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Brain edema significantly contributes to the clinical course of
human brain tumor patients. There is evidence that an enlarge-
ment of the extracellular space (ECS) is involved in the devel-
opment of brain edema. Although T2-weighted magnetic reso-
nance (T2-MR) images represent brain edema by its increased
water content, they do not differentiate ECS enlargement from
increased intracellular water content. Methods: On the basis of
the known distribution of bromide in the ECS, we used 7¢Br-
bromide and PET to measure the regional ECS in 9 brain tumor
patients. Transport rate constants and the distribution volume
(DV) of "®Br-bromide in normal brain and tumor were derived
from dynamic PET scans and the measured "Br-bromide con-
centration in arterial plasma. We evaluated different models
regarding their reliability in estimating the ECS. Results: As-
suming that the DV of 7®Br-bromide represents the ECS, robust
estimates were possible for all investigated regions. In normal
brain, ECS was within a narrow range—for example, occipital
lobe, 19.9% =+ 3.1%—and was lower in 2 dexamethasone-
treated patients compared with untreated patients. In 7 of 9
tumors, increased ECS ranged between 43.8% and 61.1%.
ECS increases were confined to the tumor mass and did not
extend into peritumoral edematous brain. Two patients with
large hyperintense lesions according to T2-MR images showed
normal ECS values within the lesion. Conclusion: 7°Br-Bromide
PET allows a quantitative measurement of the ECS in brain
edema and in normal brain. The discrepancies between lesions
shown by T2-MRI and regional ECS enlargement as measured
with PET challenge the concept of tumor-induced brain edema.
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lar to extracellular compartments, and fluid retention within
the enlarged extracellular space (ECS). Enlargement of the
ECS in brain tumorsZ-4) may further lead to the evolution

of pathologic tissue composition, such as increased inter-
capillary and perfusion distances for drugs and oxygen, and
to the formation of hypoxia. Individual alterations of these
mechanisms may substantially contribute to the yet unex-
plained variability of survival in patients with malignant
brain tumors but have not been evaluated in human patients
in vivo.

In clinical practice brain edema is assessed using T2-
weighted magnetic resonance imaging (T2-MRI) with the
assumption that the signal arises from increased tissue water
content. However, T2-MRI is not capable of differentiating
ECS expansion from increases of intracellular water con-
tent—for example, due to axonal swelling. Problems also
arise in the differentiation of brain edema due to BBB
damage from axonal injury caused by therapeutic irradia-
tion. Finally, both tumor and peritumoral edema have pro-
longed relaxation times and may not be distinguished by
T2-MRI (5,6).

While there are several invasive methods to assess the
ECS in animals¥), the dilution of bromide in plasma has
been used to determine noninvasively the ECS in total-body
tissue in humansgj. This is based on the knowledge that
bromide ions distribute principally in the extracellular com-
partment 9). Body distribution and elimination of bromide
are closely related with chloridel@). Both chloride and
bromide are small anions. Their intracellular uptake is
largely restricted by the negative membrane potential of
living cells. The Donnan equilibrium describes the electro-

/\n increased intracranial pressure is critical for thehemical equilibrium—that is, approximately 5% of bro-

clinical course of most brain tumor patients. Space occu

dg_ide ions are present in the intracellular compartment and

tion arises from the tumor itself as well as from tumor>% are in the ECS1(-13). Therefore, if local bromide
induced brain edema. According to Klatzt),(a vasogenic tissue distribution can be measured, the regional ECS of any
peritumoral edema develops due to increased blood—br@fgan can be determined. _

barrier (BBB) permeability, pressure gradients from vascu- I this study, we used radioactivéBr-bromide and PET
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to measure’®Br-bromide uptake in normal brain and in
brain tumors and to calculate the regional ECS. In analogy
to the plasma dilution method with nonradioactive bromide
(8), we related®Br-bromide tissue uptake with the concen-
tration in plasma to calculate tHéBr-bromide distribution
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volume (DV). Subsequently, we determined the regional
ECS in various brain tumors in peritumoral and in normal
(contralateral) brain tissue.

MATERIALS AND METHODS

Patients

Nine patients were selected at the Cantonal Hospital Aarau; the
clinical data are presented in Table 1. T2-Weighted and gadolin-
ium-enhanced T1-MR images were available for 8 of 9 patients,
whereas in patient 4 contrast enhancement T1-MR images were
not available. With the exception of patient 3, the PET studies
were performed after tumor resection, either with residual or
recurrent tumor. Patient 3 was suspected of having a central
nervous system lymphoma and was studied 7 d after clinical
manifestation of a space-occupying lesion in the right temporal
and parietal lobe. Subsequently, the patient recovered completely
during steroid treatment, did not undergo lesion biopsy, and re-
mained in full clinical and MR remission without any medication
for 15 mo as of the last examination. Although a final tumor
diagnosis was not established, this patient was included in our
study for demonstration of a normal "®Br-bromide PET image
despite significant T2-MR image changes. At the time of the PET
study, 4 patients had received chemotherapy after standard radio-
therapy: Patients 1, 2, and 8 received temozolomide and patient 9
received PCV (procarbazine, lomustine, vincristine). Informed written
consent was obtained from al patients. The study protocol was
approved by the Ethica Committee at the Cantonal Hospital Aarau.

