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Pulsed Arterial Spin-Labeled MR Imaging

ORIGINAL ) )
reseArcH | Evaluation of Tuberous Sclerosis
J.M. Pollock BACKGROUND AND PURPOSE: Tuberous sclerosis presents with characteristic cortical hamartomas
C.T. Whitlow and subependymal nodules associated with seizures. The purpose of this study was to use pulsed
H. Tan arterial spin-labeling (PASL) to quantify the perfusion of the cortical hamartomas and correlate the
RA .K ft perfusion values with seizure frequency.
A. Kra
J.H. Burdette MATERIALS AND METHODS: A retrospective search yielded 16 MR imaging examinations including
J.A. Maldii conventional MR imaging and PASL perfusion performed in 13 patients (age range, 7 months to 23
.A. Maldjian

years) with a history of tuberous sclerosis. The mean perfusion of each cortical hamartoma greater
than 5 mm in size localized with conventional MR imaging sequences was obtained with use of
manually drawn regions of interest. Cortical hamartomas were classified as normal, hyperperfused, or
hypoperfused on the basis of the mean and SD of the unaffected cortex. Correlation was made
between perfusion imaging, conventional imaging, and clinical history.

RESULTS: Of the 245 cortical hamartomas, 227 (92.7%) were hypoperfused, 10 (4.1%) were hyper-
perfused, and 8 (3.3%) were unchanged relative to the mean gray matter. One patient had a sub-
ependymal giant cell astrocytoma with a mean perfusion of 93.5 mL/100 g tissue/min. There was a
statistically significant positive correlation between seizure frequency and the number of hyperper-
fused cortical tubers (r = 0.51; n = 16; P = .04), with higher seizure frequency associated with a
greater number of hyperperfused cortical tubers. There was no significant correlation, however,
between seizure frequency and the overall number of cortical tubers (r = 0.20; n = 16; P = .47).

CONCLUSIONS: The PASL technique can assess and quantify the perfusion characteristics of a cortical
hamartoma. Most lesions are hypoperfused; however, both normally perfused and hyperperfused
lesions occur. The presence of hyperperfused cortical tubers was associated with increased seizure
frequency.

Tuberous sclerosis classically presents with the clinical triad
of seizures, adenoma sebaceum, and mental retardation.
There are protean imaging manifestations of the disorder in-
cluding, but not limited to, angiomyolipomas, subependymal
nodules, cortical hamartomas, and subependymal giant cell
astrocytomas.' Cortical hamartomas are the result of abnor-
mal cellular proliferation.” In rare instances, these lesions may
also degenerate into astrocytomas.” MR spectroscopy has
shown abnormal metabolites in the cortical tuber thought to
be secondary to gliosis or neuronal dysfunction.®” The spec-
troscopic findings correlated with the histologic specimens,
which showed aberrant synapse formation, enlargement of
the gyri, an indistinct gray-white matter border, and astroglio-
sis.'”'? The white matter adjacent to the cortical tubers fre-
quently is abnormal and can have giant cells, hypomyelina-
tion, astrogliosis, and neuronal loss.'%12 Positron-emission
tomography (PET) imaging has shown hypometabolism of
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the pathologic lesions reflecting the inherent neuronal dys-
function of the cortical tuber.'>'®

Perfusion imaging findings in the cortical hamartomas
have not been well described in the literature.'®'® Technetium
Tc99m hexamethylpropyleneamine oxime single-photon emis-
sion CT (SPECT) has revealed hypoperfusion in cortical tu-
bers, and decreased cerebral blood volume has been shown
with use of dynamic susceptibility contrast (DSC) MR perfu-
sion techniques.'®'” Pulsed arterial spin-labeling (PASL) has
several advantages compared with nuclear medicine and DSC
techniques in the evaluation of cortical tubers. The perfusion
imaging can be performed during the structural MR imaging
evaluation. PASL requires no radiation, no intravenous con-
trast, and no power injection, which may be problematic in
young patients. PASL is repeatable in the same session and can
quantitate cerebral blood flow (CBF).'®!*2°

We present the cortical hamartoma perfusion imaging
findings in a series of 13 patients evaluated with PASL. We
propose that most lesions are hypoperfused; however, a sig-
nificant percentage of lesions will show normal perfusion or
hyperperfusion. An accurate depiction of the perfusion char-
acteristics of the cortical tubers is necessary before using the
perfusion findings for localization of the epileptogenic focus.

