

















Figure 4. Correlations between fiber tracts. The figure shows pseudocolor maps of the correlation matrices for the different fiber tracts for FA (left), MD (middle) and RD (right).
The matrices have been arranged so that highly correlated variables are organized along the diagonal. Red/dark colors denote weak and yellow/bright colors denote strong

correlations (see color bar on the right).

Figure 5. Regional FA through the life span. Individual mean FA from the various
atlas tract X skeleton intersections plotted as a function of age. Black dotted lines
denote the linear, blue lines the quadratic and red lines the LOESS fits. Blue and red
crosses mark the estimated maxima for the quadratic and LOESS fits, respectively.
The yellow areas represent the probabilistically defined WM tracts used.

Table 3
Results from OLS regressions with regional FA values as dependent and sex, age, and age” as
independent variables

FA t F R? sig Age at maxima
(years)
ATR —96 88.0 0.29 Hex 29.2
CG —10.5 56.1 0.20 Frx 31.8
CH —52 23.7 0.10 Fxx 30.2
CST -33 18.9 0.08 o 285
Fmaj —8.8 126.8 0.37 ex 245
Fmin -10.3 261.8 0.55 Hrx 240
ILF -8.0 102.4 0.32 Frx 28.4
SLF —-9.7 117.0 0.35 Frx 28.8
UF -10.7 153.0 0.41 e 28.6

Note: The FA values were computed as mean values in regions encompassing both the TBSS
skeleton and the atlas-based tract. t = t value, F = F value, R” = adjusted A%, age at maxima =
age at LOESS estimated maximum FA. ATR: anterior thalamic radiation, CG: cingulum gyrus, CH:
parahippocampal cingulate, CST: corticospinal tract, Fmaj: forceps major, Fmin: forceps minor,
ILF: inferior longitudinal fasciculus, SLF: superior longitudinal fasciculus, UF: uncinate fasciculus.
**P <0001, P < 0.0001.

relationships with age. Median LOESS estimated maturational
plateau for RD was 30.4 years (SD = 1.3) ranging from 29.1 years
in Fmin to 32.7 years in the dorsal cingulum. Supplementary
Figure 2 displays age 3 RD plots per hemisphere.

WM Volume

Figure 3 shows age 3 WM volume plots for the various
composite regions and Table 5 presents statistics from least-
square regressions and age at LOESS estimated maxima.
Standardized residual volumes after regressing out ICV and
sex were used. All regions except the dorsal cingulum gyrus
showed significant (P < 0.05, Bonferroni corrected) inverted
U-shaped relationships with age. The dorsal cingulum gyrus
showed a high degree of stability until the latest part of life.
Median age at estimated peak for all areas was 52.2 years (SD =
8.0 years) ranging from 32.1 in corpus callosum to 55.9 years
in the parietal lobe. Importantly, all regional WM volumes
except corpus callosum peaked in the sixth decade.
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Figure 6. Regional variability in WM maturation and age-related deterioration. Panel A shows skeleton voxels (red) having attained its maximum rLOESS estimated FA value at
different stages of chronological development in years. The skeleton voxels are superimposed on a transversal section of a T1-weighted Montreal Neurological Institute template
(Z = 83). Only voxels showing a significant inverse U-pattern across the life span were included in the peak estimations. Relatively early maturation (<21 years) is seen in
occipital and frontal areas. Panel B shows percentage of voxels per tract having reached its maximum FA value as a function of age (8—49 years). Panels C and D show the
estimated age-related deterioration as indexed by age when FA fell below the value equal to 50% of the difference between maximum FA and FA at maximum age. Parts of the
SLF reached the threshold at around 30 years of age, followed by areas encompassing Fmin in the late 40s and posterior areas, including the occipital lobes, in the early 60s. As
indicated by the cumulative curves (panel D), the vast majority of voxels reached the threshold in the 60s.

