Published April 24, 2008 as 10.3174/ajnr.A1097

ORIGINAL
RESEARCH

Tracking

X.-Q. Ding

Y. Sun

H. Braap

T. lllies

H. Zeumer

H. Lanfermann
J. Fiehler

Early human brain development is of considerable clinical
relevance because many neurologic and neurobehavioral
disorders originate from early disturbances during structural
and functional cerebral maturation. The degree of maturation
and its deviation from a normal course in clinical practice are
determined by visual inspection of MR images and a compar-
ison with milestones revealed on MR imaging, such as the
consecutive myelinization of certain brain structures." The
monitoring of quantitative MR imaging parameters allows a
more objective estimation of normal or pathologic brain de-
velopment as a useful adjunct to this method.*® Recent data
suggest that brain maturation still persists during adoles-
cence.”” The corpus callosum (CC), the largest and most
prominent axonal pathway, functions to connect left and right
cerebral hemispheres. Callosal fibers are important for motor
and sensory integration, attention, memory, and general cog-
nitive functioning. Any disturbance could lead to clinical im-
pairment.'®'? Despite the great interest in the development
and function of interhemispheric connections, little is known
about the development and organization of the tract itself.">""”
Previous studies, including those of children of different age
ranges, found age-dependent fractional anisotropy (FA) val-
ues.>>'®1? A monitoring method for the normal maturation
progress covering a wider age range may provide the basis for
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Evidence of Rapid Ongoing Brain Development
Beyond Two Years of Age Detected by Fiber

BACKGROUND AND PURPOSE: Development of callosal fibers is important for psychomotor and cog-
nitive functions. We hypothesized that brain maturation changes are detectable beyond 2 years of age
by using diffusion tensor imaging (DTI) of the corpus callosum (CC).

MATERIALS AND METHODS: T2 and fractional anisotropy (FA) maps of the brain of 55 healthy subjects
between 0.2 and 39 years of age were obtained. Quantitative T2 and FA values were measured at the
genu and splenium of the CC (gCC and sCC). Fiber tracking, volumetric determination, and the fiber
density calculations of the CC were related to age. A paired t test was used for significant differences
between the values at the gCC and sCC.

RESULTS: T2 relaxation times at gCC and sCC decrease fast in the first months of life and very little
after 2 years of age. The FAgCC increases until 5 years of age and remains nearly constant thereafter;
it showed a significant increase from 0 to 2 years versus 2-5 years, whereas there was no difference
in the other age groups. FAsCC values showed no significant changes after 2 years of age. The fiber
density of the CC shows a tendency of inverse age dependence from childhood to adulthood.

CONCLUSION: Rapid ongoing changes in brain maturation (increase in FAgCC) are detectable until 5
years of age. DTl reveals more information about brain maturation than T2 relaxometry.

detection of deviations under pathologic conditions and may
support routine diagnostics as an objective auxiliary tool.

In the present work, we studied the age-dependent devel-
opment of the CC in infants, children, and adults by using MR
relaxometric and volumetric methods as well as diffusion ten-
sor imaging (DTI) under routine imaging conditions. We hy-
pothesized that brain maturation changes are detectable in the
CC by using DTI beyond 2 years of age.

Methods

Subjects. Fifty-five subjects were studied in 2 cohorts: An adult
group consisted of 20 healthy volunteers, 20-39 years of age (9 men,
11 women). We enrolled 35 children and adolescents (20 male, 15
female) with an age range of 2 months to 15 years, subdivided into 4
age groups (02 years, n = 9; >2-5years, n = 7; >5-10 years, n = 14;
>10-15 years, n = 5), who were retrospectively selected from a pool
of 850 pediatric patients examined by MR imaging as a part of routine
diagnostic procedures related to numerous pediatric investigations.
Patients with any brain lesions or brain abnormalities on conven-
tional MR imaging were excluded. Only children without abnormal
MR imaging findings, with no clinical signs of brain anomalies, fever,
or acute infection determined independently by 2 experienced neu-
roradiologists, were included. The local medical ethics committee ap-
proved the study. Informed consent was obtained from healthy vol-
unteers and the parents of the children.

