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MR Imaging of Tuberous Sclerosisin Neonates
and Young Infants

Yvonne Baron and A. James Barkovich

BACKGROUND AND PURPOSE: The MR imaging appearance of intracranial manifesta-
tions in tuberous sclerosis varies with age. The aim of this study was to specify MR charac-
teristics in a coherent group of neonates and infants in order to distinguish them from the
mature pattern.

METHODS: The MR studies of seven patients under 3 months old were reviewed retro-
spectively. Imaging appearance, number, and distribution of tubers, white matter anomalies,
subependymal nodules, and subependymal giant cell astrocytomas were analyzed.

RESULTS: All patients had more white matter anomalies, subependymal nodules, subepen-
dymal giant cell astrocytomas, transmantle dysplasias, and left-hemispheric and temporal le-
sions, but less cortical tubers than did older patients in previous series. The lesions wer e easy
to detect as hyperintense foci on T1-weighted images. Visibility ashypointensitieson T2-weight-
ed images was compar atively poor.

CONCLUSION: The nodular subependymal and linear parenchymal tuberous sclerosis le-
sions in infants under 3 months old are hyperintense on T1-weighted images and hypointense
on T2-weighted images as opposed to the reverse pattern of signal intensity in older persons.
The scarce myelination helps to identify white matter anomalies, which become less visible as
myelination progresses. Conversely, purely intracortical tubers are more difficult to diagnose
in infants. Because the overall number and conspicuity of all other lesionsin our series were
greater than in previous series with older subjects, our findings indicate that infant age does
not compromise, but facilitates, the correct MR diagnosis of tuberous sclerosis. Therefore, if
tuberous sclerosis is clinically suspected within the first 3 months of life, imaging should not

be delayed.

Tuberous sclerosis is a phakomatosis with dyspla-
sias and hamartomas frequently affecting the brain,
eyes, kidneys, heart, and skin (1, 2). It may be
transmitted as an autosomal dominant trait with
variable penetrance (3), but 60% to 70% of cases
occur sporadically. Three different mutations have
been associated with the disorder, located on chro-
mosomes 9, 11, and 16 (4-6). The prevaence/clin-
ical penetrance of tuberous sclerosis is now esti-
mated to be from one in 6000 to one in 12,000 live
births (7, 8). The mean age of diagnosisis 5 years
(9) and ranges from early childhood to late in the
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second decade (10). Overall, epilepsy and mental
deficits are the most common neurologic problems
and tend to be more severe if manifested early (11).

Although a number of articles have reported neu-
roimaging findings in tuberous sclerosis, most of
these have dealt exclusively with the imaging of
older children and adults. Case reports of neonates
with tuberous sclerosis (12—14) and imaging series
(four patients =4 months of age [15] and one ne-
onate [16]) have shown that the appearance of ce-
rebral tuberous sclerosis varies with age. Our own
experience suggests that the appearance of tuberous
sclerosis on MR imaging studies of the brain in
neonates differs considerably from that in older
children and adults. In this study of seven neonates
and infants under the age of 3 months, we proposed
to precisely describe and quantify the distinguish-
ing neuroimaging features of tuberous sclerosis in
this age group and trace the evolution of imaging
characteristics over that time period. Recognition
of the specific imaging characteristics of tuberous
sclerosis in early infancy will help to establish the
diagnosis as early as possible, thus ensuring appro-
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priate clinical management of the patients and
counseling of the parents.

M ethods

A review of records between 1991 and 1998 disclosed brain
MR studies of seven patients under the age of 3 months who
were examined at our facility. The youngest patient, a pre-
mature neonate of 33 weeks gestational age, was imaged 2
days after birth; the oldest, a term infant, was imaged at 10
weeks. Indications for the examinations included infantile
spasms (n = 3), cardiac tumor on a prenatal sonogram (n =
2), intraventricular mass on a cranial sonogram (n = 1), and
the presence of a cardiac tumor in a monozygotic twin (n =
1). Two of the patients (one with seizures, one with an intra-
ventricular mass) additionally were macrocephalic. We found
no patients imaged between 3 and 6 months, possibly because
our group is a selection of seriously affected infants who all
presented before that age. To show the difference between the
neonatal appearance and that of older infants, we illustrate im-
ages of two patients with tuberous sclerosis who were exam-
ined because of infantile spasms, one at age 6.5 months, the
other at age 8 months.

