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Summary

This study sought to correlate quantitative presurgical proton magnetic resonance spectroscopic ftHaging (
MRSI) and diffusion imaging (DI) results with quantitative histopathological features of resected glioma tissue.
The primary hypotheses were (1) glioma choline signal correlates with cell density, (2) glioma apparent diffusion
coefficient (ADC) correlates inversely with cell density, (3) glioma choline signal correlates with cell proliferative
index. Eighteen adult glioma patients were preoperatively imaged ¥itMRSI and DI as part of clinically-
indicated MRI evaluations. Cell density and proliferative index readings were made on surgical specimens obtained
at surgery performed within 12 days of the radiologic scans. The resected tissue location was identified by comparing
preoperative and postoperative MRI. The tumor to contralateral normalized choline signal ratio (hCho) and the ADC
from resected tumor regions were measured from the preoperative imaging data. Counts of nuclei per high power
field in 5-10 fields provided a quantitative measure of cell density. MIB-1 immunohistochemistry provided an index
of the proportion of proliferating cells. There was a statistically significant inverse linear correlation between glioma
ADC and cell density. There was also a statistically significant linear correlation between the glioma nCho and the
cell density. The nCho measure did not significantly correlate with proliferative index. The results indicate that both
ADC and spectroscopic choline measures are related to glioma cell density. Therefore they may prove useful for
differentiating dense cellular neoplastic lesions from those that contain large proportions of acellular necrotic space.

Introduction that, for glioma evaluation, the choline signal is one
of the most significant of the detectable spectroscopy
Proton magnetic resonance spectroscopicimadhtg (  signals [2—-13]. Its relative elevation in cerebral neo-
MRSI) and diffusion magnetic resonance imaging (DI) plastic tissue has been frequently reported. The
have probable value inthe clinical assessment of humanassociation between increased choline signal intensity
intracranial glioma, yet little effort has been made to and malignant degeneration or progression of human
relate thelH-MRSI and DI features seen in glioma glioma has been demonstrated [4,5]. There is also a
with cellular characteristics identifiable on quantitative growing body of investigation in which spectroscopic
histopathology. observables, particularly the choline signal, are used
'H-MRSI provides tomographic measures of the to assess therapeutic response [5,12,13]. All of these
magnetic resonance spectroscopic signal intensitiesavenues are being pursued without a firm understand-
produced by several low molecular weight tissue con- ing of what underlying biophysical or biochemical
stituents with a volume resolution that can be as fine features are responsible for glioma choline signal
as 0.34 cc [1-6]. Numerous studies have demonstratedelevation and its changes. Cell culture studies have
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implicated enhanced ‘membrane turnover’ associated The use of stereotactic biopsy was considered for
with neoplastic transformation and cellular prolifera- this study as means of obtaining the maximum possible

tion as a key biochemical component responsible for
choline signal elevation [14]. However, there remains a
poor understanding of how the known variability in cell
density (micronecrosis) modulates the biochemical
effects in human intracranial glioma.

DI enables the self-diffusion properties of tissue
water to be imaged [15]. It has been used most
frequently in the evaluation of acute stroke [16]; how-
ever exploratory investigations of human glioma have
also appeared [17-22]. These have inferred (from
imaging without a histopathological correlation) that
Apparent Diffusion Coefficient (ADC) imaging per-
mits the topospecific identification of the unique
histopathologic components of glioma which may
not be clearly distinguishable on conventional MRI;
higher ADC suggests lower cell density (e.g. cyst,
micronecrosis, edema) while lower ADC values sug-
gest solid tumor. This inferred finding has not yet been
tested through a correlative imaging/histopathological
study. A recent contribution described the relation-
ship between cholintH-MRSI signal intensity and the
ADC in human glioma[21]. This study found a statisti-
cally significant inverse correlation between ADC and
choline signal intensity in human glioma and, thereby,
provided preliminary evidence for a self-consistent pic-
ture in which both the ADC and the choline signal
intensity are closely related to cell density. However,
this study did not include a histopathological correla-
tion to support this hypothetical relationship between
ADC, choline signal and cell density.

