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Focal Changes in Diffusivity on Apparent Diffusion Coefficient
MR Imaging and Amino Acid Uptake on PET Do Not
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Low-grade gliomas (LGGs) may harbor malignant foci, which are
characterized by increased tumor cellularity and angiogenesis. We
used diffusion-weighted MR imaging (apparent diffusion coefficient
[ADC]) and PET with the amino acid O-(2-'8F-fluorethyl)-L-tyrosine
("8F-FET) to search for focal changes of diffusion (ADC) and amino
acid uptake and to investigate whether focal changes in these param-
eters colocalize within LGGs. Methods: We retrospectively selected
18 patients with nonenhancing LGG. All patients had undergone *8F-
FET PET and MR imaging for preoperative evaluation or for therapy
monitoring in recurrent or progressive LGG. Region-of-interest analy-
sis was performed to compare '8F-FET uptake and ADC values in
areas with focal intratumoral maximum metabolic activity and diffusion
restriction and between tumor and normal brain. '8F-FET uptake was
normalized to the mean cerebellar uptake (ratio). ADC values were also
compared with the 18F-FET uptake on a voxel-by-voxel basis across
the whole tumor. Results: The mean focal maximum (mean + SD, 1.69 +
0.85) and global '8F-FET uptake in tumors (1.14 + 0.41) exceeded that
of normal cortex (0.85 + 0.09) and cerebrospinal fluid (0.82 + 0.20). ADC
values in the area with most restricted diffusion (1.07 + 0.22 x 108
mm?/s) and in the whole tumor (1.38 + 0.27 x 10~3 mm?/s) were in the
range between normal cortex (0.73 + 0.06 x 10~ mm?/s) and cerebro-
spinal fluid (2.84 + 0.09 x 103 mm?/s). '8F-FET uptake did not correlate
with corresponding (colocalizing) ADC values, either in the area with
focal maximum metabolic activity or in the area with most restricted
diffusion or in the whole tumor. Conclusion: There is no congruency
between '8F-FET uptake and diffusivity in nonenhancing LGG. Diffu-
sion restriction in these tumors most likely represents changes in brain
and tumor cell densities as well as alteration of water distribution and is
probably not directly correlated with the density of tumor cells.
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Low—grade gliomas (LGGs) are generally slowly growing tu-
mors. According to the World Health Organization (WHO) (/),
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they are characterized by low tumor cell density, absence of an-
giogenesis, and low proliferation rates (WHO grade II). However,
at the microscopic level, LGGs may harbor anaplastic tumor cell
foci, which may lead to rapid malignant transformation (2,3). In
anaplastic gliomas (WHO grade III), increased cellularity and
proliferation are found. Hallmarks of WHO grade IV tumors (glio-
blastoma multiforme [GBM]) are microvascular proliferation and
necrosis (/). A diagnostic biopsy only may be necessary due to an
eloquent tumor location but is associated with a risk of under-
estimating the tumor grade as the achieved tissue sampling may
not be representative for the whole tumor. This underestimation
may lead to inappropriate treatment of the residual tumor. There-
fore, there is a need for imaging surrogate markers, which may
help to identify regions of higher tumor grade. The absence of
contrast enhancement on standard MR imaging, which is found in
many LGG patients, does not exclude higher tumor grade (4,5).
With regard to the WHO grading criteria of cellularity and angio-
genesis, 2 noninvasive imaging tools may be applied in LGG.
Diffusion-weighted imaging provides information on water diffu-
sivity (6). Diffusivity can be reduced in gliomas of various grades
(6,7) and may correspond to tumor cell density (8,9). PET with
radiolabeled amino acids (e.g., ''C-methyl-methionine, O-(2-'3F-
fluoroethyl)-L-tyrosine ['8F-FET]) provides information about fa-
cilitated amino acid transport across the blood-brain barrier
(BBB) (10-12). Amino acid uptake correlates with microvessel
density (/3) but also with BBB disruption and tumor blood flow.
Gliomas of various WHO grades may show increase in amino
acid transport in the absence of BBB disruption as assessed by
MR imaging (/4). This increase allows the identification of focal
maximum metabolic activity, which is suitable for stereotactic
biopsy in patients not amenable for tumor resection (/5). Our
current study was prompted by the observation of colocalization
of substantially reduced diffusivity on diffusion-weighted imag-
ing and increased '8F-FET uptake in a patient with a nonenhanc-
ing tumor, histopathologically diagnosed as GBM (WHO 1V), as
shown in our index case (Fig. 1). Assuming that dense tumor cell
clusters focally promote angiogenesis as expressed by higher
microvessel density, the aim of our study was to assess the spatial
relationship of diffusivity and amino acid uptake in nonenhancing
LGGs as measured by '8F-FET PET and apparent diffusion co-
efficient (ADC) MR imaging. We hypothesized that focal tumor
cell clusters lead to reduced diffusivity but increased microvessel
density and thereby to an inverse correlation between amino acid
uptake and diffusivity.
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initial tumor presentation and 7 at either re-
currence or progression (mean interval from
first operation, 52 mo). The latter 7 patients
did not undergo reoperation; however, the ab-
sence of tumor gadolinium enhancement and
the clinical course during the further follow-
up period were compatible with the assump-
tion that these tumors were of WHO grade II at
the time of our study. No patient received pre-
vious radiation therapy. One patient (patient 4)
was treated with temozolomide 4 y before tu-
mor recurrence. No other patients received
chemotherapy. MR and PET imaging were

