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RATIONALE AND OBJECTIVES. The anatomic and metabolic
changes in human brain tumors treated by radiation therapy
were compared using gadolinium-enhanced magnetic resonance
imaging and hydrogen (‘H) magnetic resonance spectroscopy.
The study was intended to assess the potential of 'H magnetic
resonance spectroscopy in monitoring response to therapy.

METHODS. Thirteen cases of brain cancer treated by radia-
tion therapy were examined by 'H magnetic resonance spec-
troscopy and gadolinium-enhanced T1-weighted magnetic res-
onance imaging and reexamined at 2-month intervals.

RESULTS. Follow-up after radiation therapy showed changes
in post-gadolinium magnetic resonance imaging contrast that
are inversely correlated with the changes in choline level (r =
—0.69, P < 0.00001) and in tumor volume (r = —0.35, P <
0.05).

CONCLUSIONS. The choline loss in tumors gaining post-gad-
olinium magnetic resonance imaging contrast after therapy is
unexpected in view of previously reported correlation between
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the two in untreated metastatic brain tumors. Indicated is the
use of "H magnetic resonance spectroscopy to discriminate en-
hancing brain tumors with a high content of vital tumor cells
(high choline) from tumors, combining decreased cell density
with increased interstitial space (low choline).

KEY WORDS. Brain tumors; gadolinium-DTPA contrast
agent; magnetic resonance imaging; magnetic resonance spec-
troscopy.

BRAIN TUMORS have high choline (Cho) levels and
reduced N-acetylaspartate (NAA) levels compared
with normal brain tissue.! Whereas hydrogen (‘H)
magnetic resonance spectroscopy (MRS)-detected
Cho levels generally increase with tumor size and cor-
relates with gadolinium (Gd)-DTPA enhancement in
T1-weighted magnetic resonance imaging (MRI), they
cannot be used as discriminators of tumor grade, be-
cause necrotic high grade tumors have low levels of
Cho.?? Previous 'H MRS studies indicated that the
lactate (Lact) frequently detected in brain tumors is
neither significantly correlated with glucose use* nor
to the grade of malignancy.>*® We recently demon-
strated the preferential presence of Lact in untreated
metastatic brain tumors that are necrotic and compar-
atively low in Cho and creatine (Cr).>

The purpose of this study is to compare the anatomic
and metabolic changes in human brain tumors exam-
ined for the first time by Gd-enhanced MRI as well as 'H

738



No. 12 HYDROGEN MAGNETIC RESONANCE SPECTROSCOPY - Sijensetal 739
TABLE 1. Magnetic Resonance Spectroscopy of Brain Tumors in Follow-up after Radiotherapy
Metabolitess:
Case Tumor type, time Tumor volume MRI MRS: Tumor voxel(s)
no. of reexamination {cm®)* contrast = SDt SV orCSI (cm®) Cho Cr NAA Lact Lipid§
1 Lung ca. meta 3.1 0.84 +£0.19 sv 8 56 49 73 0 -
1 mlater 1.3 1.04 + 0.06 sV 8 46 47 46 0 +
2 Mammary ca. meta 0.3 1.59£0.19 sV 8 48 59 67 0 -
3 mlater 0.4 1.43 + 0.08 sv 8 64 49 75 0 +
5 milater 0.4 1.64 £ 0.14 sv 34 45 43 98 0 +
3 Mammary ca. meta 3.1 1.91+0.10 sv 8 66. 10 0 0 +
2mlater 1.3 2.28+0.16 sv 34 47 33 13 193 -
4 mlater 1.4 1.72 £ 0.22
4 Medullablast. meta 1.3 1.18 £ 0.16 sV 3.4 42 19 60 0 +
2mlater 21 1.20 + 0.25 sv 3.4 106 50 84 94 -
4 mlater 4.2 116+ 0.10
5 Melanoma meta 0.3 — sv 8 25 28 36 20 -
2mlater 2.3 1.50 £ 0.41 sV 8 68 60 52 30 +
4.5mlater 2.3 1.46 £ 0.23
6 Pr. NHlymphoma 0.3 1.03 £ 0.07 sv 8 518 0 56 0 -
Smlater 0.0 0.81 £0.037 sv 8 43 80 73 0 -
8 mlater 0.0 0.72 + 0.061
7 Astrocytoma lll 7.7 1.58 +0.40 sv 8 34 22 36 0 +
2mlater 123 1.51 £0.28 sv 8 19 17 24 0 +
4mlater 18 1.056 £ 0.22 sv 8 66 79 0 0 +
8 Astrocytoma Il 15 0.80 +0.36 sv 8 0 0 25 134 +
5 mlater 7.8 0.75 £0.35
12 m later 29.5 1.562 + 0.40 CSi 10.2 51 25 22 0 -
9 Astrocytoma IV 2.2 1.52 £ 0.30 sv 27 54 48 66 12 -
4 mlater 2.7 0.94 +0.17 sv 27 79 62 52 0 +
6.5 m later 1.8 1.46 £ 0.44 sv 27 48 51 51 15 -
Smlater 24,5 1.23 £0.29 sv 64 72 73 70 0 ++
10 Astrocytoma IV 6.4 0.70 £0.25 sv 8 67 52 50 0 +
3mlater 12 1.19£0.17 sv 8 59 37 55 0 +
7 mlater 30 0.96 +0.23 sv 8 4 9 52 20 +
11 m later 32 1.01 £0.30 sv 8 47 38 18 32 -
11 Astrocytoma IV 170 1.13+0.43 Csl 13.6 28 22 10 26 -
1 mlater 170 — (o1]] 13.6 69 12 17 60 -
3mlater 125 0.98 + 0.46
12 Glioblastoma mult. 56 1.24 +£0.45 sv 43 18 26 29 0 ++
3mlater 62 1.11 £0.32 sv 43 36 28 34 0 ++
Smlater 64 1.10 = 0.55 sv 8 57 10 22 46 -
8 mlater 61 1.34 £ 0.68 sv 8 31 20 26 50 -
11 m later 52 1.65 = 0.46 sv 8 28 12 38 83 -
13 Glioblastoma mult. 75 1.1 +£0.31 sv 27 39 69 0 0 ++
3miater 92 1.26 + 0.31 sv 27 76 66 30 0 ++
* Estimated from MRI.