In the present investigation we directly studied

correlation between imaging and histopathological
data. However this proved not to be possible because
of the relative infrequency of stereotactic biopsy at our
institution. These considerations led to the design of a
statistically valid procedure for testing the hypotheses
using open resections.

Materials and methods
Overall design

Eighteen glioma patients were presurgically scanned
using an integrated magnetic resonance examination
which included conventional MRFH-MRSI and DI.
The patient group included 14 males and 4 females,
aged 28-62 years. All patients had surgery within 12
days after the imaging study. Some of the patients
had newly diagnosed glioma without previous treat-
ment (excepting steroids), while others had surgery for
recurrent or progressive glioma. Table 1 provides the
histopathological diagnoses using Daumas—Duport cri-
teria [23]. Seventeen patients underwent postsurgical
followup conventional MRI scanning within two weeks
of surgery. One patient had a postsurgical CT scan
due to postsurgical complications and a followup MRI
within 30 days. For each patient presurgical and post-
surgical anatomical imaging studies (MRI or CT) were
compared by an experienced radiologist (RG) to iden-
tify the tissue that was resected. The volume average

the relationship between imaging parameters and ADC a_nd volume average spectroscopic choline signal
histopathologic parameters. The parameters of interestintensity over the resected tissue were then determined

were choline signal intensity, ADC, tumor cell density
and cell proliferative index. The primary hypotheses
that guided the data evaluation were:

from the preoperative imaging study.

Cell density assays of the resected tissues were
obtained by nuclear counts. MIB-1 immunohistochem-
istry [24] was used to obtain the cell proliferative

1. A direct correlation exists between choline signal index. Linear regression techniques were used to test

intensity and cell density because the metabolites for the hypothesized relationships between measured
that generate the choline signal are associated with parameters.

the cells rather than the extracellular space;

. Aninverse correlation exists between ADC and cell MRI
density due to a presumed decreased amount of
highly mobile extracellular water in dense tumor The patients were scanned using a 1.5 Tesla
tissues; MRI system (General Electric Signax5 Echos-

. A direct correlation exists between choline signal peed). MRI, *H-MRSI and DI were performed
intensity and cell proliferative index because ‘mem- during the same scanning session without reposition-
brane turnover’ and, therefore, choline metabolites ing the patient. The conventional imaging included
are expected to be elevated in proliferating cells.  pre- and postcontrast T1-weighted axial imaging
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Pt  Diagnosis Diagnostic Average nuclei count  Average Average ADC  Average
classification  (thousands per high proliferation pm?/sec nCho
power field) index (MIB-1)
1 GBM G 1.00 17.7 1025 1.7
2 GBM G 0.27 4.9 1423 1.3
3 LGA A 0.57 4.6 1142 1.4
4 GBM G 161 104 1245 3.4
5 GBM G 0.62 6.1 1362 0.8
6 GBM G 0.83 11.0 1375 0.6
7 LGO o 1.65 24 1226 5.6
8 LGO e} 1.82 8.8 1013 2.7
9 LGA A 1.03 2.8 1443 15
10 LGO O 1.63 14.3 740 6.5
11 GBM G 191 12.3 985 35
12 MOA M 1.54 8.9 1043 2.9
13 GBM G 0.58 8.5 1234 1.8
14 AA A 1.09 5.5 1101 8.6
15 GBM G 0.79 0.9 1380 1.6
16 AO o 1.36 2.4 1084 4.1
17 GBM/O M 3.31 13.7 840 6.3
18 MMG M 1.05 5.6 1047 4.8

Abbreviations GBM: Gliobastoma Multiforme; GA: Low Grade Astrocytoma; LGO: Low Grade Oligo-
dendroglioma; MOA: Mixed Oligodendroglioma and Astrocytoma; AA: Anaplastic Astrocytoma; AO:
4 Anaplastic Oligodendroglioma; GBM/O: Gliobastoma Multiforme with a major Oligodendroglial compo-
nent; MMG: Malignant Mixed Glioma; Pt: PatienfBiagnostic Classificationss: GBM; A: Astrocytoma;

O: Oligodendroglioma; M: Mixed.

