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T, Relaxometry of Normal Pediatric Brain

Development
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Purpose: To establish normal age-related changes in the
magnetic resonance (MR) T, relaxation time constants of
brain using data collected as part of the National Institutes
of Health (NIH) MRI Study of Normal Brain Development.

Materials and Methods: This multicenter study of normal
brain and behavior development provides both longitudinal
and cross-sectional data, and has enabled us to investigate
T, evolution in several brain regions in healthy children
within the age range of birth through 4 years 5 months.
Due to the multicenter nature of the study and the ex-
tended period of data collection, periodically scanned inan-
imate and human phantoms were used to assess intra- and
intersite variability.

Results: The main finding of this work, based on over 340
scans, is the identification and parameterization of the
monoexponential evolution of T;, from birth through 4 years
5 months of age in various brain structures.
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Conclusion: The exponentially decaying T, behavior is be-
lieved to reflect the rapid changes in water content as well
as myelination during brain development. The data will
become publicly available as part of a normative pediatric
MRI and clinical/behavioral database, thereby providing a
basis for comparison in studies assessing normal brain
development, and studies of deviations due to various neu-
rological, neuropsychiatric, and developmental disorders.
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QUANTITATIVE MRI ACQUISITION and analysis tech-
niques allow investigations beyond the conventional
qualitative interpretation employed in routine clinical
practice. Such approaches are aimed at quantifying
specific tissue characteristics, providing reproducible
indices mirroring the underlying biological system. Re-
laxometry, for instance, combines acquisition and anal-
ysis techniques to generate MR relaxation time con-
stants that directly reflect the local environment of
protons. In particular, given its sensitivity to alterations
in tissue microstructure, T, relaxation provides a quan-
titative monitoring tool in both health and disease con-
ditions.

Previous studies examined brain development by as-
sessing gray matter (GM) and white matter (WM) con-
trast variations observed in early childhood (1-4).
These qualitative contrast assessments examined con-
ventional T;-weighted (T3W) and T,-weighted (ToW) im-
ages, were often acquired in the context of clinical ex-
aminations, and retained only those subjects who were
deemed to have no neurological pathology (1). Some of
these studies presented more quantitative GM/WM
contrast ratios that clearly captured the well-known
qualitative contrast change associated with the stages
of myelination (2,4).

The finding that GM and WM contrast in infancy is
reversed compared to that of adults is striking. This
reversed contrast is observed during the first 4-6
months postnatal, and the change to the adult pattern
occurs at around the age of 9-12 months (5). The actual
timing of the contrast reversal is dependent on the field
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strength, the imaging sequence, and the brain region
studied (3). These qualitative contrast changes stem
from the governing relaxation parameters, T} and Ts, as
well as from the proton density (PD), which all reflect
microstructural changes associated with maturation of
the underlying tissue. Ideally, a quantitative relaxom-
etry approach to assessing maturation would avoid im-
aging-sequence dependence and permit the detection of
changes earlier and more consistently than qualitative
methods (6).

A consistent observation throughout quantitative re-
laxometry studies is prolonged relaxation times in ne-
onates, followed by a steep decline in both T} and T,
values, especially during the first year of life. Subse-
quently, a slower decrease extends into the third year,
at which age the relaxation parameters approach adult
values (5-9). Because the rate of T, shortening is much
faster than that observed for Ty, it is assumed that Ty is
more sensitive to tissue changes and is therefore often
preferred as an index of early brain development (10).

In many previous studies, cohorts originated from
clinical investigations, and data collection was limited
to infants who showed no apparent MR abnormalities.
Thus, the study subjects were not necessarily samples
of a strictly normal, healthy population. Recognizing
this need for data encompassing populations of normal,
healthy young children, the National Institutes of
Health (NIH) sponsored a multicenter study entitled the
MRI Study of Normal Brain Development (also known
as the NIH Pediatric MRI Data Repository, when refer-
ring to the database) (11), for which recruitment is de-
mographically diverse and representative of the U.S.
population in terms of gender, race and ethnicity, and
family income. This NIH study consisted of examining
approximately 500 children over a seven-year period,
with two distinct objectives, partitioned by age groups:
4.5-18 years (Objective 1), and birth to 4 years 5
months (Objective 2).

The data acquisition included several domains, each
aimed at monitoring different aspects of development,
such as gross morphological changes via anatomical MRI,
biochemical characteristics using MR spectroscopy, tis-
sue microstructure through diffusion tensor imaging, and
relaxometry (Objective 2 only), as well as behavioral and
cognitive development with the aid of a large battery of
age-appropriate neurological and neuropsychological
tests. The ultimate goal of this project is to provide a
publicly available normative pediatric MRI brain and be-
havioral database that can subsequently be used in stud-
ies assessing normal brain development and brain devia-
tions associated with neurological, neuropsychiatric, and
developmental disorders (11). The objectives of the
present work were to estimate T, values in several brain
regions in 344 brain scans of a representative group of
healthy children aged birth through 4 years 5 months of
age, and to subsequently model the evolution of the T,
relaxation time constant with age.