FIGURE 1.

MATERIALS AND METHODS

Patients

We selected 18 patients with supratentorial nonenhancing LGGs
from our center (10 men, 8 women; mean age = SD, 48 * 11 y). '8F-
FET PET and MR imaging were performed for preoperative evalua-
tion at first presentation or to monitor response to therapy in patients
with recurrent or progressive LGGs. Eleven patients were studied at

Index case. A 47-y-old left-handed man suffered from partial seizures with speech
arrest and aphasia. Nonenhancing space-occupying lesion suggestive of LGG was identified in
right temporal lobe. Because of eloquent location, '8F-FET PET was performed to detect most
active tumor area suitable for diagnostic biopsy. Histopathologic examination revealed GBM.
Adjacent axial ADC MR (top) and '8F-FET (bottom) images are presented. Maximum '8F-FET
uptake (tumor-to-cerebellum uptake ratio, 1.41) spatially colocalizes with focally reduced intra-
tumoral diffusivity (ADC, 0.82 x 10~8 mm?/s). In tumor areas with lower '8F-FET uptake (most left
and right image), local ADC is indistinguishable from surrounding tumor parts. Data suggest inverse
correlation between both imaging modalities in heterogeneous tumors in this particular case.

performed within 24 = 12 d of each other
(mean * SD). No patient received dexameth-
asone. Details are presented in Table 1. The
institutional review board (local ethics com-
mittee) approved this retrospective study, and
the requirement to obtain informed consent
was waived. The application of '8F-FET PET
was approved by the Swiss authorities (Swiss-
medic).

MR Imaging Procedure

All MR images were obtained using a 1.5-T Avanto or Espree
scanner (Siemens Healthcare) with an 8-channel head array coil. A
clinical MR image of the head was obtained, including a T1-weighted
series before and after administration of 0.1 mmol/kg of the contrast
agent gadobutrol (Gadovist; Bayer) and a T2-weighted turbo spin-
echo series with fat suppression in the axial direction. Imaging
parameters were repetition times of 3,330 (Espree) and 3,222 ms

TABLE 1
Clinical and Imaging Results

Global 18F-FET PET—guided ADC MR imaging-guided
tumor approach approach
Focal ADC in most
Tumor maximum diffusion  Corresponding
Patient  Age Tumor volume '8F-FET 18F-FET  Corresponding restricted 18F-FET
no. (y) Sex stage Histology (mL) uptake ADC uptake ADC area uptake

