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Dynamic Contrast-enhanced T2*-weighted MR Imaging

of Recurrent Malignant Gliomas Treated with
Thalidomide and Carboplatin

Soonmee Cha, Edmond A. Knopp, Glyn Johnson, Andrew Litt, Jon Glass, Michael L. Gruber, Stanley Lu, and

David Zagzag

BACKGROUND AND PURPOSE: Dynamic, contrast-enhanced MR imaging has allowed
quantitative assessment of cerebral blood volume (CBV) in brain tumors. The purpose of our
study was to compare postcontrast T1-weighted imaging with dynamic, contrast-enhanced T2*-
weighted echo-planar imaging in the evaluation of the response of recurrent malignant gliomas
to thalidomide and carboplatin.

METHODS: Serial MR imaging was performed in 18 consecutive patients with recurrent
malignant gliomas receiving both thalidomide and carboplatin for 12-month periods. Six pa-
tients undergoing carboplatin therapy alone were chosen as control subjects. Conventional
postcontrast T1-weighted images were compared with relative CBV (rCBV) maps calculated
on a pixel-by-pixel basis from dynamic echo-planar imaging data. Tumor progression was
evaluated clinically using established criteria for malignant gliomas. Studies were performed
at 2- to 3-month intervals, and imaging and clinical findings were compared.

RESULTS: Tumor response to treatment, based on clinical findings, did not correlate well
with conventional imaging findings. The rCBV values decreased significantly in all patients
between the start of therapy and the first follow-up in the study group, but not in the control
group. The difference in rCBV values between the clinically stable and the progressive group
at 12-month follow-up was statistically significant, with the progressive group having higher

values.

CONCLUSION: Dynamic, contrast-enhanced MR imaging is a valuable adjunct to conven-
tional imaging in assessing tumor activity during antiangiogenic therapy, and correlates better
than conventional studies with clinical status and response to therapy.

Conventional chemotherapy, targeting mitotic ac-
tivity, israrely effective in treating recurrent gliom-
as (1-4). Angiogenesis is one of the most malig-
nant features of recurrent high-grade glioma, and
the recent emergence of antiangiogenic agents of-
fers the hope of more effective treatment. Thalid-
omide has recently been approved for limited use
in dermatologic complications of leprosy. Thalid-
omide's antiangiogenic properties have been well
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documented (5-7) and it has shown activity against
gliomas in phase | trials (8, 9).

With advances in adjuvant chemotherapy, pa-
tients with malignant gliomas are living longer and
there is a need for more sophisticated imaging sur-
veillance of tumor progression. Clearly, a method
for monitoring the efficacy of antiangiogenic agents
would aid both research and treatment planning. It
is often difficult to evaluate progression of malig-
nant gliomas on conventional postcontrast T1-
weighted MR images alone; however, because ab-
normal enhancement is nonspecific and cannot
differentiate tumor progression from therapy-relat-
ed changes. Dynamic, contrast-enhanced T2*-
weighted echo-planar MR imaging has previously
been shown to be helpful in assessing tumor vas-
cularity (10-12) and may fill this need. The pur-
pose of our study was therefore to compare po-
stcontrast T1-weighted imaging with dynamic,
contrast-enhanced T2*-weighted echo-planar im-
aging in monitoring the response of recurrent ma-
lignant gliomas to treatment with thalidomide and
carboplatin.
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M ethods

MR imaging studies were performed in 18 consecutive pa-
tients with recurrent malignant gliomas who were enrolled in
atrial to investigate treatment with thalidomide and carbopla-
tin (9). All 18 patients received external beam radiation at the
time of their initial diagnosis after surgical resection of the
original tumor. The institutional board of research associates
at our institution approved the treatment protocol. The follow-
ing criteria were used for patient selection: 1) the presence of
recurrent high-grade gliomas confirmed by biopsy or tumor
resection at the time of suspected clinical recurrence; 2) pa-
tient’s age greater than 18 years; 3) patient's Karnofsky per-
formance status greater than 70%; 4) previous chemotherapy
limited to nonplatinum agents; 5) no prior treatment with tha-
lidomide; and 6) patient’s life expectancy at least 15 weeks.
The patient group consisted of nine women and nine men, 33
to 77 years old (mean age, 50 years). None of the patients had
received prior adjuvant chemotherapy with thalidomide or car-
boplatin. Informed consent was obtained from all patients.

