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Purpose: Functional/metabolic information provided by MR-spectroscopy (MRSI) suggests MRI may not be a
reliable indicator of active and microscopic disease in malignant brain tumors. We assessed the impact MRSI
might have on the target volumes used for radiation therapy treatment planning for high-grade gliomas.
Methods and Materials: Thirty-four patients (22 Grade 1llI; 12 Grade IV astrocytomas) were evaluated; each had
undergone MRI and MRSI studies before surgery. MRI data sets were contoured for T1 region of contrast
enhancement (T1), region of necrosis, and T2 region of hyperintensity (T2). The three-dimensional MRSI peak
parameters for choline (Cho) andN-acetylaspartate (NAA), acquired by a multivoxel technique, were categorized
based on an abnormality index (Al), a quantitative assessment of tissue metabolite levels. The Al data were
aligned to the MRI and displayed as three-dimensional contours. Al vs. T conjoint and disjoint volumes were
compared.

Results: For both grades, although T2 estimated the region at risk of microscopic disease as being as much as
50% greater than by MRSI, metabolically active tumor still extended outside the T2 region in 88% of patients

by as many as 28 mm. In addition, T1 suggested a lesser volume and different location of active disease compared
to MRSI.

Conclusion: The use of MRSI to define target volumes for RT treatment planning would increase, and change
the location of, the volume receiving a boost dose as well as reduce the volume receiving a standard dose.
Incorporation of MRSI into the treatment-planning process may have the potential to improve control while
reducing complications. © 2001 Elsevier Science Inc.

Brain tumor, Astrocytoma, High-grade glioma, Magnetic resonance imaging (MRI), MR-spectroscopy (MRSI),
Intensity-modulated radiation therapy (IMRT).

INTRODUCTION technologies, such as radiosurgery (RS) and intensity-mod-
ulated radiation therapy (IMRT), allow the creation of ex-
The prognosis for patients diagnosed with Grade Il or quisitely conformal dose distributions that are able simul-
Grade IV astrocytoma remains dismal: median survival is taneously to increase dose to certain portions of the tumor
9-12 months, following a combination of surgery and stan- yolume and spare normal tissue (2).
dard external beam radiation therapy (RT) (1). As aresult, To garner the most benefit from these techniques, it is
there is continued interest in exploring novel means of critical that the regions identified for special attention be
treating these patients. Many of these, such as immunotherdefined accurately; areas of active tumor (suitable for high
apy, radiosurgical boost RT, and image-guided surgery, dose) must be identified separately (as gross tumor volume
target specific portions of the tumor identified on imaging or GTV) from areas suspicious for tumor extension that are
studies. Especially within the field of RT, new delivery suitable for a lower dose (classified as clinical target volume
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or CTV). The standard approach to defining target volumes ment MRSI results provide information that may improve
in patients with high-grade gliomas is to deliver a certain the selection, planning and treatment process for glioma
dose to the contrast enhancing area, as determined from gatients. As a result, UCSF now uses MRSI on an active
contrast enhanced T1-weighted magnetic resonance imagbasis to define treatment volumes for Gamma Knife RS
ing (MRI) or a computed tomography (CT) scan, plus a (21).

margin of 1-4 cm (1, 3-5). Some protocols deliver an  In this study, we investigated whether the use of meta-
additional dose to the contrast enhancing area itself; a lowerbolic data would affect the definition of target volumes for
dose may be delivered to the T2-weighted region of hyper- radiation therapy treatment planning for patients diagnosed
intensity plus a variable margin (6, 7). with HGG.

The gadolinium-enhancing lesion, as seen on TI1-
weighted MRI, reflects regions where there has been a
breakdown of the blood—brain barrier. This may not be a
reliable indicator of active tumor due to the presence of  Thirty-four patients with HGG seen between February
nonenhancing tumor tissue or contrast-enhancing necrosis1997 and July 2000 were selected for this study. Each
Therefore, information that can improve the definition of patient had undergone an MRI and MRSI study before
the spatial extent of tumor may improve the ability to define definitive surgery as part of an ongoing study conducted by
the volumes to which dose should be delivered. one of the authors (TRM) examining the correlation be-

One such source of information is three-dimensional (3D) tween MRSI data and tumor grade as assessed by serial
multivoxel magnetic resonance-spectroscopy imaging biopsies. Twenty-two patients had a pathologic diagnosis of
(MRSI). This technique provides information about tumor astrocytoma World Health Organization (WHO) Grade Il
activity based upon the levels of cellular metabolites, in- (15 anaplastic astrocytomas, 6 anaplastic oligoastrocyto-
cluding choline (Cho), creatine (CreN-acetylaspartate mas, 1 anaplastic oligodendroglioma), and 12 of astrocy-
(NAA), and lactate/lipid. Cho is a neurotransmitter and toma WHO Grade IV (glioblastoma multiforme, GBM), by
membrane component that is increased in tumors; Cre isWord Health Organization Il Criteria.
indicative of cellular bioenergetic processes; NAA is a
neuronal metabolite, not present in other central nervous MRI
system (CNS) cells, that is decreased in tumors; lactate isan For each patient, MRI examinations were performed on a
end product of anaerobic metabolism whose presence carl.5 Tesla GE Signa MR scanner (General Electric Medical
represent cellular breakdown; and lipid occupies the sameSystems, Milwaukee, WI) using a quadrature head coil. MRI
resonant frequency as lactate. data sets included) an axial fluid-attenuated inversion recov-