MATERIALS AND METHODS
Subject Cohort

As part of the Objective 2 age range (birth through 4
years 5 months) of the NIH pediatric study, 114 normal,
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Table 1
Age and Gender Distribution of Subject Scans at Each Data
Collection Site
Age range S1 (male/ S2 (male/ Total (male/
(months) female) female) female)
0 13 (6/7) 10 (2/8) 23 (8/15)
3 7 (4/3) 22 (13/9) 29 (1712)
6 16 (10/6) 25 (10/15) 41 (20/21)
9 15 (7/8) 24 (11/13) 39 (18/21)
12 9 (5/4) 25 (12/13) 34 (17117)
15 7 (6/1) 25 (11/14) 32 (17/15)
18 8 (5/3) 32 (16/16) 40 (21/19)
24 5 (4/1) 22 (14/8) 27 (18/9)
30 4 (2/2) 27 (17/10) 31 (19/12)
36 4 (1/3) 21 (10/11) 25 (11/14)
48 3(1/2) 20 (11/9) 23 (12/11)
Total 91 (51/40) 253 (127/126) 344 (178/166)

S1 = site 1, S2 = site 2.

healthy children were recruited, across 11 age cohorts
as described by Almli et al (12). These cohorts are char-
acterized by predetermined ages at which the children
began the study, providing a cross-sectional compo-
nent of the study, while the longitudinal component
was achieved with at least two additional visits, i.e., a
minimum of three scanning sessions for each child
(excluding subject attrition). In addition, the demo-
graphically balanced sampling plan was governed by
three other factors, namely gender (approximately the
same number of males and females), family income,
and race/ethnicity based on data from the U.S. Census
Bureau (13). For each of these subjects, MRI, neurolog-
ical, and behavioral data were collected as described in
detail elsewhere (11).

Table 1 summarizes the MRI T, relaxometry data col-
lected for each of the two participating sites: site 1 (S1)
and site 2 (S2). A total of 114 subjects (total [male/
female]; S1: 45 27/18; S2: 69 40/29) and 344 scans
were completed. A shorter interval sampling plan was
chosen for the younger subjects (238 brains scans be-
tween the age of O and 18 months [i.e., 3-month inter-
scan intervals]) vs. older subjects (106 scans between
18 months to 53 months [i.e., 6-month or 12-month
interscan intervals]) in order to capture the rapid devel-
opmental changes expected during early infancy (14).

Relaxometry Protocols and T, Estimation

With the goal of estimating the T, relaxation time, two
dual-contrast turbo spin-echo (TSE) acquisitions were
carried out on 1.5 Tesla systems (GE Signa at S1 and
Siemens Sonata at S2). The acquisition time of each set
of dual-contrast images was about 3-5 minutes with a
1 X 1 X 3 mm resolution, using the following timing
parameters (TR/TE1/TE2; TR/TE3/TE4) and fields of
view (FOVs): [GE: 3500/14/112 msec; 3500/83/165
msec, FOV: 256 X 256 mm] [Siemens: 3500/13/121
msec; 3500/83/165 msec, FOV: 256 X 256 mm)]. The
second dual-contrast acquisition, with longer TE val-
ues, provides stronger T,-weighting and increased sen-
sitivity to the longer relaxation times expected in young
infants. The Ty, estimates generated from two to four
effective echo times (TEs) in standard TSE sequences,
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utilizing two-dimensional Fourier transform (2D-FT)
multislice techniques with slice-selective 90° and 180°
pulses, suffer from systematic errors due to the intro-
duction of signal from stimulated echoes and other
echo pathways. More accurate T, measurements can be
sought using more rigorous pulse sequence strategies,
as discussed by Poon and Henkelman (15). Such strat-
egies have been employed in other studies, in single
slice mode and with much longer scan times, to assess
multiexponential T, signal decay curves that may re-
flect, for example, short T, components from myelin-
associated water as well as longer T, components from
other intra- and extracellular water compartments (16).
The long scan times and limited volume coverage asso-
ciated with such truly accurate T, characterizations
preclude, in our view, their incorporation into this
study of unsedated children under 5 years of age. Fur-
thermore, the T, values we report are sensitive to age-
related changes in tissue water content and distribu-
tion, and are actually more relevant than “true” T,
values when considering and/or predicting brain tissue
contrast observed clinically when using the most widely
adopted T,W imaging technique in the world.