Six patients (three men and three women, 27—64 years old,
mean age, 46 years) undergoing high-dose carboplatin therapy
without thalidomide for recurrent malignant gliomas served as
a control group. Like the study group, the control subjects had
all received irradiation and nonplatinum chemotherapy at the
time of initial diagnosis of malignant glioma.

MR imaging was performed at the start of therapy to deter-
mine initial tumor size and location, contrast enhancement pat-
terns, and perfusion imaging findings. During therapy, follow-
up imaging was performed every 2 to 3 months depending on
the clinical status of the patient. The following MR imaging
protocol was used: localizing sagittal T1-weighted images
were followed by T2-weighted (3400/119/1 [TR/TE/excita-
tions]) and fluid-attenuated inversion recovery (6500/105/1; in-
version time, 2500) images of the brain. From the T2-weighted
images, tumor location and size were estimated, and the slice
positions of the inferior and superior margins of the tumor
were recorded. Perfusion-weighted dynamic, contrast-en-
hanced images were then acquired as described below, and,
finally, postcontrast axial T1-weighted images were obtained.

Perfusion data were obtained by acquiring a series of echo-
planar images immediately before, during, and after injection
of a bolus of gadopentetate dimeglumine. The echo-planar im-
aging technigue consisted of a T2*-weighted (1000/54/1) se-
quence with a flip angle of 90° and a lipid-suppressed blipped
sequence (ie, the phase-encoding gradient was applied in short
pulses rather than continuously). Based on tumor size and po-
sition estimated from the T2-weighted images, five to seven
dlices, 5- to 7-mm thick (gap, 0—2 mm) were selected to cover
the entire tumor volume. The first 10 echo-planar imaging se-
quences were obtained before the contrast injection to establish
a precontrast baseline. At the 10th acquisition, contrast mate-
rial (0.1 mmol/kg) was injected by power injector at a rate of
3 or 5 mL/s (total volume of 20 mL) through an 18- or 20-
gauge angiocatheter, followed immediately by 20 mL of con-
tinuous saline flush.

The raw echo-planar images were transferred to a Sun
SPARC 5 station (Sun Computer, Mountain View, CA) for
processing. All software programs for postprocessing were de-
veloped in house by using C and IDL programming language
(Research Systems, Inc, Boulder, CO) (13). Details of data
processing are fully described by Knopp et a (10), and only
a summary will be given in this article. During the first pass
of the paramagnetic contrast bolus, there is a drop in signal
intensity on T2*-weighted images. Gadolinium concentration
can be inferred from signal intensity changes to obtain a plot
of tissue gadolinium concentration over time. The area under
this curveis proportional to the regional cerebral blood volume
(CBV) (14). Correction for contrast recirculation and leakage
(which invalidate the CBV calculation) was performed by sub-
tracting a baseline from under the contrast bolus. The begin-
ning and end of the bolus were defined as the images at which
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Diagnosis and outcome in the 18 patients with recurrent malignant
glioma who received both thalidomide and carboplatin

Clinica
Case Pathologic Outcome at
No. Age (y)/Sex Diagnosis 12 Months
1 50/F GBM D
2 42/F GBM D
3 36/M GBM D
4 s GBM D
5 62/M GBM D
6 46/M AOA R
7 48/F GBM R
8 37M GBM R
9 64/F GBM R
10 55/M GBM R
11 61/F GBM S
12 58/M GBM S
13 34/F GBM S
14 33/F GBM S
15 37M AGG S
16 50/F AA S
17 50/M GBM S
18 59/M GBM S

Note—GBM indicates glioblastoma multiforme; AOA, anaplastic
oligoastrocytoma; AGG, anaplastic ganglioglioma; AA, anaplastic as-
trocytoma; D, deceased; R, relapsed; S, stable.

the signal came within 1 SD of the mean pre- and postbolus
signal, respectively. The baseline drawn between these two
points was then subtracted from the signal.

The constant of proportionality is unknown in these calcu-
lations, so that CBV must be expressed relative to an internal
reference, such as the normal contralateral white matter. We
refer to these values as relative CBV, or rCBV. Additionaly,
a color overlay map was formed that showed the maximum
signal intensity drop during the passage of contrast bolus. The
color overlay was used both for a qualitative assessment of
perfusion changes and as a roadmap to select regions of inter-
est (ROIs) for rCBV measurements. At least 10 rCBV mea-
surements were obtained in different ROIs within the lesion to
yield a mean rCBV vaue. Mean rather than maximum rCBV
values were chosen to better reflect the overal degree of vas-
cularity. Serial rCBV measurements were recorded during the
12-month follow-up. Paired t-tests were used to determine
whether differencesin measured rCBV values were significant.

