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MR Assessment of Brain Maturation: Comparison of Sequences 

Karl Hittmair, Daniela Wimberger, Thomas Rand, Lucas Prayer, Guenther Bernert, Josef Kramer, and Herwig Imhof 

PURPOSE: To evaluate the role of short-inversion-time inversion-recovery (STIR) sequences in 
assessment of brain maturation. METHODS: Twenty-seven infants and young children with 

normal neurologic development were examined by 1.5-T MR using a circularly polarized head 
coil. Axial T1-weighted and T2-weighted and spin-echo and STIR images were obtained. Signal 

intensity of different anatomic structures at individual sequences was classified relatively to 
reference sites and temporal sequence of signal intensity was observed. RESULTS: Signal intensity 

changes on T1-weighted and T2-weighted spin-echo sequences occurred at ages described in 

various previous publications. On STIR images intensity changes became apparent at a time 
between T1-weighted and T2-weighted images. The advantages of the STIR sequence were 
improved assessment of myelination of subcortical cerebral white matter from 6 to 14 months 

and good contrast between white matter lesions and cerebrospinal fluid. CONCLUSION: Our 
results suggest that from 0 to 6 months myelination can be assessed best using a combination of 
T1-weighted and T2-weighted images; from 6 to 14 months a combination of T2-weighted and 

STIR images seems to be advantageous; after 14 months the use of only T2-weighted sequences 
is sufficient. After 14 months STIR images may be useful in detecting small periventricular white 
matter lesions or in cases with retarded myelination and isointensity between gray matter and 
white matter. 

Index terms: Brain, growth and development; Brain, magnetic resonance; Brain, anatomy; 
Magnetic resonance, in infants and children; Magnetic resonance, technique 
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Myelination of white matter proceeds in a pre­
determined way. Magnetic resonance (MR) im­
aging offers a unique opportunity to monitor this 
process. Besides conventional T1-weighted and 
T2-weighted spin-echo sequences, inversion-re­
covery sequences have proved capable of map­
ping brain maturation (1-15). 

A problem with conventional spin-echo se­
quences is the low sensitivity of T1-weighted 
images to white matter lesions and a poor gray­
white differentiation in lobar cerebral white matter 
on T2-weighted images during the second half­
year of life (2, 12). It is during the second half of 
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the first year of life that infants suffering from 
myelination disorders often show first neurologic 
abnormalities and are submitted to an MR ex­
amination (12, 15). In these cases a sequence 
that improves the assessment of lobar cerebral 
white matter, a site where early white matter 
lesions are expected, would be useful. The poor 
gray-white differentiation on T2-weighted images 
during this period of life could not be improved 
sufficiently by using longer repetition times 
(3000) and longer echo times ( 120) in trials pre­
liminary to this study. 

We used a short-inversion-time inversion-re­
covery (STIR) sequence which in our and other 
authors' experience (12) proved helpful in detect­
ing small demyelinated white matter lesions. The 
aim of this study was to evaluate the role of STIR 
sequences in assessment of brain maturation. 

Subjects and Methods 

From September 1990 to June 1992 38 infants and 
young children between 3 days and 3 years of age were 
examined. In cases of preterm birth , the age was corrected 
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for the prematurity. Reasons for investigation were mild 
hydrocephalus, exclusion of infection, macrocephaly, mi­
crocephaly, cerebral seizures, small brain tumors, or chro­
mosomal abnormalities with normal psychomotor devel­
opment. Eleven patients were excluded from this study 
because lesions revealed by MR did not allow proper 
assessment of myelination; thus, data of 27 patients with­
out or with only minor pathologies and normal neurologic 
development were used for further evaluation (0 to 1 
month, two patients; 1 to 3 months, four patients; 3 to 6 
months, four patients; 6 to 9 months, four patients; 9 to 
12 months, five patients; 12 to 24 months, five patients; 
and 24 to 36 months, three patients). 

The study was performed on a 1.5-T system (Magnetom 
63 SP, Siemens, Erlangen, Germany) using a circular po­
larized head coil. Standard axial T1-weighted (600/15/ 1 
[repetition time/echo time/ excitations)) and T2-weighted 
(2500/90/1) spin-echo sequences as well as STIR se­
quences (2500/20/1, inversion time 140) were obtained. 
On the STIR sequence the magnitude reconstruction 
method was used for converting signal intensity into gray 
level. Scan times for the entire brain were 2 minutes 36 
seconds for T1-weighted sequences, 10 minutes 44 sec­
onds for T2-weighted sequences, and 10 minutes 44 sec­
onds for STIR sequences. 