Through the NIH pediatric study protocol, all children
were scanned during natural sleep (i.e., without seda-
tion) using anatomical YW and PD/T,W scans followed
by T, relaxometry acquisitions, then either diffusion
tensor imaging or MR spectroscopy, and finally the ad-
ditional T;, relaxometry scans, for a total scan time of
less than one hour. The neuroanatomical scans (TYW
and PD/T,W) are the highest priority and a scanning
session is only deemed successful if these acquisitions
are completed (11). It is also evident from this priori-
tized list of acquisitions that the second set of ToW
images was acquired toward the end of the protocol,
increasing the likelihood that the subject would be un-
able to complete the entire data collection. T, maps
were calculated using either two or four TEs, via the
following linearized equation:

S; = Spe” ™ >1In(S) = In(S,) — TE [1]
i 0 L 0. ’1'*2 ’

where Sy is the equilibrium signal and S; is the signal at
the i" TE (TE). The linear regressions were carried out
using MATLAB (The Mathworks, Inc., Natick, MA, USA).

b

Figure 1. ROI selection for the ACR phantom, indicated by
dotted lines. a: (ROI 1) Main compartment: 10 mmol NiCl, 75
mmol NaCl, T, ~ 125 msec. b: (ROI 2) Contrast vial: 20 mmol
NiCl, 15 mmol NaCl, T, ~ 70 msec.

Leppert et al.

Figure 2. ROI selection for (a) living phantom: 1) ROI 1: frontal
WM; T, ~ 80-90 msec, 2) ROI 2: head of caudate nucleus; T, ~
90-100 msec; and (b) subjects (shown here on a T,W image of
a 52-month-old subject) in WM: 1) major forceps, 2) minor
forceps, 3) genu of corpus callosum, 4) splenium of corpus
callosum and GM, 5) head of caudate nucleus, and 6) thala-

mus.

The effects of Rayleigh noise were not taken into ac-
count, considering the high signal-to-noise ratio (SNR)
present in all images used for T, estimation. More spe-
cifically, the minimum SNR in images from both sites
(SNRg; ~ 15: SNRgs ~ 19) exceeds the threshold for
approximate Gaussianity (SNR > 3 [17] or SNR > 8
(18]).

Quality Control

Data from both an American College of Radiology (ACR)
(19) phantom and a human (a.k.a. living phantom) were
collected periodically in order to assess the repeatabil-
ity within and across sites. In accordance with the pro-
tocol of the overall study, the ACR phantom was nom-
inally scanned with the full protocol at monthly
intervals at both sites (total of 93 scans). The living
phantom was a healthy adult male who was 53 years
old at the beginning of the study and was scanned at
approximately one-year intervals, also at both sites (to-
tal of 11 scans). This phantom enables a comparison of
derived tissue characteristics (i.e., relaxation times, tis-
sue volumes, etc.) that is not possible with the ACR
phantom. Figures 1 and 2a illustrate the regions of
interest (ROIs) where T, was measured in the phantoms
and provide the expected T, relaxation time constants
based on the literature and the known composition of
the ACR phantom. In addition, for the ACR phantom, a
32-echo single-slice Carr-Purcell-Meiboom-Gill (CPMG)
sequence (following the guidelines of Poon and Henkel-
man (15)) was used as a gold standard in assessing the
accuracy of the estimates obtained with the relaxom-
etry protocol used on the children.

Subject ROIs

Because the currently available stereotaxic brain mod-
els, such as the ICBM152 average (20), are based on
adult brains, they are often not suitable as targets for
registration of infant scans. The ability to create a stan-
dard model in which structures are distinctly and con-
sistently defined for the entire infant population is hin-
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dered by relative contrast differences due to a GM/WM
contrast reversal around the age of 6 months. At this
stage of maturation, there is poor GM/WM differentia-
tion, adding further difficulty to reliable structural seg-
mentation. Given these limitations, the relaxometry
analysis in the subject cohort was restricted to manu-
ally selected ROIs with careful selection of areas free of
partial volume effects. Since the aim is to include a
single tissue type, the selection is carried out on the
image that provides the highest contrast for a specific
age. This often corresponds to the image acquired at
TE = 112 msec and TE = 121 msec for the GE and
Siemens sequences, respectively. The specified ROIs in
Fig. 2b include four WM (minor forceps, major forceps,
genu and splenium of corpus callosum) and two deep
GM (head of caudate nucleus, thalamus) regions, each
of which is relatively large and easily identifiable. Bilat-
eral results were averaged.