Two neuroradiologists evaluated serial conventional MR im-
ages for tumor size, the extent and pattern of contrast enhance-
ment, and the extent of peritumoral T2 signal abnormality. An
estimate of tumor size was obtained by taking the product of
the two largest perpendicular tumor diameters. Tumors that
showed a 25% increase or decrease in size between sequential
scans were characterized as progressively enlarging or regress-
ing, respectively, regardless of changes in contrast enhance-
ment pattern.

Clinical evaluation of each patient was performed by two
neurooncologists. All patients were monitored for toxicity
while undergoing treatment, and assessment of overall neuro-
logic status was recorded at each follow-up visit. Karnofsky
performance status was assessed at each follow-up, and clinical
symptoms and signs of tumor progression were closely mon-
itored. Clinical response was based on criteria proposed by
Macdonald et a (15) and was divided into four categories: 1)
complete response, total disappearance of al enhancing or
nonenhancing tumor or edema on MR images for at least 4
weeks; 2) partial response, a greater than 50% diminution in
tumor size on MR images, with improvement or stability of
neurologic status, lasting for 4 weeks or more; 3) stable dis-
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Fic 1. Case 12: 58-year-old man with GBM treated with carboplatin and thalidomide, without concomitant steroid therapy.

A-C, Postcontrast T1-weighted images. At the start of therapy, an irregularly enhancing mass is seen in the left parietooccipital region
(A). At 4-month follow-up, there is mild interval increase in contrast enhancement (B). At 8-month follow-up, a new area of abnormal
contrast enhancement is seen in the splenium of the corpus callosum (arrow) as well as lateral periatrial and ventricular involvement
(0).

D-F, Corresponding color overlay images. At the start of therapy, a focal area of hyperperfusion (arrow) is seen in the lateral aspect
of the left parietooccipital tumor (D). At 4-month follow-up, there is interval decrease in the perfusion abnormality in the same region
(arrow) (E). At 8-month follow-up, almost complete resolution of the perfusion abnormality is noted in the left parietooccipital lobe (arrow).
There is no abnormal perfusion corresponding to the contrast enhancement within the splenium of the corpus callosum. Although
conventional imaging findings are consistent with tumor progression, a lack of perfusion abnormality suggests otherwise. The patient
was clinically stable at 12- and 16-month follow-up examinations (F).

ease, a 0% to 50% reduction in tumor size, with improvement
or stability of neurologic status, lasting 4 weeks or more; and
4) progressive disease, an increase in tumor size on MR images
or clinical worsening despite lack of progression on MR stud-
ies. All responses were defined in a setting of stability or im-
provement in the neurologic examination with stable or de-
creased steroid requirement.

Results

None of the patients reported any adverse reac-
tion to rapid power injection of the contrast mate-
rial. Susceptibility artifacts inherent in echo-planar
imaging did not interfere with imaging or
postprocessing.

The pathologic diagnoses among the 18 patients
were as follows. glioblastoma multiforme (GBM)
(n = 15), anaplastic astrocytoma (n = 1), anaplas-
tic oligoastrocytoma (n = 1), and anaplastic gan-
glioglioma (n = 1). Among the control group of
six patients who received only carboplatin, four had
GBM, one had anaplastic oligoastrocytoma, and
one had anaplastic astrocytoma. At the time of clin-
ical recurrence, 15 patients underwent partial de-
bulking resections and three had biopsies. In the
control group, two patients had partial debulking
resections and four had biopsies.

The clinical outcome in the 18 patients in the
study group at 12-month follow-up was as follows:
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Fic 2. Case 3: 36-year-old man with bifrontal GBM treated with carboplatin and thalidomide, without concomitant steroid therapy.

A-C, Postcontrast T1-weighted images. At the start of therapy, a heterogeneous, irregularly enhancing right frontal GBM with areas
of necrosis extends into the contralateral frontal lobe (A). At 3-month follow-up, there is a decrease in contrast enhancement within the
bifrontal tumor (B). At 7-month follow-up, there is further decrease in contrast enhancement (C).