(TR/TE/NEX = 500/8/2, slice thickness= 3 mm,
slice gap= 0, 192x 256 matrix) together with fast spin
echo proton density weighted and T2 weighted axial
imaging (TR/TEL/TE2/NEX= 6000/14/126/2, slice
thickness= 3 mm, slice gap= 0, 192x 256 matrix).

MRI contrast agent was administered after te

MRSI and DI scanning in all cases. All MRI scanning
volumetric prescriptions (slice locations, slice thick-
ness, field-of-view, field-of-view center) were prospec-
tively defined so that images of different types (e.g.
ADC, 'H-MRSI, MRI) were collected in registration.

'H-MRSI

Axial 1'H-MRSI was performed using a three slice
multislice technique with TR/TE 2300/272, a 24 24

accomplished using three frequency selective radiofre-
quency pulses in concert with gradient pulses to destroy
coherent water magnetization at the beginning of each
pass through the pulse sequence. Lipid suppression
was achieved using the short-tau-inversion-recovery
method with Tl of 170 msec. This methodology was
chosen because, in our hands, it is robust and the data
it produces are relatively easily quantified. THe-
MRSI data from each spectroscopic imaging slice were
reconstructed using 3-dimensional (two spatial and
one frequency dimensions) fourier transform follow-
ing sine-bell spatial filtering and 2.0 Hz lorentzian time
domain filtering. This produced a two-dimensional
array of voxel frequency spectra from each of the three
imaged slices. Topographically registered conventional
MRI scans were created by summing the four 3mm
thick scans which coincided with each spectroscopic

phase encoding array, a slice thickness of 12 mm, aimaging slice. Topographically registered ADC scans
slice gap of 0mm and a field-of-view of 240mm. were obtained by collecting the DI scans with a slice

This 'H-MRSI technique provides T2-weighted pro-

thickness of 12 mm using a slice location prescription

ton magnetic resonance spectra from an array of voxelsthat matched the spectroscopic imaging prescription.
having nominal dimensions of 2010 x 12 mn? from
each of the three defined slices. Water suppression wasvoxel frequency spectrum could be identified on any

Therefore, the tissue location which produced each
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of the topographically registered MRIs, including one to point at the resected tissue location on the MRI
the ADC images. Frequency spectra from each of and to display théH-MRSI data produced by that tis-
the intracranial voxels were frequency-referenced by sue location. However locations that included obvious
identifying characteristic spectroscopic signals (e.g. cystic regions on MRI were not sampled as these tend
NAA, choline and creatine). Voxel spectra were then to produce no spectroscopic signals of any type.
baseline corrected using a polynomial fitting proce-

dure to fit the baseline in frequency regions having no

signals. Integrated magnitude signal intensities (here- DI

after referred to as ‘signal intensities’) of the choline,

N-acetylaspartate (NAA) and creatine signals were A diffusion-weighted spin echo-planar imaging tech-
obtained by integration of a 0.1 ppm frequency region nique was used. To simplify image manipulation,
around the respective signal maxima in each of the vox- diffusion scans were performed using 12 mm thick
els. Lactate and lipid signals were infrequently detected slices prescribed to match tHél-MRSI slice pre-
and were, therefore not analyzed further. Signal inten- scription. The diffusion sensitization parameters were:
sities were color coded for display as spectroscopic § = 35msec (all three axesh) = 37.6 msec in the
images. Choline signal alterations associated with read §) and phase)( directions,A = 40.2msec
tumor were quantified using the ‘normalized choline’ in the slice selectz] direction, diffusion-weighting
signal approach. For this method of choline signal gradient pulse amplitudes 0.0, 4.0, 8.0, 12.0, and
guantification, the choline signal inthe tissue of interest 16.0 uT/mm. The correspondingb* values’ ranged

