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RATIONALE AND OBJECTIVE. To evaluate the vascularity and
vascular leakage of well-enhanced gliomas by double-echo dy-
namic magnetic resonance (MR) imaging.

MATERIALS AND METHODS. Ejght patients with glioblastoma
multiforme (GBM) and two patients with juvenile pilocytic
astrocytoma (JPA) were studied. Double-echo dynamic MR
imaging was utilized to separate the T2* shortening effect and
the T1 shortening effect. The former was represented by the
vascularity index, and the latter was represented by the leak-
age index. These indexes were|compared with histopathologic
data.

RESULTS. The mean vascularity index of the GBM was
higher than that of the JPA (mean + SD, 3.48 + 1.57 [GBM]
versus 0.51 = 0.29 [JPA]), and the mean leakage index of the
JPA was higher than that of|the GBM (1.35 = 0.87 [JPA]
versus 0.27 + (.15 [GBM]). Abundant vascularity was noted in
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the tight interstitial space in the pathologic specimen of GBM.
Conversely, sparse vasculature was observed in the wide in-
terstitial space in the pathologic specimen of JPA.

CONCLUSION. This method may enable better characteriza-
tion of grade in well-enhanced glioma by providing the infor-
mation on the vascularity and leakage indexes.

KEY WORDS. Gliomas; vascular leakage; blood-brain bar-
rier; vascularity; double-echo; contrast media; MR imaging.

HE WorLD Health Organization (WHO) classification of
Ttumors of the nervous system is an attempt to develop
a standardized classification scheme with as few interpreta-
tive controversies as possible.! Tumor grading is based on
several pieces of information, such as the presence or ab-
sence of cellular and nuclear pleomorphism, nuclear mito-
sis, necrosis, endothelial proliferation of the capillaries, and
invasion. This WHO grading system can provide useful
information regarding the treatment and patient prognosis.
Thus, a good prognosis for a grade I tumor, such as a
juvenile pilocytic astrocytoma (JPA), can be expected only
by the removal of the tumor. However, a grade IV tumor,
such as a glioblastoma multiforme (GBM), is considered to
have an extremely poor prognosis.

Although examining the vascularity of gliomas by means
of indicator dilution theory? is useful for characterizing the
grade of glioma, ¢ it needs to be taken into account that
tumor vessels have another characteristic that is different
from normally functioning blood vessels of the brain. This
is caused by the absence of normal blood-brain barrier
(BBB) function. To utilize the susceptibility effect of gado-
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pentetate dimeglumine (Gd-DTPA) for the assessment of
the vascularity of a brain tumor, the measured signal change
must be linearly correlated with the local concentration of
Gd-DTPA. However, after an intravenous bolus injection,
there is prompt distribution of the Gd-DTPA through the
vascular and extracellular spaces of the brain tumor. Thus,
Gd-DTPA causes a T1 shortening and a T2* shortening
effect once it has leaked into the interstitial space. The rate
of diffusion is complex but depends in part on regional
perfusion, actual permeability of the proliferating new ves-
sels, and the size of the extracellular space within the
tumor.” Hence, the signal intensity of the tumor derives not
only from the vascularity but also from the permeability of
tumor vessels and the size of interstitial space. To measure
the exact concentration-time curve of Gd-DTPA, a T1-bias-
free estimate of the concentration-time curve was obtained
using the double-echo technique.??

To evaluate both vascularity and vascular leakage simul-
taneously, double-echo dynamic magnetic resonance (MR)
imaging was applied. The vascularity was evaluated by the
T2* shortening effect because of the intravascular fraction
of Gd-DTPA. and the vascular leakage was evaluated by the
T1 shortening effect using the extravascular fraction.8? In
this study, our aim was to evaluate the vascularity and
vascular leakage (permeability of the tumor vessels and the
size of the extracellular space within the tumor) and to
compare thern with histopathologic data.

Materials and Methods

Theory

After bolus injection, Gd-DTPA causes the T2* rate
change (AR2*) in permeable tissue, which is contaminated
by the T1 shortening effect because of a leakage of the
contrast agent;3-6-10.11 AR2*. (s (t) is calculated as follows:

AR2%1,,() = — In(S/So)/TE )

where AR2#*;.,,, is the T1 uncorrected AR2* from the single
echo data, S represents the signal intensity at time t, S,
represents the signal intensity before the arrival of the
contrast agent, and TE represents the echo time. The T1
shortening effect can be corrected by the double-echo tech-
nique;89 AR2* ., (1) is calculated as follows:

AR2*1,c(t) = [In(Sy/S,/TE, TE)] ~ R2%re  (2)

where AR2*,,. is the T1 corrected AR2* by double-echo
technique; S, and S, represent the signals of the first echo
time (TE,) and the second echo time (TE,), respectively,
and R2* . is the T2* rate before the arrival of the contrast
agent. The difference between AR2* 1, (t) and AR2*,; (t)
is linearly (r*=0.97) related to the concentration of the
leaked contrast agent and can be used as an index for
contrast leakages®:
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The leakage value = AR2%1,(t) — AR2* (D)t > t,)
3

Note that the leakage value reflects the total amount of
the leaked contrast agent.