1 44 F Rec OA 16.98 190 1.38 3.60 1.04 0.94 1.84

2 383 M Rec oD 13.05 1.65 1.23 2.58 1.47 1.07 212

3 38 M Pro oD 29.31 110 1.28 2.22 1.32 0.93 0.99

4 38 F Rec OA 4.39 122 1.88 1.85 2.14 1.57 1.54

5 57 F Pro OA 5.87 1.09 1.42 1.52 1.37 1.16 1.07

6 42 M Pro OA 20.61 0.85 1.44 117 1.08 0.91 0.69

7 41 M New OA 27.48 0.83 1.20 1.11 1.19 0.94 0.76

8 60 F New FA 11.35 231 117 3.80 1.24 1.13 3.52

9 48 F New FA 21.30 1.00 1.18 1.74 1.13 1.02 1.01
10 33 M New FA 31.09 1.25 1.56 1.68 1.30 1.33 1.62
11 42 F New FA 21.34 1.01 1.36 1.34 1.55 0.97 0.97
12 53 M New FA 4.43 1.02 0.94 1.22 0.90 0.82 1.08
13 49 F New FA 54.38 0.88 1.72 1.20 1.66 1.00 0.71
14 64 M New FA 27.88 097 1.20 1.15 1.12 0.90 0.93
15 47 M New FA 73.54 0.90 1.60 1.15 1.85 0.93 1.02
16 74 F Rec FA 23.93 0.94 1.65 1.1 1.92 1.16 0.96
17 41 M New FA 8.62 0.78 1.68 0.98 1.67 1.54 0.74
18 62 M New FA 42.03 0.89 0.91 0.95 0.97 0.82 0.81

Data are grouped by histology and then ranked by maximum focal metabolic activity ('8F-FET uptake). Tumor volumes are derived from
MR images. PET values are presented as tumor-to-cerebellum uptake ratios. ADC values are presented in units of 1073 mm?/s.
OA = oligoastrocytoma; OD = oligodendroglioma; FA = fibrillary astrocytoma; Rec = recurrent; Pro = progressive; New = newly diagnosed.
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(Avanto), echo times of 14 and 127 ms (Espree) and 12 and 124 ms
(Avanto), an echo train length of 5, imaging matrix of 224 x 512, slice
thickness of 6 mm, and 3 averages. Diffusion-weighted images were
acquired using the diffusion-weighted single shot echo-planar imaging
sequence (Stejskal and Tanner) (repetition time and echo times,
Avanto: 2,600 and 89 ms, respectively, and Espree: 4,500 and 130
ms, respectively; matrix, 192 x 192; slice thickness, 5 mm; 4 aver-
ages). Diffusion-weighted images were obtained with b values of
0 and 1,000 s/mm? in the read, phase, and slice directions. The
ADC values for the echo-planar imaging sequences were calculated
as previously described (6).

PET Imaging Procedure

The injected '8F-FET activities for PET ranged from 1.7 to 4.5
MBg/kg of body weight (mean activity, 3.1 MBg/kg). Static '8F-
FET PET scans were obtained 30-50 min after tracer injection.
Twelve patients underwent the PET scan on an Allegro PET scanner
(Philips). Images were reconstructed by a 3-dimensional row-action
maximum-likelihood algorithm in a zoom mode for the brain, and
calculated attenuation correction was performed using an elliptic re-
gion of interest (ROI) covering the entire skull. Six patients were
scanned on a Biograph MCT PET scanner (Siemens) using high-
resolution reconstruction software, also incorporating the time-of-
flight information in the reconstruction algorithm. Low-dose CT scans
of the head were used for attenuation correction of the PET images.
Both PET scanners were fully calibrated, cross-calibrated, and tested
for quantitative accuracy; these procedures were performed according
to the manufacturer’s recommendations and based on the regulations
of the Swiss health authorities.

Image Analysis

I8F-FET PET images were coregistered to the ADC MR images
using the software PMOD (PMOD Technologies Ltd.). Thus, the im-
age matrix and voxel size of the '8F-FET PET images were matched to
the ADC MR images, allowing the free exchange of ROIs between
both modalities, for example, to define a tumor ROI on the ADC MR

image and then apply it on the PET scan. On an empiric basis, we applied
a 5-mm gaussian filter to the ADC MR images before coregistration,
which we found to ease the process of coregistration. For further data
processing, only unfiltered MR and PET images were used.

We first drew irregular global ROIs on 3 adjacent axial planes of the
ADC sequence showing the maximum tumor diameter. These ROIs
encompassed the whole region displaying an abnormal ADC signal.
All tumors showed practically the same aspect and size on ADC and
T2-weighted images (e.g., Fig. 2). The summed voxel volume from
these 3 adjacent planes was referred to as the tumor volume. ROIs
were then transferred to the PET images and were used to measure the
mean global tumor ADC values and the '8F-FET uptake ratios. Ab-
solute ADC values were obtained from MR images. '8F-FET tumor
uptake ratios were obtained from the PET images for which the cer-
ebellar uptake served as a reference. One ROI encompassing both
hemispheres of the cerebellum was positioned on the ADC MR
images on 2 adjacent planes with the largest diameter of the cerebel-
lum and was then transferred to the PET images. The mean ROI values
were averaged to represent the cerebellar '8F-FET uptake.