White-matter age was determined using the atlas of 
Barkovich ( 1 ). 

Signal intensity of white matter in different sites was 
classified into four categories as explained in Table 1, thus 
eliminating the influence of window setting. Image assess­
ment was done by three neuroradiologists independently; 
final results were achieved in consensus. Signal intensities 
of categories -1 and 0 were regarded to represent unmye­
linated white matter, categories 1 and 2 myelinated white 
matter. Looking at complex anatomic structures such as 
medulla oblongata, brain stem, and midbrain primarily, we 
took into account only the areas of most advanced myeli­
nation, neglecting the subtle alterations in signal intensity 
within these structures (13, 14). 

To compare the contrast of the sequences within the 
brain stem and medulla oblongata, we looked at the follow­
ing anatomic structures: substantia nigra, nucleus ruber, 
colliculi superiores and inferiores, medial lemniscus, and 
corticospinal tracts. Contrast and delineation of these struc­
tures were compared between one sequence and another, 
and sequences were classified equal , better, or worse. 

Results 

For the present population, white-matter age, 
as assessed using the atlas of Barkovich (1), 
showed maximum deviations from chronological 
age of less than 1 month during the first 6 months 
of life, less than 2 months up to 1 year, and less 
than 4 months thereafter. The periods when 
white-matter signal intensity changes from cate­
gories -1 and 0 (representing unmyelinated white 
matter) to category 1 or 2 (representing myeli-
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TABLE 1: Classification of white-matter signal intensity (WM) 
referring to the signal intensity of the posterior limb of the internal 
capsule (IC) and the cortical cerebral gray matter (GM) 

Category of 
T1 T2 STIR 

Signal intensity 

-1 WM<GM WM>GM WM>GM 
0 WM=GM WM=GM WM=GM 

GM < WM < IC GM>WM> IC GM>WM>IC 
2 WM~IC WM;::;IC wM;::;Ic 

TABLE 2: Age (in months) at which myelination becomes apparent 

T1 T2 STIR 

Medulla oblongata 0 0 0 
Midbrain and brainstem 0 0 0 
Cerebellar peduncles (central 0 0-1 0 

parts) 
Peripheral parts of midcerebellar 2-3" 4 2-3" 

peduncles 
Folia cerebelli 7b 6-7 6-7 
Capsula interior (posterior limb) 0 0 0 

(anterior limb) 4-5 9-10 5 
Corona radiata 0 0-1 0-1 
Corpus callosum (splenium) 4-5 6 5-6 

(genu) 5-7 7-9 5-9 
Optic radiation 0-1 0-1 0-1 
Lobar cerebral white matter 

(central portion) 
paracentral 2 5-7 5-6 
occipital 4-6 10-12 7-9 
frontal 5-6 11-14 8-12 

Completed cerebral white matter 
arborization 

paracentral 3-6" 10-12 7-9" 
occipital 7-9" 18-20 14-16" 
frontal 8-10" 18-22 14-16" 

• Unreliable assessment because remammg peripheral unmyelinated 
white matter cannot be differentiated from gray matter. 

b Unreliable assessment because of poor contrast even in much older 
subjects. 

nated white matter) occurred in . individual sites 
are listed in Table 2. A considerable difference in 
the age of maturation was noted from sequence 
to sequence: first alterations were observed on 
T1-weighted images; changes were significantly 
later on T2-weighted images and lay somewhere 
between on STIR images (Table 2). 

Regarding delineation and contrast of small 
anatomic structures within the medulla and the 
brain stem, T1-weighted sequences were classi­
fied as equal or worse, T2-weighted sequences as 
equal or better than the other sequences in all 
subjects. STIR sequences were inferior to T2-
weighted sequences in all 10 subjects under 6 
months of age. In the older age groups STIR 
images showed similar contrast as T2-weighted 
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images and were classified as inferior to T2-
weighted images only in five of 17 cases. 