A number of techniques have been developed for obtain- ery (FLAIR) sequence and/or a fast spin echo (FSE) sequence
ing proton {H) spectra from selected regions within the as T2-weighted sequences with 3-mm slice thickness, nd (
brain (8—10). These techniques provide either a single spec-T1-weighted pre- and post-gadolinium contrast-enhanced
trum or a multidimensional array of spectra from the region spoiled gradient echo (SPGR) volume sequence with 1.5-mm
of interest. Studies over the past decade have suggested thatice thickness. The acquisition parameters used in these stud-
an assessment of the degree of alteration in metaboliteies have been reported elsewhere (22).
levels may help differentiate normal from abnormal tissue
in patients suspected of harboring a high-grade glioma *H MR-spectroscopy
(HGG) (11-18). A consistent finding from these studies has At the conclusion of the MRI study, a 3D chemical shift
been that gliomas exhibit a markedly high resonance in theimaging (CSI) multivoxel MRSI sequence was prescribed.
spectral region of Cho and/or a low NAA resonance, im- A point-resolved spectroscopy sequence (PRESS) was used
plying an increase in the Cho to NAA ratio. A series of for volume localization. Acquisition time constraints re-
studies at our institution have examined the correlation stricted the size of the region of interest from which MRSI
between MRSI spectra and biopsy samples obtained undedata could be obtained. Typical acquisitions consisted of a
image guided targeting. The results demonstrate that thel6 X 8 X 8 cm or 12X 12 X 8 cm matrix (“PRESS-box”)
degree of elevation in Cho level correlates with an elevation with a nominal spatial resolution of 1 cc (1 cc/voxel). To
in tumor cell density (19). allow for the recording of control spectra, the PRESS-box

The effect the use of MRSI data might have on treatment volume was positioned so as to extend beyond the suspected
planning has been explored by others. Grastes. studied the disease to include normal brain from the contralateral hemi-
prognostic value of MRSI in Gamma Knife radiosurgery of sphere, even if this meant that the entire region of suspected
recurrent malignant gliomas (20). In a retrospective study, they disease could not be covered. It was also positioned to avoid
demonstrated that those patients who had a MRI contrastareas of subcutaneous lipid and varying magnetic suscepti-
enhancement determined treatment volume, with no MRSI bility that might compromise the quality of the spectra.
suspected tumor pattern outside the contrast enhancement, The raw spectral data were reconstructed using software
had a significantly better outcome than those patients whodeveloped at the UCSF Magnetic Resonance Science Center
had MRSI suspected disease that extended outside the MR[22). The peak parameters (height, width, area) for Cho and
derived treatment volume. They concluded that pretreat- NAA were estimated on a voxel-by-voxel basis within the

METHODS AND MATERIALS
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IMR Spectroscopic Data AI2, AI3 and AI4 Contours

Fig. 1. Functional image*H-MRSI with spectral signal and abnormality index (Al) contours within the defined
PRESS-box (point-resolved spectroscopy sequence, PRESS). The outer and inner solid lines are the Al2 and Al4
contours, respectively, and the dotted line is the AI3 contour.

excited region (Fig. 1). A previously developed automated relative Cho and NAA levels within a given voxel and that
statistical analysis served to identify a control population of of the control voxels. This quantitative score was referred to
spectra acquired from normal tissue from the contralateral as the abnormality index (Al) defined by its residual or
hemisphere included within the image volume from the z-score (23). Although there is technically no upper limit to
studied patient (23). The degree of spectra abnormality, onAl levels, an ongoing study, correlating selected biopsy
a voxel-by-voxel basis, was determined by evaluating the samples with Al values calculated for the exact sample
number of standard deviations of difference between the location, has found an Al of 2 (95% confidence limit) to be

T1-weighted MR Image T2-weighted MR Image

Fig. 2. Anatomic image: MRI with T1- and T2-weighted images showing the definition of T1, T2, and necrotic volumes
in a patient with glioblastoma multiforme (GBM) imaged before surgery.
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the lowest value corresponding to tumor (24). Because it is MRI volumes

not clear what levels of metabolic activity should be con-  Fifteen of 22 Grade Il and 11 of 12 Grade IV tumors
sidered as representing active disease, microscopic diseasayere contrast enhancing at the time of examination. In 3
GTV, CTV, and/or boost volumes, we defined and evalu- Grade Il and 6 Grade IV tumors, areas of necrosis, defined
ated specifically Al levels of 2, 3, and 4. After automatic as regions of solid hypointensity, were seen (0.6, 0.9, and
alignment to the MRI, these Al contours were displayed on 2.6 cc; and 2.3, 3.1, 3.8, 4.1, 8.6, and 10.7 cc, respectively).

the MRI as contour maps (Fig. 1). FSE images were available for study in all but 2 patients,
each of whom had undergone a FLAIR sequence only.
MRI/MRSI volumetric evaluation Based upon the finding of only a 13% difference in the T2