+ Postcontrast lesion signal (at largest MRI cross section) in percent of the T1-weighted MRI signal of contralateral brain tissue.

t In percent of NAA in contralateral brain tissue.

§ Absent (=), low (+), high (++).

1 At location of tumor in first examination.

MRI: magnetic resonance imaging; MRS: magnetic resonance spectroscopy; SV: single voxel; CSI: chemical shift imaging; Cho: choline; Cr:

creatine; NAA: N-acetyl-aspartate; Lact: lactate; ca: carcinoma; mult: multiform; pr: primary; NH = non-Hodgkin.

MRS shortly after radiation therapy and reexamined at
2-month intervals thereafter. The presented results of '"H
MRS follow-up of brain tumors treated by radiation

therapy are, to our knowledge, the first that establish cor-
relation between changes in tumor metabolite level and

post-Gd MRI contrast (pGdC).
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Materials and Methods

Thirteen cases of human brain cancer were examined
by 'H MRS and Gd-enhanced T 1-weighted MRI shortly
after treatment by radiation therapy (typically 1 month
after external radiation therapy and/or brachytherapy)
and reexamined by both MRS and MRI at intervals of 2
months (Table 1), No surgery was performed in the peri-
ods between subsequent MRS examinations. Magnetic
resonance spectroscopy examinations and contrast-en-
hanced MRI were performed at 1.5 T using a 1.5/2 T
SP63/84 Helicon whole body MR scanner (Siemens AG,
Erlangen, Germany). The standard circular polarized
transmit/receive head coil and 10 mT/m gradient system
were used for both MRIand MRS.

The MR follow-up scheme was designed to explore
possible correlation of changes in MRI and MRS param-
eters with simultaneous changes in tumor size. The po-
tential of MRS for prediction or early assessment of re-
sponse to radiation therapy is not featured in this study.
For that purpose, a different scheme, including pretreat-
ment examinations as well as reexaminations at multiple
times after initiation of the irradiation series, would have
been needed. At some of the times listed in Table 1, the
MRI examinations could not, for either technical or lo-
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Figures 1A-1G. Single voxel 'H
magnetic resonance (MR) spectra of
primary brain tumor (astrocytoma
grade 2; A,B) and of contralateral brain
tissue (C,D) measured with echo times
of 135 msec (A,C) and 270 msec
(B,D). T2-weighted MR images show
the locations of 64-cm® MR spectros-
copy voxels centered on tumor (E) and
contralateral tissue (F). Also shown is
the post-gadolinium T1-weighted MR
image of an axial slice through the
same region (G).