Imaging was performed at 1.5 T and included axial and
sagittal spin-echo (SE) T1-weighted sequences (500—600/8—
20/2 [TR/TE/excitations]) with a section thickness of 3 or
4 mm and agap of 0.5to 1 mm, and axial SE proton density—
and T2-weighted sequences (3000/60,120/1) with a section
thickness of 4 mm and a gap of 2 mm in all patients. In four
patients, coronal 3D spoiled gradient-recalled acquisition in the
steady state (SPGR) sequences (36/9/1; flip angle, 35°; section
thickness, 1.5 mm with no gap) were obtained. Two patients
were examined with an additional coronal 3D fast spin-echo
(FSE) sequence (4000/85¢:/1; echo train length, 16; section
thickness, 1.5 mm, overlapping). The acquisition matrix was
always 192 X 256 or 256 X 256, the field of view varied
between 16 and 20 cm. Four patients received contrast material
before the axial and sagittal T1-weighted images. One patient
who eventually underwent epilepsy surgery was additionally
examined with a high-resolution phased-array surface coil. She
had several follow-up studies, including CT, up to the age of
8 months.

All MR studies were reviewed by two radiologists in order
to differentiate white matter anomalies, tubers, subependymal
nodules, and subependymal giant cell astrocytomas (SGCA);
to determine their number, size, shape, lobar, and left-right dis-
tribution; and to assess their visibility on different sequences
(especialy T1- versus T2-weighted) and contrast uptake. A
lesion was considered to be present if both reviewers agreed
it was present on any sequence. A tuber was defined asalesion
of abnormal signal intensity located within a cortical gyrus.
Tubers were divided into the expansile (Pellizzi 1) or shrunk-
en-appearing (Pellizzi 2) phenotypes (17). A transmantle dys-
plasia was defined as dysplastic tissue extending from the cor-
tex to the wall of the ventricle (ie, a contiguous large tuber
and large white matter anomaly) (18). Subependymal nodules
were defined as lesions originating from the wall of the lateral
ventricle and protruding into the ventricular lumen. A subep-
endymal lesion was considered to be moderately suggestive of
a giant cell astrocytoma if the nodule was greater than
12 mm in size or if it caused CSF flow obstruction; if both
these signs were present and/or if there was contrast enhance-
ment, the nodule was considered highly suggestive of SGCA
(112, 15). White matter anomalies were defined as areas of ab-
normal signal intensity within the white matter; the signal in-
tensity of al lesions was compared with that of unmyelinated
white matter. If very large tubers, white matter anomalies, or
transmantle dysplasias involving more than one lobe were
present, their location was classified according to the site of
the major portion.
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TABLE: Distribution and conspicuity of white matter anomalies
and tubersin seven patients with tuberous sclerosis

White Matter

Anomalies Tubers
Number (median) 250 (24) 72 (5)
% on left a4 64
% on right 56 36
% in frontal lobe 55 50
% in parietal lobe 25 26
% in temporal lobe 10 15
% in occipital lobe 10 9
% on T1-weighted images 99 93
% on T2-weighted images 43 40

The number of tubers versus white matter anomalies, tubers
versus subependymal nodules, and white matter anomalies ver-
sus subependymal nodules, respectively, were correlated using
the Spearman rank correlation. The Wilcoxon test was used to
compare the number of tubersin the left and right hemispheres.

Results

White Matter Anomalies

All patients had white matter anomalies, for a
total of 205, ranging from four to 69 per patient
(see the Table). Of these, 203 were visible as foci
of high signal on T1-weighted images, athough
less than half of these were picked up as hypoin-
tense on T2-weighted sequences. None of the white
matter anomalies were either hypointense on T1-
weighted images or hyperintense on T2-weighted
images. Left-right distribution was fairly even in
single patients as well as in the whole group (see
Table). Additionally, one patient had a solitary cer-
ebellar white matter focus of T1 and T2 shortening.

Thirty-nine percent of white matter anomalies
were perceived as punctate signal anomalies rang-
ing in size from 1 to 4 mm without obvious con-
tiguity on adjacent sections or linear correlates in
other section directions, whereas 59% appeared as
streaks in at least one plane. Most of the latter had
a transverse diameter of 1 or 2 mm, and their lon-
gitudinal axis was perpendicular to the wall of the
lateral ventricle. On sagittal T1-weighted images,
they were always best appreciated as a radia pat-
tern, sometimes visible all the way from the wall
of the lateral ventricle to the cortex (Figs 1 and
2A). Wedge- or cone-shaped white matter anoma-
lies with a transverse diameter above 2 mm oc-
curred in 1.5% of visualized lesions. Furthermore,
diffuse signal changes affecting more than one
third of the white matter in one hemisphere were
present in two patients. Both were combined with
striking left-hemispheric transmantle dysplasias
with large tubers involving more than one lobe and
several subependymal nodules lining the subjacent
ventricular wall (Figs 2 and 3). The linear, wedge-
shaped, and diffuse anomalies often ended imme-
diately adjacent to a subependymal nodule on the
ventricular side and a tuber on the cortical side.
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Fic 1. Neonate, 4 days. Sagittal SE T1-
weighted MR image (600/8/2) shows white
matter anomalies as punctate hyperintensi-
ties (two marked by long arrows) radiating
toward ventricles, several subependymal
nodules (one marked by curved arrow) in left
atrium, and incidental postnatal findings of
hyperintense subdural hemorrhage overlying
cerebellum and parietal caput succedaneum
(not marked).