MR Imaging Protocol. All MR imaging studies were performed
on a 1.5T system (Sonata; Siemens, Erlangen, Germany) with a stan-
dard quadrature head coil. The routinely applied protocol consisted
of a sagittal T1-weighted 3D magnetization-prepared rapid acquisi-
tion of gradient echo (MPRAGE) sequence; a transversal proton/T2-
weighted triple-echo turbo spin-echo (TSE) sequence, which acquires
images at 3 different echo times (14, 71, and 128 ms); a sagittal T2-
weighted TSE sequence; and a transversal single-shot spin-echo echo-
planar imaging sequence with 6 motion-probing gradients (b = 0,
1500 s/mm?) for DTL>*?' A 20-cm?® FOV for children and a 23 cm®
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Fig 1. A T2 map (anterior is at the top) at the horizontal level of the striatum containing
the gCC and sCC, derived from a triple-echo sequence. B, Corresponding FA map. The
rectangles are the regions of interest. C, The anatomic structure of the CC displayed in an
MPRAGE image. D, The volume of the CC obtained with software InsightSNAPS. £, Fiber
of the CC obtained by fiber tracking with DTIStudio software.

FOV for the adult cohort were used with a 256 X 256 matrix size for
MPRAGE sequences; a 192 X 256 matrix size for TSE sequences; and
a 96 X 128 matrix size for DTI sequence. Section thickness without
intersection gap for DTI was 3 mm; for MPRAGE, 1 mm; and for all
others, 5 mm. All raw data were reconstructed into a display matrix of
256 X 256 pixels. The table scanning time was approximately 22
minutes.

Data Analysis. Brain maps of the T2 relaxation times (T2) of all
subjects were obtained by using a software implemented on the MR
imaging console (courtesy of Dr. Finsterbusch, Neurolmage Nord,
Hamburg, Germany), by using a nonlinear least-squares fit from the 3
images acquired with the triple-echo TSE sequence.” FA maps were
obtained by using a DTT task card implemented on the MR imaging
console (courtesy of Dr. Sorensen, Massachusetts General Hospital,
Boston, Mass). The numeric values of T2 and FA of the genu and
splenium of the CC (FAgCC and FAsCC) were measured off-line in 2
distinctive regions of interest—one at the gCC and the other at the
sCC— by using the routine viewer software eFilm (Merge eMed, Mil-
waukee, Wis) (Fig 14, B). Both regions of interest were carefully cho-
sen to minimize the partial volume effects and were drawn manually
asasquare of 20 = 2 mm?. The reported numeric values represent the
mean values of 3 repeated measurements. Fiber tracking of the brain
was performed by using DTIStudio software with determination of
the fiber number of the CC (Fig 1E).** Finally, the volume of the CC
(Fig 1C, D) was determined on the basis of 3D MPRAGE imaging data
by using the program InsightSNAPS.*® A paired ¢ test was used for
significant differences between the values at the gCC and sCC. A
Mann-Whitney U test with a Bonferroni correction for multiple test-
ing was used to compare the neighboring age groups in FA and T2
values (eg, 0—2 versus >2-5 years and >2-5 years versus >5-10
years). The age dependence of all the parameters was simulated with
curve fits by using Origin software (OriginLab, Northampton,
Mass).
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Results

T2 Values. The mean T2 values of the gCC and sCC
(T2gCC and T2sCC) with their SDs for all subjects are de-
picted as data points with error bars versus age as indicated in
Fig 2. Paired t tests show no significant difference between
values of T2gCC and T2sCC (P > .05). T2 values of both
regions varied according to age in nearly the same manner,
with the largest value of approximately 300 ms at the youngest
age of 2 months. T2 values decreased continuously with in-
creasing age, fast in the first year and slowly thereafter until the
value of approximately 90 ms for the adult subjects. The rela-
tionship between T2 values and age could be fitted with a
biexponential function (the solid line in Fig 2, upper part). As
it is shown in Fig 2, no sex difference could be found.