is measured as is the choline signal generated by con-from 0 to 940 sec/mfmalong the read and phase direc-
tralaterally homologous region that appears normal on tions and from 0 to 1112 sec/niralong the slice select
conventional MRI. The lesion choline signal measure axis. Theb value calculation took into account both
is divided by the contralateral choline signal measure. the diffusion sensitizing gradient pulses and the imag-
This ratio is designated with the abbreviation nCho in ing gradient pulses. Gradient tuning was performed
the remainder of the paper. In this manner, the lesion for the » = 0 images only; all the other diffusion-
choline signal measure is ‘normalized’ to that pro- weighted images were acquired at the same settings.
duced by normal tissue in the contralateral hemisphere. Image distortions were reduced by using the minimum
This is necessary because MRI instruments provide no possible TE with a half-fourier acquisition. Diffusion-
reliable absolute measure of signal intensity. Between- weighted echo-planar images were acquired with
subject analyses, therefore, require calibration againstsuccessive sensitization in the y andz directions.
some other ‘standard signal’, which in this case was the Image intensities in the diffusion-weighted images (5
choline signal produced by the normal appearing tis- values, 3 directions) were log-linear fit on a pixel-by-
sue in the contralateral hemisphere. The choline signal pixel basis to generate three directional ADC images
intensities arising from spectroscopic imaging voxels (ADC,,, ADC,,, ADC,,). The approximate ADC trace
located in the ultimately resected regions were read. image was then calculated as {AHC,, + ADC,, +
Readings were also made from voxels located in con- ADC__ }. Inthe remainder of this paper, the ‘ADC trace’
tralateral normal appearing regions and the ratio of will be denoted as ‘ADC’. Quantitative ADC over the
the tumor to contralateral signal intensity was calcu- resected tissue volume was obtained using NIH-Image
lated for each patient. The sampling was performed software. The software was used to draw a region of
as follows. The radiologist (RG) retrieved the postop- interest around the resected tumor tissue and the mean
erative and the preoperative MRI studies. These were ADC produced by this region of interest was calculated.
displayed beside each other to permit him to determine Volumes that appeared to be cystic on the preoperative
what specific tissue volume was resected. A combi- MRI were not included in this process.

nation of T1-weighted and T2-weighted MRI were

used. The preoperative MRI and thd-MRSI were

collected during the same scan session and were pre-Histopathologic assays

scribed such that they were volumetrically registered

with each other. The radiologist sampled the preopera- Permanent sections were prepared as described by
tive *H-MRSI data that were produced by the tissue that Coons et al. [24] and subjected to quantitative anal-
was subsequently resected using ‘MRI guidance’. This yses to determine the cell proliferative index and the
was done using software of our own design that permits cell density. Cell density was obtained from the total
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nuclear counts in the field. This evaluation was made in Results

5-10 separate representative high power fields of each

sample performed using a calibrated eyepiece gratic- A representative example of imaging data is provided
ule in a light microscope. Both the MIB-1 positive and in Figure 1. Choline and ADC readings from each of
negative nuclei were counted in an area of tissue that the cases are provided in Table 1. A previously reported
seemed most cell dense. The number of positive nuclei study (which did not include histopathology correla-
was divided by the total number of nuclei, in order tion) provided statistical evidence of an inverse linear
to obtain the MIB-1 labeling index for cell prolifer-  correlation between ADC and nCho (data not shown).
ation. In selected cases, two observers independentlyThat result was reconfirmed with the present data. Sin-
performed nuclear counts with excellent interobserver gle effect linear regression modeling (nCho vs ADC)
concordance. gave a statistically significant negative slope (slope =
-0.00724- 0.0022, p= 0.0046,2 = 0.40) in the plot

of nCho versus ADC. This reconfirms the probability
that both the nCho and the ADC are related to cell den-
sity. Representative histopathologic data is presented
in Figure 2.

Statistical evaluation

The imaging and histopathological assessments were
made with widely differing spatial resolution. Accord-
ingly, we explored two candidate means of accounting Correlation between choline signal and cell density