Because the focus of our study was to search for an inverse relation
between diffusivity and '8F-FET uptake, the area with the maximum
I8E_FET uptake within the tumor was identified by 2 nuclear medicine
physicians and marked by a 4-mm-diameter circular ROI. This ROI
was then transferred to the ADC sequences of the MR images (1®F-FET
PET—guided approach). Values for '8F-FET uptake ratios and ADC
were then calculated. In addition, 2 board-certified neuroradiologists,
who were masked to the PET results, positioned ROIs on ADC images
within the tumor area showing the most restricted diffusion (i.e., lowest
ADC values). These ROIs were then transferred to the PET images, and
corresponding values for ADC and '8F-FET uptake ratios were calcu-
lated (ADC-guided approach). In addition, we used the global tumor
ROI for a voxelwise image analysis comparing '8F-FET PET with MR
imaging ADC values to test for a positive or negative correlation of
voxel values. We further placed irregular reference ROIs outside of
tumor over normal brain in the contralateral hemisphere to obtain nor-
mal values of ADC and '8F-FET uptake values for the white matter,

cerebrospinal fluid, and frontal and parietal cor-

tex. The volumes of these ROIs ranged from 0.2
t03.7 X 107° m?.

Statistics

I8F-FET uptake is presented as a tumor-to-
cerebellum uptake ratio (unitless). ADC values
are expressed in units of 1073 mm?/s. The cor-
relations between '8F-FET uptake and ADC
were tested using linear regression with Sigma-
Stat (Systat Software, version 3.5; SyStat, Inc.).

RESULTS

18F.FET Uptake and ADC Values
in Tumors

In global tumors, the mean '8F-FET up-
take ratio was 1.14 * 0.41, and the mean
global ADC was 1.38 * 0.27 x 1073 mm?/s
(Table 1). In contrast to our index case with
a GBM (Fig. 1), visual inspection of PET
and MR images of the LGG patients did
not show a spatial correlation (colocaliza-
tion) between '8F-FET uptake and diffusivity

FIGURE 2. Absence of '®F-FET ADC colocalization in nonenhancing LGG is illustrated in
patients 4 (A) and 17 (B). Corresponding ADC (left), T2-weighted (middle), and 8F-FET PET (right)
images are shown. High focal '8F-FET uptake (uptake ratio, 2.22) is not associated with focal

diffusion abnormality as measured with ADC (A).
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(examples given in Fig. 2). Using the '8F-FET
PET-guided approach, we found '8F-FET up-
take ratios in the areas with the maximum
focal metabolic activity in the range of
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0.95-3.80 (mean = SD, 1.69 = 0.85). In these areas, the mean ADC
was 1.38 = 0.35 x 10~ 3 mm?/s. There was no correlation between '3F-
FET uptake and ADC values (linear regression 1> = 0.178, P = 0.517).
Using the ADC-guided approach, we found in the tumor areas with
most restricted diffusion ADC values in the range of 0.82-1.57 x 103
mm?/s (mean = SD, 1.07 * 0.22 x 10~3 mm?/s). In these areas, the
mean '3F-FET uptake ratio was 1.12 * 0.55. Again, we observed no
correlation between these values (linear regression 2 = 0.039, P =
0.781). In addition, there was no correlation between global tumor !8F-
FET uptake and ADC values for the whole group of 18 patients (r> =
0.189, P = 0.519, Fig. 3). Furthermore, the intraindividual voxel-by-
voxel analysis of global tumor ROIs, which was performed for all
patients, revealed no significant negative or positive correlations be-
tween ADC values and '8F-FET uptake (Fig. 4).

Comparison with Normal Brain

Figure 5 illustrates '8F-FET uptake (Fig. 5A) and ADC values
(Fig. 5B) in the tumor area with highest '3F-FET uptake and normal
brain. The maximum '8F-FET uptake ratio (1.69 = 0.85) and global
tumor '8F-FET uptake ratio (1.14 = 0.41) were higher than the
uptake ratios in the normal cortex (0.85 = 0.09), white matter
(0.69 £ 0.04), and cerebrospinal fluid in the lateral ventricles
(0.82 = 0.20). Mean ADC in the tumor area with the most restricted
diffusion (1.07 = 0.22 x 10~3 mm?/s) and mean global tumor ADC
(1.38 + 0.27 x 1073 mm?/s) were in between the values for cere-
brospinal fluid (2.84 = 0.09 x 10~3 mm?/s), normal cortex (0.73 *
0.06 x 1073 mm?/s), and white matter (0.73 = 0.05 x 10™3 mm?/s).