FA. The mean FAgCC and FAsCC values with their SDs for
all subjects versus age are depicted as data points with error
bars as indicated in Fig 2. FA values of the 2 anatomic local-
izations show different age dependencies: The FAgCC in-
creased continually from 0.48 to 0.80 (from 2 months to 5
years) and remained nearly constant thereafter. In contrast,
the FAsCC values varied very little within the entire age range
from 0.64 at 2 months of age to 0.80 at 2 years of age and then
remained constant. A paired ¢ test showed a significant differ-
ence between the values (FAgCC < FAsCC) until 5 years of age
(P < .05) and no significant difference in the later course. The
FAgCC showed a significant increase between the age groups
0-2 versus 2-5 years (P < .001, Mann-Whitney U test),
whereas there was no other difference between the other age
groups. The age dependence of both FAs could be fitted with a
monomolecular function—a biologic growth function:
FA(t) = C, — C, e ™, where C, (0.79 for gCC and 0.82 for
sCC) and C, (0.33 for gCC and 0.15 for sCC) are the initial
constant and the amplitude of the dynamic term respectively,
k (0.03/month for gCC and 0.01/month for sCC) is the growth
ratio, and t is the age.** The results are shown in Fig 2. No
significant difference was found between male and female
subjects.

Fiber Tracking and Volume Determination. The fiber
number of the CC (FNcc), a unitless number, versus age is
drawn in Fig 3. As it is shown, FNcc increases continuously,
fast in the age range of 2 months to 5 years (from 1500 to
10,000) and slowly thereafter. Meanwhile, the volume of CC
(Vec) shows a similar age dependence: It increases from ap-
proximately 1000 mm? at 2 months of age to 5000 mm? at 6
years of age and increases slowly after that. Curve fits of FNcc
and Vcc values were made by using an asymptotic function: Y
(t) = A — BC', where parameter A (10,000—13,900) is a con-
stant; B (8200-9510) and C (0.990—0.993) are the amplitude
and rate of the dynamic term respectively; and t is the age. The
ratio of FNcc/Vec (ie, the fiber density of the CC) is also given
in Fig 3 (lower part), where a tendency of inverse age depen-
dence from childhood to adulthood could be seen as fitted
with alinear function. Although no differences between values
of male and female children were found, independent t tests
showed significant sex differences of FNcc and FNcc/Vee of
adults; accordingly, adult males tended to have a higher fiber
number and fiber density than adult females (P < .05).

The results are summarized in Figs 2 and 3, where the filled
signs represent the values of the male subjects and the open
signs, the female subjects. Curve fits for age dependence of all
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Fig 2. Numeric values and the corresponding curve fits of the T2 and FA values obtained at the regions of interest of the gCC and the sCC, respectively, where the filled signs represent
the values of the male subjects and the open signs, the female subjects. The blue and the red solid lines are the corresponding fit results for male and female subjects.

the numeric parameters are carried out (solid lines, blue color
for male subjects and red for female).

Discussion

The present study was designed to investigate, in a routine
clinical environment, the brain maturation beyond 2 years of
age in a cohort representing a long time period of brain mat-
uration. Therefore, more attention has been paid to lighten the
burden for patients by minimizing the time the young patients
spent in the magnet (eg, 6 motion-probing gradients were
used in DTT, allowing a short scanning time of 3.5 minutes).*'
Second, to find out whether there are differences between
measured values in male and female subjects, we drew these
values separately according to the age in Figs 2 and 3. For
neither T2 nor FA was significant sex difference found. How-
ever, we found significant sex differences in fiber number and
fiber density of adults; adult males tended to have a higher
fiber number and fiber density than adult females, in line with
reports in the literature that the midsagittal cross-sectional
area of the CC (CCA) was different for men and women (CCA
men > CCA women).'**°

Diffusion anisotropy in white matter originates from its
specific organization in bundles of more or less myelinated
axonal fibers running in parallel. Diffusion in the direction of
the fibers is faster than that in the perpendicular direction,
though the exact mechanism is still not completely under-
stood (ie, anisotropy is affected by both axon organization and
myelination). As the brain maturation continues, different
structures of the brain are more and more organized, espe-
cially the fiber tracts, which become more myelinated, induc-
ing an increase of the spatial anisotropy.” Furthermore, brain
maturation processes take place in different anatomic struc-
tures with different time courses. In a study on children from
8 to 12 years of age, Snook et al*® found a linear age correlation
of the FA of the CC, with a greater slope of increase for FAgCC
than for FAsCC, indicating a more pronounced anterior de-
velopment of the CC. The present observation of significant
age-related increase in FA of the CC is consistent with that
reported in other studies.**”*® Especially, the present work
confirms the findings of Snook et al,*® with a decided age
group within a larger time period: FAgCC and FAsCC values
revealed different dynamics of age dependence. Starting with a
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Fig 3. Numeric values and the corresponding curve fits of the fiber number, volume, and
fiber attenuation of the CC, where the filled signs represent the values of the male subjects
and the open signs, female subjects. The blue and the red solid lines are the corresponding
fit results for male and female subjects.

value of 0.48 at 2 months of age, the FAgCC increases remark-
ably until 5 years of age, with a value of 0.8, and remains nearly
constant thereafter. This unique increase of the FAgCC be-
yond 2 years of age is confirmed by the highly significant FA
increase from 0-2 to >2-5 years that was not observed in
FAsCC, where only a nonsignificant increase was found (from
0.64 t0 0.8).