gistic reasons, be followed by MRS. Beyond the time
frame listed in Table 1, most patients received additional
treatment, such as chemotherapy or surgery. Therefore,
it was deemed better not to diminish the clarity of the
study by providing additional clinical follow-up data.
Gadolinium-DTPA-Enhanced Magnetic Resonance
Imaging

The MRI studies, preceding the MRS by up to 2 weeks,
included a T1-weighted sequence (repetition time [TR}/
echo time [TE], 610/14; 2 NEX; matrix size, 192 X 256; 3/
4 rectangular field of view) with 6-mm slices. T1-weighted
MRI was repeated 5 minutes after contrast (0.2 mmol/kg
Gd-DTPA). Routines provided by the manufacturer of the
MR system were used to determine the mean signal intensi-
ties and standard deviations for the largest transverse 6-mm
thickness MRI cross-section of each lesion. The volume of
each metastasis was estimated from the enhancing areas on
postcontrast MRI. Enhancement is defined as percent
difference between mean signals in largest postcontrast MRI
cross-section of the tumor and contralateral brain tissue.
Single Voxel ' H Magnetic Resonance Spectroscopy and
Chemical Shift Imaging

Single voxel '"H MRS was performed as described else-
where.’ Briefly, the double spin echo (DSE) sequence
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Figures 2A-2F. Hydrogen chemical shift imaging (CSI) of primary brain tumor (case 11): T2- and T1-welghted magnetic resonance images
showing (A,B) volume of interest of 7.7.1.5 cm, (C,D) CSI matrix and (magnified) spectral map, and spectra of tumor voxels with elevated (E)

Cho and (F) Lact.

was used to select a volume of interest in a single experi-
mental step with suppression of the unwanted water sig-
nal.” Care was taken to ensure proper positioning of le-
sion MRS voxels in those regions that had shown signal
enhancement in the Gd-DTPA-enhanced MRI studies.
Magnetic resonance spectra were acquired with TE-135
msec when, because of J modulation, the doublet signal
of Lact is inverted (180° out of phase) relative to the lipid
signals and to the singlets of Cho, Cr, and NAA.® This is
illustrated in Figure 1. Note the presence of a small quan-
tity of Lact in the contralateral spectrum, probably
leaked from the tumor into the cerebrospinal fluid or
possibly from spatial contamination of the control voxel
by tumor invasion. The whole procedure includes sagit-
tal and transverse MRI, global shimming, volume selec-
tion, local shimming, water suppression optimization,
and tumor and contralateral voxel measurements. The
field homogeneity achieved in global and local shimming
resulted in water peak line widths of, at most, 17 Hz and
6 Hz, respectively. With regard to the latter value, it must
be realized that tumors are generally heterogeneous com-

pared with normal brain tissue, resulting in comparative
B,-field heterogeneity and water line widths of 4 to 6 Hz,
compared with 3 to 4 Hz in normal brain tissue (2 Hzin
edema). DSE MR spectra were collected with 2.56-msec
sinc-shaped radio frequency pulses preceded by 25.6-
msec Gaussian-shaped radio frequency pulses for chem-
ical shift selective excitation and subsequent spoiling of
the resultant water signal. The second half of the spin
echo was collected using 1024 data points and a spectral
width of 500 Hz. All DSE measurements were the sum
of 256 acquisitions with 4 prescans and TR = 1600 msec
(acquisition time, 6.57 minutes). Typically, time domain
data were 0 filled to 4096 points, multiplied with a
Gaussian function (center, 0 msec; half-width, 256
msec), Fournier-transformed, phase-corrected, and fit-
ted to Lorentzian curves. Quantitative analysis of patient
spectra was confined to Cho (chemical shift, 3.21 ppm),
Cr (3.02 ppm), NAA (2.01 ppm), and Lact (doublet cen-
tered at 1.32 ppm with coupling constant of 7 Hz). In
accordance with previous work,? Cho, Cr, and Lact are
presented in percent of the NAA detected in contralat-
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Figures 2G-2L. Magnetic resonance spectrum of normal brain tissue included in the volurme of interest (G) and metabolic maps showing the
distributions of (H) Cho, (I) Cr, (J) NAA, and (K) Lact. Chemical shift imaging voxe! size: 3.4 cm® echo time 135 = msec. Also shown is the post-
gadolinium T1-weighted magnetic resonance Image of an axial slice through the same region (L).

eral brain tissue and not corrected for saturation and re-
laxation effects. Lipid peak areas (0.9 ppm and 1.3 ppm)
were not quantitated because in peripheral voxels signal
contributions from subcutaneous fat and bone marrow
were often significant.