Data Analysis

Based on previous work in modeling T, age dependence
in young children (7,8), both mono- and biexponential
fits were attempted. It is important to note that these
models are applied to the T, change over time, which
should not be confused with the monoexponential
model used for T, estimation. The single exponential
model is given by:

Ty = Ty + Toye
where tT=Tage in months
Ty, Tonye ' are in seconds
C is in months™!. [2]

The biexponential model is similar, with two added
parameters in the extra term:

Ty = Ty + Toye < + Tone” ™
where t = age in months
Ts0), To1), Tae) are in seconds
C, and G, are in months 1. [3]

The parameters were estimated using nonlinear
Nelder-Mead minimization through the fminsearch
function in MATLAB (The Mathworks, Inc., Natick, MA,
USA). In addition, the adjusted coefficient of determi-
nation (R,?), which gives an indication of the reliability
of the fit, was used to decide whether the extra expo-
nential term was justified (7,8):

residual Mean Square

R =
@ total Mean Square

> (Y- V)n—-m-1
1 [4]

2 (Y= Y)m-1
1
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where
Y = Yopservea T = total number of data points
Y = Ypredictea M = number of independent variables in
the regression model

Parameter standard deviations (SDs) were used to
quantify the reliability of the estimated parameters,
while the variance accounted for (VAF) was used to
express the proportion of the variability in the observed
data attributable to the dependence on the regression
equation. The advantage of using the adjusted coeffi-
cient of determination (R,?) to determine whether added
parameters are justified is that it takes into account the
number of parameters and will only increase if these
added parameters improve the fit. On the other hand,
the VAF should be used in conjunction with an F-test as
a measure of goodness of fit. An F-test was also per-
formed to determine whether the four-echo and two-
echo data could be combined. Directly computing the
statistical difference between the two-point and four-
point fits is difficult because not all age groups are well
represented and only a limited number of scans were
acquired at each site (S1: two echoes: 60 vs. four ech-
oes: 31; S2: two echoes: 196 vs. four echoes: 57). There-
fore, the analysis consisted of comparing the age re-
gressions between the two-point fits for all data sets
and including the four-point fits with the two-point fits.
Because it is desirable to retain the higher-precision
four-echo data, a weighted fit was also investigated.
This weighting, based on the SD of estimated T, values
in each ROI, was combined with a weighting based on
subjects per age group. The difference in age distribu-
tion is especially apparent for S1 (Table 1).

RESULTS
Quality Control

The variability across time within each site is quite low
(<5% and <8% for the ACR and living phantom, respec-
tively), indicating good reproducibility. The estimates
for the ACR phantom provided by the dual-echo TSE
sequences are similar to but relatively higher than the
gold-standard 32-echo CPMG sequence (ROI; Tyrsg) =
153.4 = 5.3 msec, Tycpmg ~ 135 msec; ROIy Tyrsy) =
74.0 £ 2.7 msec, Tycpmg) ~ 70 msec). This discrepancy
can be attributed to the expected lower accuracy of the
four-echo sequence as compared to the 32-echo gold
standard. For the living phantom, the estimated values
are relatively close to the expected range for healthy
adults in both WM [T2(Sl) = 78.9 = 2.2 msec; T2(52] =
91.1 * 3.4 msec; Typdury ~ 87 msec [21]) and GM struc-
tures (Tys)y = 87.6 = 3.3 msec Tysy = 104.9 = 7.6
msec; Topquy ~ 92 msec [21]). However, for both the
ACR and living phantoms, the T; estimates from S1 are
consistently lower than those of S2 (P < 0.01), probably
due to systematic scanner differences.

Age Regression

The average T; relaxation constants at birth of the com-
bined site data are significantly prolonged as compared
to adult values in both WM (major and minor forceps:
Topirtn) = 404.4 = 8.1 msec, corpus callosum: Topirn) =
228.6 * 3.6 msec; Touauy ~ 80-90 msec) and GM
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Table 2
Monoexponential Parameter Estimates for Separate and Combined

Leppert et al.