for these resolution differences. One of these involved

statistical regression modeling using the extreme (most There was a statistically significant direct correlation
abnormal) measures from imaging and histopathology. petween nCho and tumor cell density (Figure 3, Table
The other method used the average imaging mea-2). This was true when all eighteen glioma cases were
sures over the resected volume and the average ofconsideredin aggregate aswell as for GBM cases alone.
5-10 representative histopathological assessments OfFor diagnostic Categories other than GBM, the case
the resected tissue. To identify these representative secnumbers are small and the validity of the statistical
tions, the neuropathologist qualitatively evaluated the results is questionable. The alternative multiparamet-
entire sample and then chose specific fields that seemedic regression statistical modeling procedure was also
representative of the entire sample. Quantitative assaysemployed to explicitly take into consideration the
were then performed on these fields. The latter method combined influences of cell density and diagnostic clas-
provided the most significant statistical correlation and sjfication on nCho measurements. This model (Table
is, therefore, discussed throughout the remainder of the 3) indicates a trendy( = 0.10) toward a direct correla-
paper. Generalized linear regression statistical model- tion between nCho and cell density (after the diagnostic
ing procedures (JMP software, SAS Institute) based c|assification effect is factored out) and, additionally,
on the three hypotheses were used to test for statisti-syggests a trend toward a difference in the nCho levels
CaIIy Significant correlations. Two different statistical between GBM and 0|igodendrog|ioma (after the cell
regression modeling procedures were used. One proceensity effect is factored out). It provides no statistical
dure used a single effect regression model (e.g. nChosypport for nCho differences between GBM and lower

vs cell density, ADC vs cell density, nCho vs prolif- grade astrocytoma beyond those associated with cell
erative index). The single effect regression modeling density.

explored the data in two ways. First, single effect

regression models were constructed using the aggre-

gate data ignoring the histopathological diagnostic Correlation between ADC and cell density
classification to test for imaging-histopathology cor-

relation over the broad spectrum of ‘glioma’. Second, There was a statistically significant inverse linear cor-
single effect regression models were constructed for relation between the mean ADC and the cell density for
each of the individual diagnostic classifications. Mul- glioma considered in aggregate and for GBM consid-
tiparametric statistical regression models using two ered separately (Figure 4, Table 4). Table 3 provides a
effects, one of which was the diagnostic classification summary of the results of the multiparametric regres-
(e.g.nChovs cell density with diagnostic classification) sion statistical modeling. This analysis showed a trend
were also used. (p = 0.07) suggesting an inverse linear correlation
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Figure 1L Representative imaging data. A single section from a case of lowgrade astrocytoma is shown. A T2-weighted MR image having

a slice thickness equivalent to the spectroscopic imaging data is shown in a; b and c are the spectroscopic images. They convey the
intensity of the choline signal (b) and the NAA signal (a) using identical color scales in which red represents higher signal intensity and
blue represents lower signal intensity. d and e display spectra obtained from spectroscopic imaging voxels located in the tumor (d) and
the normal contralateral hemisphere. The location of the voxel is displayed on an ADC image to the left of the corresponding spectra.
Note the absence of NAA signal throughout the mass within which there are areas of focally elevated choline signal intensity; the greatest
elevation of choline signal intensity coincides with intratumoral nodules that present relatively low intensity signal on the T2-weighted
image and on the ADC image.

Figure 2 Representative histopathological results. Representative MIB-I immunostained sections counterstained with hematoxylin are
shown at 2& magnification. The immunostaining causes the nuclei in the dividing cells to appear dark brown. a. GBM with a major
oligodendroglial component (pt 17). b. Low grade oligodendroglioma (pt 8). c. Low-grade astrocytoma (pt 3). d. GBM (pt 6). Cell density
and cell proliferative index differences between these four cases may be readily appreciated from qualitative inspection. Cell density,
cell proliferative index, ADC, and nCho readings from these cases appear in Table 1. Note that there is a correspondence between the
cell density, the ADC and nCho measures; the tumors having higher cell density tend to exhibit lower ADC readings and higher nCho
readings relative to those that display lower cell density.
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Figure 3 Summary of the relationship between nCho and cell density. The plots show one data point for each case. The units used for
the x-axis are thousands of cells per high power field. The solid line is the best linear regression fit. The dotted lines convey the 95%
confidence interval for the best fit. The left panel shows results from all the cases; the right panel shows results from the GBM cases only.
The numerical results of the linear regression analysis are provided in Table 2. The analysis illustrates there is a statistically significant
correlation between nCho and cell density for all cases considered in aggregate and for the GBM cases considered alone.