Discussion

Our analyses yielded several new findings. First, life-span age
trajectories of FA, MD, and RD in WM are characterized by 3
phases: 1) a sharp developmental increase in FA and reduction
in MD and RD followed by 2) a period of relative stability in
adulthood with a subsequent 3) accelerated decrease in FA and
increase in MD and RD in senescence. Second, the regional
timing of maximum development for FA and RD was between
24 and 33 vyears, approximately 20 years earlier than the
estimated peaks for WM volumes. Third, voxel-based fitting
supported our hypothesis of relatively early maturation of the
CST and slow development of the cingulum bundles. However,
the regional variability did not provide ample evidence in
support of a simple retrogenetic theory of age-related de-
terioration. Finally, the trajectories for WM volume and
diffusion parameters were markedly different. Even though
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both were generally highly nonlinear, WM volumes increased
until the sixth decade before starting to fall off. This stands in
contrast to the much earlier plateaus observed for the DTI
indices. We discuss the findings in more detail below.

U- or inverted U-shaped WM changes were found across
modalities. This was not surprising given the inclusion of
children. Total WM volume peaked at approximately 50 years
of age, supporting the notion of WM volume growth until
middle age (Jernigan et al. 2001; Allen et al. 2005; Fjell et al.
2005; Walhovd et al. forthcoming). However, global FA peaked
at around 30 years followed by a small yet stable linear decrease
until approximately 65 years with a subsequent accelerating
decline. MD and RD showed analogous patterns. These
trajectories do not support the notion of continuous WM
maturation throughout large parts of adulthood, but rather
suggest a 3-phasic life-span model with accelerated alterations
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Figure 7. Regional RD through the life span. Individual mean RD (107* X mm?%/s)
from the various atlas tract X skeleton intersections plotted as a function of
age. Black dotted lines denote the linear, blue lines the quadratic and red lines the
LOESS fits. Blue and red crosses mark the estimated minima for the quadratic and
LOESS fits, respectively. The yellow areas represent the probabilistically defined WM
tracts used.

in the earliest and latest phases of life (Raz et al. 2005). This is
further supported by developmental studies indicating an
asymptotic WM maturation from childhood to early adulthood
(Lebel et al. 2008; Pstby et al. 2009; Tamnes et al. forthcoming)
and accelerating WM volume decreases in senescence
(Walhovd et al. forthcoming).

Tractwise estimation of the timing of maximum develop-
ment showed relatively high regional stability, but some
variability in the shape of the curves was observed. The
volumetric data revealed a linear growth of frontal, parietal, and
deep WM until estimated maxima, whereas the occipital and
the cingulate WM remained relatively stable before declining in
senescence. Thus, the continuous growth of total WM volume
until peak was not representative for all areas. The DTI data
showed a 3-phasic curve in the ATR, dorsal cingulum bundle,
Fmin/Fmaj, inferior and superior longitudinal fasciculi and the
uncinate. The uncinate trajectory is in general agreement with
a recent DTI study (Hasan et al. 2009). The parahippocampal

Table 4
Results from OLS regressions with regional RD values as dependent and sex, age, and age? as
independent variables

RD t F R? sig Age at minima
(years)
ATR 16.2 204.0 0.49 Hrx 304
CG 12.3 77.3 0.26 Frx 32.7
CH 75 411 0.16 Fr 30.7
CST 6.7 22.7 0.09 o 30.2
Fmaj 8.8 781 0.26 xxx 285
Fmin 12.2 159.3 0.43 Hxx 29.1
ILF 9.3 73.6 0.25 Frx 29.3
SLF 12.8 106.8 0.33 Frx 315
UF 13.4 135.1 0.39 Hrx 311

Note: The RD values were computed as mean values in regions encompassing both the TBSS
skeleton and the atlas-based tract. t = ¢ value, F = F value, R* = adjusted A%, and age at
minima = age at LOESS estimated minimum RD in the different tracts.

