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Perfusion-sensitive MR Imaging of Gliomas. Comparison
between Gradient-echo and Spin-echo Echo-planar
Imaging Techniques

Takeshi Sugahara, Yukunori Korogi, Masato Kochi, Yukitaka Ushio, and Mutsumasa Takahashi

BACKGROUND AND PURPOSE: The different sensitivities to vessel size of gradient-echo
echo-planar imaging (GE-EPI) and spin-echo EPI (SE-EPI) might indicate the relative cerebral
blood volumes (rCBVs) of different tumor sizes. The techniques of GE-EPI and SE-EPI were
compared for detecting low- versus high-grade gliomas.

METHODS: Six patients with low-grade gliomas and 19 patients with high-grade gliomas
underwent two perfusion-sensitive MR procedures, one produced by a GE- and the other by
an SE-EPI technique. Maximum rCBV ratios normalized with rCBV of contralateral white
matter were calculated for evaluation. P < .05 was considered statistically significant.

RESULTS: Maximum rCBV ratios of high-grade gliomas obtained with the GE-EPI tech-
nique (mean, 5.0 £ 2.9) were significantly higher than those obtained with the SE-EPI tech-
nique (mean, 2.9 = 2.3) (P = .02). Maximum rCBV ratios of low-grade gliomas obtained with
the GE-EPI technique (mean, 1.2 = 0.7) were almost equal to those obtained with the SE-EPI
technique (mean, 1.2 = 0.6), and there was no significant difference (P = .66). The difference
in the maximum rCBV ratios between the low- and high-grade gliomas reached significance
when obtained with the GE-EPI technique (P = .01).

CONCLUSION: The GE-EPI technique seems more useful for detecting low- versus high-

grade gliomas than the SE-EPI technique.

The principles underlying the susceptibility of con-
trast phenomena are highly dependent on the spe-
cific acquisition technique used. Numerical tech-
niques have been applied to predict the response of
both transverse relaxation rates (AR2) for T2-
weighted spin-echo (SE) and those (AR2*) for gra-
dient-echo (GE) techniques (1-3). These previous
studies showed that as vessel size increased, AR2
increased and peaked for vessels of 1 to 2 um,
whereas AR2* increased then plateaued to remain
independent of vessel size beyond 3 to 4 um. Be-
cause of this sensitivity to the microvasculature,
T2-weighted SE techniques have been used for the
evaluation of tumor vessels at the capillary level,
which might be consistent with histologic tumor
vessel evaluation, and also for grading systems
such as gliomas (4, 5).
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The vasculature of tumors is, however, very
complex compared with that of normal tissues (6).
For example, the tumor vasculature of the malig-
nant gliomas typically consists of two types of ves-
sels. Thefirst typeis derived from existing anatom-
ic vessels taken over by the tumor for its arterial
supply and venous drainage. These vessels may be-
come tortuous, possibly because of more rapid
blood flow or adjacent pressures of tumor growth,
necrosis, or edema (6). The second type of vascular
formation is made up of new vessels induced by or
developed for tumor growth. This vasculature
mainly consists of wild tangles and irregular mesh-
works of vessels in viable portions of a tumor (6).
Additionally, the arteriovenous anastomoses and
aneurysmal dilatation of vessels are developed in
viable portions of a tumor (6).

We previously (7) found that the mean maximum
relative cerebral blood volume (rCBV) ratios of
high-grade gliomas obtained with GE echo-planar
imaging (GE-EPI) were 1.6-fold higher than those
obtained with the SE-EPI technique (4). These dif-
ferences might result from the findings that the av-
erage vessel size of a tumor is greater than that of
capillaries and that the GE-EPI technique is sensi-
tive to those larger vessels. We, therefore, per-
formed perfusion-sensitive MR imaging with both
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Fic 1. Relationship of the maximum rCBYV of the low- and high-
grade gliomas between the GE- (2000/46/1 [TR/TE/excitation])
and the SE-EPI (2000/97/1) techniques. For high-grade gliomas,
the maximum rCBYV ratios obtained with GE-EPI are significantly
higher than those acquired with SE-EPI, whereas there is no
significant difference for low-grade gliomas.