Table 2 nCho vs Cell density. Linear regression — single effect model

N Effecttest Regression Slope r? power
prob> F  slope (SE)
All 18 0.014 1.85 0.67 0.32 0.52
Astrocytoma 3 0.59 8.76 11.69 0.36 N.S.
GBM 8 0.007 171 0.42 0.73 0.55
Oligodendroglioma 4 0.8 -1.78 6.23 0.04 N.S.
Mixed 3 0.51 0.97 1.01 0.48 N.S.

between ADC and cell density (after factoring out proliferative index nor did multiparametric regression
any effects of diagnostic classification), but it failed modeling.
to provide evidence for ADC differences relatable to
diagnostic classifications beyond those related to cell Ancillary post hocevaluations
density.
Unanticipated statistically significant inverse correla-
tions between ADC and proliferative index were found
Correlation between choline and proliferative index  for all cases § = 0.009) and for GBM alonef =
0.02). These unanticipated findings may be related to
The single effect linear regression statistical modeling the tendency for proliferating tumors to have higher
procedures provided no evidenge £ 0.7) for rela- cell density and, may merely restate the existence of an
tionships between nCho and proliferative index (Figure inverse correlation between ADC and cell density. A
5). Evaluating each of diagnostic classifications sep- statistical correlation analysis showed a positive slope
arately using single effect linear regression statistical (p = 0.08) in the plot of proliferation index versus cell
modeling provided no indication of statistically signif- density (data not shown) providing some support for
icant trends toward a correlation between nCho and this argument.
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Discussion to confirm clinically useful, but phenomenological,
relationships between imaging measures and clin-
With few exceptions, investigations of human glioma ical observations. For instance, Preul et al. [25]
which used eitherrH-MRSI and DI have sought extended numerous earlier studies on the relation-
ship between measurable spectroscopic parameters and
Table 3 Statistical modeling summary: multiparametric glioma diagnostic classification. They demonstrated
regression model that spectroscopic signal intensity patterns predict the
histopathological diagnosis. This does not explain
which spectroscopic signals are responsible for the dis-
Overall model criminant power nor does it describe why the signals are

nCho ADC

gg\)/\?; F 0696568 %_0733 altered in neo_plasti_c tissue. The goal of this \_/vork was
nCho or ADC vs cell density to study relatlonsh|p§ bgtwef_an spectroscopic ;lgnals,
Regression slope estimate 1.44 —136.00 ADC and key quantitative histopathologic variables
Regression slope S.E. 0.83 68.91 in human glial neoplasms to relate ADC and spec-
Prob> [¢| 0.10 0.07 troscopy results to underlying quantitative histology.
Power 0.51 0.51 Chang et al. [8] and Miller et al. [9] emphasized the
nCho or ADC vs diagnostic classification influence of both cell density and proliferative potential
Astrocytoma—Oligodendroglioma on the choline spectroscopy signal in a study of small
Difference estimate 0.75 46.93 groups of patients having a variety of brain tumors and
E'rgebr:?tcle SE. 00428 225';2 intracranial masses of infectious origin. The present
) _ ' : study substantially extends upon these earlier inves-
G%M_O"g(’de"qmg“oma tigations in three unique directions: (1) only primary
ifference estimate -1.35 79.54 ’ b
Difference S.E. 0.75 62.76 glialtumors were studied; (2) ADC data were evaluated
Prob> |t 0.10 0.23 in addition to choline data; and (3) cell proliferative
Mixed—Oligodendroglioma index data were evaluated in addition to cell density
Difference estimate 0.01 -58.64 data. This is, to our knowledge, the only study in
Difference S.E. 1.04 86.63 which the combination of cholintH-MRSI and ADC
Prob> [¢| 0.99 0.51
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Figure 4 Summary of the relationship between ADC and cell density. One data point for each case is shown. The units usedxa the

are thousands of cells per high power field; the units fontlaeis are (m?/sec). The solid line is the best linear regression fit. The dotted

lines show the 95% confidence interval for the best fit. The left panel shows results from all the cases; the right panel shows result from
the GBM cases only. See Table 4 for the results of the linear regression analysis. The analysis illustrates there is a statistically significant
inverse correlation between ADC and cell density for all cases considered in aggregate and for the GBM cases considered alone.
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Table 4 ADC vs cell density. Least squares regression — single effect model

N Effect test

prob> F

Regression
slope

Slope r? Power

(SE)

All 18
Astrocytoma 3
GBM 8
Oligodendroglioma 4
Mixed 3

0.0022
0.81

0.051
0.87

0.12

—-193

—215
—136
—98

0.45
0.09
0.50
0.016
0.96

0.41
N.S.
0.52
N.S.
N.S.

5.3
624
88

753
19

198

14
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107
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+
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10
Proliferation Index

20

Figure 5 Summary of the relationship between nCho and cell

proliferative index. The plots contain one data point for each case.