TUBEROUS SCLEROSIS 909

Fic 2. Neonate, 7 days.

A, Sagittal SE T1-weighted MR image (600/15/2) shows left-hemispheric large trans-
mantle dysplasia (short arrows) as hyperintense area extending from frontoparietal cor-
tex to lateral ventricle; bright subependymal nodules (two marked by curved arrows),
located around atrium and temporal horn; and parietal hyperintense linear white matter
anomalies (long arrow).

B, Axial SE T1-weighted MR image (500/15/2) shows transmantle dysplasia (short
arrows) underlying asymmetrically large perisylvian subarachnoid space; hyperintense
probable SGCA (>12 mm) is seen at right foramen of Monro (curved arrow) and sub-
ependymal nodules at left foramen of Monro and atrium (only atrium marked, long
arrow).

Fic 3. Infant, imaged at ages 10 weeks,
4 months, and 8 months.

A, Axial SE T1l-weighted MR image
(500/13/2) at 10 weeks: pachygyric left
frontoparietal cortical tuber is less hyper-
intense than semilunar deep white matter
“rim” of transmantle dysplasia (short ar-
rows), which extends all the way to the
wall of the lateral ventricle; overlying sub-
arachnoid space is enlarged; various lin-
ear white matter anomalies (only two
marked by long arrows) are present in
both hemispheres; and small subependy-
mal nodules are seen along cellae mediae
of both lateral ventricles (not marked).

B, Axial CT scan at 4 months: periphery
of transmantle dysplasia is densely calci-
fied, strands of “sunburst” pattern extend
toward cortex and left lateral ventricle (not
marked); left parietal white matter anom-
alies (long arrow) are faintly hyperdense;
and small subependymal nodules can be
seen, for example, in the right lateral ven-
tricle (curved arrow).

C, Axial SE Ti1-weighted MR image
(500/12/2) at 8 months: note that intensity
pattern of transmantle dysplasia (not
marked) has changed (compare with A);
subependymal nodules are visible at cella
media of left ventricle (not marked), but
white matter anomalies are not visible.

D, Axial high-resolution (surface coil)
FSE T2-weighted MR image (4000/112,,/1)
at 8 months: transmantle dysplasia is de-
picted as layered swirls of different signal
intensity (arrows).
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In the 5-day-old monozygotic twins, there was
an almost identical appearance of the few white
matter anomalies and subependymal nodules. One
tuber could be detected in one of them; this infant
developed infantile spasms at age 7 months. It has
been suggested that these early differencesin twins
can be a predictor of normal versus delayed neu-
romotor development (19).

Tubers

Seventy-two tubers were detected (ranging in
number from 0 to 30 per patient; see Table), and
were significantly more common in the left hemi-
sphere (P = .05). The lobar distribution is given
in the Table. Again, aimost all, athough not quite
as many as with the white matter anomalies, were
seen as high signal lesions on T1-weighted images,
whereas less than half were visible on T2-weighted
images; and all were hypointense. No tubers were
perceived as T1 hypointense or T2 hyperintense. In
general, more T1 hyperintense tubers were detected
on the thinner sagittal images than on the thicker
axial images. Except for two cases of questionable
Pellizzi 2 phenotype, all tubers exhibited some de-
gree of gyra enlargement and subarachnoid en-
casement (Pellizzi 1). Two tubers larger than 2 cm
in diameter showed transmantle extension to the
wall of the lateral ventricle. There was mixed sig-
nal on T1l-weighted images in two tubers, one of
which appeared calcified on CT scans. Both were
found in one of the patients who had severe trans-
mantle malformations. Figure 3 shows the signal
development in one of these calcified tubers and
the adjacent white matter anomalies over a period
of 5.5 months. Many similarities can be noted in
another severe left-sided transmantle dysplasia (Fig
2).

