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Abstract
Background—The retrogenesis hypothesis postulates that late-myelinated white matter fibers
are most vulnerable to age- and disease-related degeneration, which in turn mediate cognitive
decline. While recent evidence supports this hypothesis in the context of Alzheimer’s disease, it
has not been tested systematically in normal cognitive aging.

Methods—In the current study, we examined the retrogenesis hypothesis in a group (n=282) of
cognitively normal individuals ranging in age from 7 to 87 years from the Brain Resource
International Database. Participants were evaluated with a comprehensive neuropsychological
battery and were imaged with diffusion tensor imaging. Fractional anisotropy (FA), radial
diffusivity (RD), and axial diffusivity (DA), measures of white matter coherence, were computed
in two prototypical early-myelinated fiber tracts (posterior limb of the internal capsule, cerebral
peduncles) and two prototypical late-myelinated fiber tracts (superior longitudinal fasciculus,
inferior longitudinal fasciculus) chosen to parallel previous studies; mean summary values were
also computed for other early- and late-myelinated fiber tracts. We examined age-associated
differences in FA, RD, and DA in the developmental trajectory (ages 7 to 30 years) and
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degenerative trajectory (ages 31 to 87 years), and tested whether the measures of white matter
coherence mediated age-related cognitive decline in the older group.

Results—FA and DA values were greater for early-myelinated fibers than for late-myelinated
fibers, and RD values were lower for early-myelinated than late-myelinated fibers. There were
age-associated differences in FA, RD, and DA across early- and late-myelinated fiber tracts in the
younger group, but the magnitude of differences did not vary as a function of early or late
myelinating status. FA and RD in most fiber tracts showed reliable age-associated differences in
the older age group, but the magnitudes were greatest for the late-myelinated tract summary
measure, inferior longitudinal fasciculus (late fiber tract), and cerebral peduncles (early fiber
tract). Finally, FA in the inferior longitudinal fasciculus and cerebral peduncles and RD in the
cerebral peduncles mediated age-associated differences in an executive functioning factor.

Discussion—Taken together, the findings highlight the importance of white matter coherence in
cognitive aging and provide some, but not complete, support for the white matter retrogenesis
hypothesis in normal cognitive aging.
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1. Introduction
The retrogenesis hypothesis of cognitive aging postulates that breakdown of late-myelinated
white matter fibers mediates age-associated cognitive decline. The theory stems from the
observation that during early life maturation, white matter fiber tracts develop at variable
rates, with some fully developed by birth and early childhood and others continuing
development through adolescence and early adulthood (Homae et al., 2010; Huppi et al.,
1998; Huttenlocher and Dabholkar, 1997; Kinney et al., 1988; Rakic et al., 1986; Takeda et
al., 1997). Fibers that myelinate early during brain development are thought to be more
robust than later-myelinated fibers and thus, in the context of degeneration due to brain
disease or normal aging-related processes, might be less susceptible to damage (Stricker et
al., 2009). Given consistent observations of the importance of white matter in normal and
abnormal cognitive development and aging (Brickman et al., 2009; Brickman et al., 2006;
Chanraud et al., 2010; Fellgiebel et al., 2008; Grieve et al., 2007; Huppi, 2010; Sullivan and
Pfefferbaum, 2006), identification of the factors that increase susceptibility to white matter
degeneration remains an important avenue of research.

In the context of aging, the retrogenesis hypothesis has been applied primarily to the study
of Alzheimer’s disease (AD) (Reisberg et al., 1999). For example, Bartzokis (Bartzokis,
2009; Bartzokis et al., 2007) codified the hypothesis by proposing that the late-myelinated
small-diameter cortico-cortical axons are the earliest and most affected in AD and that
damage to these fibers increases susceptibility to β-amyloid deposition, whereas heavily
myelinated brain regions are less likely to develop AD pathology (Braak et al., 2000). This
damage to the white matter microstructure, in turn, causes a reduction in neural information
transmission across the cortical regions that mediate higher cognitive function, resulting in
the neuropsychological syndrome that defines the disease. Thus, it is both the susceptibility
to AD-related pathology in late-developing neurons and the disturbance in neural
transmission that may cause the cognitive impairment seen in AD. In theory, however, the
retrogenesis hypothesis may similarly account for age-associated cognitive decline observed
in the absence of AD or other frank neurodegenerative pathology. Late-myelinated fibers
may be more vulnerable to age-associated lipid oxidation, and increases in toxicity due to
iron release may additionally damage white matter (Hemdan and Almazan, 2006)
irrespective of pathological features associated with AD. In the current study, we sought to
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determine whether similar principles may help explain the pattern of white matter
degeneration and cognitive decline in healthy subjects as well.

Remarkable advancements in acquisition and analysis of neuroimaging data over the past
twenty years have revolutionized our ability to visualize, quantify, and make inferences
about the neurobiological underpinnings of cognitive development and aging. Among the
most significant developments is the implementation of diffusion tensor imaging (DTI),
which is a technique with the ability to estimate the orientation and coherence of white
matter fiber tracts through the quantification of diffusion properties of water. Diffusion
tensor imaging exploits the propensity of water molecules to perfuse parallel to the white
matter fibers because of the physical constraint created by the lipid myelin sheath (Le Bihan
et al., 2001; Westlye et al., 2010).