DISCUSSION

The '8F-FET uptake in tumor areas with maximum metabolic
activity did not colocalize with alterations in focal diffusivity
within individual tumors (ADC) (Fig. 2). When all 18 patients
were considered, neither global nor maximum tumor '8F-FET
uptake showed a correlation with the corresponding ADC values.
Our findings may indicate that cellularity of nonenhancing LGGs
most likely shows a smaller effect on the ADC signal than other
tissue properties such as the density of normal cells, microvessels,
the volume of the extracellular space, and distribution of macro-
molecules such as proteoglycans and adhesion proteins (/6,17).
All these components may constitute a relatively homogeneous
biologic background in LGGs, which may result in a difficulty
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FIGURE 3. To test hypothesis of inverse correlation between amino
acid uptake and diffusivity, mean global ADC values were plotted
against mean global '8F-FET uptake values in tumors. Linear regression,
R? = 0.189, P = 0.519.
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FIGURE 4. Voxel-by-voxel plots of global tumor ROlIs. (A) Patient with
highest 18F-FET uptake ratio (patient 8). (B) Patient with lowest '8F-FET
uptake ratio (patient 18).

in detecting tumor cells that form dense cell clusters during an
early stage of malignant transformation. Holodny et al. (/8)
reported a colocalization of '8F-FDG uptake and diffusion restric-
tion in ADC images in 10 of 12 patients with high-grade gliomas.
This colocalization is conceivable because both '3F-FDG uptake
(19) and ADC maps (8,9) are considered to provide information
on cell density. However, increased amino acid uptake in nonen-
hancing LGGs, as measured with PET, is dominated by facilitated
amino acid transport across the BBB (/0). The magnitude of the
amino acid PET signal therefore correlates with the density of
microvessels, which exhibit the amino acid carriers (/3). Although
one might expect that the formation of new microvessels is triggered
by tumor cell clusters, this could not be demonstrated using com-
bined ADC and '8F-FET PET imaging in our series. To address this
issue in more detail a prospective study might use amino acid PET-
guided biopsies to reveal focal patterns of microvessel and cell
density in tumor regions with focally increased amino acid uptake.

In a series of 22 newly diagnosed gliomas, nonenhancing WHO
grade II tumors showed lower maximal '8F-FET uptake ratios and
cell densities (measured from tissue specimens) than nonenhanc-
ing grade III tumors (20). '8F-FET uptake in these tumors was in
the range of 1.3—4.2 in 21 of 22 patients and showed a linear
relationship with cell and microvessel density. However, no
ADC data were presented. In our series, 50% of patients showed
maximal '8F-FET uptake ratios below 1.3. In line with the observa-
tion in our index case, this suggests that focally increased '3F-FET
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FIGURE 5. Distribution of '8F-FET uptake (A) and ADC values (B) in
area of focal maximum '8F-FET uptake (hot spot), global tumor, frontal
cortex, white matter, and cerebrospinal fluid (CSF).

uptake and diffusion restriction on ADC images might occur if ADC
values were to fall below a yet unidentified threshold. This may also
imply that ADC values in a low range of '8F-FET uptake are not
specific to changes in cellularity but also reflect tissue alterations
such as the volume and composition of the extracellular space (/7).

Several reports show that the level of amino acid uptake in
astrocytic WHO grade II tumors yields prognostic information
(21,22). ADC data from studies in LGGs with longer follow-up
are not available; therefore, the prognostic value of ADC is un-
known. In high-grade gliomas, serial ADC imaging has been applied
to study the behavior of these tumors (23). CIMPLE (cell invasion,
motility, and proliferation level estimate) maps have been developed
to investigate focal ADC changes over time (23). This approach
enables the separation of patients responding to chemoradiation
from nonresponders (24) and prediction of the development of
new contrast-enhancing tumors in residual nonenhancing lesions
after antiangiogenic treatment in glioblastoma (23).

CONCLUSION

Tumor ADC values in nonenhancing LGGs fall in the range
between normal brain and the cerebrospinal fluid. They may
therefore reflect changes in brain and tumor cell densities and
alterations of the extracellular space and water distribution. Here,
we showed in LGGs that the tumor ADC values do not correlate
with the '8F-FET uptake. On the other hand, '8F-FET uptake is
a well-recognized means to identify biopsy targets in brain
tumors—that is, to localize a representative tumor area. In the
case of LGGs, we believe that diffusion-weighted MR imaging
is limited in this respect and cannot replace the information pro-
vided by '8F-FET PET.
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