The units used for the-axis are percent. The solid line is the
best linear regression fit. The best fit slope is not significantly
different from zero as illustrated by the 95% confidence interval
for the best fit (dotted lines). The analysis illustrates that there is
not a statistically significant relationship between nCho and the
proliferative index.

were evaluated in the context of quantitative histology
for human intracranial glioma.
The findings have implications that are useful for

[12,26]. However, this has not been a universal find-
ing. Others have reported considerable variability in
the choline signal measures produced by GBM[10,11];
indeed, one study suggested that GBM is character-
ized by lower choline signal measures compared to
lower grades of malignancy [2]. These latter findings
suggest that micronecrosis also influences the choline
signal although, with the exception of exploratory work
of Miller et al. [8,9], the relationship between choline
signal and micronecrosis has not been quantitatively
studied. A recent study attributed changes in choline
signal following radiation therapy to the attenuation
of cell proliferation and membrane turnover activity
induced by the therapy [13]. Alternatively, therapeuti-
cally driven choline signal reductions might just as well
be attributable to reduction in glioma cell density. Sim-
ilarly the choline signal increase that coincides with
recurrence or progression [4,5] may be attributable to
increased cell density rather than increased cell pro-
liferation and membrane turnover. The present finding
of a direct correlation between nCho and cell density
argues that one cannot attribute choline signal mea-
sures only to ‘membrane turnover’; cell density is also
an important factor which must be taken into consider-
ation. Furthermore, our inability to find a relationship
between cell proliferative index and the nCho suggests
that cell density has a comparatively more important

interpreting magnetic resonance spectroscopy patternsinfluence on the choline signal than does a hypothe-

that are seen in clinical studies of glioma. Choline con-
taining metabolites play a central role in membrane
phospholipid metabolism [14]. Therefore, their eleva-
tion in tumors often is discussed in terms of the altered

sized neoplastic acceleration of ‘membrane turnover’.
While we acknowledge that the inability to find a sta-

tistically significant correlation should not be taken as
an evidence that it does not exist, the present find-

membrane metabolism which accompanies neoplasticings certainly illustrate that cell density may be a more
transformation. The rather imprecise term ‘membrane important factor than is membrane turnover.

turnover’ is often used when spectroscopic findings

are related to this complex metabolism. For example,
several studies have shown there is a direct corre-

lation between the choline signal and the grade of
malignancy in human glioma and attributed this to ele-

In this study group, seven patients had either oligo-
dendroglioma or an oligodendrocytic neoplastic com-
ponent. These cases produced some of the highestnCho
levels measured. The histopathologically-assessed cell
density was also relatively higher in these oligo-