The concentration-time curve (AR2*,) was fitted to a
y-variate function to correct for recirculation. The vascu-
larity value (relative blood volume) represents the area
under this fitted concentration-time curve (AR2* ) and is
calculated using the following equation2-6-8-12:

©

the vascularity value = f AR2% (1) dt G
0

The vascularity value of the tumor can be normalized by
the vascularity value of the reference tissue (white matter)
to generate the vascularity index (VI). The leakage value
can be normalized by the maximum height of the curve of
AR2* o (AR2* 1, s max) to derive the leakage index (LI):

AR27,c(t) — AR2% (1)
AR2%,max

the leakage index = ®)]

As AR2*y, o max is known to be proportional to blood
flow,13 the LI reflects the contrast extraction fraction.

Subjects

Human studies were performed under the guidelines of
our hospital committee on clinical investigations. Inclusion
criterion for the patients of this study was the approval of
the physician who referred them to this prospective MR
study. Patients who had any of the following conditions
were excluded: pacemaker, metal implants, risk for adverse
reaction to intravenous injection of Gd-DTPA, the possibil-
ity of pregnancy, or mental illness. Written informed con-
sent was obtained from all patients. Eight consecutive pa-
tients (six men and two women; aged 42—83 years; mean
age: 61.3 years; median: 62 years) with GBM and two
patients (one man and one woman; age 18 years for both
patients) with JPA were investigated. Three of these GBM
subjects had been included in another research protocol.®
The maximum diameters of the GBM ranged from 0.86 to
6.0 cm (mean: 3.85 cm; median: 4.11 cm). The maximum
diameters of the JPA were 0.8 and 4.64 cm, respectively.
One patient with GBM underwent a stereotactic biopsy
before MR examination. Four patients with GBM had been
previously treated with surgical resection followed by irra-
diation and chemotherapy; however, prominent tumor re-
growth was confirmed by follow-up CT and MR examina-
tions. The radiologist (H.U.) who performed the data
analysis was aware of the histologic results regarding these
five GBM cases. In all patients, the presence of gliomas was
histologically verified by surgical resection after MR
studies.
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For single slice dynamic study, we used two echoes with
TEs of 7 and 23 ms of a spoiled gradient recalled acquisition
(SPGR) sequence (TR/TE,/TE,/flip angle: 33.3/7/23 ms/
10°; NEX: 0.75; matrix size: 256 X 128; slice thickness: 7
mm; rectangular field of view: 24 cm X 16 cm). The slice
that showed the largest solid portion was selected by the

Figure 2. An example of juvenile pilocytic astrocytoma (JPA). (A)
Time course of the AR2* values of an 18-year-old female patient
with a JPA with the same format as Figure 1A. (B) Time course of the
AR2* values of the normal white matter with the same format as
Figure 1B. (C) Time course of the leakage values of the JPA with the
same format as Figure 1C. The JPA is characterized by a low
AR2*;, ¢ curve relative to the leakage values, resulting in a high LI
and low VL. (D) The contrast-enhanced T1-weighted spin echo im-
age (left), the vascularity value map (middle), and the leakage value
map (right) of the JPA in the right temporal lobe. T1-weighted spin
echo image and parametric images are at slightly different angles.
The JPA shows intense homogeneous enhancement in the solid
portion of the tumors on the left image (white arrow). Note the low
vascularity value (small white arrows) and high leakage value (white
arrowheads) of the tumor. (E) Histopathologic specimens of JPA of the
same patient: tumor cells with bipolar long processes proliferating in
the wide interstitial space of sparse vasculature (hematoxylin and eosin
staining; x200). This JPA was classified as Category 4.

radiologist (H.U.) from the information obtained from these
spin-echo MR images. The apparent hemorrhagic portion
was not selected. After five images were acquired, 0.15
mmol/kg body weight Gd-DTPA (Magnevist, Nihon Scher-
ing, Osaka, Japan) was rapidly injected intravenously at a
rate of 4 mL/second with an MR-compatible power injector
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terms of vascularity and cellularity, all pathologic speci-
mens of GBM were classified as Category 1. Pathologic
analysis determined that the JPA specimens were classified
as Category 4.