Materials and Methods

The PASL technique was performed in 9000 consecutive clinical MR
imaging examinations performed on both 1.5 and 3T scanners from
December 2006 through July 2008. We retrospectively identified
those cases of patients with a clinical history of tuberous sclerosis.
Patient characteristics, including seizure frequency, cortical hamar-
toma burden, and conventional imaging findings were correlated
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Cortical hamartoma perfusion imaging findings in a series of 13 patients evaluated with pulsed arterial spin-labeling

Mean Mean
Seizures No. Cortical No. No. No. Normally Mean Normal Hyperperfused Hypoperfused
Age per Seizure Hamartomas Hyperperfused Hypoperfused  Perfused GM Perfusion Lesions Lesions
Pt (yr) Week Frequency >1c¢cm Hamartomas Hamartomas Hamartomas (mL/100 g/min) (mL/100 g/min) (mL/100 g/min)
la 07 0 None 12 0 " 1 63.8 26.5
1b 12 0 " 1 67.9 26.3
2a 7 0 None 10 0 10 0 116.6 63.8
2b 9 0 6 3 123.0 79.8
3 2 1 1 per week 21 0 21 0 173.6 104.6
4a 8 2 2 per week, left 9 3 5 1 108.1 155.1 68.1
facial twitch
4b 9 3 6 0 112.4 154.0 353
5 7 0 None, last 8 3 1 2 0 102.3 127.7 86.7
months
6 23 4 4 per week, 23 1 21 1 52.8 61.4 20.0
EEG left
temporal
7 5 0 None, last 3 41 0 4 0 131.4 23.0
months
8 3 3 34 per week 18 1 17 0 163.2 186.7 61.6
9 12 0 None last 10 5 0 5 0 85.4 25.6
years
10 6 0 None last 2 22 1 21 0 122.2 151.2 452
years
1M 3 0 None last 3 19 0 18 1 99.6 389
months
12 10 0 None last 3 8 0 8 0 84.6 22.8
months
13 1 2 1-2 per week 24 0 24 0 60.0 23.8

Note:—Pt indicates patient; EEG, electroencephalogram; GM, gray matter.
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Perfusion (ml/100g tissue/min)

Patient number

u Average Hypoperfused

® Average Grey Matter Perfusion

w Average Hyperperfused Lesions

Fig 1. Summary of hamartoma perfusion data for each patient. The average of the hyperperfused lesions is shown in green. The average of the hypoperfused lesions is shown in blue.

The mean unaffected gray matter perfusion is shown in red.

with cortical hamartoma perfusion values. Seizure frequency, age,
hamartoma burden, average gray matter perfusion, and average
hamartoma perfusion values are listed in the accompanying Table.
Thirteen patients (mean age, 6.8 years; age range, 7 months to 23
years) were identified with a history of tuberous sclerosis. The mean
perfusion values of each patient are summarized in Fig 1. Eight pa-
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tients had no seizures within the last 3 months. Five patients had 1 to
4 seizures per week.

We generated quantitative CBF maps by using a quantitative im-
aging of perfusion using a single subtraction with thin-section TI
periodic saturation (Q2TIPS) flow-sensitive alternating inversion re-
covery sequence.?' This sequence generates 60 tag and control image



Fig 2. Hypoperfused cortical tuber. Axial T2 (/eft), axial T1 (center), and quantitative CBF map from the PASL sequence show a cortical tuber (arrowheads) with high T2 signal intensity,

mixed T1 signal intensity, and significant hypoperfusion on PASL.

Fig 3. Hyperperfused and hypoperfused cortical tubers. Axial T2-weighted image shows multiple cortical tubers in the right parietal lobe. Additional smaller tubers are seen in the left
frontal cortex. Quantitative CBF map from the PASL sequence demonstrates alternating bands of hypoperfusion (arrowhead) and hyperperfusion (arrow) corresponding to the tubers.
Additional areas of hyperperfusion are seen in the cortex, but these tubers did not meet size criteria to be included in the study.

pairs. Motion correction is applied, and the control and tagged image
pairs are then subtracted to generate relative perfusion signal intensity
maps. The perfusion maps are segmented according to the anatomic
T1-weighted image and then are scaled by the mean signal intensity
(MO) of blood. The segmentation and scaling step allows for voxel-
wise computation of absolute CBF maps. The perfusion maps are
colorized with a standard scale, and the JPEG of the resulting image
series is sent to the PACS.*>*

We localized cortical hamartomas using the conventional T1-
and T2-weighted sequences. We cross-referenced the gray-scale
PASL images to the conventional sequences to draw regions of
interest on the PASL sequence corresponding to the cortical signal
intensity abnormality. Mean CBF of the region of interest was
recorded. As an internal control, the mean and SD of 20 regions of
interest of unaffected gray matter (no cortical or adjacent white
matter signal intensity abnormality) in the same patient were re-
corded. Hyperperfused and hypoperfused lesions were defined as
perfusion measurements respectively above and below 1 SD from
the mean. Normal perfusion was defined as within 1 SD of the
mean. Region-of-interest analysis of 1 patient with subependymal

giant cell astrocytomas (SEGAs) was also included but was re-
ported separately from the cortical tubers.