Sites in Selected ROIs*

Splenium of

Parameter Site Major forceps Minor forceps Genu of corpus corpus Caudate Thalamus
callosum nucleus
callosum
T2(0) (Msec) St 101 £1.0 100 £ 1.4 80.4 = 0.85 85.1 = 0.75 110 = 0.67 104 + 0.61
S2 114 £ 0.88 112 £1.4 87.8 = 0.76 93.9 = 0.65 122 + 0.50 117 = 0.39
C 111 = 0.91 108 = 1.2 86.5 = 0.85 92.4 = .73 119 £ 0.62 114 = 0.55
Ta(1y (Msec) St 269 = 12 227 =13 142 + 43 128 £ 5.2 100 £ 5.5 92.7 =51
S2 384 + 6.1 376 + 8.8 172 + 2.3 149 + 2.0 116 £ 2.0 116 £ 1.5
C 301 £ 6.6 281 = 7.4 147 £ 2.7 132 £ 2.9 103 £ 2.7 95.7 = 2.6
C (1/month) St 0.30 = 0.017 0.21 = 0.016 0.16 = 0.008 0.22 = 0.014 0.35 = 0.028 0.34 = 0.026
S2 0.32 = 0.008 0.26 = 0.009 0.17 = 0.004 0.22 = 0.007 0.34 = 0.011 0.34 = 0.010
C 0.29 = 0.010 0.22 = 0.009 0.16 = 0.010 0.22 = 0.009 0.31 = 0.016 0.33 = 0.017
VAF (%) St 98.6 96.6 99.4 99.4 99.7 99.7
S2 99.2 98.3 99.5 99.4 99.8 99.9
C 98.3 97.1 98.9 98.9 99.5 99.6
RZ (mono) St 0.93 0.80 0.94 0.94 0.93 0.93
S2 0.95 0.91 0.95 0.93 0.94 0.95
C 0.91 0.86 0.90 0.88 0.86 0.86
Rz (bi) St 0.94 0.89 dnc dnc 0.95 0.95
S2 0.97 0.95 dnc dnc 0.97 0.97
C 0.92 0.87 dnc dnc 0.86 dnc

*Fit parameter values are: parameter *+ parameter SD.

S1 = site 1, S2 = site 2, C = both sites combined, VAF = variance accounted for, R3

adjusted coefficient of determination, mono =

monoexponential model, bi = biexponential model, dnc = did not converge using fminsearch in MATLAB (The Mathworks, Inc., Natick, MA,

USA).

(T2(birth) = 215.9 * 3.2 msec, T2(adult] ~ 90-100 msec).
During the first few months a rapid decline in Ty is
observed, followed by a slower decrease. Because the
progression with age is of particular interest in this
study and a deviation between the intercepts of any
regression curves does not correspond to an actual
difference in the evolution of the T, parameter with age,
the parameter C was used to compare the various re-
gression lines. First, the combination of four- and two-
echo data were investigated for each site. A two-tailed
t-test revealed a significant difference for S1 in the thal-
amus (#(87) = 2.1, P < 0.05) and S2 in the caudate
nucleus (1(249) = 2.9, P < 0.01), while the differences in
all other ROIs were not significant (1: ¢{(87) < 1.9, P >
0.05; 2: t(249) < 1.6, P > 0.1). The general lack of
significance is to be expected, considering that only a
limited number of subjects could withstand the acqui-
sition of the second set of dual-echo images. In order to
retain and give greater importance to the more reliable
four-echo data, weighting based on the ROI SD was
included. In addition, this helped to compensate for the
reduced precision of the estimates of very high T, val-
ues, which were measured with relatively short TEs. A
weighting based on age was also included so that each
age group would be equally represented. This combined
weighting was used for all further analysis.

In terms of results between the two sites, as in the
case with the phantoms, the T, estimates from S1 were
consistently lower compared to those from S2. None-
theless, as mentioned above, the progression of T, with
age is of greatest importance; therefore, parameter C
was compared between the two sites. A two-tailed t-test
revealed a significant difference in the minor forceps
(t(336) = 2.5, P < 0.02) but failed to be significant in all
other ROIs (#(336) < 1.8, P> 0.10). The discrepancy in

the minor forceps is probably a result of the relatively
low quality of fit for S1 (R,? = 0.80). Nevertheless, be-
cause in general these results indicate a similar depen-
dence on age for the two sites, the data sets were com-
bined. The results from each of the sites and the
parameter estimates of the combined data set, all
weighted according to ROI variance and age group
sizes, are given in Table 2 for all ROIs.

From these results, the quality of fit of the combined
data to the monoexponential model is relatively high in all
ROIs (R? = 86-91% [VAF = 97.1-98.9%] in WM; R,>
86% [VAF = 99.5%] in GM). Due to the variability between
sites, the goodness of fit is in general slightly less for the
combined data set than when a single site is considered
(Ra251 = 80-94%; Razsz = 91-95% in WM; R3251 = 93%;
R.2so = 94-95% in GM). To determine whether additional
parameters were justified, a biexponential model was
tested. The combined data often failed to converge to the
biexponential model and, as shown in Table 2, the coeffi-
cient of determination did not increase substantially
(maximum increase in R,? of 1%). Thus a monoexponen-
tial is sufficient and best suited to the data. An F-test
revealed no significant difference in the regression param-
eters with gender (P < 0.01). The resulting plots are
shown in Fig. 3 for each anatomical ROI. The crossover in
T, values between cerebral WM and deep GM occurs at
approximately 15 months of age. In terms of the signifi-
cance of the estimated parameters, Ty corresponds to
the relaxation time at ~4.5 years, at which point relax-
ation parameters are thought to be approaching their
adult value. This is reflected in the results (WM: Ty =
86.5-111 msec, Topauy ~ 87 msec [21]; GM: Ty = 114-
119 msec, Topauy ~ 92 msec [21]). The estimated values
are a little higher than expected, which may be partly due
to the sequence-specified effective TEs and because at 4.5
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Figure 3. Monoexponential regression of T, with age in selected ROIs.