Inferior, superior, and central parts of the mid­
dle cerebellar peduncles were myelinated in the 
youngest individuals. Myelination progressed pe­
ripherally, and maturation of peripheral parts of 
the midcerebellar peduncles was completed at 4 
months. This peripheral progression of myelina­
tion was assessed most reliably by determining 
the amount of peripheral cerebellar unmyelinated 

A B 

E 
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white matter, which was demonstrated as areas 
of signal intensity of category -1 only on T2-
weighted images (Fig 1). On T1-weighted and 
STIR images unmyelinated white matter could 
not be discriminated from gray matter, and the 
amount of cerebellar unmyelinated white matter 
could not be quantified. Maturation of subcortical 
cerebellar white matter (folia cerebelli) was com­
pleted (featuring a signal intensity of category 2) 
at an age of around 7 months. Myelination of 

c 

F 

Fig. 1. Two-and-a-half-month-old girl. Better delineation and contrast of small structures within the brain stem on T2-weighted 
(2500/90/1) (B) compared with T1-weighted (600/ 15/ 1) (A) and STIR images (2500/ 20/ 1, inversion time 140) (C). Remaining peripheral 
unmyelinated white matter of the mid cerebellar peduncles is demonstrated only on T2-weighted images (2500/ 90/ 1) (E) as areas of 
high signal intensity but not discriminable from gray matter on T1-weighted (600/ 15/ 1) (D) and STIR images (2500/ 140/20) (F). 
Peripheral extension of cerebellar myelination is therefore best determined using T2-weighted images. 
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these thin sheets of subcortical white matter was 
mirrored nearly equally on T2-weighted images 
and STIR images but markedly worse on T1-
weighted images in all cases after 7 months. 

Above the tentorium, myelinated white matter 
appeared first in the deep, phylogenetically older 
white matter in a temporal sequence shown in 
Table 2. As opposed to cerebral lobar white 
matter there was no contrast observable within 
the individual anatomic structures of deep supra­
tentorial white matter on any of the sequences; 
the structures as a whole changed their signal 
intensity simultaneously. Intervals between char­
acteristic signal intensity changes were shortest 
on T1-weighted images occurring during the first 
7 months of life. On T2-weighted images the 
process of myelination of deep white matter was 
mirrored up to 10 months of age, but intervals 
between significant signal intensity changes were 
longer, allowing a less detailed temporal classifi­
cation of maturation of deep supratentorial white 
matter. STIR sequences lay between T1-weighted 
and T2-weighted sequences. 

Myelination of lobar cerebral white matter fea­
tured a ventriculofugal course, beginning in the 
paracentral region and being detectable markedly 
later in the occipital and finally in the frontal 
region (Table 2). In the youngest individuals su­
pratentorial lobar white matter showed a signal 
intensity of category -1 on all sequences. During 
the process of maturation, signal intensity 
changed, passing an isointense stage (signal in­
tensity of category 0), and finally reaching cate­
gory 2. 

On T 1-weighted images a signal intensity of 
category -1 in unmyelinated white matter was 
observed only in the first 4 months. After that 
time unmyelinated white matter showed a signal 
intensity of 0 and could not be discriminated from 
gray matter. Most of the supratentorial lobar 
white matter reached a signal intensity of cate­
gory 2 by the age of 8 months without significant 
contrast within the white matter. After 8 months 
no significant alterations were observable on T1-
weighted images except a distinct further periph­
eral progression of myelination of subcortical 
white matter, which was hardly quantifiable. 

On T2-weighted images peripheral subcortical 
cerebral white matter showed signal intensity of 
category -1 until 22 months of age, while at the 
same time the central portions of subcortical 
cerebral white matter featured a signal intensity 
of category 2. Hence, maximal dynamic range of 
signal intensities and highest contrast between 
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various stages of myelination was observed on 
T2-weighted images. There were different signal 
intensities seen within myelinated white matter 
on T2-weighted images, which cannot be attrib­
uted to artifacts or partial volume effects. 

In patients between 6 and 14 months, large 
areas of lobar cerebral white matter showed signal 
intensity around category 0 with isointensity and 
therefore poor contrast to gray matter (signal 
intensity of 0 per definition) (Figs 2 and 3). During 
that period it was difficult to discriminate cere­
brospinal fluid (CSF) from unmyelinated white 
matter or white matter from gray matter, and to 
assess the peripheral extension of myelinated 
white matter. 