A hybrid chemical shift imaging (CSI) technique was
used with two-dimensional (2D) phase encoding of a
transverse slice, up to 10- 10 1.5 cm? depending on the
location of the tumor in the brain, selected with field gra-
dients of 0.8, 0.8, and 3.0 mT/m, respectively. The CSI
measurements were preceded by MR, global shimming,
and local shimming on the whole volume of interest us-
ing a single voxel DSE sequence as described in the pre-
vious paragraph. The field homogeneity achieved in
global and local shimming resulted in water peak line
widths of at most 17 Hz and 8 Hz, respectively. Hybrid
DSE 2D CSI was subsequently applied on the 1.5-cm
thickness transverse slice centered on the tumor, yielding
voxels of 1.5-1.5-1.5 cm>. Spectral maps (16 X 16 ma-
trix defined by phase encoding, field of view 24.24 c¢m)
were collected with 2.56-msec sinc-shaped radio fre-

quency pulses preceded by 25.6-msec Gaussian-shaped
radio frequency pulses for chemical shift selective excita-
tion and subsequent spoiling of the resultant water sig-
nal. The second half of the spin echo was collected using
1024 data points and a spectral width of 500 Hz. All hy-
brid DSE 2D CSI measurements were the sum of two
acquisitions with four prescansand TR = 1600 msec (ac-
quisition time, 13 minutes). After retrospective position-
ing of voxels on tumor, time domain data were
multiplied with a Gaussian function (center, O msec;
half-width, 256 msec), 2D Fournier-transformed, phase-
corrected, and quantitated as the single voxel MRS data.
The whole procedure, including sagittal and transverse
MRI, global shimming, volume selection, local shim-
ming, water suppression optimization, and the measure-
ment of one 2D spectral map, took 50 minutes.

Statistics

Correlation analyses were applied and two-tailed Stu-
dent’s  test was used in assessing the significance of the
presented linear correlations.
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Results

The result of CSI examination of a large brain tumor
is presented in Figure 2 (case 11). The transverse cross-
section of the 170 cm> R-parietal astrocytoma shows re-
duced Cr and NAA levels and high Cho levels in tumor.
Lactate is localized in the necrotic center of the ring-en-
hancing lesion, and significant lipid signals are not de-
tected. The peak integrals of Cho, Cr, NAA, and Lact in
4 tumor voxels, combined relative to the NAA level in
the normal brain tissue included in the volume of inter-
est, are listed in Table 1 along with the results in another

-CH.-

.CH
Cho Cr NAA ’

<]L:wl
35 30 2.5 2.0 1.5 1.0
Chemical shift / ppm

Figure 3. Single voxel 'H magnetic resonance spectra of the same
central region of irradiated glioblastoma multiform examined five times
atintervals of 2 to 3 months (case 12; voxel size: 8 cm?, echo time 135
= msec). Total tumor volume, 56 cm® shortly after radiation therapy
(top spectrum), increased to a maximum of 64 cm? (middle), followed
by a decrease to 52 cm?® (bottom).

HYDROGEN MAGNETIC RESONANCE SPECTROSCOPY

743

Sifens et al

I * dVoluma
? 0 dCho
o
i3
X
E&
3
[~
&8
(%]
5
H
S
-40 + 4 9 ]
-80 -40 -20 0 20 40 60 80 100’

Change In Post-Gd MAI Contrast (%)

Figure 4. Changes in lesion Cho level, corrected for normal tissue
contributions, and tumor volume plotted against the change in post-
gadolinium magnetic resonance imaging contrast for tumors exam-
ined multiple times. Linear regression analysis: r = —0.69 and P <
0.00001 (lesion Cho), and r = —0.35 and P < 0.05 (tumor volume).

12 cases (mostly smaller tumors examined by single
voxel MRS).