Statistical Analysis

The Pearson correlation coefficient was used to investigate the rela-
tionship between seizure frequency and total number of cortical tu-
bers, as well as number of normoperfused, hyperperfused, and hy-
poperfused cortical tubers. The Pearson correlation coefficient was
also used to investigate the relationship between the overall number
of cortical tubers and the number of normoperfused, hyperperfused,
and hypoperfused cortical tubers. We performed all statistical analy-
ses by using the Statistical Package for the Social Sciences 16.0 (SPSS,
Chicago, II).

Results

We identified 245 cortical hamartomas greater than 5 mm in
size in 13 patients: 227 (92.7%) were hypoperfused (Fig 2), 10
(4.1%) were hyperperfused (Fig 3), and 8 (3.3%) were un-
changed relative to the mean gray matter. The mean CBF of
the hypoperfused hamartomas was 46.9 mL/100 g tissue/min
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Fig 4. Subependymal giant cell astrocytomas on T1 postcontrast and PASL. Mean perfusion of the lesions was 93.5 mL/100 g/min. Despite some calcifications in the tumors, the PASL
sequence still showed that the lesions (arrow and arrowhead) were significantly hyperperfused relative to mean gray matter. A third lesion is partially seen on the contrasted image at

the left foramen of Monroe.

(range, 4.7-147.7 mL/100 g tissue/min). The mean CBF of the
hyperperfused hamartomas was 127.6 (range, 61.4-196.9 mL/
100 g tissue/min).

Preliminary analyses were performed to ensure no viola-
tion of the assumptions of normality, linearity, and homosce-
dasticity for the correlation analysis. There was a strong and
statistically significant positive correlation between seizure
frequency and the number of hyperperfused cortical tubers
(r = 0.51; n = 16; P = .04), with higher seizure frequency
associated with a greater number of hyperperfused cortical
tubers. There was no significant correlation, however, be-
tween seizure frequency and the overall number of cortical
tubers (r = 0.20; n = 16; P = .47), number of normoperfused
cortical tubers (r = —.06; n = 16; P = .82), or hypoperfused
cortical tubers (r = 0.14; n = 16; P = .61).

Region-of-interest analysis of the 1 patient with 2 SEGAs
showed the mean perfusion values in these lesions to be
93.5 mL/100 g/min, greater than 2 SDs above the mean unaf-
fected gray matter perfusion of 60 mL/100 g/min.

Discussion
Tuberous sclerosis complex (TSC) is an autosomal-dominant
disorder with a high spontaneous mutation rate. TSC1 or
TSC2 gene mutations, which generate the proteins hamartin
and tuberin, result in the clinical manifestations of the disor-
der. The tumor suppressor protein malfunction causes the va-
riety of disease manifestations on the basis of the expression
and distribution of the proteins.** The more severe the tumor
suppressor protein malfunction, the more severe the clinical
manifestations.”> Cortical tuber burden has been correlated
with seizure onset and frequency, with mixed results.***® Our
study showed no statistically significant correlation between
total cortical tuber count and seizure frequency. The pheno-
type and mutational analysis of the patients in our study are
unknown. The variability in cortical tuber count and symp-
toms may be related to underlying genetic variability in our
series.

Hamartomas have been reported to degenerate into astro-
cytomas.”™ Two SEGAs had developed in 1 patient. Mean per-
fusion values in these lesions were significantly increased
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(mean, 93.5 mL/100 g/min) compared with unaffected gray
matter (mean, 60 mL/100 g/min) despite susceptibility arti-
facts from calcifications in the SEGAs (Fig 4). Given the lim-
ited number of SEGAs in our study, the sensitivity and speci-
ficity of hyperperfusion in a SEGA remain uncertain and
would need a larger study for further evaluation.

In our study, to improve the accuracy by avoiding spurious
CBF measurements given the low signal-to-noise ratio of the
PASL sequence, we did not include lesions smaller than 5 mm.
The cortex involved with smaller hamartomas had perfusion
heterogeneity, but no single cortical hamartoma greater than 5
mm in size could be localized to the perfusion abnormalities.
It is possible that our study underestimated the number of
hamartomas because of the size threshold.