D-F, Corresponding color overlay images. At the start of therapy, a focal area of hyperperfusion is seen in the medial aspect of the
right frontal tumor (D). At 3-month follow-up, there is an interval decrease in the perfusion abnormality in the right medial frontal lobe
tumor (E). At 7-month follow-up, a new focus of hyperperfusion is seen in the left medial frontal lobe (arrow) without corresponding

abnormality on conventional T1-weighted image (F).

five had died, five had progression of symptoms,
and eight remained stable (see Table on page 882).
Four of five patients who relapsed clinicaly un-
derwent reoperation at our institution. In the con-
trol group, four died and two remained clinically
stable.

During the 12-month follow-up period, all but
one patient showed a progressive increase in the
extent of conventional contrast enhancement within
the tumor. In most tumors, there was a distinctive
pattern of change in contrast enhancement during
therapy. The enhancement filled in centripetaly,
from the periphery to the center, replacing the cen-
tral portion of the necrotic and/or postsurgical cav-
ity with solid contrast-enhancing tissues. Figure
1A—-C shows a typica enhancement pattern in a
patient with progressive increase in enhancement
over three follow-up examinations. Despite these

findings, suggestive of tumor progression, the pa-
tient remained clinically stable (ie, there were no
signs or symptoms of increasing intracranial mass
effect or progression of focal neurologic deficit,
and no further deterioration). Clinical status did
correlate with the perfusion findings (Fig 1D—F),
however, which showed no increase in perfusion
abnormality at follow-up with stable rCBV values.
None of the eight patients in the stable group
showed statistically significant increases in rCBV
during the therapy period, despite progressive in-
creases in conventional contrast enhancement.

In one patient, there was a significant decrease
in the contrast-enhancing portion of the right fron-
tal tumor during therapy, suggestive of tumor re-
gression (Fig 2A—C). MR perfusion imaging, how-
ever, disclosed new areas of hyperperfusion in the
contralateral frontal lobe, contradicting the conven-
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tional imaging findings (Fig 2D—F). This patient
had rapid clinical deterioration, leading to death
soon after the third follow-up examination. Another
patient in the relapsed group had only mild pro-
gression of abnormal enhancement in the left me-
dia frontal lobe (Fig 3A—C). There was, however,
a marked increase in perfusion abnormalities (Fig
3D—F) over a 9-month period, correlating well with
the patient’s deteriorating clinical status.

Overdl tumor size, as estimated by the tumor’s
largest cross-sectional area, progressively increased
in five (28%) of the 18 patients, decreased in one,
and did not significantly change in the remaining
12. None of the patients had greater than a 50%
reduction in tumor size over the course of 12
months. Those five patients with increasing tumor
size also had progressive increase in peritumoral
hyperintense signal abnormality on T2-weighted
images and two of the patients had new sites of
abnormal contrast enhancement remote from the
original tumor.

Study Group versus Control Group

Calculated rCBV values at each follow-up ex-
amination for the thalidomide and carboplatin
group and for the control group (carboplatin only)
are plotted in Figures 4 and 5, respectively. In the
control group, the initia and first follow up rCBV
valueswere 7.17 = 1.88 (mean = SD; range, 4.73—
9.27) and 6.33 + 2.26 (range, 2.63-9.53), respec-
tively. This difference in rCBV was not statistically
significant (P = .150). In the study group, on the
other hand, the mean rCBV was 6.55 + 255
(range, 2.92-13.0) at the start of the therapy and
had fallen to 3.40 = 1.89 (range, 1.26-8.06) at the
first follow-up examination at 2 months. This dif-
ference was statistically significant (P = .0014). In
the control group, rCBV values progressively in-
creased throughout the study.

Clinically Stable versus Relapsed Group
Receiving Thalidomide and Carboplatin
The difference in mean rCBV between the initial
and the first follow-up was statistically significant
(P = .0014) among the clinically stable and the
relapsed groups (Fig 6). At 12 months (ie, the fifth
examination), the mean rCBV of the clinically sta-
ble and relapsed groups was 2.19 = 0.65 (range,
1.22-3.51) and 6.56 = 1.36 (range, 5.11-8.22), re-
spectively. The difference in rCBV was statistically
significant (P = .0161). Over the course of 12
months, the patients in the clinically progressive
group showed sequential increases in rCBV mea-
surements relative to the first posttreatment value.
By contrast, the clinically stable group showed
minimal increases in rCBV during this period.

