal development,
degeneration associated with aging, and remodeling associated with learning and memory. All
scans were radiologically normal, mitigating against an explanation of group differences being
attributed to dementia or neurological diseases of the elderly. Normal development may include
the generation of new connections between brain areas, which occurs primarily in the prenatal
and infant phase, or the pruning of redundant, unneeded, or superseded connections, which
occurs later in childhood and adolescence. Aging may be associated with loss of cortical cells
and the volume of gray matter, especially in the frontal cortex. This loss may be associated
with alterations in the white matter tracts to these same areas, altering their anisotropy. Lastly,
remodeling due to learning and memory may alter the number of connections as well as their
physical parameters. The interpretation of anisotropy alone is necessarily limited as it implies
only level of alignment but not directionality and must be supplemented with more complex
methods such as tract tracing to understand developmental trajectories.

Stereotaxic error in the placement of ROIs would tend to increase standard deviations and be
associated with type II statistical error. We assessed the internal capsule location by comparing
the average stereotaxic location against the actual position in a separate cohort of individuals
(see ‘Methods’) and found good agreement. The error is not entirely dissimilar to the error in
interpreting statistical parametric maps by referring to the standard listed anatomical structure
from the Talairach Daemon [45]. Note that by using specific xyz coordinates we have an
entirely algorithmic measure sufficiently specified so that other investigators can obtain
comparable values. Data was analyzed as relative anisotropy, and we would expect very similar
results had the analysis been done with fractional anisotropy, as the measures are closely related
and produce very similar images, and as, as suggested by Kingsley and Monahan [46], there
is no intrinsic advantage of using fractional as opposed to relative anisotropy.
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Summary
These age-related anisotropy changes are consistent with complex maturational connectivity
changes occurring in adolescence and early adulthood. These changes, relatively late in the
maturational process, were more prominent in higher cognitive centers of the frontal and
temporal lobe and less prominent in the occipital lobe. This is consistent with later maturation
and myelination of the frontal and temporal regions, and more complex cognitive and emotional
control skills appear in this phase of life that are controlled by these areas.
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Fig. 1.
Age effects in relative anisotropy in occipital and frontal regions. All graphs indicate significant
interactions (see text for F, d.f., and p). The optic radiations in the occipital lobe and the anterior
portion of the frontal anterior fasciculus in the frontal lobe are represented on the horizontal
axis.
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Fig. 2.
Age, sex, and hemisphere effects in relative anisotropy in the internal capsule. a Horizontal
axis indicates anterior-posterior position within internal capsule (see f, brain diagram). b
Horizontal axis represents superior-inferior axis with Talairach z coordinate labeled (see f).
c Horizontal axis in each panel represents the anterior-posterior position within internal capsule
(1 = anteriormost location, 3 = genu and 6 = posteriormost location, see f). Panels from left to
right represent superior-inferior axis with Talairach z coordinate labeled. d Horizontal axis
indicates superior-inferior position within the right internal capsule as labeled by Talairach z.
Left and right panels represent males and females, respectively. e Horizontal axis indicates
superior-inferior position within the left internal capsule as labeled by Talairach z. Left and
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right panels represent males and females, respectively. f Representative slices from inferior to
superior for Talairach z = −4, 4, 12, 20, 28 and a midsagittal slice are shown with ROIs. For
clarity in all figures ROIs are enlarged (actual dimensions 5 × 5 pixels), were placed as mirror
images in both hemispheres but are shown only in the right hemisphere, and are displayed on
T1 images. The Talairach xyz coordinates are given in table 1
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Fig. 3.
Age, sex, and hemisphere effects in relative anisotropy in the anterior thalamic radiations. a
Horizontal axis indicates superior-inferior position within the anterior thalamic radiations as
labeled by Talairach z. b Bars indicate relative anisotropy within the right and left anterior
thalamic radiations. c Horizontal axis indicates superior-inferior position within the anterior
thalamic radiations in adults as labeled by Talairach z. Panels indicate the right and left anterior
thalamic radiations. d Horizontal axis indicates superior-inferior position within the anterior
thalamic radiations in adolescents as labeled by Talairach z. Panels indicate the right and left
anterior thalamic radiations. e Representative slices from inferior to superior for z = −4, 4, 12,
20 and a midsagittal slice are shown with ROIs.
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Fig. 4.
Age, sex, and hemisphere effects in relative anisotropy in the frontal occipital fasciculus. a
Horizontal axis indicates superior-inferior position within the frontal occipital fasciculus as
labeled by Talairach z. Panels indicate the anterior and posterior position within the frontal
occipital fasciculus. b Horizontal axis indicates superior-inferior position within the frontal
occipital fasciculus as labeled by Talairach z. Panels indicate the right and left frontal occipital
fasciculus. c Representative slices from inferior to superior for z = 4, 12, 20, 28, 35 and a
midsagittal slice are shown with ROIs.
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Fig. 5.
Age, sex, and hemisphere effects in relative anisotropy in the frontal anterior fasciculus. a
Horizontal axis indicates anterior-posterior position in the frontal anterior fasciculus. b
Horizontal axis indicates superior-inferior position in the frontal anterior fasciculus as labeled
by Talairach z. Panels indicate the anterior and posterior points within the frontal anterior
fasciculus. c Horizontal axis indicates the right and left frontal anterior fasciculus. d
Representative slices from inferior to superior for z = −4, 4, 12, 20, 28, 35 and a midsagittal
slice are shown with ROIs.
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Fig. 6.
Age effects in relative anisotropy in the frontal superior longitudinal fasciculus. a Horizontal
axis indicates superior-inferior position in the superior longitudinal fasciculus as labeled by
Talairachz. b Representative slices from inferior to superior for z = 12, 20, 28, and a midsagittal
slice are shown with ROIs.
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Fig. 7.
Age and sex effects in relative anisotropy in the frontal inferior longitudinal fasciculus. a
Horizonta l axis represents the anterior-posterior position in the frontal inferior longitudinal
fasciculus. Panels represent adolescents and adults. b Representative slices from inferior to
superior for z = –4, 4, 12, and a midsagittal slice are shown with ROIs.
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Fig. 8.
Sex and hemisphere effects in relative anisotropy in the corpus callosum. a Horizontal axis
represents anterior-posterior position within the corpus callosum (2 most anterior points =
genu, middle 3 points = body, 2 most posterior points = splenium). b Horizontal axis represents
anterior-posterior position within the corpus callosum. Panels indicate the right and left corpus
callosum. c Representative slices from inferior to superior for z = 4, 12, 20, 28, and a midsagittal
slice are shown with ROIs.
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Fig. 9.
Age, sex and hemisphere effects in relative anisotropy in the cingulum bundle. Horizontal axis
represents age group (adolescent, adult; a), anterior-posterior axis in the cingulum bundle
(b), and the right and left cingulum bundle (c, d). e Representative slices from inferior to
superior for z = −4, 4, 12, 20, 28, 35 and a midsagittal slice are shown with ROIs.
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Fig. 10.
Age and hemisphere effects in relative anisotropy in the temporal white matter axis. a
Horizontal axis indicates superior-inferior position within the temporal white matter axis as
labeled by Talairach z. Panels indicate the right and left temporal white matter axis. b
Representative slices from inferior to superior for z = −4, 4, 12, and a midsagittal slice are
shown with ROIs.
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