On STIR images, supratentorial lobar white­
matter maturation occurred at a time between 
that on the T1-weighted and T2-weighted se­
quences (Table 2). There was a stage with isoin­
tensity between cerebral white matter and gray 
matter on STIR images, too; however, this stage 
was before that observed on T2-weighted images. 
In all sites with isointensity of lobar cerebral white 
matter and gray matter on T2-weighted images, 
the stage of isointensity on STIR images had 
already passed (seven of seven cases), and STIR 
images provided better gray-white differentiation 
(Figs 2 and 3). In contrast to T1-weighted images, 
myelinated white matter did not appear homo­
geneous on STIR images but showed signal inten­
sities of categories 1 to 2 and thus contrast within 
myelinated white matter. The lower signal inten­
sity areas on STIR images corresponded to that 
observed on T2-weighted images and could not 
be attributed to artifacts. Contrast was only 
slightly lower on STIR images. 

CSF featured a low to intermediate signal in­
tensity (around category 0 to 1) on STIR images. 

Initial experiences with STIR in white-matter 
lesions revealed good contrast of white-matter 
lesions (signal intensity category -1) to surround­
ing myelinated white matter (signal intensity cat­
egory 1 to 2), compareable to the contrast seen 
on T2-weighted images. High contrast was also 
provided between white-matter lesions, unmyeli­
nated white matter (both signal ini nsity of cat­
egory -1), and CSF (signal intensity around cat­
egory 0 to 1) on STIR images, whei'eas white­
matter lesions, unmyelinated white matter, and 
CSF featured a similar signal intensity (category 
-1) on T2-weighted images (Fig 4). 
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Discussion 

The ability of MR (in particular T1-weighted 
and T2-weighted spin-echo sequences) to dem­
onstrate the process of brain maturation is well 
established (1-15). Because of a shortening of T1 
and T2 relaxation time, white matter turns dark 
on T2-weighted and bright on T1-weighted im­
ages when it becomes myelinated. There are 
considerable differences in the age when myeli­
nation becomes apparent on T1-weighted and 
T2-weighted images, respectively. Obviously T1 
and T2 relaxation times are affected differently 
by the chemical and structural changes during 
the process of myelination. T1 and T2 relaxation 
times of unmyelinated white matter and white­
matter lesions are much longer than those of 
myelinated white matter and are mainly influ­
enced by the state of water protons, because lipid 
protons do not contribute much to signal intensity 
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Fig. 2. Nine-month-old girl. On T2-
weighted images (2500/90/1) (A and C) 
white matter shows similar signal intensity 
as gray matter predominatly in the occipital 
and parietal lobe but still higher signal · inten­
sity than gray matter in the frontal lobe. 
Within the areas of isointensity on T2-
weighted images, STIR images (2500/20/1 , 
inversion time 140) (Band D) provide better 
gray-white differentiation and thus advan­
tages in the assessment of these areas. 

(16). Decrease of water content is one factor 
responsible for signal-in~ensity changes observed 
during myelination. Shortening of T1 and T2 
relaxation times caused by interaction of water, 
protein, and lipid protons of myelinated white 
matter, however, influences signal intensity, too. 
This interaction is to a high degree dependent on 
the presence of cholesterol within the lipids of 
myelin (17, 18). Because the proportion of cho­
lesterol and glycolipids and the signal intensity 
on T1-weighted images changes in the same 
topographic and temporal sequence, a relation­
ship between these two events is postulated (2, 
19-22). 

Signal-intensity changes on T2-weighted im­
ages must be influenced by other chemical and 
physical alterations in white matter; the decreas­
ing water content is regarded as the most impor­
tant one (2). 
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Fig. 3. Twelve-month-old boy. Feature­
less isointense appearence throughout the 
cerebral lobar white matter on T2-weighted 
images (2500/ 90/ 1) (A and C). Superior 
gray-white differentiation on STIR images 
(2500/ 20/ 1, inversion time 140) (Band D). 

Fig. 4. Periventricular white matter le­
sions in a 19-month-old boy with heavily 
retarded psychomotor development. Re­
tarded myelination with still large areas of 
unmyelinated cerebral lobar white matter. 
STIR images (2500/ 20/ 1, inversion time 
140) (B) provide a better differentiation of 
white-matter lesions from unmyelinated 
white matter and CSF, all of which feature 
a similar signal intensity on T2-weighted 
images (2500/ 90/ 1) (A). 