SE- and GE-EPI techniques in patients with glio-
mas and evaluated which technique was more sen-
sitive for detecting low- versus high-grade gliomas.

M ethods

Patients

Twenty-five consecutive patients with intraaxial gliomas
were prospectively entered into the study over a 15-month pe-
riod between December 1997 and March 1999. There were 15
male and 10 female patients, who ranged in age from 13 to 68
years (mean, 41 = 18 years). Surgical resection or stereotactic
biopsy verified the gliomas of 22 patients. The remaining three
young patients with pontine tumors did not undergo biopsy,
because biopsy posed a risk of neurologic deficits, and the
diagnoses were obtained from the findings that the patients had
progressive clinical deterioration and that conventional MR
images showed the swelling and diffuse involvement of the
brain stem, which is typical for pontine gliomas. The tumor
specimens obtained were examined by a neuropathologist and
graded according to the World Health Organization classifi-
cation revised in 1993 and the grading system of Daumas-
Duport et a (8, 9); grade 2 tumors were designated as low-
grade gliomas, and grade 3 and 4 tumors as high-grade
gliomas. The three pontine gliomas, from which no histologic
specimens were obtained, were grouped as high-grade gliomas
because brain stem tumors often result in a poor outcome, es-
pecialy in patients with a short history of symptoms (10, 11).
Therefore, the final diagnoses were classified as six low-grade
gliomas (six astrocytomas) and 19 high-grade glial tumors (12
glioblastomas, three anaplastic astrocytomas, one anaplastic
oligodendroglioma, and three pontine gliomas). There were no
grade 1 gliomas.

Imaging

All MR images were obtained using a 1.5-T superconduct-
ing system. Conventiona MR images and perfusion-sensitive
MR images obtained with GE- and SE-EPI techniques were ac-
quired during the same procedure to allow an exact comparison
of the findings. For al patients, perfusion-sensitive MR images
with the GE-EPI technique were obtained at a readout band-
width of 926 Hz per pixel, maximum amplitude of 25 mT/m,
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at 2000/46/1 (TR/TE/excitation); those with the SE-EPI tech-
nique were obtained at a readout bandwidth of 926 Hz per
pixel, maximum amplitude of 25 mT/m, at 2000/97/1. Sagittal
T1-weighted localizing images were acquired first. Unenh-
anced axial T1- and T2-weighted images were then obtained
for each patient. Before the recording of perfusion-sensitive
MR imaging, a 21-gauge intravenous needle was inserted in
the vein of the right antecubital fossa. Axial sections were
selected from the unenhanced images for dynamic MR imag-
ing. After 0.01 mmol/kg of contrast medium was injected to
minimize the effect of T1 shortening from enhancing lesions,
a 0.07-mmol/kg bolus of gadopentetate dimeglumine was in-
jected with a mechanical injection pump (3 mL/s), followed
by a 20-mL saline flush. To minimize the difference in T1
shortening effects, the SE- and GE-EPI techniques were per-
formed in random order.

In the present study, a series of images was obtained using
a lipid-suppressed EPI technique before, during, and after the
injection of each contrast agent (12). Lipid suppression was
used to suppress subcutaneous fat, which can be superimposed
on the brain because of alarge chemical shift in artifacts seen
with EPI. All patients were studied with multisection data ac-
quisition to record the tumors in their entirety. For al patients,
30 images were obtained at each section location during 60-
second periods separated by 2-second intervals. Each section
was collected using a section thickness of 5 mm, an intersec-
tion gap of 1 mm, a 256 X 128 maitrix, and a field of view of
20 x 22-28 cm. After data collection, the rCBV maps were
derived on a voxel-by-voxel basis from the dynamic image
Sets.