**P < 0.001 and P < 0.0001.

Table 5
Results from OLS regressions with regional WM volumes as dependent and sex, age, and age?
as independent variables

t F R? sig Age at maxima
(years)
Deep WM -11.6 81.0 0.27 o 51.6
Frontal WM —6.9 25.9 0.10 rxx 52.2
Parigtal WM —6.5 24.2 0.10 rxx 55.9
Occipital WM -3.1 49 0.02 ** 524
Temporal WM -7.0 24.7 0.10 Fxx 52.7
Cingulate WM —-25 6.0 0.02 n.s. 521
Corpus Callosum WM —8.6 69.2 0.24 Hex 321

Note: All volumes are residuals after regressing out ICV. t = ¢ value, F = F value, R” = adjusted
R? and age at maxima = age at LOESS estimated maximum volumes.
*n.s: not significant; P < 0.001 and ~ P < 0.0001.

cingulum showed a less clear-cut trajectory. Steepest de-
velopmental curves were seen in the dorsal cingulum bundle.
Because we sampled from 8 years of age, this is probably
indicative of prolonged maturation of the dorsal cingulum,
which is in line with previous reports (Lebel et al. 2008;
Tamnes et al. forthcoming). The voxel-based fitting yielded
results supporting our hypothesis of early maturation of the
CST and protracted development in the dorsal and para-
hippocampal cingulum bundles. However, the relatively late
deterioration observed in the dorsal cingulum bundles and the
uncinate does not support a simple retrogenetic theory of WM
deterioration in aging.

The neurobiological mechanisms causing volumetric and
diffusivity changes in brain tissue in development and aging
are not understood. Findings from comparative and histological
studies suggest significant alterations of myelin-related processes
in aging (Peters 2002a), including accumulation of water-
containing balloons in the myelin sheaths (Feldman and Peters
1998; Sugiyama et al. 2002), formation of redundant myelin,
splitting of the myelin lamellae and loss of small myelinated
nerve fibers (Sandell and Peters 2001, 2003; Marner et al. 2003).
Also, evidence of increased number of oligodendrocytes (Peters
and Sethares 2004), thickening of myelin lamellac (Peters et al.
2001), and shortening of the internodes (Peters and Sethares
2003) in aged subjects is indicative of remyelination in old age
(Lasiene et al. 2009). Other factors influencing both volume and
diffusion measures include alterations of the fiber diameter (Paus
et al. 2008; Giorgio et al. 2010). Several environmental and
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experiential variables influence WM development (Bengtsson
et al. 2005; Fields 2008; Hyde et al. 2009); thus, life-span WM
changes manifest through a dynamic pattern of neurobiological
and environmental interactions.

The most apparent discrepancy between measures was the
age at estimated maximum development; with a span of more
than 20 years between estimated global FA (29.1 years) and
total WM volume peak (50.1 years). The early DTI maturational
maxima are not in accordance with previous volumetric
studies, and do not lend support for WM development beyond
early adulthood. There were small regional differences in WM
volume peaks, and all regions peaked early in the sixth decade
with the exception of corpus callosum, which peaked in the
beginning of the thirties. Tract-specific analyses for FA and RD
showed maximum development late in the third or early in the
fourth decade in all tracts. One exception was the para-
hippocampal cingulum bundles, which showed less clear
trajectories. This is in accordance with a previous study failing
to find age-related FA decrease in the temporal lobe (Hsu et al.
2008).