Another limitation of PASL was that currently our se-
quence generates CBF only and does not characterize changes
in cerebral blood volume or mean transit time. Dynamic sus-
ceptibility contrast has been used to evaluate malformations of
cortical development.'® Widjaja et al'® found a significant re-
duction in the hamartoma blood volume but no significant
difference in transit time in patients with tuberous sclerosis
complex. They also noted that several hamartomas had nor-
mal blood volumes. Presumably, lesions in our study were
hypoperfused because of decreased blood volume, and those
with normal perfusion had normal blood volumes. Widjaja et
al'® examined 59 tubers and may not have had enough patients
to detect the small population of hyperperfused tubers. We
believe the hyperperfused tubers in our study would show in-
creased blood volume, which may be an intrinsic property of
the tuber or reflect epileptogenic activity.

Cortical hamartomas can have an indistinct transition
from gray to white matter on histologic examination.'®** The
PASL sequence relies on gray and white matter segmentation
to quantify perfusion values. If segmentation is inaccurate,
erroneous perfusion values can be reported.”> High-resolu-
tion T1-based segmentation maps acquired for all patients
were able to accurately distinguish gray and white matter de-
spite the presence of the tubers. The use of the patient with
TSC as an internal control group has some theoretic problems.
The “unaffected cortex” on imaging may have microscopic



pathologic changes that cannot be detected with current neu-
roimaging techniques.” It is unknown whether the micro-
scopic changes can significantly alter local cerebral perfusion.
The internal control was selected because of the age-dependent
variability in global pediatric cerebral perfusion.”**

Gliosis in the white matter adjacent to the hamartoma has
been described previously.”® This gliotic white matter may be
contributing to the perfusion measurements. It is possible
that the regions of interest included small portions of white
matter, which could underestimate the perfusion values. Cal-
cifications within a cortical tuber could also artifactually lower
PASL perfusion measurements because of the susceptibility
effects.?® Cortical tubers have been shown to calcify, but this is
more characteristic of subependymal nodules.'' The patients
in this series did not show calcifications or susceptibility arti-
facts in the selected cortical tubers.

Alternating bands of hyperperfusion and hypoperfusion
(Fig 3) have also been seen with nuclear medicine SPECT stud-
ies.'®*> However, the hyperperfused lesions were identified
during the ictal acquisition. The patients in our series did not
have clinically apparent seizures during or preceding perfu-
sion imaging. In 1 patient with hyperperfusion, the perfusion
pattern was stable at 6-month follow-up. We are uncertain if
the patient was having subclinical seizures or if the tubers had
baseline hyperperfusion. Although the patient population in
our study was small, those patients with hyperperfused corti-
cal tubers did have a statistically significant positive correla-
tion with clinical seizure frequency. However, only 3 of the 5
patients with frequent seizures had hyperperfused tubers, and,
in a similar fashion, 3 of the 5 patients with hyperperfused
tubers had seizures. This means that although there is a statis-
tically significant association between hyperperfused tubers
and seizures, a significant population of patients with seizures
will not have hyperperfused tubers. In practical terms, the re-
lationship between hyperperfusion and seizure frequency
seems to be an association rather causal. We are uncertain if
the identified hyperperfused tubers were the epileptogenic fo-
cus. Additional long-term studies with multimodality func-
tional imaging and postsurgical correlation would be neces-
sary to make this determination.

Various methods have been used to localize the epilepto-
genic cortical tuber in cases of focal intractable epilepsy. These
include electroencephalography, PET imaging, ictal SPECT,
and magnetoencephalography.'>'>'®33-40 Each isolated tech-
nique had variable success to correctly identify the problem-
atic cortical tuber. However, the favored approach is to use
multiple complementary imaging modalities to accurately
and confidently localize the epileptogenic focus before sur-
gical resection,'?!>18333%373941 \When seizures can be local-
ized to a single epileptogenic tuber, surgical resection has
proved beneficial, with significant reductions in seizure fre-
quency.'>'#3%?538 Fyture studies with PASL could localize
the epileptogenic tuber by establishing the baseline perfusion
values of the cortical hamartomas and evaluating the perfu-
sion change associated with the ictal or postictal state similar
to nuclear medicine SPECT examinations.'®*

Conclusions
The perfusion characteristics of cortical hamartomas have not
been previously evaluated with PASL perfusion imaging. The

stratification of lesions into high, low, and normal groups
with use of unaffected gray matter as an internal control shows
that most lesions are hypoperfused; however, a significant
number of lesions are hyperperfused. The presence of hyper-
perfused cortical hamartomas is associated with an increased
frequency of seizure activity. Future studies may incorporate
PASL into the seizure algorithm by use of perfusion changes to
complement multimodality localization of the epileptogenic
hamartoma.
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