Deceased Group

In the five patients who died, the initial and final
rCBV values were 7.97 = 0.95 (range, 7.02-9.42)
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and 3.72 = 1.56 (range, 2.21-5.69), respectively.
One patient died of myocardia infarction, and the
other four died of presumed progression of brain
tumor. None of the patients underwent postmortem
examination.

Pathologic Findings

Pathologic analysis of four of the five patientsin
the progressive group who had surgery showed fur-
ther progression of malignant glioma, as evidenced
by marked cellular pleomorphism, a high mitotic
index, necrosis, and vascular hyperplasia. In addi-
tion, the neocapillaries demonstrated bizarre mor-
phology and chronic inflammatory changes around
the vascular endothelium in a pattern consistent
with radiation-induced fibrinoid necrosis. There
was marked hyalinization and extracellular matrix
deposition surrounding the vascular endothelium,
pathologic features that are not typical of recurrent
high-grade gliomas. Figure 7 illustrates an azocar-
mine stain from a patient (case 7) with a recurrent
GBM who was treated with carboplatin and thalid-
omide that shows multilayered reduplication of the
basal lamina around a microvessel.

Discussion

Without exception, al high-grade gliomas recur
at some point, despite aggressive therapy (4, 16).
Two distinct but probably interrelated pathologic
events accompany recurrence of high-grade glial
neoplasms: angiogenesis and infiltration (4, 16, 17).
Although it is not clear whether angiogenesis plays
atriggering or permissive role in tumor recurrence,
there is convincing evidence that a new network of
capillaries must accompany that tumor growth and
recurrence. Tumor angiogenesis is a complex pro-
cess involving intricate interplay between cells, sol-
uble factors, and extracellular matrix components.
The neocapillaries not only provide nutrients for
growing tumor cells but also a route of spread and
infiltration far beyond the site of the parent tumor
(18). If atumor cannot establish its own blood sup-
ply, it ceases to grow and loses power to invade
adjacent normal tissue. Interestingly, high-grade
gliomas rarely, if ever, metastasize outside the
CNS. Rather, they tend to remain local and infil-
trate along the vascular networks with or without
disturbance of the brain cytoarchitecture. There-
fore, angiogenesis and infiltration are interrelated
events promoting both survival and recurrence of
gliomas. Kinetic studies of glial neoplasms show
that a significant fraction of the tumor cells are in
a nonproliferating state (19, 20) so that angiogen-
esis, more than mitosis, characterizes biological ag-
gressiveness and malignancy of primary glial ne-
oplasms of the brain (21). The degree of
angiogenesis is an important parameter in assessing
the grading of gliomas and, therefore, the degree
of malignancy (22).
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Treatment of recurrent malignant gliomasisrare-
ly completely successful, because radical surgical
resection is nearly always subtotal and chemother-
apy/irradiation are mainly palliative rather than cu-
rative (23). Many different chemotherapeutic
agents have been used to treat recurrent malignant
gliomas, but the results have been disappointing.
There are two primary reasons for chemotherapeu-
tic failure. First, a significant fraction of the tumor
cells are in a nonproliferating state, rendering them
resistant to systemic chemotherapy because anti-
mitotic agents, such as carboplatin or procarbazine,
and gene therapy or immunotherapy primarily tar-
get proliferating cells (24—27). Second, gliomas are
often infiltrative. To a great extent, highly mobile
infiltrating tumor cells render previously discussed
chemotherapeutic agents ineffective. These infil-
trating glioma cells usually spread along the white
matter tracts without disturbing either the blood-
brain barrier (BBB) or brain cytoarchitecture, and
then the difference between tumor and normal cells
becomes less obvious. Therefore, systemic che-
motherapy may not be able to reach these cells
scattered among, and camouflaged in, a wide area
of normal glia cells. In addition, lack of sufficient
BBB breakdown may impede adequate delivery of
the chemotherapeutic agent to the remote tumor
site. Furthermore, conventional chemotherapeutic
agents cause severe myel osuppression, thereby lim-
iting the therapeutic dose (24, 28-30).