The start and end points of the first-pass transit of the con-
trast agent through the brain were identified using the time-
activity curve of the means of the signal magnitude of the
pixels covering the whole-brain tissue on the section. Before
the starting point of the first-pass circulation (seen as a drop
in the signal), a representative number of baseline points were
selected and their average was calculated for each pixel as a
baseline measure for signal intensity (So). On a pixel-by-pixel
basis, the signal intensity (S) was converted to changes in the
T2* relaxation rate (AR2*); AR2* = -In (S/S0)/TE. Previous
experiments and theoretical calculations have demonstrated
that AR2* is approximately linearly proportional to the con-
centration of the contrast material in the tissue (13). The rCBV
maps were generated by the numerical integration of the rel-
ative concentration (AR2*) for the first-pass bolus through
each voxel on the basis of kinetic principles for nondiffusible
tracers (14, 15). The imaging process required approximately
20 minutes to integrate the functional time course data.

Since the rCBV mapping method yields a relative rather
than an absolute value of CBV, the comparison of the patients
was facilitated by reference to an internal contralateral stan-
dard. As in a positron emission tomography study (16), the
normal white matter in the contralateral hemisphere was used
as a reference. For the calculation of the maximum rCBV ra-
tios of tumor to white matter, the regions of interest (ROISs)
consisting of more than 20 pixels were carefully chosen by a
radiologist (T.S.) who was blinded to the clinical diagnosis. To
avoid the risk of calculating the rCBV from normal vessels
such as cerebral arteries and veins, the radiologist initialy in-
vestigated the serial AR2* maps from arterial to venous phases
as well as conventional MR images and then located the ROIs
within the tumors. The AR2* maps clearly demonstrated the
rCBV values from cerebral arteries or veins (7), and the ROIs
were easily defined without the superimposition of those ves-
sels. When a glial tumor showed enhanced areas within the
tumor on the contrast-enhanced T1-weighted images, the ROIs
were located at visually higher rCBV areas within both en-
hanced and unenhanced areas. When a glial tumor had no en-
hanced areas, the ROIs also were located at visually higher
rCBV areas within the tumors. The ROIs were located at |east
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five times in each enhanced and unenhanced area, and rCBV
values were calculated.

Data Analysis

The relationship of the tumor grade to the maximum rCBV
ratios in each GE- and SE-EPI technique was analyzed using
Student’s t test. The difference in the maximum rCBV ratios
between the two techniques in each low- and high-grade gli-
oma also was analyzed using Student’s t test. P < .05 was
considered statistically significant.

Plots of maximum rCBV ratios obtained with GE-EPI ver-
sus those obtained with SE-EPI were made for each low- and
high-grade glioma. The relationship of the maximum rCBV
between the two techniques was analyzed using simple linear
regression analysis.

Results

Five low-grade gliomas, three pontine gliomas,
and one anaplastic glioma did not have tumor en-
hancement, and the others did. Tumor grade was
correlated with tumor enhancement (r = 0.969, P
< .001).

With the SE-EPI technique, the maximum rCBV
ratios of the low-grade gliomas ranged from 0.54
to 2.13 (mean = SD = 1.22 = 0.70). The maxi-
mum rCBV ratios of the high-grade gliomas ob-
tained with the SE-EPI technique ranged from 0.56
to 9.30 (mean = SD = 2.90 = 2.32). The maxi-
mum rCBV ratios of high-grade gliomas were
higher than those of low-grade gliomas, but the dif-
ference did not reach statistical significance (P =
.06). Tumor grade was correlated with the maxi-
mum rCBV ratios obtained with the SE-EPI tech-
nique (r = 0.798, P < .001).