years, full maturation may not yet be reached. A faster
progression in T, values is observed in the major com-
pared to the minor forceps (Cyr ~ 0.29 months™, Cpr ~
0.22 months™), and faster in the splenium compared to
the genu of the corpus callosum (C¢cs ~ 0.22 months™,
Cccg ~ 0.16 months™). For deep GM, the rates of change
are C¢, ~ 0.31 months™ and Cy,,; ~ 0.33 months™ for the
caudate nucleus and the thalamus respectively.

DISCUSSION

Based on the results for both the ACR and living phan-
tom, the relaxation parameter estimates show good re-

producibility over time (SD < 8%) and are within 12%
(ROI;) and 5% (ROIl,) of the values obtained by gold-
standard methods (applied on the ACR phantom). The
fact that the estimates for the shorter Ty (74 *= 2.7 msec)
in ROI, are in better agreement with the gold-standard
data (~70 msec) is probably due to the choice of TEs in
the protocol. In addition to the expected loss in estimate
accuracy from a four-echo vs. a 32-echo sequence, the
shorter maximum TE of the TSE sequence (TEaxrsg) =
165 msec vs. TEaxcrma = 259 msec) may account for
the increased discrepancy in estimating the longer T,
values in ROI] (T2(TSE) = 153.4 + 5.3 msec, T2[CPMG) ~
135 msec). There is also a consistent T, estimate bias
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between the two sites, by which values from S2 are
higher than those from S1. This is probably a result of
systematic differences between the GE and Siemens
scanners. More specifically, the multiple slice-selective
refocusing pulses, which are characteristic of 2D-FT,
multislice imaging techniques, have transition zones in
which the flip angles vary from nominally 180° to 0°.
With these nonideal pulses, resulting from either B;-
field nonuniformity or slice-profile imperfections, stim-
ulated echoes with T; rather than T, decay constants
will contribute to the measured signal intensities at the
different TEs in a manner that depends on the precise
slice profiles. These effects will undoubtedly vary from
manufacturer to manufacturer. Nonetheless, the ex-
pected range of relaxation time constants during in-
fancy far exceeds the variability in the phantom studies
over time, so that the overall observations should be
quite robust. In addition, despite the difference in T,
estimates, the progression with age is in general con-
sistent in all ROIs and it is thus reasonable to combine
the data from the two sites for this particular analysis.
Although this provides support for system indepen-
dence, it does not guarantee it, and careful consider-
ation is required when combining multisite data.

There is inevitably a trade-off between accuracy and
speed in terms of relaxometry acquisition sequences.
For example, to achieve a similar resolution, a single-
slice 32-echo acquisition would require close to six min-
utes of scan time, whereas a full-brain four-echo acqui-
sition requires at most 10 minutes. In the context of
this study, precision and brain coverage were deemed
more important than accuracy, such that results
should be reproducible and robustly capture changes
with time but need not necessarily capture the exact
time constant value. Moreover, scanning a population
of unsedated children in the birth to less than 5-year
age range necessitates very short scan times. The time
limitations also preclude the use of multicomponent T,
analysis, which would require at least 32 TEs and suf-
ficient SNR to reliably differentiate relaxation compo-
nents.