There are several metrics that can be derived from DTI data. Fractional anisotropy (FA), a
common metric applied to DTI data, refers to the degree to which water molecules diffuse in
one direction (i.e., along the fiber axis created by the fiber tract), and is particularly sensitive
to the coherence of white matter fiber tracts (Barkovich, 2000; Bartzokis et al., 2003; Basser
and Jones, 2002; Song et al., 2002). Highly myelinated white matter bundles organized in
similar orientations will have greater FA than fibers that are less myelinated or less
organized (Pierpaoli and Basser, 1996; Sullivan et al.). Axial diffusivity (DA) is a measure
of water diffusion along the primary axis (λ1) and radial diffusivity (RD) refers to the
average of the two eigenvalues orthogonal to the primary axis (λ2, λ3; see Methods for
details). It is important to note that the measure of FA comprises information from DA and
RD, providing a metric that reflects the degree to which water diffuses along the principal
axis relative to diffusion in the minor axes. Thus, relative differences in DA and RD could
be reflected in FA (e.g., an increase in DA coupled with decreased in RD would result in
increased FA). Results from animal studies suggest that RD increases with damage to
myelin, whereas axonal damage is associated with changes in DA (Song et al., 2003; Song
et al., 2002; Song et al., 2005; Sun et al., 2006; Sun et al., 2007). Thus, it is possible that RD
is a specific marker of myelin integrity and DA is a specific marker of axonal integrity,
although, to our knowledge, these possibilities reflect preliminary observations that have
only been made in murine models. Given its exquisite sensitivity to white matter integrity,
DTI-derived measures may be particularly useful in examining whether the white matter
retrogenesis hypothesis is operative in clinical and non-pathological populations.

Indeed, a recent study by Stricker and colleagues (Stricker et al., 2009) used DTI to examine
the retrogenesis hypothesis among patients with AD. They found a disproportionate
decrease in FA and increase in RD relative to neurologically-healthy controls in late-
myelinated association fiber tracts, particularly in the inferior longitudinal fasciculus,
providing evidence in support of retrogenesis. That report may be among the first to
compare explicitly the coherence of white matter fiber tracts defined a priori as early- versus
late-myelinated regions in AD and does provide some initial support for the overall theory
as applied to AD. Although the retrogenesis hypothesis has been proposed as a putative
explanation for both normal age-related and pathology-related cognitive dysfunction, to our
knowledge it has been tested only in the context of AD. Nonetheless, several investigators
have more generally examined the pattern of white matter changes with age and have
revealed a pattern of anterior-to-posterior diminution of FA and increase in diffusivity with
increasing age, which corresponds to the degree of observed age-associated cognitive
change (Ardekani et al., 2007; Bucur et al., 2008; Damoiseaux et al., 2009; Grieve et al.,
2007; Head et al., 2004; Madden et al., 2004; McLaughlin et al., 2007; O’Sullivan et al.,
2001; Sullivan et al., 2006). These observations may reflect a retrogenesis pattern, as
anterior regions comprise more late-myelinated fibers than posterior regions.
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In the current study, we sought to examine explicitly the white matter retrogenesis
hypothesis in normal aging. Diffusion tensor MR imaging and comprehensive
neuropsychological testing were obtained on neurologically, psychiatrically, and medically
healthy individuals ranging in age from 7- to 87-years. Regions-of-interest were chosen a
priori to represent prototypical early-myelinated and late-myelinated fibers, based on
previous literature (Stricker et al., 2009). The retrogenesis hypothesis would generate
several predictions. First, because early-myelinated fibers develop almost to maturity pre-
and perinatally (Huang, 2010; Huang et al., 2009; Huang et al., 2006; Yakovlev and
Lecours, 1967) and tend to be more robust (Choi et al., 2005; Stricker et al., 2009), we
expected greater overall white matter integrity in early-myelinated fiber tracts compared
with late-myelinated fiber tracts and age-associated increases in white matter integrity from
early childhood to early adulthood (i.e., during brain maturation/development) to be more
pronounced for later-myelinated fibers. Second, we expected greater age-related decreases
in later-myelinated fiber tracts among adults, reflecting their relative vulnerability to age-
related breakdown. Finally, we predicted that age-related white matter integrity in late-
myelinated fibers would be more predictive of cognitive functioning among older adults
than white matter integrity in early-myelinated fibers and would mediate the relationship
between age and cognition.

2. Methods
2.1. Subjects

Diffusion tensor MRI and neuropsychological evaluations were conducted in 282 healthy
individuals (age range 7- to 87-years-old) from the Brain Resource International Database,
accessed via the independent BRAINnet Foundation (www.BRAINnet.net). The database
comprises data collected from six primary sites throughout the world (Gordon et al., 2005).
For the current study, only participants from one site in Australia (Flinders University) were
included, as this was the only site to collect DTI data. Participants were assessed with the
Somatic and Psychological Health Report (SPHERE) (Hickie et al., 2001) and excluded if
they had a psychiatric history. Other exclusionary criteria included histories of brain injury,
neurological illness, significant medical condition and/or drug or alcohol addiction.
Individuals with first degree family members with attention deficit hyperactivity disorder,
schizophrenia, bipolar disorder, or genetic disorder were also excluded. The research was
approved by local ethics committees and informed consent was obtained on all participants
or their surrogates after assent was established (in the case of minors).