A 

c 

A 
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Signal intensity on inversion-recovery images 
depends on the same tissue parameters as on T 1-
weighted and T2-weighted images. The proper­
ties of both T1-weighted and T2-weighted images 
are combined on inversion-recovery images, and 
the effects of prolonged T 1- and T2-relaxation 
times are additive in case of a T1 longer than TO 
(null point) and shorter than Tp (peak time). 
Signal intensity of tissues with a T1 of TO is 
nulled. Tp denotes the T1 for which signal inten­
sity is maximal and the maximum value for which 
the effects of prolonged T1 and T2 are additive. 
TO and Tp mainly depend on inversion time and 
repetition time (23). For an inversion time of 140 
and a repetition time of 2500, TO approximately 
equals 250 and Tp equals 1100. This range cov­
ers the T1 values of white matter between 6 
months (around 1100 msec) and 1 year (around 
500 msec), respectively (12). Thus theoretically 
good contrast can be obtained within white mat­
ter during the second half-year of life. 

The time when signal intensity changes of T1-
weighted and T2-weighted images occurred 
matched well with previous publications (1-3). 
Minor deviations may be attributed to the rela­
tively low number of subjects and their inhomo­
genous age distribution. This population distri­
bution, however, is not expected to reduce the 
validity of sequence comparison. Contrast behav­
ior of the different sequences changed only slowly 
during longer periods of time, and enough sub­
jects were examined within these periods to get 
sufficient data for sequence comparison. This is 
in particular true because contrast behavior did 
not show relevant interindividual variation. 

Similar to previous papers (13, 15) we found 
that T1-weighted images showed the poorest and 
T2-weighted images the best contrast and con­
trast-to-noise ratio of infratentorial anatomic 
structures. STIR images were nearly as good as 
T2-weighted images with regard to contrast and 
delineation of small structures in the age groups 
older than 6 months. Before 6 months, however, 
when infratentorial brain maturation takes place, 
STIR images were inferior to T2-weighted images. 
Thus STIR images cannot improve the assess­
ment of infratentorial brain maturation. 

On T2-weighted images, but not on T1-
weighted or STIR images, unmyelinated white 
matter remaining in the periphery of the midcer­
ebellar peduncles (signal intensity of category -1) 
could be discriminated from gray matter (signal 
intensity of category 0), which improves the clas­
sification of the peripheral extension of cerebellar 
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white-matter myelination. Relating unmyelinated 
white matter of the midcerebellar peduncles to 
myelinated white matter provides a more reliable 
assessment of peripheral extension of myelina­
tion than does the mere evaluation of the width 
of the myelinated part. These features of T2-
weighted images and their high sensitivity to 
white-matter lesions favors the use of T2-
weighted images for the assessment of infraten­
torial brain maturation. 

In the deep supratentorial white matter only 
few signal intensity changes occur on T2-
weighted images in the first 6 months of life. At 
these sites of white matter and during this period 
of life, the most significant signal intensity 
changes are seen on T1-weighted images, provid­
ing the finest temporal grid for classifying matu­
ration of supratentorial deep white matter. After 
6 months, however, T1-weighted images show 
no further significant signal intensity changes in 
the deep supratentorial white-matter, and matu­
ration of these white-matter sites has to be mon­
itored by T2-weighted or STIR images; estab­
lished standards favor the use of T2-weighted 
images. On STIR images signal intensity changes 
occur until 9 months, on T2-weighted images 
until 12 months of age. 

Supratentorial lobar cerebral white matter 
myelinates last during the process of brain mat­
uration. Until 6 months of age most significant 
signal intensity changes within the cerebral lobar 
white matter are seen on T1-weighted images. 
High signal intensity of cerebral lobar white-mat­
ter on T2-weighted images during that period of 
life reduces the sensitivity of T2-weighted images 
to white-matter lesions. T1-weighted images may 
be helpful in the assessment of cerebral lobar 
white matter during the first half year of life. 
Later, however, T1-weighted images contribute 
the least information on cerebral lobar white­
matter maturation, because of the lowest contrast 
within white matter , the low sensitivity to white­
matter lesions, and a lack of further significant 
signal intensity changes after 6 to 8 months. 