As described above, one of the essential features
of malignant gliomas is angiogenesis. It therefore
appears logical to treat gliomas with antiangiogenic
agents, such as thalidomide. Thalidomide was orig-
inaly developed as a sedative in the 1950s and was
withdrawn almost a decade later because of its ter-
atogenic effects on human fetuses (31). Renewed
interest in the drug arose in 1964, when a derma-
tologist from Israel serendipitously discovered that
the antiinflammatory properties of thalidomide
could be used to treat dermal vasculitis in leprosy
(32). Since then, thalidomide has been extensively
reinvestigated for other clinical uses and has been
shown to have antiinflammatory, immunosuppres-
sive, and antiangiogenic properties (33-36). In
1994, D’Amato et al (5) demonstrated that thalid-
omide inhibited corneal neovascularization in rab-
bits. Thalidomide-treated corneal neovasculariza-
tion was shown to have similar endothelial
ultrastructural changes to those seen in the de-
formed limb bud vasculature of thalidomide-ex-
posed embryos. Recently, the potential role of tha-
lidomide in the treatment of pathologic
angiogenesis, such as occurs in diabetic retinopa-
thy, neointimal hyperplasia, and solid tumors, has
been investigated (7, 37, 38). In addition, phase |
clinical trials of thalidomide for high-grade glial
neoplasms have borne encouraging preliminary re-
sults (8).

Although not a new drug, thalidomide is anovelty
to the vast armamentarium of cancer therapy. The
Food and Drug Administration only recently ap-
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proved it with unprecedented restrictions aimed at
avoiding the birth defects caused by thalidomide in
the 1950s and 1960s (31, 39). Thalidomide is a
proved antiangiogenic agent that has enormous po-
tential for treatment of solid tumors that depend on
angiogenesis for growth and surviva (5). Aside
from its teratogenic effects, the major toxic reaction
to orally administered thalidomide is lethargy, which
is better tolerated than myelosuppression (40). Re-
cent studies in antiangiogenic cancer therapy using
angiostatin, a fragment of plasminogen and an en-
dogenous inhibitor of neovascularization, have
shown complete regression of solid tumors in mice
(41, 42). Although these laboratory results are not
proof of efficacy in humans, the concept of antian-
giogenic treatment has revolutionized cancer re-
search and therapeutics, providing another route to
thwart the growth of tumors. Endothelial cells can-
not become resistant to cancer therapy because, al-
though they are actively growing/proliferating cells,
they are not cancer cells. Therefore, drug resistance,
one of the most common reasons for chemothera-
peutic failure, can potentially be circumvented.
Contrast-enhanced MR imaging plays an essen-
tia role in detecting tumor recurrence, in accurately
assessing tumor extent, in characterizing tumor
progression during therapy, in differentiating tumor
from radiation or chemotherapy necrosis, and in
distinguishing between tumor-infiltrated parenchy-
ma and vasogenic edema. All these aspects of tu-
mor characterization are important in monitoring
response to therapy and, thus, in determining pa-
tient management. This role is hampered, however,
by the difficulty in distinguishing between tissue
necrosis, caused by previous surgical and/or med-
ical therapy, and active tumor (43). Changes seen
on T1- and T2-weighted images are highly non-
specific and cannot distinguish among areas of
therapy-related changes, edema, and active tumor.
Contrast-enhanced MR imaging is an essential tool
in the diagnosis and evaluation of primary brain
tumors (44, 45). Conventiona contrast enhance-
ment in MR imaging, although not completely un-
derstood, is related to both disruption and absence
of the BBB and proliferation of the microvascula-
ture (46). Alterations in the BBB can occur in ag-
gressive tumors but are also common in areas of
necrosis that develop after surgical resection and
radiation and/or chemotherapy. Furthermore, ag-
gressive invasion of malignant gliomas does not
aways destroy the BBB but rather insinuates be-
tween white matter tracts, causing only minor al-
terations in surrounding brain cytoarchitecture (47).
Moreover, when high-grade gliomas recur, they
tend to invade and replace adjacent tissues rather
than expand and increase in size (48). Smith et al
(49) described a *‘flare phenomenon’ in recurrent
high-grade astrocytomas immediately after intrale-
sional immunotherapy, in which there was a tran-
sient increase in nodular contrast enhancement,
edema, and mass effect. These imaging features re-
solved without therapy within 3 months, thus con-



AJNR: 21, May 2000

RECURRENT MALIGNANT GLIOMAS 887

Fic 3. Case 6: 46-year-old-man with left medial frontal anaplastic oligoastrocytoma treated with carboplatin and thalidomide, without

concomitant steroid therapy.