Table 1 displays demographic characteristics for the entire sample and for the sample
divided into two groups, based on a threshold age of 30 years. This age threshold was
determined following visual inspection of the DTI data plotted as a function of age (see
below). The average point of inflection, consistent with other lifespan reports (Kochunov et
al., 2010), was at about age 30. By design, the two groups differed significantly in age
(t(280)=37.86, p<0.001). The older group also had significantly more years of education
(t(275)=6.77, p<0.001) reflecting the fact that a substantial proportion of the younger group
had not yet completed school. However, the two groups were similar in sex distribution
(χ2(1)=0.11, p=0.738).

2.2. MRI scan acquisition
Magnetic resonance imaging was conducted on a 1.5 T Siemens Sonata (Erlangen,
Germany) system. The MRI protocol comprised a 3D T1-weighted image (TR = 9.7 ms; TE
= 4 ms; Echo train: 7; Flip Angle = 12°; TI = 200 ms; NEX = 1) and a proton-density/T2-
weighted dual echo sequence (TR: 7530 ms; TE: 15/105 ms; Echo train: 7; Flip Angle:
180°; NEX: 1). Diffusion tensor imaging was acquired with a DTI echo planar imaging
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sequence (TR: 160 ms; TE: 88 ms; Fat Saturation; NEX: 4; FOV: 22cm X 22cm), which
included a baseline image (b=0) and 12 diffusion orientations with b-values of 1250. For
DTI, there were 32, 6.5 mm contiguous slices obtained with an in- plane matrix of 128 ×
128 and a resolution of 1.72mm2.

2.3. Diffusion tensor imaging analysis
Diffusion tensor imaging data were preprocessed and analyzed with the fMRIB Diffusion
Toolbox (FDT) and tract based spatial statistics (TBSS) of the fMRI Software Library (FSL
4.1.3. release; www.fmrib.ox.ac.uk/fsl) (Smith et al., 2006; Smith et al., 2004). First, raw
DTI data for each subject were corrected for head movement and eddy current distortions
with an affine registration to the T2-weighted non-diffusion (b=0) image. A binary brain
mask was generated from the b=0 image. Diffusion tensor models were then fitted
independently for each voxel within the brain mask and the lengths of the longest (λ1),
middle (λ2) and shortest (λ3) axes defining the diffusion tensor for the voxel were
estimated. Voxel wise fractional anisotropy (FA) calculations were performed to generate an
FA image. Fractional anisotropy was defined as: (3/2)1/2 x [((λ1 – λav)2 + (λ2 – λav)2 + (λ3
– λ av)2) / (λ1 + λ2 + λ3)]1/2, where λn = the eigenvalues describing the diffusion tensor,
and λav is the mean diffusivity ((λ1 + λ2 + λ3)/3). Images of the first (λ1), second (λ2) and
third eigenvalues (λ3) were also generated for each participant, which were used to derive
RD (i.e., mean of λ2 and λ3) and DA (i.e, λ1) values.

2.3.1. Extraction of FA, DA, and RD values for major WM tracts for each
subject—Fractional anisotropy images generated for each participant were first aligned to
the FMRIB58_FA template and affine transformed into MNI152 1mm3 standard space atlas
using the nonlinear registration tool FNIRT (Andersson et al., 2007a; Andersson et al.,
2007b). An average FA image was then generated and thinned to create a white matter
skeleton representing the centers of all white matter tracts common to all subjects. A recent
report by Westyle and colleagues (Westlye et al., 2010) checked explicitly the warping of
brains across the entire age span to a standard template and concluded that robust native to
standard warping is achieved across a wide age group (8–80 years). A threshold of FA ≥ 0.2
was applied to include the major white matter pathways while avoiding peripheral tracts that
are more vulnerable to intersubject variability and/or partial volume effects with grey matter.
Each subject’s aligned FA image was then projected onto the mean FA skeleton by
assigning each skeleton voxel by the maximum FA value found in a direction perpendicular
to the tract. This approach results in a standard space FA skeleton of the major WM tracts
for each subject accounting for any residual registration misalignments and variability in
exact tract location between subjects (Smith et al., 2006). The non-FA images (λ1, λ2 and
λ3) were also projected onto the skeleton using the same non-linear warping parameters and
skeleton projection vectors calculated for the FA images.

Next, we used the JHU ICBM-DTI-81 white matter labels and white matter tractography
atlases (Hua et al., 2008; Mori et al., 2008) to label sections of the WM skeleton
corresponding to the following major WM tracts in both brain hemispheres: 1. Tracts in the
brain stem – corticospinal tract, medial lemniscus, inferior-middle-superior cerebellar
peduncle, pontine fiber tracts; 2. Projection fibers–anterior-superior-posterior corona radiata,
anterior and posterior limb of internal capsule, retrolenticular part of the internal capsule,
cerebral peduncle, posterior thalamic radiation; 3. Association fibers - superior longitudinal
fasciculus, superior fronto-occipital fasciculus, inferior longitudinal fasciculus, uncinate
fasciculus, sagittal stratum, external capsule, cingulum (cingulate gyrus and hippocampal
sections), fornix and stria terminalis; 4. Commissural fibers genu, body and splenium of
corpus callosum. Average FA values for each WM tract were calculated from the WM
skeleton. The binary mask of each label was used to calculate the average FA, λ1, λ2 and λ3
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values for each WM tract from the WM skeleton. λ1 values were used to represent DA, and
the average of the λ2 and λ3 values were used to represent RD.