Subependymal Nodules and Subependymal Giant
Cell Astrocytomas

Ninety-six subependymal nodules (median, 13
per patient; range, six to 24 per patient) could be
seen, 42% on the left side. Two were highly (Fig
4) and one moderately (Fig 2B) suggestive of
SGCA. Thirty-four percent of the subependymal
nodules were located at the foramina of Monro or
frontal horns, 40% at the atria, and 26% at the tem-
poral horns. There was one subependymal nodule
in the occipital horn; none were found at the third
or fourth ventricle. While 95 hyperintense subepen-
dymal nodules were detected on T1-weighted im-
ages, T2-weighted images only revealed 46, al hy-
pointense compared with unmyelinated white
matter. None were T1 hypointense or T2 hyperin-
tense. The tempora nodules were appreciated best
on the T1-weighted sagittal images (Fig 2A) and
were almost invariably missed on the T2-weighted
axial images. The youngest patient, examined 2
days after birth at 33 weeks' gestation, already had
hydrocephalus induced by two lesions highly sug-
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Fic 4. Neonate, 2 days (33 weeks' gestation). Axial SE T1-
weighted MR image (750/20/2) shows large presumed SGCA at
left foramen of Monro (solid arrow), smaller one on right (not
marked); hydrocephalus, more pronounced on left; and three
cysts adjacent to frontal horns of lateral ventricles (open arrows).

gestive of SGCA (Fig 4). The likely case of SGCA
occurred in a 1-week-old neonate with incipient ob-
struction of the ipsilateral foramen of Monro (Fig
2B).

Common Features in White Matter Anomalies,
Tubers, and Subependymal Nodules

Of al tuberous sclerosis lesions, 98% were di-
agnosed as hyperintensities on T1-weighted images
whereas T2-weighted sequences revealed hypoin-
tensity in 44%. There was a positive correlation
between the number of tubers and white matter
anomalies (P < .01), subependymal nodules and
white matter anomalies (P < .01), and tubers and
subependymal nodules (P < .05; Spearman’s p .93,
.85, and .83, respectively). In those cases with nu-
merous anomalies of all categories, the lesions
tended to cluster in the same lobes. As a general
observation, the larger the diameter of any of the
anomalies (white matter anomalies, tubers, subep-
endymal nodules, SGCA), the larger the diameter
of the other two.

Sequential images in one patient revealed that
detectability of the tubers and white matter anom-
alies deteriorated dramatically beyond age 6
months (Fig 3). This reduced conspicuity, which
was supported in studies of a 6-month-old control
subject that showed CT to have a greater sensitivity
than MR imaging (Fig 5A and B), appears to be
the result of myelination. Continued myelination
seems to cause afrank reversal of intensity of some
lesions, producing the adult intensity pattern (Fig
6). Such a striking difference in conspicuity and
signal reversal could not be demonstrated for sub-
ependymal nodules or SGCA, athough the contrast
in relation to unmyelinated white matter and basal
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Fic 5. Infant, 6 months: T1 reversal point.
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A, Axial SE T1-weighted MR image (350/20/2) shows two barely distinguishable subependymal nodules (arrow points to more frontal
one) along wall of left lateral ventricle; no tuber or white matter anomalies can be seen.

B, Axial CT scan shows hyperdense left frontal wedge-shaped white matter anomalies (arrow).

C, Coronal SE T2-weighted MR image (4000/90/1) shows left frontal tuber and white matter anomalies as slightly hyperintense

(arrows).

Fic 6. Infant, 8 months: “adult” signal pattern.

A, Axial SE T1-weighted MR image (550/20/2) shows multiple bihemispheric tubers (only left frontal and parietal ones are marked by
short arrows) and left parietal white matter anomalies (long arrow), all moderately to markedly hypointense; subependymal nodules at
both foramina of Monro (only smaller one on right is marked by curved arrow) are moderately hyperintense.

B, Axial SE T1-weighted MR image (550/20/2) shows numerous hypointense tubers (not marked) in both hemispheres.

C, Axial SE T2-weighted MR image (3600/90/1) shows tubers (not marked) as marked hyperintensities.

ganglia (Figs 2B and 4) is certainly better than in
the older infants (Figs 5A and 6A). The patients
shown in Figures 5 and 6 were not included in the
numerical analysis.

Associated Features

The premature neonate (33 weeks gestation)
with obstructive hydrocephalus due to SGCA had
three white matter cysts, which were located adja-
cent to the frontal horns (Fig 5B and C). None were
seen in other patients.