Each MRI data set was contoured manually by one of the Volume, as derived from FSE vs. FLAIR sequences in the 5
authors (AP) (Fig. 2). Regions of interest included T1 Patients in whom both had been acquired, it was decided
contrast enhancement (T1) and T2 hyperintensity (T2). The thaj[ the FLAIR derived volum_es could be used for these 2
T1 volume included the region of either solid or patchy Patients for the purpose of this study.
enhancement without additional margin. Any hypointense .
centrally demarcated areas within the T1 contrast enhance-MR! clipped volumes
ment were defined as necrosis and segmented separately. 1he tumor volumes as demarcated by T1- and T2-
The T2 volume was contoured as the area of hyperintensity Weighted MR images are listed in Table 1 according to the

on either FSE and/or FLAIR images. The ventricular system Percentage of their volumes that were evaluated by spec-
was removed by varying window and level. troscopy. The mean percentages of the T1 and T2 volumes

These volumes were then compared to the MRSI Al included inthe PRESS-box for Grade Il and Grade IV were
contours using an interactive image analysis program 83 and 87% for the T1, and 66% and 67% for the T2

developed at the Magnetic Resonance Science Centerévaluations.
This comparison was complicated by the fact that the ]
PRESS-box did not always include the entire T1 and T2 MRI/MRSI volume comparisons .
volumes. Therefore, to allow for a representative com- ~ Grade lil gliomas.Table 2 and Fig. 4 summarize the
parison of the two techniques, the T1 and T2 volumes relationship between Al2 and T2c for Grade Il patients.
were reduced by the amount of T1 and T2 that were not Thirteen of 22 (60%) patients had T2c volumes that were
covered by the PRESS-box, leaving the “T1-clipped” greater than the Al2 volume. The volume of Al2 on average
(T1lc) and “T2-clipped” (T2c) volumes. In addition, be- Was 78% of the volume of T2c, with 82% of Al2 encom-
cause areas of necrosis, as assessed on MRSI, have Bassed by T2c. o . _
different but defined spectral signature, they were defined Al2 disease extended ipsilaterally beyond T2c disease in
as distinct volumes by the statistical analysis program 21/22 patients (Table 3). Although the extension was not
and, therefore, were not included in the Al volumes. As uniform around the T2c volume, the maximum extension
a result, the T1c volume was reduced further by subtract- averaged 9 mm (range, 3-12 mm), and the volume extend-
ing the volume of necrosis, if any, that had been defined N9 beyond T2c was greater than 5 cc in 16/22 patients. In
on the MR images. addition, 10 patients had metabolic activity (Al2) sugges-
Conjoint (overlapping) and disjoint (mutually exclusive) tive of tumor following white matter tracts to the contralat-
MRI and MRSI volumes were then compared. As a working eral hemisphere (8 patients) or along the optic radiation (2
hypothesis, we decided to designate and compare Al2 andpatients). Only 2 of these patients had T2 disease indicating
T2c as measures of microscopic disease. Because it was ndf'® same white matter tract extension. For the 8 patients
clear what Al level should be used to measure gross diseaseWh0 had Al2 white matter tract extension but not T2 exten-
we compared Tic vs. A2, Al3, and Al4 as possible mea- Sion, Al2 extended outside T2 by an average of 20 mm
sures (Fig. 3). In addition, the maximum extension of the (Median 20, range 12-28). . . _
AI2 volume outside the T2c volume was measured to assess 1able 4 and Fig. 5 summarize the relationships be-
how far beyond the T2 volume metabolically determined tWeen Al2, A3, and Al4 and Tic for Grade Il patients.
microscopic disease could be detected. Similar measure-Of the 22 patients, 22, 21, and 18 (100%, 95%, 82%) had
ments were made for Al2, AI3, and Al4 relative to the T1c 11C volumes that were smaller than the Al2, Al3, and
volume for metabolically active disease. All maximum dis- Al4 volumes, respectively. Seven patients did not have a

tances were measured perpendicular to the outer border off 1¢ volume at all, i.e., there was no contrast enhancing
the volume of comparison. lesion. In summary, at all Al levels, the Al volume was

significantly larger than the T1c volume (552%, 329%,
196% for Al2, Al3, and Al4 relative to Tlc, respective-
RESULTS ly), with the vast majority of the Tlc volume being
The median age at time of diagnosis was 35 years for the subsumed by the Al volume (92%, 82%, and 69% of T1c
22 Grade lll patients and 41 years for the 12 Grade IV inside Al2, Al3, and Al4, respectively).
patients. The total MR examination time was approximately Ipsilateral Al volume extension beyond the T1c volume
90 min, of which 17 min were used for MRSI acquisition. was substantial (Table 3). Although it was not uniform, for
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MRI:MRSI Volumes Compared

T2c : AI2 Tlc: AI2 Tlc: AI3 Tlc: Al4

Fig. 3. Fused MRI/MRSI volumes in categories of interest. Dotted lines represent the abnormality index (Al) contours,
shaded areas represent T volumes.