These observations may imply following: First, the matu-
ration of gCC lags behind that of sCC at birth, following the
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general myelination rule of posterior-anterior progression.*’
Second, an especially fast maturation takes place at the gCC
postnatally with a period of rapid ongoing brain development
much longer than that found by using quantitative T2 deter-
mination.>>” The results of the curve fit confirm this obser-
vation, where the initial constant C, of the sCC is larger than
that of gCC—an indication of less myelination of the gCC
than that of the sCC at birth, whereas the dynamic amplitude
C, and the growth ratio k of gCC are larger than those of sCC,
meaning a faster ongoing myelination process at gCC
postnatally.

By determination of the CC volume, we found a continu-
ous increase until adulthood, which is consistent with the
work of Giedd et al,*® who found a continued increase of the
CC size through adolescence. The interpretation of the con-
tinuous increase of the absolute fiber number of the CC is at
the moment unclear because electron microscopy studies of
postnatal development of callosal axons in monkeys suggest
no postnatal development of new callosal axons.'” The cause is
probably the increase of the myelination instead of the in-
crease of the axons, which might be too complicated for the
mathematic model of the fiber tracking to differentiate. Also
an MR imaging scanner with higher field strength such as 3T
may provide improved DTI tractography. Most interesting,
on the basis of the results of fiber tracking and volumetry, we
found a decreasing fiber density at the CC, with ongoing brain
maturation suggesting “thicker” fiber bundles from infancy to
adulthood (ie, the inverse relation of age and fiber density is
caused by an increase in the relative amount of myelination)."”

Childhood and adolescence are periods of dynamic behav-
ioral, cognitive, and emotional development, which parallel
significant changes in white matter structure. Callosal fibers
are important for motor and sensory integration, attention,
memory, and general cognitive functioning.'®'* The time
course of maturation until 5 years of age as observed in our
study is concordant with major psychological maturation pro-
cesses: The gCC is mainly related to important interhemi-
spheric association fibers that play a major role in several of
these processes. Any disturbance or anomalies in the CC can
result in certain neurologic disorders.”®>* Nevertheless, in the
present work, the population between 2 and 5 years of age
included only 7 children, a quite small sample size. A study
with a larger number of subjects would be necessary to extract
more reliable conclusions.

In conventional MR imaging, the myelination in hemi-
spheric white matter is essentially complete by 24 months as
determined usually by visual inspection of MR imaging based
on the contrast variance shown in T1- and T2-weighted imag-
es.>* More objective judgment of the myelination could be
archived by using certain quantitative methods like T2 relax-
ation time measurement. T2 relaxation time of the human
brain decreases during brain maturation, mainly due to in-
creases in concentrations of the myelin basic protein and pro-
teolipid protein and increases in macromolecules and the
membrane surface-to-cell volume ratio and decrease in free
water content.”>?® After 20 months of age, only a minor T2
reduction was found as an indication of further brain matura-
tion.” The present results of the measured T2 values at the CC
are consistent with those reported for lobar white matter in
maturating brains,™® proving that the CC matures synchro-



nously with the lobar white matter. Additionally, with the DTI
method in the present work, a rapid maturation process was
observed in the gCC beyond 24 months of age, suggesting that
DTI is a more sensitive method in detecting physiologic
changes in brain maturation, as recently described by others.””

Conclusion

The present work shows that rapid ongoing changes in brain
maturation are detectable until 5 years of age. Although T2
measurements show nearly constant results beyond 2 years of
age, DTI reveals rapid and highly significant ongoing changes
in brain maturation (increase in FA in the genu of the callosal
body) until 5 years of age. The FA measurement in the callosal
body might be a useful auxiliary tool for visual inspection and
T2 relaxometry, especially in children older than 2 years of age.
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