The average T, relaxation parameters at birth in the
current study for the minor (S1: Tymgy = 372 * 66 msec;
S2: Tomy = 476 = 64 msec) and major (S1: Toyr =
352 * 44 msec; S2: Ty = 464 + 33 msec) forceps are
comparable with the values obtained by Ding et al (8) at
1.5T in WM (~400 msec). Similarly for GM, the current
results in the caudate nucleus (S1: Tycn = 197 * 9.5
msec; S2: Ty = 233 = 10 msec) and the thalamus (S1:
Tonay = 183 = 9.0 msec; S2: Tonay = 214 = 8.5 msec)
are consistent with those reported by Ding et al (8)
(~200 msec). Because an unexpected decrease in the Ty
relaxation parameter has been observed with increas-
ing field strength (22,23), our results are also qualita-
tively comparable to those obtained at a higher field
strength. For example, T; values obtained by Ferrie et al
(6) at 2.35T in healthy preterm newborns are shorter
but in the same relative order as those for the current
study (Tymy = 266 * 35 msec; Toyr = 213 £ 28 msec;
Toeny = 172 = 10 msec; Tygmay = 120 = 6 msec). The
relatively lower SDs reported (6) can be explained by the
very restricted cohort investigated (seven subjects at a
postconceptional age of 37 weeks). In the present study,
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the gestational age was not provided and thus a greater
variability between subjects is expected. A similar ar-
gument applies to the results shown by Thornton et al
(10) at 2.4T (Tomp = 228 * 32 msec; Tyoccipital wm) =
217 = 33 msec; Tyna = 136 = 13 msec), where the
subject cohort was limited to an age range of 37-42
weeks postconception. A consistent result in these
studies and the present study is that the T value of WM
at birth significantly exceeds that of GM. While earlier
relaxometry studies failed to detect this difference
(5,9,24), it was argued by Ding et al (8) that the results
were affected by relatively short TRs on the order of
2000-2500 msec, as opposed to the 3000-4500 msec
TRs used in later studies. This refers to the potential
leftover T; signal component, which is relatively long-
lived in neonates (Tymay ~ 2.5 s). However, we expect
the effect of this residual magnetization to be minimal
in our study. A more likely explanation is that the short
TEs in earlier reports (TE,.x = 56 msec [5]; 80 msec [9];
90 msec [24]), used to measure the relatively long T,s
expected for this age range, may be inadequate. Using
longer TEs (two-echo: TE,.x = 121 msec; four-echo:
TELax = 165 msec for the present protocol) effectively
allows sufficient magnetization decay and thus more
accurately captures infant Ty relaxation times, which
are on the order of 400 msec.

For the age range of the present study, a significant
decrease in the T, relaxation parameter is characterized
by a steep decline within the first year, followed by a
less pronounced decline thereafter. Thus, in accor-
dance with a previous study (7), monoexponential re-
gressions with age were applied, providing high-quality
fits. In general, the monoexponential fit was well suited
to Ty (mean R,> ~ 88%) and fits were slightly better in
WM (R.? = 86-91%) than in GM (R,> = 86%). A biexpo-
nential model, as proposed by Ding et al (8), was also
tested but failed to be justified for our data set, which
had a more restricted age range (<5 years) than the
previous study (<40 years) (8). Thus, insufficient data
from older subjects may impede the detection of a sec-
ond exponential term, which is thought to reflect the
subtle changes extending into adult age (25,26).

The expected result was obtained for relaxation pa-
rameters for subjects approaching 4 years 5 months
(the upper age limit in the cohort) in that they begin to
approach the adult range and the T, value of GM ex-
ceeds that of WM (as expressed through the Ty param-
eter). The relaxation parameters are shown to exhibit a
rapid decline until approximately 1 year of age, at which
point the values reach the range expected for adults.
This result is qualitatively comparable to the 10-month
rapid decrease reported by Ding et al (8), but shorter
than the 2- to 3-year period observed by Ono et al (24)
(both studies were carried out at 1.5T). The discrepancy
with the latter results is probably due to the relatively
short TEs (TE = 40, 80 msec) used by Ono et al (24) and
the difference in the definition of the point at which
values “approach” the adult range. Other reports have
shown that the significant lengthening in relaxation
times as compared to adults extends to 3-4 years at
0.15T (9) and 0.35T (5). The difference in sequence, field
strength, and TEs could be the source of the discrep-
ancies.
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Our data also show a first crossover between relax-
ation parameters of WM and GM (splenium of corpus
callosum and caudate nucleus) at approximately 6
months, followed by one at approximately 13 months
(between the major forceps and the caudate nucleus).
These results approach the crossover at ~7 months
found by Ding et al (8) between similar structures (fron-
tal lobe WM and caudate nucleus). The difference could
be due to the fact that these estimates were derived
from a monoexponential model in our case and a biex-
ponential model in the case of Ding et al (8). Also, as is
the case for all the comparisons made thus far, the
choice of the ROIs is an additional source of discrepan-
cies among studies. Since there is no available stan-
dard model for pediatric brains, regions are selected
manually and therefore are subject to interrater vari-
ability and partial volume effects.