2.3.2. Selection of regions-of-interest—Two regions-of-interest (ROI) representing
prototypical early and late myelinated fiber tracts, respectively, were selected based on the
recent report of Stricker and colleagues (Stricker et al., 2009) and from Makris and
colleagues (Makris et al., 2007). For early-myelinated fibers, we selected the posterior limb
of the internal capsule (PLIC) and the cerebral peduncles (CP). For late-myelinated fiber
tracts, we selected the superior longitudinal fasciculus (SLF) and the inferior longitudinal
fasciculus (ILF). These ROIs were chosen based on a rich neuropathological literature that
has described the developmental trajectory of white matter fibers (Brody et al., 1987;
Kinney et al., 1988; Yakovlev and Lecours, 1967), desire to limit late-myelinated ROIs to
cortico-cortical projection fibers, and desire to exclude regions that might be affected by
Alzheimer’s disease (e.g., cingulum bundle) or Wallerian degeneration (Stricker, 2010,
personal communication). Mean FA, RD, and DA values from each hemisphere were
averaged to generate a single mean value for each ROI. Figure 1 displays the anatomical
distribution of the primary ROIs.

Recognizing that selection of only two ROIs to represent early- and late-myelinated fibers
does not take full advantage of the rich neuroimaging data generated, we calculated two
additional “early” and “late” summary scores, which excluded the primary ROIs. To do this,
we selected fiber tracts that could be characterized unambiguously (Braak and Braak, 1996;
Burgel et al., 2006; Stricker et al., 2009; Yakovlev and Lecours, 1967) as early- or late-
myelinated and took the overall mean FA, RD, and DA values of all the tracts included after
averaging left and right hemispheres (where applicable). Early fibers included the following
tracts: inferior cerebellar peduncles, superior cerebellar peduncle, anterior limb of the
internal capsule, retrolenticular part of the internal capsule, and superior fronto-occipital
fasciculus. Late-myelinated fibers included: genu of the corpus callosum, body of the corpus
callosum, splenium of the corpus callosum, fornix, and uncinate fasciculus. These summary
ROIs were used to examine age and cognitive effects (see below).

2.4. Neuropsychological assessment
Participants were evaluated with IntegNeuro™, a standardized computerized
neuropsychological battery that has been shown to be valid and reliable ((Clark et al., 2006;
Gunstad et al., 2006; Paul et al., 2005; Williams et al., 2010; Williams et al., 2005) see
(Brain Resource, 2010) for complete description of battery and detailed summary of
psychometric properties)). Briefly, the battery was presented with a touch-screen computer
(NEC MultiSync LCD 1530V), task instructions were presented on the computer screen or
via headphones, and responses were recorded by the touch screen or, for verbal responses,
recorded and scored later. The following tasks were included in the current analyses. The
battery was utilized because it is part of the standard assessment given to all participants in
the Brain Resource International Database.

2.4.1 Learning and memory—Verbal Memory Recall was evaluated with a verbal list
learning task on which participants were read a list of 12 words over 4 learning trials.
Following the 4 learning trials, there was a distracter trial that participants were asked to
recall after presentation. Immediately following the distracter trial, participants were asked
to free recall the initial 12 words. A long delay free recall trial was completed following a
20-minute interval, followed by a recognition trial. Variables used in the current study
included total learning score across the 4 learning trials, total short delay free recall score,
and total long delay free recall score.
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A computerized adaptation of the Austin Maze task (Milner, 1965; Walsh, 1985) required
participants to identify a hidden path from the beginning point at the bottom to the endpoint
at the top of an 8 × 8 matrix of circles. Each navigated move was given feedback regarding
whether or not it was correct and a total of 24 consecutive correct moves was required to
complete the maze successfully. Only one maze was presented across trials; the task was
discontinued when the participant either completed the maze twice without error or after
10min. The dependent measure was the total maze time.

2.4.2. Language—Word Generation was evaluated with a letter and category fluency task.
For letter fluency, participants named as many words possible within three separate 60s
trials, each beginning with a different letter of the alphabet (F, A, and S). For category
fluency participants were asked to name as many animals as quickly as possible in a 60s
trial. Dependent measures used included total scores of each task.

2.4.3 Sensori-motor function—A simple Motor Tapping task was used in which
participants tapped a circle on the touch-screen with their index finger as quickly as possible
for a single 60s trial. The total number of taps with the dominant hand was the dependent
variable.

A Choice Reaction Time task was implemented in which participants attended to the
computer screen as one of four target circles was illuminated in pseudo-random sequence
over a series of trials. For each trial, the participant was required to touch the illuminated
circle as quickly as possible following presentation. The interval between the 20 trials varied
between 2–4s randomly. The dependent measure was the mean reaction time across trials.