vated membrane turnover in the more malignant tissues dendroglial predominant lesions (Table 1). However,
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even after taking the influence of cell density on GBM. On the other hand, there was little evidence for
the choline signal into account, the statistical analy- differences in ADC readings between different glioma
ses (Table 3) suggested a trend toward a significanttypes (Table 3) even when cell density is accounted
difference between the nCho levels produced by oligo- for. Our findings provide firm empirical support for
dendroglioma and GBM after factoring out the effects the previous inferences that glioma ADC provides an
of cell density. This is consistent with tlireevitro high independent measure of the density.
resolution magnetic resonance spectroscopic analyses Studies involving correlation of macroscopic imag-
that found a significant difference in choline signal ing with histopathology are limited by sampling and
in oligodendroglioma compared to GBM [27]. Two inherent resolution differences between technigues.
factors may account for apparently high choline lev- In the present study these limitations were addressed
els seen in oligodendroglioma. First, ogliodendrocytes as follows. The three teams (surgery, radiology and
are responsible for myelin membrane synthesis and pathology) worked independently. Each team sampled
repair; they may, therefore, be predisposed toward and made quantitative evaluations that were represen-
having higher choline levels compared to astrocytes tative based on their clinical experience. For instance,
because of the involvement of choline metabolites in the radiology and pathology teams took average values
membrane metabolism. Second, the apoptotic index over the entire available sample as being represen-
in oligodendroglioma is higher than GBM [28] and tative of the entire tumor. To increase accuracy, the
there are preliminary suggestions that increases in cer-radiology team evaluated imaging results only over
tain choline-containing metabolites are characteristic the surgically-sampled tissue identified through com-
of apoptotic processes [29]. parative reading of the preoperative and postoperative
Previous imaging studies of glioma have only imaging by an experienced radiologist. At the conclu-
inferred from image evaluation that the ADC is related sion of these independent and clinically representative
to tumor cell density [9,10,26]. The inference was analyses, the quantitative results were subjected to sta-
based on the reasoning that necrotic and cystic regionstistically rigorous correlation analysis. The goal of the
have high ADC values because of the relatively large statistical analysis was to rule out the null hypothesis
extracellular volume fraction in which diffusion is that there was no correlation between two measured
unhindered; whereas regions where there are densegparameters of interest (e.g. nCho and cell density). The
masses of tumor cells produce ADC readings similar analysis made this assessment through analysis of ran-
to those of normal brain tissue because there is a largerdom variation in both measured parameters. We ruled
fraction of intracellular volume in which diffusion is  out the null hypothesis because the analysis showed
hindered. Figure 1 illustrates these findings. There is that there was a 95% probability that the data were
a cystic area on the medial margin of the tumor with not merely scattered along a horizontal line as would
a central cellular area which produces a relatively low be seen if the null hypothesis were to be true. In our
ADC signal and an elevated choline signal. Diffusion view the sampling and resolution differences between
imaging has been used more frequently in the evalua- the techniques increase the degree of randomness in
tion of acute ischemic stroke where a decrease in thethe measured parameters making it more difficult to
ADC is seento coincide with the onset of ischemia [8]. rule out the null hypothesis than would be the case if
One of several interpretations of such findings is that the sampling and resolution differences did not exist.
the failure of energy production results in ion balance Negative results (failure to reject the null hypothesis)
disturbances and the redistribution of water from the could conceivably be attributed to resolution and sam-
extracellular to the intracellular medium and that the pling differences limitations. For instance, the negative
volume redistribution leads to a reduced volume aver- finding on the nCho relationship to proliferative index
age ADC because diffusion in the intracellular medium could be untrue. However it is unlikely that positive
is more hindered. However, the interpretation that the findings on the relationship of nCho and ADC to cell
ADC provides a measure of the relative intracellu- density could be the result of sampling or resolution
lar/extracellular volume fraction is far from widely limitations. Sampling biases can lead to unjustified
accepted for either glioma or stroke. Therefore, we also rejection of the null hypothesis in correlation analy-
tested the present data for a relationship between ADC ses. In this study the radiological measurements and
and cell density. We found strong statistical evidence the histopathology measurements were made by dif-
of an inverse linear correlation between ADC and cell ferent observers who did not communicate with each
density both in glioma considered in aggregate and in other. Therefore we believe the probability of sampling



bias was small. If future technological advances result 4.

in improved spatial resolution for spectroscopic and
ADC imaging or ifimproved methodology for prospec-
tive surgical sampling is developed, the positive results
may become more probable (bettevalues with fewer
subjects) rather than less so.

Conclusion

This study used magnetic resonance spectroscopy,
diffusion imaging and quantitative histopathologi-
cal analyses to investigate the relationships between
choline signal, ADC, cell density and cell proliferative
index. We found that choline signal is directly corre-
lated with tumor cell density and that ADC is indirectly
correlated with tumor cell density, but that choline
signal is not correlated with cell proliferative index.
More specific statistically relevant information about
other glioma subclassifications and the possible effects
of prior treatment on these relationships awaits larger
scale studies. These findings provide support for a self-
consistent picture in which cell density is the primary
biophysical factor which defines the choline signal
levels and the ADCs produced by human intracra-
nial glioma. Therefore, tumor cell density should be
considered in the interpretation of clinically-indicated
spectroscopic and diffusion imaging studies of glioma.
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