Highest contrast between white matter that 
myelinated at different stages and high sensitivity 
to white-matter lesions favors the use of T2-
weighted images for assessing lobar white matter 
after the first year of life . From 6 to 14 months, 
however, there is a cross-over between T2 relax­
ation time of lobar cerebral white matter and gray 
matter, resulting in an isointensity on T2-
weighted images with poor gray-white differentia­
tion ( 1, 2, 12). The isointensity of gray matter 
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and white matter with the featureless appearance 
of cerebral lobar white matter may cause diffi­
culties in the assessment of the peripheral exten­
sion of myelination, in the differentiation of white­
matter lesions from unmyelinated white matter 
and CSF, and thus in the detection and classifi­
cation of white-matter lesions. Thus, T1-weighted 
and T2-weighted images have major disadvan­
tages in assessing the myelination of lobar cere­
bral white matter from 6 to 14 months. The use 
of longer repetition times (3000 msec) and longer 
echo times (120 msec) for T2-weighted images, 
which is advantageous for imaging brains of per­
sons in their first year of life, did not improve 
gray-white differentiation in this age group deci­
sively in trials preliminary to this study. STIR 
images, however, combine features of T1-
weighted and T2-weighted images with an im­
proved gray-white differentiation, contrast within 
lobar myelinated white matter, and sensitivity to 
white-matter lesions (Figs 3 and 4). Contrast and 
local signal-intensity difference within myelinated 
white matter seen on T2-weighted and STIR im­
ages cannot be attributed to artifacts as image 
shading or partial volume effects. This contrast 
is not found on T1-weighted images and is most 
probably caused by differences of T2 relaxation 
times within myelinated white matter. The differ­
ences in T2 relaxation time may be caused by a 
variation in water content within white matter 
that myelinated at different stages, by local struc­
tural differences, or by iron deposition (12). 

The features of STIR images with improved 
gray-white differentiation and simultaneous T2 
contrast seem to be helpful in assessing lobar 
white matter during the stage of isointensity on 
T2-weighted images. In cases of retarded myeli­
nation, this stage can be found in persons older 
than 14 months, too. In these cases peripheral 
extension of myelinated white matter is better 
demonstrated on STIR, and characterization of 
white-matter lesions may be done advanta­
geously on STIR images. STIR images would then 
be potentially useful for the differentiation of 
white-matter lesions from unmyelinated white 
matter, for the assessment of extension of lesions, 
and for the assessment of involvement of U fibers. 
Another advantage of STIR images is the low 
signal intensity of CSF, which improves the dif­
ferentiation of CSF and white-matter lesions and 
thus the detection of small periventricular white­
matter lesions (Fig 4). 

Van der Knaap and Valk (5) did not see the 
isointense featureless stage of lobar white matter 
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on T2-weighted images using an inversion-recov­
ery sequence with different sequence parameters, 
either, but sensitivity to white-matter lesions has 
not been discussed. Habord et al (9), who used a 
similar STIR sequence, did not discuss the issue 
of isointensity between white matter and gray 
matter. 

Proper assessment of lobar cerebral white mat­
ter during the second half of the first year of life 
is particularly important, because persons suffer­
ing from myelination disorders often show first 
neurologic abnormalities at this age, and early 
pathologic lesions are expected in these regions 
(13). 

After 14 months the widest dynamic range of 
signal intensities of white matter is seen on T2-
weighted images, resulting in a maximum con­
trast between different degrees of myelination. 
This good contrast with the high sensitivity to 
white-matter lesions and a simultaneous good 
gray-white differentiation favor the use of T2-
weighted images after 14 months. The progres­
sion of myelination in the very subcortically lo­
cated white matter can be assessed most reliably 
on T2-weighted images because, as opposed to 
T1-weighted and STIR images, unmyelinated 
white matter can be discriminated from gray 
matter on T2-weighted images only at this age. 
After 14 months STIR images may be useful in 
detecting small periventricular white matter le­
sions or in cases with retarded myelination and 
isointensity between gray and white matter. 