The voxel-based rLOESS procedure revealed relatively early
maturation of not only occipital areas (~15-20 years) but also
frontal areas including portions of the Fmin that reached
maximum FA value in late teen years. The cumulative tractwise
maturational curves (Fig. 6, panel B) indicated relatively small
differences in the timing of maturation between tracts. Some
interesting exceptions are noted. For Fmaj and CST, 50% of the
voxels peaked around 20 years of age, whereas the para-
hippocampal (~27 years) and the dorsal cingulum bundles (~30
years) showed a slower maturation. This is in line with our
hypothesis of protracted development in fronto-temporal
connections. Interestingly, Fmaj and the dorsal cingulum
bundles were among the latest tracts to deteriorate as indexed
by the 50% threshold (Fig. 6, panel D), whereas the CST was
among the earliest. This does not support our hypothesis of an
inversed ontogenetic pattern in WM aging. As indicated by the
tractwise smoothing, most voxels peaked within 30 years of
age. The voxel-based rLOESS analyses of age-related WM
deterioration showed that parts of the SLF reached the 50%
threshold already at around 30 years of age, followed by parts of
the Fmin in the late 40s and more posterior areas in the early
60s. As indicated by the cumulative curves, most voxels
reached the threshold between 55 and 65 years of age.

A critical question pertaining to the neuroanatomical
inferences of the regional differences is to which degree DTI
indices are sensitive to between regions compared with
between subjects variability. Midler et al. (2008) reported
a correlation between FA/RD and myelin water fraction (MWF,
based on the short T2 component) across but not within
regions. With a few exceptions, the lack of a clear tractwise
segregation in developmental sequence and also the strong
correlations between tracts in our data, suggest that DTI
indices may be more sensitive to global than to regional
variability in neurodevelopment and aging. Thus, neuroana-
tomical inferences based on DTT indices alone should be made
with caution.

Our results suggest that tissue volume and DTI measures are
relatively independent indices of WM properties. Although the
volumetric data indicate a 2-phasic development with an initial
growth until middle age followed by accelerated loss, the DTI
data showed earlier maximum maturation followed by a rela-
tively stable and slow decline until late middle life with an
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accelerating decline in senescence. Few MRI studies have
examined concurrent volume and diffusion changes across the
brain. Hugenschmidt et al. (2008) reported age-related FA
decreases in subjects aged 18-80 years after correcting for
local atrophy as indexed by decreased WM volume. This
supports the notion that FA is sensitive to microstructural
changes preceding tissue loss. Abe et al. (2008) found regional
selectivity for age-related FA and volume changes, respectively,
indicating that the measures are complementary neurobiolog-
ical markers. The relative independence of DTI and volumetry
as indices of cerebral health is also supported by findings of
weak associations between the 2 measures (Fjell et al. 2008).
One study reported that age-related decreases in FA could
primarily be explained by atrophy and lesion formation
(Vernooij et al. 2008). However, the sample was restricted to
subjects above 60 years of age, approximately 30 years after
estimated maximum FA in our data. Although pathological
mechanisms like lesion formations and tissue atrophy may
partly explain individual differences in FA in elderly subjects,
such pathological factors exert minimal influence in healthy
young subjects. Thus, the mechanisms involved in FA re-
duction in young versus old adulthood may be fundamentally
different.

We have earlier speculated that formation of redundant
myelin and water compartments in the myelin sheaths may
increase volume and decrease FA, and thus exert differential age
effects on the 2 measures (Fjell et al. 2008). However, DTI
indices are sensitive to general diffusion properties of brain
tissue, and are not a selective marker of myelin (Beaulieu 2002).
Nevertheless, the magnitude of the radial eigenvalue has been
shown to be sensitive to de- and dysmyelination in mice (Song
et al. 2002, 2005), suggesting some myelin specificity of RD. Also,
histological analyses indicate FA and MD sensitivity to myelin
content, and to a lesser degree axonal count (Schmierer et al.
2007). The estimated maturational peaks of the DTI indices
suggest that some developmental processes influencing WM
diffusivity halt or reverse in the fourth decade. The DTI data thus
contradict the notion of positive WM development until middle
age. Although attributing the timing of the maturational DTI
maxima to myelin-related neurobiological processes may be
tempting, the present findings must also be interpreted in light
of evidence of continued remodeling of the myelin until the
sixth decade (Flynn et al. 2003; Inglese and Ge 2004).