Hydrogen MRS follow-up of patients was initiated
shortly after irradiation of metastatic (cases 1 to 5) and
primary brain tumors (cases 6 to 13). The results are di-
verse. Changes in tumor Cho, Cr, and Lact signals are
not correlated with changes in tumor volume (P > 0.2).
Figure 3 shows the results for a primary brain tumor,
examined five times during the first year after radiation
therapy (case 12). Initial increases in tumor Cho signal
during tumor progression and subsequent disappearance
of the intense CH, and CH, lipid signals (compare the
first three spectra from top) are followed by the appear-
ance of an increasingly intense Lact signal and Cho de-
crease during tumor shrinkage. On Gd-enhanced MRI,
the tumor remains highly heterogeneous, whereas pGdC
decreases with initial tumor progression and increases
with subsequent tumor regression (Table 1). The de-
creases in the intensities of lipid signals and the appear-
ance of Lact were more or less general phenomena be-
cause these were also observed in cases 3, 4, 9, and 10
(see Discussion). The main finding in this study is that in
the 13 follow-up cases combined, the changes in pGdC
are inversely correlated to the changes in lesion Cho
level; that is, Cho level corrected for normal tissue con-
tributions as described elsewhere®: lesion Cho = Cho —
LNAA, (r = —0.69, P < 0.00001; n = 32) and in tumor
volume (r = —0.35, P < 0.05) (Fig. 4). Additional corre-
lations between changes in MRS-determined metabolite
levels and MRI-determined tumor volume, pGdC, and
heterogeneity do not reach significance.

Discussion

The initial '"H MR spectra of metastatic (cases 1 to 5)
and primary brain tumors (cases 6, 7, and 9 to 13) mea-
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sured shortly after termination of radiation therapy, al-
though quite divergent, share a reduced NAA/Cho ratio
compared with contralateral brain tissue (0.91 + 0.18
SEM versus 1.94 + 0.06 [corpus nuclei caudati] to 2.68
+ 0.05 [lobus occipitalis] in normal brain tissue). This
feature, observed in 12 out of 13 cases, is in line with the
observations in untreated primary>®'® and metastatic
brain tumors.>!! Remarkable is the abnormality of the
MR spectra of volumes containing only 4% MRI-visible
metastatic tumor (cases 2, 5, and 6). This might be inter-
preted as evidence that early stage brain metastases are
only partially visualized with Gd-enhanced MRI. Tu-
mor Cho levels higher than those in contralateral brain
tissue were observed in only five patients (cases 1, 3, 6,
9, and 10). Creatine levels varied considerably between
tumors (0.31 + 0.06 SEM). Evaluation of data in terms
of relative concentrations or in the tumor metabolite ra-
tios of NAA per Cr and Cr per Cho did not yield signifi-
cant, additional information compared with expression
in percent of contralateral NAA (see Materials and
Methods). The Lipid signals were observed in seven cases
and Lact in only four cases. Comparison of the findings
in cases 2 and 3 (mammary carcinoma metastasis), 7 and
8 (astrocytoma III), and 12 and 13 (glioblastoma
multiforme) indicates that the presence or appearance of
Lact signal does not depend on tumor type, in agreement
with a previous report.'?

The presented results of brain tumor follow-up are, to
our knowledge, the first that establish correlation be-
tween changes in the levels of a tumor metabolite and
changes in pGdC. The Cho loss in tumors gaining pGdC
after therapy is unexpected in view of previously re-
ported positive correlation between Cho and Gd en-
hancement in untreated metastatic brain tumor.’ It is
concluded that in irradiated (and probably also in other-
wise treated) brain tumors, there is no predictable rela-
tionship between the appearance of Gd-enhanced MRI
and the results of '"H MRS. This result, the absence of
correlation between the results of the imaging method
most frequently used to detect and monitor brain tumors
and MRS findings, implies a diagnostic application: 'H
MRS can be used to discriminate Gd-enhancing brain
tumor with a high content of vital tumor cells (high Cho)
from similarly enhancing tumor that, typically after cell
kill, combines decreased cell density with increased in-
terstitial space (low Cho).

In five cases, there were decreases in lipid signal that
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were followed by increases in Lact. In case 9, there was
less consistency with alternating rises and falls in both
tumor metabolite levels (Cho, lipids, Lact) and in tumor
volume. The lipid signals, while influenced by signal
contributions from subcutaneous fat and bone marrow,
may essentially reflect mobile lipid accumulation in ne-
crotic foci below MRI resolution, as has been reported
for high-grade astrocytomas examined in vitro.” The
lipid decreases with appearance of Lact in the tumor MR
spectra could thus be explained by the replacement of
microscopic necrosis by MRI visible areas of gross ne-
crosis,’ as observed with tumor progression (case 10) and
therapy-induced regression (case 12).
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