2.4.4. Attention—Span of Visual Memory was evaluated with a task based on the Spatial
Span test from the Wechsler Memory Scale III (Wechsler, 1999); it is a visual analogue of
the digit span test. An array of squares distributed randomly about the computer screen was
highlighted in sequential order on each trial. Participants were asked to repeat the order in
which the squares were highlighted by touching the squares with their index finger. The task
was administered in both forward and reverse directions. Total score was the dependent
variable.

For Digit Span forward and Digit Span backward tasks, participants were presented a series
of digits one-by-one and then asked to type in the digits on a numeric keypad in forward or
reverse order, respectively. The number of digits in each sequence was gradually increased
from 3 to 9, with two trials for each level. The dependent variable was the maximum
number of digits reproduced without error.

A two-part Switching of Attention task based on the Trailmaking Test (Reitan, 1958) was
administered. For Part 1, participants were presented with 25 encircled numbers spread
randomly about the computer screen and asked to connect the number in sequential order as
quickly as possible.

2.4.5. Executive functioning—Part 2 of the Switching of Attention task was used as a
measure of executive functioning. For this task, participants were required to connect 25
sequential and alternating numbers and letters as quickly as possible. Time to completion
was the dependent variable for each part.

2.5. Statistical analysis
Hypotheses were addressed in two stages. First, we compared mean FA, RD, and DA values
across the primary early- and late-myelinated fibers with general linear models in which
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region was a within-subjects factor and age and sex were covariates. Next, we sought to
examine the association between age and FA in early- and late-myelinated fibers during the
developmental trajectory (Younger Group) and during the degenerative trajectory (Older
Group). Separate multiple regression analyses controlling for sex were constructed that
examined the association of age with FA, RD, and DA in early- and late-myelinated fiber
tracts, stratified by Age Group, and standardized β weights were compared. As standardized
β weights are expressed in standard deviation units, differences among β values reflect
differences in effect size. The age cutoff for the Younger Group and Older Group stemmed
from inspection of scatterplots comparing age with the DTI metrics, which revealed patterns
that were consistent with other lifespan DTI data (Kochunov et al., 2010). Finally, in the
Older Group only, we examined the association of FA, RD, and DA in early- and late-
myelinated fibers with neuropsychological test performance with multiple regression
analysis, controlling for age, sex, and education.

For neuropsychological data reduction and to define latent cognitive domains represented by
the covariation of neuropsychological test performance, we subjected performance measures
on the neuropsychological battery to an exploratory factor analysis. We used direct oblimin
non-orthogonal matrix rotation, with the assumption that different cognitive domains are not
truly independent (orthogonal) from each other. Factors were extracted based on eigenvalues
of greater than 1.0 and regression based factor scores were derived and used as cognitive
outcome measurements. We determined which factors showed significant age effects and
tested whether FA, RD, and DA in early- and late-myelinated fibers mediate associations
between age and neuropsychological test performance with the Sobel test (Baron and
Kenny, 1986; Sobel, 1982).

3. Results
Mean FA values varied reliably across the four fiber tracts (main effect of Fiber Tract, F
(3,837)=3990.26, p<0.001). The PLIC had the greatest mean FA values, followed by CP,
SLF, and ILF (all pairwise comparisons, p<0.001); tract differences between early- and late-
myelinated fibers were greater than tract differences within early and late myelinating fibers.
A similar pattern was seen for RD (main effect of Fiber Tract, F (3,837)=2156.96, p<0.001);
PLIC had the lowest RD value, followed by CP, SLF, and ILF (all pairwise comparisons,
p<0.001). A slightly different pattern emerged for DA values. A significant main effect of
Fiber Tract (F (3,837)=2503.58, p<0.001) indicated that mean DA values in the CP were
greatest, followed by PLIC, then ILF, and SLF (all pairwise comparisons, p<0.001);
however, much like with FA, there is a clear difference between the early and late
myelinated fibers for DA. Figure 2 displays adjusted FA, RD, and DA mean values across
fiber tracts.

Table 2 displays the results from the first series of multiple regression analyses. Age was
significantly associated with FA in the primary ROI early- and late-myelinated fibers in both
age groups in the expected directions (i.e., positively among younger participants and
negatively in older participants). Comparing standardized β weights across fiber tracts and
age groups, age appeared to be most greatly related to FA values in the CP (early-
myelinated fibers) and ILF (late-myelinated fibers) in both age groups, though effect size
differences among ROIs were generally small in the younger age group and greater in the
older age group. Examination of the early- and late-myelinated fiber summary variables
shows a similar pattern within the Younger Group: increasing FA in early- and late-
myelinated fibers was associated with increasing age at similar magnitudes. Among the
Older Group, however, there was a clear dissociation between early- and late-myelinated
fibers. The slope of age-related FA decline was much greater for late myelinated fibers than
for early-myelinated fibers. As the standardized β weights reflect the age-associated
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differences in the DTI metrics expressed in standard deviation units, the difference between
these two slopes reflects a moderate effect size.