With the GE-EPI technique, the maximum rCBV
ratios of the low-grade gliomas ranged from 0.43
to 1.34 (mean = SD = 1.21 = 0.67). The maxi-
mum rCBYV ratios of the high-grade gliomas ranged
from 0.61 to 9.71 (mean = SD = 4.86 + 2.93).
The maximum rCBV ratios of the high-grade gli-
omas were significantly higher than those of the
low-grade gliomas (P = .013). Tumor grade also
was correlated with the maximum rCBV ratios ob-
tained with the GE-EPI technique (r = 0.862, P <
.001).

In the low-grade gliomas, there were no signifi-
cant differences in the maximum rCBV ratios be-
tween the GE- and SE-EPI techniques (P = .662)
(Figs 1 and 2). In the high-grade gliomas, the max-
imum rCBYV ratios obtained with the GE-EPI tech-
nique were significantly higher than those acquired
with the SE-EPI technique (P = .017) (Figs 1 and
3). The rCBV map obtained with the GE-EPI tech-
nique more clearly showed the areas of high rCBV
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within the tumor than that obtained with the SE-
EPI technique (Fig 4). In al high-grade gliomas,
the values of rCBV obtained with the GE-EPI tech-
nique were consistently higher than those acquired
with the SE-EPI technique (Fig 5).

It is of interest that, in some patients with high-
grade gliomas, the susceptibility effects within the
tumors had not completely disappeared after the
first pass of the contrast medium on the GE-EPI,
whereas those of norma white matter had com-
pletely disappeared (Fig 6). However, these phe-
nomenawere not observed in the patients with low-
grade gliomas.

Discussion

Along with increased vasculature, tumor vessels
are associated with a distinct range of both mor-
phologic and physiologic properties that are not
present in normal tissue vasculature (6). Qualita-
tively, tumor vessels are disordered and dominated
by large, dilatated, and tortuous vascular structures
with increased vessel spacing. Deane and col-
leagues (17) studied the various phases of vascu-
larization of rat glioma and discovered that, during
the late phase of growth, microvessels with diam-
eters of 40 pwm could be found in the intermediate
zone of the tumor, the zone between the necrotic
core and the proliferating edge. These vessels also
varied in shape and size. Using scanning electron
microscopy on tumor vascular casts, Zama et a
(18) assessed the three-dimensional growth patterns
of rat gliomas. They found large, budding vessels
that attained diameters of 250 um. These buds, al-
though filled with blood, did not have normal blood
flow characteristics. However, the method of eval-
uation was invasive and did not reproduce the het-
erogeneity inherent to tumors.

Recently, Dennie et a (19) studied the vascula-
ture of C6 rat gliomas with susceptibility contrast
MR imaging by use of GE and SE techniques, and
found the measured tumor ratio of AR2* to AR2
to be afactor 1.9-fold greater than the ratio of nor-
mal gray matter. These findings suggest that tumor
vascular morphology can be assessed in vivo with
the use of a combination of perfusion-sensitive MR
imaging based on AR2* and AR2. However, be-
cause the size of vessels within a tumor in the hu-
man brain varies with the aggressiveness of the tu-
mor and because the contrast medium used by
Dennie et a (an intravascular contrast agent, mono-
crystalline iron oxide nanoparticles, known as
MION) cannot yet be used in human studies, it is

—

Fic 2. A 35-year-old man with low-grade astrocytoma.

A, T2-weighted image at 3700/96/1 (TR/TE/excitation). Left frontoparietal tumor with hyperintensity is not enhanced after contrast

medium administration.
B, Contrast-enhanced T1-weighted image at 690/14/1.

C and D, SE-EPI at 2000/97/1 (C) and GE-EPI (D,) at 2000/46/1. On the perfusion-sensitive MR imaging, tumor CBV (arrow) is lower

than that of gray matter obtained with the two techniques.



1310 SUGAHARA AINR: 22, August 2001

Fic 3. A 55-year-old man with glioblastoma.

A, Contrast-enhanced T1-weighted image at 690/14/1 (TR/TE/
excitation). Band C, SE-EPI at 2000/97/1 (B) and GE-EPI at 2000/
46/1 (C). The area of high tumor rCBV (arrow) is clearly visualized
with both SE- and GE-EPI.
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Fic 4. A 33-year-old man with glioblastoma.