A-C, Postcontrast T1-weighted images. At the start of therapy, a solid enhancing mass is seen in the left medial frontal lobe (A). At
3-month follow-up, there is a slight increase in contrast enhancement (B). At 8-month follow-up, there is a less solid and more linear

pattern of enhancement (C).

D-F, Corresponding color overlay images. At the start of therapy, there is minimal hyperperfusion, corresponding to the left medial
frontal enhancing tumor (D). At 3-month follow-up, there is an increase in hyperperfusion (E). At 8-month follow-up, there is further
progression of hyperperfusion, corresponding well with patient’s deteriorating clinical status (F).

firming its nonneoplastic nature. On the other hand,
these imaging findings could very well represent
active tumor growth due to treatment failure. It is
thus difficult to follow progression of tumor recur-
rence and effectiveness of treatment with conven-
tional contrast-enhanced MR imaging aone.

Results of our study confirm the difficulty in as-
sessing tumor progression solely on the basis of
conventional postcontrast T1-weighted images,
particularly when previous irradiation and/or exten-
sive chemotherapy can complicate image interpre-
tation. As exemplified in our study, amost all re-
current tumors show a progressive increase in
contrast enhancement during therapy, which may
be due to tumor progression, therapy-related necro-
sis, or both.

Advanced MR techniques, such as proton MR
spectroscopy and apparent diffusion coefficient

(ADC) maps, have proved to be helpful in char-
acterizing brain tumors (50-55). Proton MR spec-
troscopy may provide information concerning met-
abolic changes associated with tumor growth and
degree of malignancy. The single-voxel technique,
however, may be inadequate to fully evaluate high-
grade glia tumors that are heterogeneous in nature
and may, in fact, give erroneous or misleading re-
sults. To perform comprehensive examination of
high-grade glial tumors, a multivoxel or chemical
shift imaging technique is necessary. This tech-
nique, however, requires relatively long imaging
time and operator-dependent postprocessing. In ad-
dition, the resultant spectral patterns may be non-
specific. Measurements of ADC within a tumor
may alow characterization of tumor cellularity
and, possibly, the degree of malignancy. This tech-
nique has mainly been used to differentiate various
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Fic 4. Serial rCBV measurements at each follow-up examina-
tion for all patients receiving thalidomide and carboplatin. The
interval between each examination varied from 2 to 3 months.
The first examination was at the start of the therapy and the fifth
examination was at the 12-month follow-up. The decrease in
rCBV measurements between the initial and first follow-up ex-
amination was statistically significant (P = .0014).
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Fic 5. Serial rCBV measurements for patients receiving car-
boplatin only. There was no statistically significant change in
rCBV during the course of therapy.

121

——Relapsed!
—o—Stable
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Fic 6. Serial rCBV measurements between the relapsed and
the stable groups show a statistically significant difference in
rCBV (P = .0161) at the 12-month follow-up (ie, the fifth exam-
ination), where the relapsed group had higher values than the
stable group.

types of intracranial tumors with varying amounts
of cellularity but has not been used clinically for
assessing posttherapeutic changes. The actual mea-
surement of ADC valuesis labor-intensive and may
not necessarily provide diagnostic information.
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Fic 7. Azocarmine stain from a patient (case 7) with recurrent
GBM who was treated with carboplatin and thalidomide shows
multilayered reduplication of the basal lamina around a micro-
vessel (solid straight arrow). Around this vascular channel, there
are several mono- or multinucleated tumor cells (open arrows).
Adjacent is a tumor microcyst (curved arrow).

Recent developments in MR imaging technol ogy
allow the semiquantitative assessment of CBV (11,
14, 56), which, in turn, allows noninvasive evalu-
ation of the overall vascularity of a tumor and
therefore its aggressiveness and proliferative poten-
tial (11). Moreover, noninvasive quantification of
vascularity may alow differentiation between a
neoplastic process, involving angiogenesis, and
therapy-related necrosis, which is an inflammatory
process without concomitant neovascularization.