the 15/22 patients who had a T1lc volume, the maximum tralateral hemisphere (5 patients) or along the optic radia-
Al2, Al3, and Al4 extension beyond the T1c margin aver- tion (2 patients). Similar tumor extension on T2 also was
aged 30, 27, and 23 mm, respectively. In addition, 6 patients suggestive in 5 patients. For the 2 patients who had Al2
had Al2 but not T1c volumes following white matter tracts white matter tract extension but not T2 extension, Al2
to the contralateral hemisphere. In these patients, Al2 ex- extended outside T2 by 14 and 21 mm.
tended outside T1c by an average of 38 mm (median 37, Table 5 and Fig. 7 display the relationships between Al2,
range 31-50). Al3, and Al4 and T1c for Grade IV patients. For the 12
Grade IV gliomas.Table 2 and Fig. 6 summarize the patients, 11, 7, and 5 (92%, 59%, and 42%) had Tlc
relationship between Al2 and T2c for Grade IV patients. Ten volumes that were smaller than the Al2, AI3, and Al4
of 12 patients (83%) had T2c volumes that were greater thanvolumes, respectively. Of these, 1 patient did not have a T1c
the AI2 volume. The volume of AI2 on average was 58% of contrast-enhancing volume. The variance in size between
the volume of T2c, with 83% of A2 encompassed by T2c. the T1c and the Al volumes was not as large as was seen in
The Al2 disease extended ipsilaterally beyond T2c dis- the Grade Il patients: 213%, 117%, and 71% for Al2, Al3,
ease in 9/12 patients (75%). Although the extension was notand Al4 relative to T1c respectively. In addition, although
uniform around the T2c volume, maximum extension aver- much of the T1c volume was subsumed by the Al2 volume
aged 9 mm (range, 6—12 mm), and the volume extending (mean 83%), the Al3 vs. T1c and Al4 vs. T1c volumes were
beyond T2c was greater than 5 cc in 7 patients (Table 3). In quite disjoint, with approximately 50% of each lying out-
addition, seven patients had metabolic activity (Al2) sug- side the other.
gestive of tumor following white matter tracts to the con- Ipsilateral Al volume extension beyond T1c volume,

Table 1. MRI-derived T1 and T2 volumes with respect to the  Table 2. Astrocytomas Grade Il and Grade IV: Relationship of

extent of the PRESS-box MRI T2c and MRSI AlI2 volumes
Astrocytoma grade Mean  Median Range Astrocytoma grade Mean Median Range

Grade lll (h = 22) Grade lll (h = 22)

T1 volume (cc) 17 9 2-77 T2c volume (cc) 72 60 17-141

T1c volume (cc) 15 8 1-64 Al2 volume (cc) 56 47 18-149

% T1 covered by PRESS-box 83 94 14-100 Al2 outside of T2c (cc) 11 6 0-48

T2 volume (cc) 113 99 24-231 % Al2 outside of T2c (%) 18 13 0-58

T2c volume (cc) 72 60 17-141 T2c outside of Al2 (cc) 27 23 3-83

% T2 covered by PRESS-box 67 67 48-83 % T2c outside of Al2 (%) 36 37 7-75
Grade IV (h = 12) Grade IV (h = 12)

T1 volume (cc) 28 25 5-115 T2c volume [cc] 76 68 26-140

T1c volume (cc) 24 19 5-85 Al2 volume [cc] 44 40 18-100

% T1 covered by PRESS-box 87 95 53-100 Al2 outside of T2c [cc] 8 8 0-32

T2 volume (cc) 128 114 32-259 % AI2 outside of T2c [%)] 17 18 0-37

T2c volume (cc) 76 68 26-140 T2c outside of Al2 [cc] 48 45 3-104

% T2 covered by PRESS-box 66 60 41-96 % T2c outside of Al2 [%] 58 61 9-100
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although not as great as was seen with Grade Il patients, DISCUSSION

still was substantial (Table 3). Although it was not uniform,

for the 11/12 patients who had a T1c volume, the maximum  Despite a lack of consistent evidence for a strong dose—
Al2, AI3, and Al4 extension beyond the T1c margin aver- response curve beyond 60 Gy when using radiation to treat
aged 18, 14, and 10 mm, respectively. In addition, 5 patients HGG, there continues to be great interest in employing
had AI2 but not T1 volumes following white matter tracts to higher doses (6, 7, 25). Early experience suggests an in-
the contralateral hemisphere. In these patients, Al2 ex- crease in local dose te= 90 Gy using accelerated mixed
tended outside T1 by an average of 23 mm (median 24, proton/photon irradiation may improve freedom from pro-
range 16-28). gression (FFP) and survival in HGG (7). However, this
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Fig. 4. Volumetric analysis for Grade Il astrocytoma patients; disjoint and conjoint volumes for T2c and Al2.
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Fig. 5. Volumetric analysis for Grade Il astrocytoma patients; disjoint and conjoint volumes for T1c and Al2, Al3, and
Al4. Seven of the 22 tumors were not contrast enhancing.
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Fig. 6. Volumetric analysis for Grade IV astrocytoma patients; disjoint and conjoint volumes for T2c and Al2.