The subarachnoid space overlying huge trans-
mantle dysplasias was very large in the two cases
seen (Figs 2 and 3). This enlargement was greater
than what would be expected from mere retraction
of the subjacent tuber. We have observed similar

findings in other cortical dysplasias not associated
with tuberous sclerosis.

No callosal agenesis or retinal hamartomas were
seen.

Incidental Findings

Three patients had a cavum septi pellucidi and
one a cavum vergae. There were subdural postnatal
hematomas in two patients and one caput succe-
daneum (Fig 1).

Discussion
In our neonatal and early infancy series, semi-

ology and lesion number deviated considerably
from those seen in older patients. We will first dis-
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cuss findings on a lesion-by-lesion basis, then re-
view the clinical, technical, and differential diag-
nostic implications.

White Matter Anomalies

Using MR imaging, we detected white matter
anomalies in all patients. By contrast, others have
found fewer (93% in patients 1 month to 27 years
old [15]) or even considerably fewer (21%; 91% in
patients over 2 years old [20]) white matter anom-
alies in their MR series. Furthermore, the median
number of white matter anomalies in our group is
24, versus a mean of six reported by others (15).
Thus, the white matter anomalies/tuber ratio was
2.8 (see Table) as opposed to 0.52 (15). This six-
fold relative increase in the ratio probably reflects
two factors. that T1-hyperintense white matter
anomalies may be better detected in neonata
brains, and that our patients may have an increased
number of lesions, since they represent a selection
of very young infants with early onset of infantile
spasms and/or large cardiac rhabdomyomas, both
ominous signs for clinical outcome (20, 21). Cor-
respondingly, a mean of more than six white matter
anomalies has only been reported in retarded chil-
dren (9). In that series of 110 patients aged 3
months to 18 years, no correlation between age and
number of lesions could be detected by X-ray CT.

The prevailing radial ventriculofugal pattern of
the white matter anomalies is explained by embry-
ologic development (15, 22), the white matter
anomalies representing altered development along
the migratory pathways of neurons and glia.

Rarely, high frontoparietal punctate hypointense
white matter anomalies could be perceived on T2-
weighted images, as the early myelination in this
area renders them lower in free protons than the
adjacent white matter. Conversely, T2-weighted
imaging missed more than half the entire number
of white matter anomalies, the proportion being
even higher in the deep white matter.

Tubers and Transmantle Dysplasias

Thirty-eight of 69 tubers were missed on T2-
weighted images that were visible on T1-weighted
images (Table). This can be explained by similarly
long relaxation times in the highly cellular tubers
and the unmyelinated brain, and goes along with
earlier reports (12, 13, 15). However, even combin-
ing al MR sequences, fewer tubers could be de-
tected in our patients (median, five tubers per pa-
tient; range, none to 30; tuber/white matter
anomaly ratio, 0.35) as compared with a series
spanning a wider age group: mean, 11.6 tubers per
patient; range, none to more than 50; tuber/white
matter anomaly ratio, 1.9; patients’ ages, 1 month
to 27 years (15). Given the fact that disorganized
clusters of poorly differentiated glioneural elements
are present from the time embryologic migration is
disturbed (8-22 weeks) (12, 23), thisis unlikely to
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result from the presence of different numbers of
tubers at different ages. On the contrary, it has been
shown (20) that patients who presented with sei-
zures between ages 0 and 3 months, later had a
mean of 19.2 tubers revealed by MR imaging. The
likelihood of the first seizure being an infantile
spasm increased significantly (P < .001) with an
increasing number of tubers. Although, in contrast
to our evauation criteria, these investigators in-
ferred the presence of a cortical tuber from archi-
tectural distortion or signal anomalies immediately
subjacent to the cortex, this difference alone should
not quadruple the number of tubers and would not
have done so in our patients. It is more reasonable
to assume that brain maturation, hamartomatous
growth, and dystrophic calcification render tubers
more conspicuous over time. Additionally, the hy-
perintense appearance of the cortex on T1-weighted
images (Figs 1, 2, and 5) may mask purely intra-
cortical anomalies. Thus, some tubers may have
been missed if the gray/white matter junction was
not bulging, a fact demonstrated in a pathologic-
radiologic correlation study by Nixon et a (24),
accounting for 7% of all tubers missed on T1-
weighted images but in turn picked up on T2-
weighted images. Still, our results do not support
previous conclusions that tuber visualization, and
hence diagnosis of tuberous sclerosis based on MR
imaging findings, can only be reliably achieved af-
ter the age of 16 to 18 months (25).