As shown in Figure 1A, B, C, a typical GBM was
characterized by a low leakage value relative to the high
AR2*p, ¢ curve, resulting in a high VI and a relatively low
LI (Fig. 1D). The histopathologic specimen of this patient is
shown in Figure 1E. A high density of tumor cells prolif-
erating with abundant vascularity in a tight interstitial space
was noted in this specimen (Category 1).

As shown in Figure 2A, B, C, a typical JPA was charac-
terized by a relatively high leakage value relative to the low
AR2*1 ¢ curve, and the vascularity value was much
smaller than that of normal white matter. As shown in
Figure 2D, this resulted in a low VI and high LI. The
histopathologic specimen of this patient is shown in Figure
2E. A low density of tumor cells proliferating in a wide
interstitial space of sparse vasculature was noted (Category
4). The mean VI of the GBM was higher than that of the
JPA (mean * SD, 3.48 = 1.57 [GBM] versus 0.51 * 0.29
[JPA]), and the mean LI of the JPA was higher than that of
the GBM (1.35 = 0.87 [JPA] versus 0.27 * 0.15 [GBM]).

Discussion

In this study, GBM had a higher VI, which was consistent
with pathologic examination; vascularity was markedly
noted, and tumor cells were proliferating in a tight intersti-
tial space as shown in Figure 1E. In previous reports,*> the
maximum VI of gliomas significantly correlated with both
histologic and angiographic vascularities. In general, a ma-
lignant glioma has a higher vascularity.>-¢ This higher vas-
cularity was confirmed in this study. However, the JPA, a
subtype of low-grade astrocytoma, had a small V1. This low
VI is supported by the pathologic analysis: a low density of
tumor cells proliferating in a wide interstitial space of sparse
vasculature, as shown in Figure 2E. From the histologic
aspect, the vascular density of a JPA is similar to that of
normal cerebellar white matter and is less vascular than an
anaplastic astrocytoma.!# The histologic specimen of JPA
supported our MR data.

In this study, all cases of JPA showed intense homogeneous
enhancement in the solid portion of the tumors, and all cases of
GBM showed inhomogeneous enhancement on contrast-en-
hanced T1-weighted spin echo MR images. The widening of
gap junctions of endothelial cells and endothelial fenestrations
on electron microscopy cause a breakdown of the BBB in
gliomas. However, no significant differences in these vascular
structures were found between GBM and JPA in previous
reports using electron microscopy.!>1¢ From these observa-
tions using electron microscopy,!51¢ we speculate that the
degree of vascular permeability is similar in GBM and JPA. In
this study, GBM showed a high density of tumor cells prolif-
erating in tight interstitial space on pathologic examination
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whereas the JPA showed a low density of tumor cells prolif-
erating in wide interstitial space. The diffusion of Gd-DTPA
depends on the actual permeability of the proliferating new
vessels and the size of the extracellular space within the tu-
mor;’ therefore, the difference in interstitial space might ex-
plain why, after the first transit, the contrast agent remained in
the interstitial spaces in greater quantity in the JPA, causing a
larger LI in the case of JPA.

This study included two types of gliomas (GBM and JPA).
Because JPA is known to be completely different from GBM
in pathologic structure, we examined these two types of tu-
mors. Our study is observational and preliminary with a small
sample size. Therefore, statistical analysis should not be ap-
plied to the current data. However, our intention was not to use
our technique (VI and LI) as a diagnostic tool for the separa-
tion of the two types of gliomas. In general, it is easy to
differentiate GBM from JPA by conventional MR imaging.
Our purpose was to investigate vascular density and vascular
leakage by utilizing the present MR method and to demon-
strate a potential use of this technique.

Our study was limited. First and foremost, proper corre-
lation between radiologic and pathologic data was not pos-
sible. The comparison between the MR images and the
autopsy specimen might offer an answer to this issue; how-
ever, proper correlation between our technique (VI and LI)
and pathologic data is impossible in the clinical setting.
Second, our number of patients was limited, and the patients
were confined to grades 1 and 4 of gliomas. Clinical concern
will be whether those indexes can differentiate between
gliomas of grades 2, 3, and 4. Further investigation into
various types of gliomas using larger sample sizes will be
necessary to clarify the potential of V1 and Ll for tumor
tissue characterization.

Conclusion

In conclusion, although differentiating JPA and GBM
produces little confusion using routine MR imaging in most
cases, our preliminary data suggest that the LI and the VI
can characterize gliomas with contrast enhancement.
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