regimen also carries with it an increased incidence of side to defining target volumes in patients with HGG is to add a
effects. 1- to 4-cm margin to the contrast enhancing area, as deter-
It can be postulated that the use of such high doses maymined from a T1-weighted MRI (1, 3-5). The size of this
be of greatest clinical value only if “all” of the active margin has been chosen based upon two traditional lines of

disease receives a certain dose and if normal tissue is spareceasoning: 1) serial biopsies of patients undergoing crani-
as much as possible. Accurate target definition thus be-otomy for malignant gliomas reveal tumor cells more than 3
comes of prime importance. MRI has become the imaging cm distant from the contrast enhancing margin (27, 28); (
technique of choice for treatment planning for RT because about 80% of relapses occur within a 2-cm margin from the
it has been shown to be more sensitive than CT with regardoriginal tumor location (5, 29, 30).

to detection of tumor extension (26). The standard approach There are several problems with the standard approach.
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Fig. 7. Volumetric analysis for Grade IV astrocytoma patients; disjoint and conjoint volumes for T1c and Al2, Al3, and
Al4. One of the 12 tumors was not contrast enhancing.
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Table 3. Astrocytomas Grade Il and Grade IV: MRSI detected
ipsilateral tumor extension outside MRI volumes

Astrocytoma grade Mean Median Range

Grade lll (h = 22)

Al2 outside of T1c (mm) 30 27 11-48
Al3 outside of T1lc (mm) 27 24 9-45
Al4 outside of T1c (mm) 23 21 7-39
Al2 outside of T2c (mm) 9 9 3-12
Grade IV (h = 12)
Al2 outside of T1c (mm) 18 18 9-27
Al3 outside of T1lc (mm) 14 14 6-25
Al4 outside of T1lc (mm) 10 11 5-24
Al2 outside of T2c (mm) 8 10 6-12

The gadolinium-enhancing lesion as seen on T1-weighted
MRI may not always correspond to the region of active
disease due to the presence of nonenhancing tumor tissue
and to the presence of contrast enhancing necrosis. Nonspe-
cific processes, such as inflammation or reactive edema
formation, also may appear hyperintense on T2-weighted
MRI, making it difficult to determine what is and what is not
tumor. In addition, serial biopsy studies show tumor cells
extending in a variable pattern beyond the enhancement
region, in the area of edema, and even in normal appearing
brain adjacent to the region of T2 abnormality (31). Serial
biopsy studies have shown also that tumor infiltration tends
to follow white matter fiber tracts (32).

The variability in tumor cell distribution makes it difficult
to define an effective, yet safe, margin for purposes of
treatment planning. A uniform margin can be expected to
cover either too much noninfiltrated brain or to leave small
areas of tumor infiltration out of the treatment volume. The
latter is undesirable because it will increase the likelihood of
local recurrence. The former is equally unacceptable be-
cause it is clear that radiation induced CNS toxicity is
related not only to dose but to volume as well (33). Because
focal RT appears to decrease neuropsychologic sequelae
when compared to large volume RT (29, 34), and since the
goal of any revised treatment protocol is to prolong survival,
a margin that is tailored to tumor extension, rather than one
that is uniform, could be presumed to improve quality of
survival as well as local control.

We are not the first to suggest that alternative imaging
modalities may have a role in delineating target volumes.
Modalities under evaluation include positron emission to-
mography (PET) (35) and I-123-alpha-methyl-tyrosine
SPECT (IMT-SPECT) (36). Studies by Mosslghal. (37)
and Ogawaet al. (38) have concluded that PET using
methyl-11C-L-methionine (MET) better demonstrates the
true extent of brain gliomas than CT or MRI but that it is of
little value in defining tumor grade or in separating regions
from necrosis. A recent study, reporting on the use of
IMT-SPECT in 30 patients with nonresected, histologically
proven brain gliomas (Grade II-IV astrocytomas and oligo-
dendrogliomas), demonstrated IMT-SPECT activity incor-
porating partially or completely the MRI contrast enhance-
ment volume with extension outside the region of

31
19
100

outside
(%
Tlc)

Tlc
Al4

4
1

31

Tlc
outside

Al4d

(cc)

88
99
100

Tic
(%
Ald)

Al4
outside

15
12
44

Al4
outside
Tlc
(cc)

196
303

Tic
(%)
20

Al4  Al4/
13

outside vol.

(cc)
18

Tlc
AI3

Tilc
outside
(cc)

Al3

89
99

Al3
outside
Tic
(%
Al3)

28
27

Tlc
(cc)

Al3
outside

Tlc

(%)
329
641

33
28

A3 AI3/
109

vol.
(cc)

outside
(%
Tlc)
48

Tlc
Al2

Tlc
outside
(cc)

15

Al2

Tic
(%
Al2)
89
97
38
100

Al2
outside

outside
Tlc
(cc)
48
47
10
88

Table 4. Astrocytoma Grade Ill: Relationship of MRI contrast enhancing volume (T1c) and MRSI volumes (Al2, AI3, and Al4)
Al2

Tlc

(%)
552

1063

Al2/

Al2

vol.