A, Contrast-enhanced T1-weighted image at 3700/96/1 (TR/TE/
excitation).

B and C, SE-EPI at 2000/97/1 (B) and GE-EPI (C) at 2000/46/1.
High rCBV of the tumor rim (arrow) is shown with SE-EPI but is
more conspicuous with GE-EPI (arrow).
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Fic 5. The maximum rCBV ratios calculated with the GE-EPI
technique at 2000/46/1 (TR/TE/excitation) versus those obtained
with SE-EPI at 2000/97/1.

unknown whether the findings are applicable to hu-
man brain tumors.

In the present study, we show that the maximum
rCBV ratios of high-grade gliomas obtained from
the GE-EPI technique were significantly higher
than those acquired from the SE-EPI technique, and
that the significant difference between the high-
grade and low-grade gliomas were obtained only
with the GE-EPI technique. These findings are im-
portant because the larger tumor vessels that are
essential for the characterization of tumor vascu-
lature could be detected only with the GE-EPI tech-
nique. Indeed, the tumor rCBV ratios obtained by
using the GE-EPI technique were consistently high-
er than those derived from the SE-EPI technique.
In other words, the SE-EPI technique’'s specific
sensitivity to small vessels allows the risk of un-
derestimating the tumor rCBV.

However, the maximum rCBV ratios of low-
grade gliomas did not differ between the two tech-
niques. It has been suggested that the sizes of ves-
sels within atumor vary with the aggressiveness of
the tumor (20). Low-grade gliomas, which have
been known not to be associated with as dramatic
an increase in blood volume as high-grade gliomas,
might not exhibit the corresponding increase in
vessel diameter. Therefore, the tumor rCBV aob-
tained primarily reflected the susceptibility from
small vessels at the capillary level, and the tumor
rCBV based on GE-EPI was not significantly high-
er than that based on the SE-EPI technique for low-
grade glioma.

As stated earlier, from the difference of tumor
vessel size, the ratio of tumor rCBV based on GE-
EPI to that based on SE-EPI was aso different be-
tween low-grade and high-grade gliomas. Dennie
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et a (19) have shown that, from the direct histo-
logic measurements, the relative diameter of the av-
erage tumor vessel compared with the average gray
matter vessel was the same as the ratio of AR2*
and AR2 between these tissues. Although this ratio
of AR2* and AR2 is not necessarily applied to the
ratio of tumor rCBV based on GE-EPI to that based
on SE-EPI (19), these findings suggest the possi-
bility that the average vessel size within a tumor
could be predicted with the use of both the GE-EPI
and SE-EPI techniques. To validate our hypothesis,
more detailed investigations are needed.

In some high-grade gliomas, the susceptibility
effects within tumors did not completely disappear
after the first pass of the contrast medium. It is
suggested that these phenomena result from the fol -
lowing factors. First, Yuan et a (21) found that the
red blood cell velocity in pial vessels might be sig-
nificantly faster than that in tumor vessels of the
same diameter (ie, flow velocity within tumor ves-
sels might be lower than that within normal brain
tissue and, thus, residual susceptibility effects could
be observed). Second, the susceptibility effects
were produced not only between intravascular and
extravascular space but also within extravascular
space near the disrupted blood-brain barrier. Gen-
eraly, the enhancing lesion produces T1 shortening
effects, which are considered to cause the under-
estimation of the true rCBV (22). However, on the
condition of bolus injection, rapidly leaking con-
trast medium would be concentrated enough to pro-
duce a susceptibility effect between leaked and
nonleaked tissues. In the present study, the GE-EPI
technique was more sensitive to these phenomena,
and it is suggested that it might express the specific
tumor vasculature as mentioned earlier.