The tuber distribution (see Table) for the frontal,
parietal, and occipital lobes matches the numbers
reported by Braffman et a (15), whereas Houser et
a (25) report a higher prevalence of frontal lobe
tubers (up to 90%). The percentage of temporal
lobe lesions in our patientsis five times higher than
that in other series (15). This higher temporal lobe
prevalence, in turn, coincides with an analysis of
patients with infantile spasms who had amost
twice as many temporal lobe tubers as patients with
a first presentation of generalized seizures (20). A
recent report links temporal lobe tubers to autism
in tuberous sclerosis, possibly a result of severe
intellectual deficiency due to extremely frequent
seizures (26).

A large frontal lobe tuber load, if combined with
infantile spasms, is an ominous sign for neuromo-
tor development, as frontal |obe tubers induce more
secondary bilateral synchronies, which are drug-re-
sistant (27). Correspondingly, Hayashi et al (28)
report a solitary frontal lobe tuber in a 6-day-old
neonate presenting with infantile spasms, and
Shepherd et al (20) suggest that a large number of
frontal lobe tubers is a predictor of mental
retardation.

All our patients had more tubers in the left hemi-
sphere than in the right. This observation seems to
substantiate speculations that lesions in the domi-
nant hemisphere have a higher rate of epileptogen-
icity. In general, left-right asymmetry of neurora-
diologic findings in tuberous sclerosis (15) and
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asymmetric clinical presentation of infantile
spasms (29, 30) are not unusual.

Based on the classification proposed by Braff-
man et al (15) we diagnosed two questionable cases
of so-called Pellizzi type 2 tubers. These research-
ers had first described this pattern in analogy to the
pathologic report by Pellizzi (17) and found it in
12% of their patients. Given the imaging appear-
ance (see Figs 2 and 3) and the young age of our
patients, it seems more likely that they represent a
malformation of cortical development (31), with a
large overlying subarachnoid space rather than a
central depression resulting from atrophy (32). This
is supported by other cases in which the histologic
borderline between tuberous sclerosis and other
forms of cortical dysplasiais not well defined (33,
34); indeed, many consider the cerebral lesions of
tuberous sclerosis to be malformations of cortical
development (15, 35, 36).

Two of our patients had severe transmantle anom-
dies with contiguous tubers, white matter anoma-
lies, and subependymal nodules, both left hemi-
spheric (Figs 2 and 3). This is compatible with a
worst-case scenario, as both transmantle dysplasia
and dominant-hemisphere lesions are known to be
very epileptogenic (18).

The calcification identified in one tuber (Fig 3)
supports previous reports demonstrating calcified
tubers at very early ages (28), even in newborns
(37). Furthermore, it shows that the concentric pat-
tern of calcification depicted on sequential MR and
CT examinations changes over time. There have
been reports of a targetlike calcified tuber with a
T1 hyperintense rim in an infant of 8 months (38)
and of gyriform calcifications in tuberous sclerosis
that simulated Sturge-Weber disease (39). Regan
(32) found a corresponding pattern of concentric
spheres of calcium in pathologic specimens of
subependymal hamartomas. The varied MR ap-
pearance can be explained by varying crystalline
surface areas (40—42), possibly in different ““gen-
erations” of calcium deposits. The relatively long
T1 relaxation time of the surrounding infant brain
accentuates this effect (14, 16). From the similar
MR appearance in Figure 2B we infer early calci-
fication already in this 1-week-old neonate (she
was not examined by CT).

Subependymal Nodules

All patients in our group had subependymal nod-
ules. The median of 13 subependymal nodules per
patient is very high compared with the 3.8 per pa
tient seen on CT scans by Altman et a (16) or the
Six per patient seen on MR images by Braffman et
a (15). The usual percentage of patients with more
than 10 subependymal nodules is 12% (43) versus
57% (four of seven) in our group. Our results mir-
ror the known predilection for the foramina of
Monro and the atria, but we found a surprisingly
high rate of temporal subependymal nodules (26%
of all subependymal nodules versus 2.2% seen by
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Braffman et al [15]), paralleling the high preva-
lence of tubers and white matter anomalies in the
temporal lobe. All these observations most likely
reflect the severity of the phenotype of the neonate
presenting with infantile spasms.

The signal of the subependymal nodules was al-
ways T1 hyperintense and T2 iso/hyperintense,
suggesting either cellular lesions or the presence of
hydrated calcium (40-42). In the older patients
(Figs 5 and 6), subependymal nodule signal inten-
sity blended with advanced periventricular myeli-
nation, rendering detection on T1-weighted images
more difficult. But, unlike tubers and white matter
anomalies, there was no reversal of signal intensity
in the older patients (Figs 5A and 6A).