(cc)
56
47
149

Tilc
vol.
(cc)
10
4

0
64

Median

Mean
Min.

Max.



MRSI for high-grade glioma® A. PRzkALL et al. 923

58 8
enhancement in all patients studied (36). The IMT region of oS N e
abnormality was 69% greater than the region of T1- D2 9\/,‘:'
weighted contrast enhancement, and 23% of patients had © Lo o
IMT uptake beyond the T2 hyperintensity by as much as 2 o S o™
cm. Fezs8
A more universally available modality is proton magnetic ° N o
resonance spectroscopHEMRSI). It has been applied to T g 0w =
patients with brain tumors since the late 1980s, demonstrat- < XTBa8T
ing significant differences in spectra between tumor and g <3hT<
normal brain tissue. The MRSI data can be obtained as part 5 ® Sw =
of a conventional MRI examination by suppressing the large < <289 °
signal from water protons and then monitoring the variation o < § =<
. . . . < o
in intensity of protons from intracellular metabolites such as P - ~ R
cholin, creatine and NAA. o :_Ef E g
Many of these studies applied a single-voxel technique to 2 Le g
provide a single spectrum from a defined volume of tissue > TS50 e
as large as 4< 4 X 4 cm (39—42). The lack of spatial & <>
resolution in such a technique prevents it from providing = e _ Qg o3
information on the spatial distribution of disease. Recent % Eﬁ g 23
advances in MRI techniques, proposed as early as 1982 o 3 =
(43), allow the excitation and recording of a multidimen- P o N~ o
sional array of spectra from hundreds of contiguous voxels Py CE-Fvtn o
each 1 cc or less in size (40, 44, 45). This increase in spatial E = § <=
resolution, and the associated decrease in partial volume g © By o
effects, makes the 3D MRSI technique of potential value in 2l o239 °® 83
target volume definition. 2| <3F%<
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uating brain tumorsin vivo correspond to the peaks o m% og| T 3
generated by choline containing compounds, Cre, lactate/ 3 =g pa:)
lipid, and NAA. Cho appears to be an indicator of cell g °© ~ ©
membrane biosynthesis; it can be decreased in cortical ° ®9e a9
gray matter compared to subcortical white matter (46) g <-<
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lular hyperplasia and neuronal degeneration, such as 2 ZS38
phospholipid metabolism and myelin degradation (23, 2 °
47, 48). NAA is predominantly present in neurons; a 2| 9ZwseT S~ o
decrease in NAA could be caused by lower functional o F ‘g <=+
activity (49) or by a loss in neuronal cells or displace- "
ment by infiltrating tumor (15, 40, 50-52). There is a % U% g CCPod
variation in the Cho and NAA ratio in normal brain, but 9 r2ze
this is considered small by most investigators when com- 0} °©
pared to the difference between normal and diseased g Ng oo~ BRwS
brain. S| 22023 N
A consistent finding among MRSI studies has been that 8 ©
gliomas exhibit a markedly high resonance in the spectral § L. | ow .~
region of Cho and/or a low NAA resonance (19, 23), yield- e <<_\|( % E 5 AN
ing an increase in the Cho to NAA ratio. A series of studies © ]
at our institution have addressed the correlation between 3 — o~ ®%
MRSI spectra and biopsy samples obtained under image . % o8| N
guided targeting. Dowlingt al. have shown that the degree
LS . SO ~| TS990
of elevation in Cho level correlates with an elevation in %§ g YY¥ 39
tumor cell density (19). When Cho levels are two standard
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below, normal levels, 100% of pathohistologic specimens ==
demonstrate tumor. Even when Cho is less than two stan- =
dard deviations elevated compared to normal but is greater §§ <%
than NAA, the histology is tumor in 85% of specimens. In ====
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Fig. 8. Graphic summary of results for Grade Ill astrocytoma patients. The average relative sizes of the total volumes,

the conjoint and disjoint volumes, and the maximum extension of the abnormality index (Al) volume beyond the T
volume are displayed.

addition, an ongoing study by one of the authors (TRM) has depending on whether they were generated based on MRI or
shown that an Al of= 2 is diagnostic in 98% of samples for MRSI. In general, the MRI suggests a larger volume of
the presence of tumor (97 biopsy samples in 42 patients) microscopic disease, as defined by T2 hyperintensity. How-
(24). ever, despite the fact that most of the MRSI determined Al2
This study found that the volumes targeted for treatment, volume was contained within the MRI derived T2c volume,
based on anatomic and metabolic imaging, would be of 95% of Grade Il and 75% of Grade IV tumors still had Al2
different sizes and located in different areas (Figs. 8 and 9), extensions outside of the T2c volume that averaged 9 and 8