Throughout the literature, the generalized rapid de-
crease in relaxation parameters for WM and GM is
thought to be primarily indicative of water content and
distribution changes. Several studies have confirmed
that the steep decline in water content during early
childhood is paralleled by pronounced decreases in Ty
values within the first year postnatal, with more subtle
but continual decreases extending into adulthood
(5,27,28). Concurrent with water content decline, WM
myelination occurring during early development affects
the relaxation parameters through alterations of brain
water distribution. The increase in concentration of my-
elin precursors, such as myelin basic proteins, choles-
terol, and glycolipids (29), as well as the proliferation
and differentiation of glial cells and the development of
axons and dendrites (24,30), increase the binding po-
tential for protons of free water molecules to the sur-
rounding macromolecules and effectively reduce the
observed relaxation times (31,32). From postmortem
studies, and paralleled by qualitative and quantitative
MRI studies, it has been shown that myelination
progresses most rapidly until 2 years of age, followed by
a slower and less dramatic change extending well into
the second decade of life (28,33). This temporal progres-
sion is reflected in the results of this study, where T,
relaxation times exhibit a rapid decline until about 1
year of age in all ROIs, at which point the values are
within approximately 10% of the estimate at the age of
4 years 5 months. The average decay rate in each type
of tissue as a whole is 0.19 = 0.01 month™ in the
corpus callosum, 0.26 += 0.01 months™ in WM, and
0.32 * 0.02 months™ in GM. In terms of the general
spatial progression, the rate of decline for T, values with
age is faster in the major forceps compared to the minor
forceps (Cyr = 0.29 = 0.010 months™ > C,r = 0.22 +
0.009 months™) and similarly more rapid in the sple-
nium than in the genu of the corpus callosum (Cccs =
0.22 + 0.009 months™ > Cccg = 0.16 = 0.010 months™).

These relative rates are consistent with the results of
Ding et al (8) and with the expected posterior-anterior
pattern of myelination. This is evidenced through peri-
natal histochemical studies (33) and paralleled through
qualitative analysis (2-4), measures of quantitative re-
laxometry (7,8), magnetization transfer experiments
(34), and estimates of full brain cholesterol (28). In fact,
during early brain development, myelination is initiated
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caudally, in the spinal cord, and spreads rostrally
through the brain. Another interesting observation is
the apparent slower rate of decline in the corpus callo-
sum as compared to more peripheral WM structures
(Cce ~ 0.19 months™ < Cperipheratwm ~ 0.26 months™).
This may reflect a more advanced degree of myelination
in the deeper WM structures (35), such as a relatively
high concentration of early myelinating fibers. Thus, at
birth the process is already nearing maturation and
exhibits a slower evolution with time (34).

The average rate of decline in deep GM is consider-
ably faster than that in peripheral and deep WM struc-
tures (Cen ~ 0.31 months™, Cypa ~ 0.33 months™ vs.
Cpwu ~ 0.26 months™ and Ccc ~ 0.19 months™). This
contradicts the rate constants of the first exponential
term in the model proposed by Ding et al (8) for the
same structures (Cl., ~ 0.40 months™, Cly ~ 0.31
months™" vs. Cowm ~ 0.48 months™). It appears that
this difference is related to the choice of model and
weighting. For example, for the unweighted data that
did converge to the biexponential model (major/minor
forceps and caudate nucleus), the decay constant from
the first exponential term for WM (Cowm ~ 0.53
months™) is greater than that for GM (C. ~ 0.45
months™). However, the data in general did not con-
verge to the biexponential model and no significant
increase in the adjusted coefficient of determination
was observed.

The main cause of the decay in GM is attributed to
decreases in water content, concurrent with the rapid
proliferation and formation of oligodendroglial cells,
synapses, and dendrites, which further reduces the free
water in GM (36,37). It has been suggested that another
possible factor contributing to T, reductions in deep GM
structures is the accumulation of paramagnetic metals,
such as iron (38,39), as well as the presence of myelin-
ated WM projections in regions such as the thalamus.

In conclusion, in accordance with the objective of the
NIH MRI Study of Normal Brain Development, normal
age-related changes in T, relaxometry were investigated
and shown to provide a sensitive index for the assess-
ment of normal brain maturation through relaxation
time constants that reflect the alterations in water con-
tent and distribution. Of special interest is the progres-
sion of myelination in WM, which is the dominant de-
velopmental process that occurs in synchrony with the
observed relaxation parameter decline. During the neo-
natal period, the changes are especially dramatic, as
demonstrated by the rapid shortening of this parameter
and modeled by a rapid monoexponential decay with
age. The culmination of the results to date represents a
subset of a normative database, a portion of which is
currently available online (http://www.NIH-Pediatric-
MRI.org), and the remainder of which will become pub-
licly available in the future. This will provide a compar-
ison standard for other studies investigating normal
brain development, as well as studies of relaxation pa-
rameter deviations associated with disease. Neural-be-
havioral data, collected concurrently with the MR data,
will also allow for the investigation of a potential rela-
tionship between brain T, and behavioral functions.
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