Findings regarding RD paralleled those observed for FA. First, the relationships between
age and RD were in the expected directions: negative in the younger group and positive in
the older group. Second, RD in CP and ILF was most strongly related to age in both age
groups. Third, among the younger group RD for the early fiber summary measure was more
strongly related to age than RD for the late fiber summary score, whereas in the older group
RD for the summary of late-myelinated fibers was more strongly related to age than RD in
the early-myelinated fibers. A somewhat less consistent pattern of results emerged from
analysis of DA data. Most measures were not reliably associated with age in either age
group (see Table 2). However, like with RD, mean DA for the early fiber summary variable
appeared to be more reliably associated with age than DA in late fiber summary variable in
the younger group, whereas DA for the late fiber summary measure was more reliably
associated with age than the early fiber summary measure in the older group. Figure 3
displays scatterplots of the association between age and FA, RD, and DA measures in the
primary ROIs and summary scores across the lifespan.

Factor loadings for neuropsychological test scores derived within the Older Group are
displayed in Table 3. Four factors were derived reliably. The first represents variables
hypothesized to represent executive abilities, the second comprises performance on tests of
memory, the third includes speeded tasks with an attention demand, and the final factor
includes language tasks. Controlling for education and sex, age was negatively associated
with executive abilities (standardized β=−0.695, p<0.001; overall model F(3,26)=6.788,
p=0.002). Education (standardized β=−0.370, p=0.030) but not sex (standardized β=−0.174,
p=0.299) was also associated with executive abilities. Age was not reliably associated with
the other two neuropsychological factors (all model F’s < 1.80, all p’s ≥ 0.190).

Next we entered mean FA, RD, and DA values from early- and late-myelinated fibers into
the regression model that examined the association between age and executive functioning.
Increased FA in CP (early-myelinated) and in ILF (late-myelinated) fiber tracts was
associated with better executive functioning (see Table 4). Fractional anisotropy in the other
two primary ROIs or in the early and late summary regions was not related to executive
functioning. The Sobel test (Baron and Kenny, 1986; Sobel, 1982) was used to determine
whether FA in CP or in ILF significantly mediates the association between age and
executive functioning. Indeed, FA in CP (Sobel test statistic=−2.08, p=0.0068) and in ILF
(Sobel test statistic = −2.502, p=0.0123) significantly mediated the relationship between age
and executive functioning. Lower RD in CP was associated with better executive
functioning and RD values in CP mediated the association between age and executive
functioning (Sobel test statistic = −2.080, p=0.0375). Axial diffusivity values were not
related to executive functioning (see Table 4).

4. Discussion
We examined the white matter retrogenesis hypothesis of cognitive aging by characterizing
developmental and degenerative age-related differences in early- and late-myelinated fibers.
Using DTI to compute FA, RD, and DA in prototypical early- and late-myelinated fiber
tracts (Stricker et al., 2009), we found that early-myelinated tracts have greater FA and DA
and lower RD than later-myelinated tracts. These observations suggest that DTI-derived
indices, such as FA, RD, and DA, are reasonable proxies for degree of myelination, as
earlier-myelinated fibers tend to be more robust than later-myelinated fibers (Choi et al.,
2005). In terms of age-related differences, there was relative parity among fiber tracts from
early childhood to early adulthood, but with age-associated degeneration the ILF (late-

Brickman et al. Page 9

Neurobiol Aging. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



myelinated) and CP (early-myelinated) fiber tracts showed the greatest effects particularly
for FA and RD. As the FA metric is a summary of the three eigenvalues that comprise the
diffusion tensor image and, Examination of the early and late fiber summary measures
among the older participants showed a very clear dissociation in age-related differences,
with later-myelinated fibers showing the greatest age-associated differences among within
the older group. Finally, among the older age group, FA in the ILF and CP and RD in the CP
appeared to mediate the association between age and decline in executive abilities. Taken
together, these findings highlight the importance of white matter coherence in cognitive
aging and provide some, but not complete, support for the retrogenesis hypothesis.

In terms of the developmental trajectories examined, we predicted that earlier-myelinated
fiber tracts would show a less steep association with increased age than later-myelinated
tracts, as histological studies would suggest that tract development in these regions are
mostly complete during prenatal and perinatal periods (Dubois et al., 2006; Huppi et al.,
1998; Yakovlev and Lecours, 1967). These predictions were generated from
neuropathological studies in humans and non-human primates (Brody et al., 1987; Kinney et
al., 1988; Yakovlev and Lecours, 1967), which, while able to measure myelin directly, are
inherently limited by cause-of-mortality factors and small sample sizes. Our data, like other
studies that have examined DTI across the lifespan (Kochunov et al., 2010), suggest that
white matter fiber tracts continue to develop until about age 30, at which time they enjoy a
brief “plateau” period only to begin degenerating soon after. This age-associated
developmental pattern does not appear to be systematically related to whether the fiber tracts
begin to myelinate early or late during brain development. That FA and DA values in
earlier-myelinated tracts were greater and RD values were smaller than later-myelinated
tracts does lend support to differential rates of development during prenatal, perinatal, and
early childhood periods (time periods not represented in the current study). Indeed, a more
recent DTI literature among healthy neonates and infants (Hermoye et al., 2006; Zhai et al.,
2003) suggests that “core” white matter regions have greater FA than more peripheral
regions, which ostensibly develop more rapidly during later childhood, although association
fibers, such as the SLF, mature relatively late (Hermoye et al., 2006).