T2e¢

Bl = T outside Al
] = Al outside T

> = Al max extension

Al2: T2¢

AlI2:Tle AlI3:Tle Al4: Tlc

Fig. 9. Graphic summary of results for Grade IV astrocytoma patients. The average relative sizes of the total volumes,

the conjoint and disjoint volumes, and the maximum extension of the abnormality index (Al) volume beyond the T
volume are displayed.
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mm. This implies that the region of T2 hyperintensity does lems and limitations. A relative limitation in the use of
not include all areas of tumor. In addition, the MRI sug- MRSI at the current time is related to the size of the
gested a lesser extent, and a different location, of grossregion of excitation (PRESS-box). Currently, MRSI stud-
disease, as defined by T1, than did MRSI, as defined byies at our institution are limited to a maximum volume of
either Al2, Al3, or Al4 levels (Table 3). acquisition of 16X 8 X 8 or 12 X 12 X 8 cm. This
A reasonable approach to treatment planning might be to limitation is time dependent: it takes approximatéls to
create a plan that simultaneously delivers a conventionalacquire the data per voxel. Thus, the MRSI studies used
dose to the CTV and a higher dose to the GTV. Such an at our institution add 17 min to the MRI procedure,
“integrated boost” can be delivered using IMRT. If MRSI resulting in a total imaging time of around 90 min. As
data were incorporated into the T1 defined GTV volume for was shown in Table 1, this volume of excitation was not
grade Ill patients, this volume (T% [Al outside of T1]) sufficient to cover the entire region suspect for disease in
would increase by an average of approximately 500%, all patients. This is due in part to the PRESS-box being
300%, or 150%, depending on the Al contour used. The smaller than the region of interest. It is also due to the
addition of MRSI Al2 data to MRI T2 data in the definition need to include as much normal tissue as possible in the
of the CTV (T2 + [AI2 outside of T2]) would increase the PRESS-box to represent accurately the metabolic pattern
volume only by an additional 15%. In contrast, if the MRSI of noninvolved, normal brain tissue. Until the region of
Al2 were used solely to define the CTV, the volume of the excitation can be enlarged to encompass the entire region
CTV would decrease by approximately 20% compared to of interest plus a certain volume of normal brain, while at
the use of T2 alone. the same time maintaining spectral quality, the MRSI
For Grade IV patients, there would be similar, but lesser, studies will not be able to define fully the entire target
effects. The addition of MRSI data to the T1 data in the volume. The shape of the PRESS-box also plays an
definition of the GTV would increase the average volume important role in this issue. The PRESS-box currently in
(T1 + [Al outside of T1]) by approximately 150%, 60%, or use is a cube. Since it is required that the PRESS-box not
50% for Al2, Al3, or Al4, respectively. The effect of adding include regions of subcutaneous lipid (because of their
MRSI Al2 data to the T2 data for CTV definition would ability to degrade spectral quality), it is at times difficult
increase the volume (T2 [AlI2 outside of T2]) by about  to position the box so that it covers the tumor and not the
10%; if the MRSI Al2 would be used solely to define the skull. A recent development that may reduce or eliminate
CTV, the volume of the CTV would decrease by approxi- this limitation is the use of saturation bands (custom-
mately 40% compared to the use of T2 alone. designed radiofrequency pulses that can saturate subcu-
It is important to emphasize that these differences varied taneous lipid) that enable us to conform the PRESS-box
markedly from patient to patient and that in a given patient, to the shape of the skull (53). In the future, high-field
the extension of the Al volume outside the T1lc or T2c magnets and improved radiofrequency coils, resulting in
volumes at each Al level was not uniform. This reinforces better signal detection, will allow further reduction of the
the concern over the use of a uniform margin around the T1 voxel size and an improvement in spatial resolution.
or T2 volume when defining treatment volumes. With sus-  Generating the Al contours for the spectral data involves
pected gross disease, depending on Al level selected, of 3%patial interpolation. Studies within our department have
to 48 and 24 to 27 mm from the T1lc border for Grade Il determined that the contours, as reported here, are accurate
and Grade IV tumors, respectively (Table 3), a conventional to within = 2.5 mm (54). This error has to be taken into
uniform boost target margin of 5—20 mm would fail to cover account when performing a relative volume evaluation,
all metabolically active disease. This may help explain the such as was done in this study. Given the Al volumes
high rate of recurrence of malignant gliomas after RT. reported here, introducing this uncertainty into the volume
This discussion of the effect MRSI might have on treat- determinations would change them by anywhere fram
ment-planning volumes is based upon data from a series 0f10-20%. However, because there are also errors in the
presurgical MRSI and MRI studies. As such, it is not generation of the T1 and T2 contours, and because all
directly applicable to the use of radiation therapy in the CTVs, be they MRSI or MRI determined, need to be con-
postsurgical patient, perhaps the most common use of RT inverted to planning target volumes (PTV), this uncertainty
patients with HGG. However, although the quantitative can be expected to have a negligible effect on the reported
effect may be different, the qualitative effect should be the results.
same. Because it seems likely that a metabolic study such as There also may be an effect of edema on the determina-
MRSI might be better able to determine the volume and tion of Al volumes. Because the presence of extracellular
location of residual tumor post resection than would an edema will tend to decrease the density of cells within the
anatomic study such as MRI treatment plans incorporating edematous region, the magnitude of the spectral signal may
the MRSI data may target more appropriately areas thatbe reduced due to a partial volume effect. This would tend
would benefit from increased dose. to decrease the volume at each Al level. Similarly, areas of