Limitations

Our study has several limitations. Possible confounds in cross-
sectional studies include cohort effects, such as nutrition/
dietary patterns during gestation and early development.
Profiting from longitudinal data, further studies would also be
able to validate the current cross-sectional curves with
individual trajectories of both diffusivity and volumetric
measures. Follow-up assessments of the included participants
are planned.

Another potential limitation is that the diffusion data were
derived exclusively from the center of each pathway. It has
been suggested that thin myelinated fibers more proximal
to the brain surface or in the periphery of the fasciculi may be
more vulnerable to age-related degradation than deeper
structures (Sandell and Peters 2001, 2003; Marner et al.
2003; Bartzokis 2004). Thus, the sampled neuroanatomical
regions may not be optimal in order to explore the proposed
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last-in-first-out hypothesis of cerebral aging, as actively myeli-
nating areas closer to the cortical surface may show different
maturational and aging-related patterns (Bartzokis 2004). Due
to constraints on image resolution in DTI and many crossing
fibers close to the cortical mantle, DTT data supporting this
hypothesis is lacking, and more studies utilizing other
modalities with superior resolution are needed (Salat, Lee,
et al. 2009; Westlye, Walhovd, Dale, et al. 2009). Recent
techniques for modeling and separating multiple crossing fiber
populations (Jbabdi et al. 2010) and identifying the entire
extent of specific WM tracts (Hagler et al. 2009) based on DTI
scans may provide tract-specific diffusion estimates that
overcome this limitation.

A challenge in imaging studies comparing participants with
possibly different macrostructural brain characteristics is that
different amounts of warping to standard space are needed. In
the present study, FNIRT performed the native-to-standard
space warping adequately across age groups. As a global
comparison was the main reason for inclusion of multimodal
data, the methodological approach employed did not enable
a direct local comparison of WM volume and DTI indices.

The included participants showed generally above average
cognitive functioning, and may thus not be representative for
the general population. This is a shortcoming of many studies
aiming at pinpointing healthy aging (Raz et al. 2005). Also,
despite our efforts to include healthy participants only in the
current sample, including health interview, cognitive assess-
ments and radiological evaluation, the influence of subclinical
conditions on the measures of interest cannot be ruled out. As
neurodegenerative conditions may be manifested in the brain
years before clinical symptoms are detectable, follow-up
examinations over several years are needed to exclude the
possibility that, for example, preclinical AD may have influ-
enced the results. We did not exclude areas showing subtle T2-
weighted WM hyperintensities from the DTT analyses. Thus, we
cannot rule out a possible influence of subclinical conditions
affecting T1- or T2-weighted signal intensities on the DTI
indices. However, signal intensity alterations are regularly
found in healthy samples, and may not be a specific neurora-
diological marker of disease (Vernooij et al. 2007). Further,
reductions in FA were seen from about 30 years of age, and it is
unlikely that preclinical AD or other incipient neurodegener-
ative conditions cause WM changes at this age.

Conclusion

The present results demonstrated that microstructural WM
maturation peaks early in the fourth decade, with no evidence
of protracted development into middle age. The time-lapse
sequences supported early maturation of occipital areas and
the CSTs but did not provide ample evidence in support of
a simple last-in-first-out hypothesis, nor any strong indication of
a selective vulnerability of the frontal lobes in aging. The
estimated DTI trajectories supported a 3-phasic life-span model
with accelerating alterations in the earliest and latest part of life
with an intermediate slow decline from early adulthood into
middle age (Raz et al. 2005). The timing of the DTT maturational
plateaus, estimated to be in the early 30s, were markedly earlier
than for WM volumes, which in general were characterized by
quadratic trajectories with peaks in the early 50s. Still, both the
DTI and the volumetry trajectories diverge from what is usually
observed for cortical volume and thickness, which in general

follows a monotonic pattern of reduction throughout most of
adolescence and adulthood.

Supplementary Material

Supplementary material can be found at:
.oxfordjournals.org/.
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