In terms of the degenerative trajectories examined, our hypothesis was that later-myelinated
fiber tracts would show increased age-associated differences than earlier-myelinated fiber
tracts. All four fiber tracts and both summary measures showed reliable differences with
increasing age, but effects were greatest for the ILF (late-myelinated), CP (early-
myelinated), and late-myelinated summary measures. Normal age-associated changes in ILF
are similar to the report by Stricker and colleagues (Stricker et al., 2009), who showed
reliable FA ILF decreases among AD patients compared with neurologically healthy age-
matched controls. Consistent with our hypothesis, the finding suggests a vulnerability of
later-myelinated fibers to the degeneration that occurs with normal aging and with
neurodegenerative illness. This conclusion was perhaps most evident with the dissociation
between early- and late-myelinated fiber summary scores, with the latter showing much
more reliable age-associated differences than the former (see Figure 3, for example).
However, the observation of age-related CP decline in FA and increase in RD was not
consistent with our hypothesis. Further, Stricker and colleagues (Stricker et al., 2009) did
not observe reliable differences between patients with AD and controls, suggesting that
changes in CP may be a component of aging that is not additionally affected by
neurodegenerative pathology. It is possible that certain earlier-myelinated fibers do in fact
decline with normal aging and have functional significance, suggesting that the retrogenesis
hypothesis does not fully capture the myriad anatomical and cognitive changes that occur
with age. In a similar vein, the SLF, though an unequivocally late-myelinated tract, showed
reliable but less robust age-related change, again suggesting heterogeneity in the nature of
white matter decline with age.
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The observation that performance on tests of executive functioning showed the largest age-
associated differences is in line with several previous studies and theories of cognitive
aging, which implicate executive functioning decline as a ubiquitous characteristic of
normal aging (Ardila and Roselli, 1989; Drag and Bieliauskas, 2010; Gunstad et al., 2006;
MacPherson et al., 2002; Rodriguez-Aranda and Sundet, 2006; Spieler et al., 1996; West,
2000; West, 1996). Because we were interested in understanding whether patterns of age-
related myelin change might mediate age-associated decline in cognition, we focused on the
derived executive functioning factor (i.e., the factor that showed the largest aging effect).
The findings showed that FA in CP and ILF and that RD in CP mediated the relationship
between age and executive functioning, suggesting that age-associated changes in white
matter integrity are one source of age-related cognitive decline, but that the fiber tracts
involved comprise both early- and late-myelinated systems.

We examined three components of diffusivity - - FA, RD, and DA - -, which ostensibly
provide complementary information about white matter coherence and the microstructural
properties of myelin. The diffusion tensor comprises three eigenvectors (represented by
eigenvalues) that form an ellipsoid (Basser, 1995; Basser and Pierpaoli, 1996). Fractional
anisotropy, the most common metric derived from DTI data, refers to the degree to which
water is restricted in a common orientation and provides a measure of overall white matter
coherence. Axial diffusivity is characterized by the largest eigenvalue in the diffusion tensor
and is thought to be a measure of axonal integrity, whereas RD is the average of the second
and third eigenvalue from the diffusion tensor and thought to reflect myelin integrity
(Chanraud et al., 2010; Song et al., 2002; Sun et al., 2006). Thus, FA, to some extent, is a
weighted summary of both RD and DA and the three metrics are not entirely independent of
each other. Our data did not reveal clear dissociations between these DTI metrics, although
findings tended to be most consistent for FA and RD suggesting that the observed white
matter age and cognitive effects may be mediated by individual differences in myelin
integrity. There were some age-related findings regarding DA; however, DA did not emerge
as an important predictor of cognitive functioning in our sample, suggesting, again, that
many of the observed effects with FA and RD may reflect variability in myelin integrity and
axonal integrity. On the other hand, to our knowledge, the specific anatomical correlates of
the different DTI metrics has been determined primarily in murine models (Song et al.,
2002; Sun et al., 2006), which may not translate directly to human brains. Thus we feel that
conclusions about biophysical substrates drawn from differences in DTI metrics should be
considered with caution.

There have been several previous studies that have examined white matter coherence with
DTI and normal cognitive aging, though they generally did not test a priori hypotheses about
differential white matter susceptibility as a function of myelination period (Madden et al.,
2009; O’Sullivan et al., 2001; Schiavone et al., 2009). Most studies have demonstrated or
confirmed an anterior-to-posterior gradient of FA decline with normal aging, which appears
to underlie the observed cognitive changes (Abe et al., 2002; Ardekani et al., 2007; Bucur et
al., 2008; Burzynska et al., 2010; Head et al., 2004; Madden et al., 2009; Malloy et al., 2007;
O’Sullivan et al., 2001; Sullivan et al., 2001; Sullivan et al., 2006; Yoon et al., 2008).
Consistent with our study, those that have examined associations between DTI measures and
cognition typically find that age-associated regional DTI differences are associated with age-
related differences in speeded tasks of executive functioning (Madden et al., 2004;
O’Sullivan et al., 2001). Salat and colleagues (Salat et al., 2005) emphasized the importance
of the examination of fiber systems; unlike in our study, they found a strong reduction in FA
in PLIC with age, but otherwise confirmed an anterior-to-posterior gradient of age-
associated decline. Indeed, anterior regions may comprise more late-myelinated fibers than
early-myelinated fibers (Pfefferbaum et al., 2000). From a systems perspective, fiber tracts
that develop in support of higher order cognitive abilities (e.g., executive functioning,
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language) may be more vulnerable to age-associated degeneration than fiber tracts that
support more basic sensory or motor processes that develop earlier. Our data provide some,
but not complete, support for this idea of “reverse recapitulation” with increasing age.