At our institution, contrast-enhanced perfusion
MR imaging has been a routine imaging sequence
for diagnosis and follow-up of intracranial neo-
plasms. This technique is fast (60-second acquisi-
tion time) and robust, with semiautomated postpro-
cessing that decreases operator-dependent bias. We
use multivoxel proton MR spectroscopy as more of
a problem-solving tool in conjunction with perfu-
sion-weighted MR imaging and for cases in which
susceptibility artifacts hamper interpretation of per-
fusion-weighted images. The perfusion-weighted
MR technique would allow early detection of re-
currence and accurate assessment of treatment ef-
fectiveness. More important, this technique may, in
the future, allow differentiation between active tu-
mor and therapy-related necrosis. Perfusion-
weighted MR imaging adds a new dimension to the
characterization of tumor progression by providing
the vascular status of the tumor. Breakdown of the
BBB can cause errors in estimations of rCBV with
this method. The baseline correction method we
used should help reduce these errors, but it is ap-
proximate. Alternative methods for deriving per-
fusion data, such as measurement of blood flow,
may also help, but require measurement of the ar-
terial input function (57). Spin-tagging methods
(58-60) avoid the problem by using a freely dif-
fusible tracer, but are currently not widely avail-
able, are generally single-slice methods, and are too
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noisy for routine clinical use. Despite potential er-
rors, we have previously found that our rCBV mea-
surements correlate well with pathologic findings.

In our study, the perfusion data corresponded
much better with the actual clinical status of the
patient than did conventional imaging findings.
Since therapy-related necrosis is a relatively hy-
povascular or avascular process, perfusion imaging
may better distinguish between necrosis and active
tumor. At the 12-month follow-up, those nine pa-
tients who were clinicaly stable without evidence
of tumor progression had significantly lower rCBV
values than did those with clinical deterioration due
to tumor progression. Of those nine patients, seven
(78%) are till aive, without further progression of
their disease 17 months from the time of recur-
rence, and their rCBV measurements remain stable.
The remaining two patients had marked increases
in rCBV aong with clinical deterioration at the 15-
month follow-up and underwent reoperation.

In the four cases of reoperated tumors, patholog-
ic evaluation showed evidence of both tumor pro-
gression and vascular changes compatible with ra-
diation injury. The morphology of tumor capillaries
demonstrated both radiation-related fibrinoid necro-
sis and periadventitial fibroblastic proliferations
around the vessel wall, characteristic of radiation-
induced vasculopathy. There were bizarre structural
aterations of the endothelium, reminiscent of the
disorganized vasculature seen in thalidomide-treat-
ed rabbit cornea (5), and distinct prominence of
hyalinization and extracellular matrix deposition
around the vessel wall, which was atypical for ra-
diation-induced vascular injury (Fig 7). In addition,
there was multilayered reduplication of the basal
lamina of the endothelium, suggestive of aborted
angiogenesis in all four cases. The significance of
the aforementioned pathologic findings, albeit in-
conclusive, is that thalidomide may have arole in
controlling angiogenesis in human brain tumors.
Because of the small number of patients in whom
pathologic findings were available, it is premature
at this stage to conclude that thalidomide caused
these vascular changes. Further work is necessary
to differentiate between vascular injury due to ra-
diation and thalidomide.

Not al patients with recurrent malignant gliomas
will respond to an antiangiogenic agent such as tha-
lidomide. In such cases, the inability of thalidomide
to control tumor growth may be in part due to a
lack of sustained antiangiogenic response caused
by immune modulation and adaptation of the tu-
mor. Alternatively, in some tumors, florid angio-
genesis may be alate phenomenon in tumor growth
and recurrence, rendering thalidomide ineffective
in the face of widespread tumor infiltration. None-
theless, perfusion-weighted MR imaging is helpful
in the management of patients by accurately de-
picting the vascular status of the tumor during ther-
apy and, hence, in assessing the effectiveness of
treatment. With further research and development
in the field of antiangiogenic cancer therapy, per-
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fusion-weighted MR imaging will play an impor-
tant and active role in determining the efficacy of
therapy and in guiding patient management.

Conclusion

Perfusion-weighted MR imaging findings corre-
lated with the patient’s clinical status much better
than did the findings at conventional postcontrast
T1-weighted imaging. Moreover, postcontrast T1-
weighted images may be misleading because ab-
normal enhancement is nonspecific and cannot dif-
ferentiate between tumor progression and
therapy-related changes. Perfusion-weighted MR
imaging can reveal changes in tumor vascularity,
allowing better evaluation of tumor response and
adequacy of therapy than is possible with conven-
tional MR imaging methods. With complementary
anatomic localization and physiological informa-
tion, perfusion-weighted MR imaging is helpful in
monitoring tumor response to antiangiogenic drugs
such as thalidomide.
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