Subependymal Giant Cell Astrocytomas

Although none of our patients had surgical proof
of intraventricular lesions, we saw two in seven
patients with three very likely SGCAs. This is in
the range of the 17% to 20% reported in other se-
ries (15, 43). Others (44—46) have already reported
isolated cases of SGCA in very young infants, even
before birth (47). This observation emphasizes that
these tumors can evolve in utero. The fact that no
patient in the series of Kingsley et a (9) had SGCA
diagnosed before 3.5 years of age again reflects the
more severe affliction in our neonates.

Interestingly, Menor et al (43) reported that 80%
of SGCA manifestations were associated with car-
diac rhabdomyomas; we saw one such association
among the two patients with SGCA.

Cysts

Cystic white matter lesions have recently been
proposed to be a feature of tuberous sclerosis (48).
These authors discuss cystic white matter degen-
eration, enlarged perivascular spaces, or neuroepi-
thelial cysts. Others have suggested that infarctions
due to tuberous sclerosis—related arterial (49) or ve-
nous anomalies (50) could lead to cystic encepha-
lopathy. The only cysts that we observed occurred
in the neonate with severe hydrocephalus (Fig 4).
The cause and significance of these lesions remain
obscure.

Clinical Sgnificance

Our study group was composed of neonates with
severe tuberous sclerosis. All except one asymp-
tomatic twin had serious clinical signs. It is known
that mental retardation develops in 86% of patients
with tuberous sclerosis who present with infantile
spasms (20). On the other hand, although ultimate-
ly 78% to 90% of al patients with tuberous scle-
rosis will have epilepsy, and 53% of patients with
tuberous sclerosis will have a learning disorder, the
4% in whom seizures develop after 16 years of age
are not cognitively impaired (20, 51).
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The number of tubers and the risk of retardation
are positively correlated. A recent metaanalysis
(10) has established that the threshold for mental
retardation is around seven tubers, although an av-
erage number of 18 tubers per handicapped patient
(20) and cut-offs between five (52) and 11 (43)
tubers have been reported. It is evident that the ear-
ly age of onset and the fact that 90% of patients
with tuberous sclerosis who present with infantile
spasms will continue to have frequently pharma-
coresistant seizures are important pathogenetic fac-
tors (10, 20, 21). Thus, patients with uncontrollable
seizures and well-localized epileptogenic foci in
whom a diagnosis is made early in life may benefit
from accelerated epilepsy surgery (53).

The neuroradiologic tuber count is, thus, a sta-
tistical predictor of outcome and alows for a
cautious individual prognosis. However, genetic
counseling is difficult, owing to a high rate of spon-
taneous mutations and mosaicisms (5, 54). Adding
to the difficulty of parental counseling are the find-
ings in a recent analysis that suggest that sporadi-
cally occurring tuberous sclerosis, like all that in
our group, is often more severe than familia dis-
ease (3).

Conversely, cardiac rhabdomyomas, with a rate
of occurrence of 50% (55), spontaneously regress
within the first 6 years of life (12, 56). Other vis-
ceral hamartomas develop after 2 to 3 years of age
(57). The presence of renal angiomyolipomas, rena
cysts, and renal carcinoma, found in 49%, 32%,
and 2.2.% of patients with tuberous sclerosis, re-
spectively (58), positively correlates with age.
These entities can be screened and effectively treat-
ed, thus preventing tumor hemorrhage or renal fail-
ure (51, 59). Pulmonary lymphangioleiomyomato-
sis occurs in 1% of patients, all female (60), and
about half of these have benign courses or can be
controlled by hormone therapy (61); the others may
require lung transplants (62). Thus, manifestations
and symptoms of cerebral tuberous sclerosis are the
most important factors that determine clinical
outcome.

Imaging Technique

For successful imaging of cerebral lesions in ne-
onates and young infants with tuberous sclerosis,
T1-weighted sequences in two orthogonal planes
are most important. Section thickness should be
4 mm or less, and the gap as small as possible. If
available, a volumetric T1-weighted sequence
should be obtained and reformatted for optimal as-
sessment of the brain. White matter anomalies and
subependymal nodules were best appreciated on
axial and sagittal T1-weighted images, probably
because these planes allow maximal visualization
of the longitudinal extent of most white matter
anomalies and of the subependymal nodules of the
temporal horns. An axial T2-weighted sequence
serves to exclude other causes of T1 shortening,
such as hemorrhage, but is less important for as-
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sessing the number and extent of tuberous sclerosis
lesions. In our group, contrast material did not add
to the radiologic work-up.