A recent study by Westlye and colleagues (Westlye et al., 2010) is one of the few other
studies that has examined white matter microstructural differences in a sample comprising
children, adults, and the elderly. That study also framed the hypotheses in the context of
retrogenesis, but did not find clear-cut supportive evidence. Voxelwise analyses
characterized early and late myelinating fibers by determining the age at peak FA values;
differential rates of age-related decline were estimated by determination of the age of
inflection at which time downward trajectories begin. The authors found that fibers in
frontal and occipital regions as well as in parts of the forceps minor and cortical spinal tract
showed relatively earlier maturation than other areas. Fibers in the SLF and cortical spinal
tract showed patterns of early deterioration, whereas fibers in the dorsal cingulum bundles
and uncinate showed relatively late deterioration. Thus, their findings, like ours, showed
some support for a retrogenesis pattern, but also suggest that the retrogenesis hypothesis is
perhaps overly simplistic to explain patterns of late-life white matter change.

There were several strengths to the present study. First, there was good representation of
subjects across the lifespan. Whereas most other DTI studies of aging typically examine
either the development trajectory or the degenerative trajectory, we were able to examine
both in a single cohort. Second, we employed state-of-the-art DTI analysis, which was
implemented systematically across subjects. Third, participants were evaluated with a
standardized, well validated, comprehensive neuropsychological battery. These strengths
should be interpreted in the context of some relative weaknesses. Like many studies of
aging, the data we present are cross-sectional and may slightly misrepresent the true
trajectories of age-associated change. Second, we were unable to scan individuals less than
7-years-old, including infants. Developmental trajectories during this time period may be
critical in differential characterization of early versus late myelinated fibers. Third, the
relatively low resolution of the DTI data likely contributed to partial volume effects and may
have increased susceptibility to crossing fiber tracts, which may be differentially represented
in specific fiber tracts included in the current analyses. Finally, other factors besides degree
of myelination may be contributing to DTI metrics, including changes in alignment due to
pathological tissue or crossing fibers (Wheeler-Kingshott and Cercignani, 2009).(Beaulieu
and Allen, 1994).

In conclusion, while we did find some support for the white matter retrogenesis hypothesis
in the context of normal cognitive aging, the findings were not unequivocal. Nonetheless,
the examination of individual differences in white matter development and degeneration
remains an important area of research given the importance of white matter in cognitive
development and age-associated decline. Further, this study adds to a growing body of work
that takes a life course perspective in understanding early-life determinants of later-life
cognitive decline. To this end, future studies should examine environmental and biological
factors that contribute to individual differences in white matter and their impact on
cognition.
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Figure 1.
Fractional anisotropy skeleton (in green) representing the major WM tracts for all subjects is
overlayed on the MNI standard brain. Sections of the tract skeleton representing the
prototypical early- and late-myelinated fiber bundles used in the study are marked: early
posterior limb of the internal capsule (PLIC) in blue and cerebral peduncles (CP) in yellow;
late superior longitudinal fasciculus (SLF) in red and inferior longitudinal fasciculus (ILF)
in pink. Images are in radiological orientation R- right, L- Left.
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Figure 2.
Mean FA, RD, and DA (upper, middle, and lower panels, respectively) values across four
regions-of-interest in the entire cohort. Values are means adjusted for age and sex. Error
bars are standard errors. All pairwise comparisons (for all three metrics) are significant
(p<0.001).
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Figure 3.
Scatterplots of association between age and mean in early- (left column) and late-myelinated
(right column) fiber tracts. The top 6 plots are for FA; the middle 6 plots are for RD; and the
bottom 6 plots are for DA. Separate linear trend lines are superimposed for age-associated
differences in the Younger Group (solid black line) and the Older Group (dotted line).
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Table 1

Demographic characteristics of the two age groups and total sample.

Variable Younger Group (7–30 years) Older Group (31–87 years) Total Sample

N 191 91 282

Age Mean (SD) 15.76 (5.13) 54.16 (11.90) 28.15 (19.66)

Range 6.85–29.46 30.25–86.55 6.85–86.55

Education Mean (SD) 9.71 (3.99) 12.97 (3.09) 10.74 (4.02)

Range 2–18 7–18 2–18

% female sex 46.1 44.0 45.4
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Table 3

Factor loadings for neuropsychological test scores derived in the Older Group. Only loadings >0.50 are
displayed.

Variable Factor

1 2 3 4

Verbal Memory total learning score 0.989

Verbal Memory short delay free recall 0.919

Verbal Memory long delay free recall 0.958

Word Generation: letter fluency (FAS) 0.828

Word Generation: category fluency (Animal naming) 0.711

Motor Tapping (dominant hand) 0.829

Choice Reaction Time −0.715

Span of Visual Memory (recall span) 0.720

Digit Span forward 0.722

Digit Span backward 0.817

Switching of Attention 1 −0.829

Switching of Attention 2 −0.773

Mazes task −0.769
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