Attention should be given to the choice of areas
of maximum rCBV when the GE-EPI technique is
used for the rCBV maps. Because the GE-EPI
technique is sensitive to susceptibility effects from
total vascular beds, normal arteries and veins lo-
cated at the surface of the brain tissue and ventri-
cles might be misunderstood as tumor vascularity.
If highly vascular areas within the gliomas are lo-
cated adjacent to the surface of brain tissues, the
identification of areas of maximum rCBV of gli-
omas might be difficult. However, it is possible to
avoid confusion between gliomas and normal
brain tissue with a detailed investigation of serial
AR2* maps as well as conventional MR imaging.

There are limitations to our findings. First, the
SE-EPI technique used maintains some sensitiv-
ity to very large vessels such as the middle ce-
rebral artery (2, 23). The conventional SE tech-
nigue has been illustrated to be specifically
sensitive to the microvasculature at the capillary
level (24). However, this principle is not neces-
sarily applied to the EPI technique. Therefore, we
could not say that the difference in tumor rCBV
ratios between GE- and SE-EPI techniques only
represented the difference in tumor vascular size
between capillary and larger vessels. Second, al-
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Fic 6. A 47-year-old man with glioblastoma.

A, Contrast-enhanced T1-weighted image at 3700/96/1 (TR/TE/
excitation).

B and C, SE-EPI at 2000/97/1 (B) and GE-EPI at 2000/46/1 (C).
Tumor rCBV is higher than that of gray and white matter obtained
with the two techniques, but the hypervascular area of the tumor
(B and C, arrow) is more conspicuous with GE-EPI.

D and E, The AR2* and AR2 curves during the transit of the
contrast material through the gray and white matter regions of the
brain and the two areas within the tumor that were measured using
each of the SE- and GE-EPI techniques, respectively. The curves
with white and black circles represent the tumor; the curves with
squares and triangles represent the gray and white matter, re-
spectively. Interestingly, the susceptibility effects within the tumor
did not completely disappear after the first pass of the contrast
medium on the GE-EPI image (D, arrow), whereas they almost
completely disappeared on the SE-EPI image (E, arrow).
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Fic 6. Continued.

though the 0.01 mmol/kg of contrast agent was
injected before the perfusion-sensitive MR im-
aging, the total volume was small and the T1
shortening effect from the extravascular space ac-
cumulated during the first pass could not be com-
pletely excluded. In a study by Donahue et al
(25), a strong correlation between the rCBV ob-
tained with the GE-EPI and the tumor grade was
only significant when the rCBV values were
mathematically corrected for T1 leakage effects
by postprocessing. Since we also observed a cor-
relation between the rCBV with the GE-EPI and
tumor grade, it is suggested that the present small
“pre’ dose of gadopentetate dimeglumine can
still correct for T1-leakage effect. Third, for eco-
nomic reasons, we used only 0.07 mmol/kg of
contrast medium for the SE-EPI technique in
each patient, which degraded the image quality
of perfusion-sensitive MR and might have af-
fected the tumor rCBV ratios (2). Optimized
rCBV maps of high-grade gliomas obtained with
the SE-EPI technique might show higher rCBV
values than was demonstrated by the present
study. Finally, the SE- and GE-EPI techniques
were performed in random order to compare the
two techniques under the same conditions, but
this method could not exclude the different T1
shortening effects between the two techniques,
because the degree of tumor enhancement caused
by the leakage of contrast material was different
in each glioma. To overcome these problems,
more detailed and systematic evaluations are
needed.

Conclusion

The tumor rCBV obtained with the GE-EPI
technique was significantly higher than that ob-
tained with the SE-EPI technique in the high-
grade gliomas, but not in the low-grade gliomas.
These findings must have been produced by the
higher sensitivity of the GE-EPI technique to
large vessels, which can be clearly observed in

Delta R2* (SE-EPI)
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the high-grade gliomas. The findings suggest that
the GE-EPI technique is more useful for detect-
ing low- versus high-grade gliomas than is the
SE-EPI technique.
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