Other groups have reported that fluid-attenuated
inversion-recovery (FLAIR) sequences (63) and
magnetization transfer (64, 65) helped depict more
tubers and white matter anomalies than did con-
ventional SE images in older children and adults,
facilitated differentiation between subependymal
nodules and SGCA, and minimized the use of con-
trast material. In neonates and young infants, how-
ever, both techniques are of limited value: magnet-
ization transfer because it diminishes T1 effects
from myelin (which are not present in neonates),
and FLAIR because it relies on T2 contrast, which
is less effective in depicting brain anomalies in
these patients.

Differential Diagnoses

Although the complete constellation of intracra-
nial tuberous sclerosis findings in early infancy is
quite characteristic, the presence of a solitary or a
few hyperintense lesions can pose a diagnostic
problem. The most misleading and, in terms of
clinical implications, most important differential di-
agnosis is subacute hemorrhage, the more so since
both conditions frequently are found in neonates
with seizures. CT cannot always solve that dilem-
ma, as, owing to the high water content of the un-
myelinated brain, even noncalcified tuberous scle-
rosis lesions can be hyperdense (16). Additionally,
the inherent high water content reduces the visibil-
ity of edema as an auxiliary sign. Viewing T1-
weighted images in multiple planes to ook for ra-
diation from the ventricular surface can be useful
in differentiating the two. Parenchymal lesions,
such as white matter anomalies and tubers, if ap-
propriately round or diffuse, may be difficult to de-
tect until the time of signal reversal at about 6
months; again, looking for radiation of T1 short-
ening from a suspected lesion to the ventricular sur-
face may be helpful. Subependymal nodules can
mimic germinal matrix hemorrhage; however, the
known involution of the germinal matrix after ap-
proximately 32 postconceptional weeks makes this
a problem primarily in premature infants, who rep-
resent a vast minority of cases. The identification
of associated linear parenchymal foci of T1 short-
ening radiating perpendicular to the ventricle will
help to establish the proper diagnosis. If there are
several parenchymal foci, hemorrhagic emboli
might be considered; these are unlikely to be linear
or transmantle in configuration. Linear white matter
anomalies can be mistaken for thrombosed trans-
medullary veins (66).

Another possible differential diagnosis is con-
genital infection. In particular, ependymal calcifi-
cations and cortical malformations can be seen with
congenital cytomegalovirus infections (67); the af-
fected infants might also have infantile spasms.
However, patients with congenital cytomegalovirus
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typically have a diffuse petechial rash and hepato-
splenomegaly, which would help to differentiate
them from patients with tuberous sclerosis. Subep-
endymal nodular heterotopia (68—70) may be con-
fused with subependymal nodules, although heter-
otopias should always be isointense with gray
matter and never enhance with contrast material.
Solitary tubers may occur in 3% of tuberous scle-
rosis cases (38) and thus may be confused with
cortical dysplasias of other causes (33, 34), such as
transmantle dysplasias (18) or focal subcortical het-
erotopia (31). There is not only a neuroradiologic
but also a considerable histopathologic overlap
among these entities (71) owing to the fact that
different incidents at the same point of embryolog-
ical evolution or the same incident at different
points in time may bring about similar or different
developmental anomalies, further varying with lo-
cation or extent of damage (36). The situation may
be further confounded by somatic mosaicism (36,
54).

Conclusion

Early imaging (before age 3 months) in a small
series of patients with tuberous sclerosis and infan-
tile spasms revealed severely afflicted brains with
more white matter anomalies, subependymal nod-
ules, SGCA, transmantle dysplasias, |eft-hemi-
spheric lesions, and temporal lesions, but with few-
er tubers than found in other series that consisted
of mostly older patients. MR imaging revealed a
great number of brain anhomalies, as they were hy-
perintense relative to immature white matter on
T1-weighted sequences and hypointense on T2-
weighted sequences. White matter anomalies, sub-
ependymal nodules, and SGCA seem to be detected
better in neonates than in children older than 6
months of age. Although detection of cortical tu-
bers is more difficult than it is after myelination is
complete, T1 hyperintensity makes tubers that ex-
tend into the subcortical white matter quite con-
spicuous against the hypointense unmyelinated
white matter. These findings argue against delaying
MR imaging until the infants are older. As myeli-
nation proceeds, the signal intensities of gray and
white matter start to reverse at approximately 6
months of age, causing a period of further dimin-
ished sensitivity, which ultimately results in the
mature relative signal intensity of the malforma-
tions. A future study should determine the precise
timing of this transition.
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