References 

1. Barkovich AJ, Truwit CL. Practical MRI atlas of neonatal brain 

development. New York: Raven, 1990:3-52 
2. Barkovich AJ, Kjos BO, Jackson DE, et al. Normal maturation of 

the neonatal infant brain: MR imaging at 1.5 T. Radiology 1988; 166: 
173-180 

3. Baier! P, Foerster Ch, Fendel H, Naegele M, Fink U, Kenn W. Magnetic 

resonance imaging of normal and pathological white matter matura­
tion. Pediatr Radiol1988;18:183-189 

4. Martin E, Kikinis R, Zuerrer M, et al. Developmental stages of human 

brain: an MR study. J Comput Assist Tomogr 1988;12:917-922 
5. van der Knapp MS, Valk J . MR imaging of various stages of normal 

myelination during the first year of life. Neuroradiology 1990;31 : 
459-470 

6. Bird CR, Hedberg M, Drayer BP, Keller PJ, Flom RA, Hodak JA. MR 

assessment of myelination in infants and children: usefulness of 

marker sites. AJNR Am J Neuroradiol1989;10:731-740 

7. Christophe C, Muller MF, Balderiaux D, et al. Mapping of normal 

brain maturation in infants on phase-sensitive inversion-recovery MR 

images. Neuroradiology 1990;32: 173-178 
8. Dietrich RB, Bradley WG, Zaragoza EJ IV, et al. MR evaluation of 

early myelination patterns in normal and developmentally delayed 
infants. AJNR Am J 1'/euroradiol 1988;9:69-76 



AJNR: 15, March 1994 

9. Harbord MG, Finn JP, Haii-Craggs MA, Robb SA, Kendall BE, Boyd 

SG. Myelination patterns on magnetic resonance of chi ldren with 

developmental delay. Dev Med Child Neurol1990; 12:295-303 
10. MartinE, Boesch Ch, Zuerrer M, et al. MR imaging of brain maturation 

in normal and developmentally handicapped children. J Comput 

Assist Tomogr 1990;14:685-692 
11. Guit GL, van den Bar M, den Ouden L, Wondergren JHM. Prediction 

of neurodevelopmental outcome in the preterm infant: MR-staged 

myelination compared with cranial US. Radiology 1990;175:107-109 
12. Valk J, van der Knaap MS. MR of myelin, myelination and myelin 

disorders. Berlin: Springer, 1989 
13. Martin E, Krassnitzer S, Kaelin P, Boesch Ch. MR imaging of the 

brainstem: normal postnatal development. Neuroradiology 

1991;33:391-395 
14. Stricker T, MartinE, Boesch Ch. Development of the human cere­

bellum observed with high-field-strength MR imaging. Radiology 

1990;177:431-435 
15. van der Knaap MS, Valk J, de Neeling N, Nauta JJP. Pattern 

recognition in MRI of white matter disorders in children and young 

adults. Neuroradiology 1991 ;6:478-493 
16. Kamman RL, Go KG, Muskiet FAJ, Stomp GP, van Dijk P, Berendsen 

HJC. Proton spin relaxation studies of fatty tissue and cerebral white 

matter. Magn Reson Imaging 1984;2:211-220 

BRAIN MATURATION 433 

17. Fralix TA, Ceckler TL, Wolff SD, Simon SA, Balaban RS. Lipid bilayer 

and water proton magnetization transfer: effect of cholesterol. Magn 

Reson Med 1991; 18:214-233 

18. Koenig SH, Brown RD Ill , Spiller M, Lundbom N. Relaxometry of 

brain: why white matter appears bright in MRI. Magn Reson Med 

1990; 14:482-495 

19. Fishmann MA, Agrawal HC, Alexander A , Golterman J. Biochemical 

maturation of human central nervous system myelin. J Neurochem 

1975;24:689-694 

20. Brody BA, Kinney HC, Kloman AS, Gilles FH. Sequence of central 

nervous system myelination in human infancy. I. An autopsy study 

of myelination. J Neuropathol Exp Neurol1987;46:283-301 

21. Kinney HC, Brody BA, Kloman AS, Gilles GH. Sequence of central 

nervous system myelination in human infancy. II . Patterns of myeli­

nation in autopsied infants. J Neuropathol Exp Neural 1988;47: 

217-234 

22. Uzman LL, Rumley MK. Changes in the composition of the developing 

mouse brain during early myelination. J Neurochem 1958;3: 170-184 

23. Dwyer AJ, Frank JA, Sank VJ , Reinig JW, Hickey AM, Doppman 

JL. Short-TI inversion recovery pulse sequences: analysis and initial 

experience in cancer imaging. Radiology 1988;168:827-836 