Although it would appear that MRSI may hold great necrosis (which may contain some viable, hypoxic cells)
promise as an aid in defining target volumes for inter- admixed with areas of high Cho/NAA ratio could yield
vention in patients with HGG, it is not without its prob- lower Al levels. An obvious way to reduce the magnitude of
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this issue, as well as the other partial volume effects dis- studies correlating pre-RT MRSI Al assessment, dose de-
cussed previously, is to improve the sensitivity of the MRSI. livered, and post-RT MRSI evidence of tumor control.
Another Al level affecting component is the presence of  The findings reported here also might have significant
necrosis. Although the qualitative comparison of Al and implications when undertaking surgical intervention. Many
T1lc volumes were the same for Grade Il and Grade IV current approaches to tumor resection include the use of a
patients, there appeared to be marked differences in theframeless surgical treatment planning and navigation sys-
guantitative findings. (Table 4, Fig. 8; Table 5, Fig. 9). A tem. Before surgery, the surgeon uses a surgical planning
possible explanation for this difference has to do with the system to map out the area to be resected based on the
finding that the Cho/NAA ratio is lower in Grade IV tumors  defined target volume as determined from MRI and/or CT
than in Grade Il tumors (23). This is due most likely to the studies. The navigation system, used during the resection,
more heterogeneous nature of Grade IV tumors, including allows the surgeon to track the current location of the
small areas of gross necrosis and partial necrosis not iden+esection cavity relative to the imaging studies and the
tified as regions of hypointensity within the region of T1 treatment plan. As was suggested for RT treatment plans, it
contrast enhancement. The presence of these small areas afan be argued that the use of MRSI might result in a
necrosis will reduce the volume of tumor specific spectral different “planned” volume of resection, and, therefore, a
signals at a given Al level designation due to a partial different surgical result.
volume effect. Therefore, AI3 and Al4 will not cover as Obviously, these same factors must be considered when
much of T1. evaluating the results of other focal medical interventions
Finally, it is certainly not clear how the Al should be for HGG, such as brachytherapy, hyperthermia, and radio-
used, if at all, to delineate dose requirements. IMRT allows surgery. Finally, the results of dose-escalation studies, using
different doses to be prescribed to different regions of a either external beam or brachytherapy, must be reassessed
target. In order for this to be of value, the dose requirements in light of the fact that incorrect or incomplete volumes may
of those regions must be known. Biopsy correlation studies have been targeted for the focal therapy.
have shown that an Al of 2 is associated with the presence
of tumor cells in 100% of cases (24). At first pass, it might
be felt that regions with an Al greater than 2 are the ones
that should be targeted for an integrated boost, either due to A recent article by Linget al. emphasizes the “dose
higher metabolic activity per cell or to a greater cell density. painting” and “dose sculpting” that is possible with IMRT,
However, it also could be argued that it is the regions with allowing customized dose delivery to various parts of the
a lower metabolic activity that will require a higher dose of treatment volume based on their dose requirements (55). To
radiation. For instance, these regions may have depressedet the most out of this technique, it is a necessary that what
metabolic activity due to poor oxygenation, thus requiring a needs to be “painted,” and how much “paint” is required, be
higher dose to control the cell population. known. The present study shows clearly the discordance in
It is even unclear as to what the Al for a given voxel HGG target volumes that result from the use of either
means in terms of metabolic activity. The voxel may be anatomic (MRI) or metabolic (MRSI) imaging. This is
homogeneous, with all cells having the same Al. It may also consistent with the results of other studies comparing PET
be heterogeneous, with areas of very high activity and areasand SPECT to MRI. Although these studies may help us
of necrosis. Alternatively, the voxel could contain few cells, better understand what needs to be painted, they have not
each with very high activity, or many cells each with a begun to solve the question of how much paint is required.
lower activity. In each case, the Al for the entire voxel It is too early to advise the use of biologic imaging as the
would be the same, but the metabolic activity, and, there- sole determinant of target volumes. However, the incorpo-
fore, the dose requirements, of the individual cells making ration of metabolic imaging into a treatment planning pro-
up the voxel may be different. cess that currently relies solely on anatomic imaging seems
An in-depth analysis of other MRSI metabolites, such as worthwhile. Much work, using a wide range of new diag-
creatine and lactate, may help differentiate regions of aer- nostic techniques, remains to be done to determine how
obic from regions of anaerobic metabolism, thus detecting graded levels of metabolic activity can be used to guide the
hypoxic areas, and higher resolution studies may improve graded levels of dose delivery possible with new treatment
our understanding of what is the metabolic activity in any techniques such as IMRT. However, it is the belief of the
given region. MRI-based perfusion and diffusion measuring authors that strong consideration should be given to the
techniques, such as cerebral blood volume (CBV), and incorporation of functional imaging into the treatment pro-
apparent diffusion coefficient (ADC) also may allow an cess for focal treatments or boost techniques for HGG. In
indirect determination of where are the oxygen-rich areas. addition, the results of controlled dose-escalation trials that
We plan on studying whether some combination of these, orused MRI-derived target volumes should be reevaluated
other approaches, may help address the issues of how tagjiven the possibility that these volumes may have been
relate Al to dose. This will be in conjunction with ongoing incorrect.

CONCLUSION
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