Production of 7°Br-Bromide

7Br-Bromide was produced on the basis of personal informa-
tion (target workshops), but recently a paper was published com-
prising all-important data of proton irradiation of natural bromide
(14). Briefly, a 10-mm-thick NaBr target encapsulated with alu-
minum was irradiated for 5 h with a proton beam of 60 A in an
energy range of 50—68 MeV. The target was opened 13 h after the
end of bombardment by immersion in 5 mol/L hydrochloric acid.
At thistime point, most 7’Kr had aready decayed. ®Kr was blown
out with a gentle stream of helium containing a few milliliters of
carrier krypton through an arsenic trap (Arsen Detection tube;
Drager) and trapped on molecular sieves cooled with liquid nitro-
gen. After "Kr had partly decayed to 7Br, the cold trap was
warmed to room temperature and the bromine was eluted with 2
mL 0.1 mol/L ammonia containing 12 pg/mL ammonium bro-

mide. An injectable solution was prepared by evaporating the
ammonia and dissolving the residue in physiologic saline. In the
final 78Br-bromide solution, impurities such as selenium were less
than the detection limit of a y-spectroscopy measurement with an
intrinsic germanium detector. The use of the arsenic trap alowed
reduction of arsenic impurities to <0.1% of initia activity at the
end of target chemistry.

Use of 7°Br-Bromide for PET

Radioprotection is an important consideration when using 7®Br-
bromide as a PET tracer. Nonradioactive bromide is cleared from
the human organism by renal excretion and in part via the feces at
avery slow rate, resulting in a long biologic half-life of bromide
in plasma of 12 d in humans (15,16). Therefore, radioactive
6Br-bromide, with ahaf-life of 16.2 h, is mainly eliminated by its
physical decay. High dietary chloride supply has been shown to
acceleraterenal bromide excretion in rats (10), and the rate of renal
chloride and bromide excretion is aso coupled in humans (17).
Renal bromide elimination could, in principle, be accelerated by
extensive administration of chloride, but this was not feasible in
our patients. Under the conservative assumption that 76Br-bromide
is eliminated from the body only by its physical decay, we calcu-
lated the sum of all organ retention times as the reciprocal of the
decay constant—that is, 23.4 h for a half-life of 16.2 h. The total
retention time, normal organ weights of human adults, and known
bromide organ-to-blood ratiosin small animals (9,11) were used to
estimate the ®Br-bromide organ retention times, which were then
entered in the program MIRDOSES3.1, resulting in arelatively high
total-body dose of 0.253 mGy/MBg. For radioprotection, intrave-
nous injection of "6Br-bromide was limited to a maximum of 60
MBq per patient.

6Br-Bromide PET Scanning

For each patient, an individually molded thermoplastic head
support was produced, allowing an optimal immobilization of the
head during the PET scan. Catheters were placed into a radial
artery under local anesthesiaand in avein of the contralateral arm.
PET images were acquired with a PRT-2 (prototype rotating
tomograph) PET scanner (CTl, Inc.). The scanner consisted of 24
rings containing 2 segments each with 3 X 10 blocks of 64
bismuth germanate crystals per block in an 8 X 8 array. The 47
reconstructed planes cover a transaxial field of view of 15.3 cm,
reconstructed in plane, and a transaxial resolution of 6 mm. The
sensitivity of the PET camerawas 1.1%, yielding 11 kilocounts per

TABLE 1
Clinical Data

Patient Sex Age (y) Histology Localization Dexamethasone (mg/d)
1 M 35 Anaplastic astrocytoma WHO lII Right frontal —
2 F 41 Glioblastoma multiforme WHO IV Left temporal 12
3 F 64 Suspected lymphoma Right temporal 6
4 M 62 Oligoastrocytoma WHO Il Left frontal —
5 F 56 Anaplastic astrocytoma WHO lII Left frontal —
6 F 71 Meningioma WHO | Left frontal —
7 M 31 Anaplastic astrocytoma WHO lII Left frontal —
8 M 40 Anaplastic astrocytoma WHO lII Right parietal —_
9 F 63 Anaplastic astrocytoma WHO lII Left temporal —

WHO = World Health Organization stage.
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second (kcps)/MBq of a point source. The 7®Br-bromide was
infused intravenously during 3 min using a constant-volume infu-
sion pump. Simultaneously, a dynamic PET scan consisting of 23
frames with a total scan duration of 110 min was started. During
this first PET scan, 18 arteria blood samples were drawn and the
radioactivity of both whole blood and plasma was measured using
awell counter. We then allowed patients to rest and performed a
second, static 30-min PET scan 4 h after injection. (range, 3.42—
4.28 h after injection). Patients were dismissed and a third, static
30-min scan was started 24 h later (range, 23.28-24.23 h after
injection). Immediately before the start of the 24-h scan, we drew
a venous blood sample from a cubital vein and measured both
plasma and whole blood radioactivity. All blood measurements
were decay corrected to the time of tracer injection. We performed
a standard cross-calibration between PET images and blood radio-
activity by measuring the radioactivity of a known amount of
76Br-bromide in am 1,100-mL water phantom with both the PET
scanner and a y-well counter. A calculated attenuation correction
was performed for PET emission data—that is, the contours of an
attenuation model for a standard skull were visually fitted to the
individual PET emission images—and a correction for the atten-
uation of the head holder was performed on the basis of phantom
measurements with and without the head holder.

Regions of Interest

A standard template of regions of interest (ROIs) was used for
al patients and the position, but not the size, of the ROl was
adjusted for each patient. ROIs for kinetic analysis were placed in
the tumor, in the contralateral frontal and occipital lobe, and in the
cerebellum; the respective ROI sizes were 86 voxels (1.3 mL), 782
voxels (11.6 mL), 554 voxels (8.2 mL), and 876 voxels (13.0 mL).
Tumor ROIs were placed such that they covered the location with
the highest 78Br-bromide accumulation; therefore, these ROI's rep-
resent the maximum tumor ECS, not averages. The ROI placement
relied on parametric DV ogan °Br-bromide PET images (see be-
low), because these images were of better visual quality than the
76Br-bromide raw-count images. The placement of the ROl was
accomplished by visual comparison with MR images in 6 patients
and by coregistration with digitized MR images in 3 patients. We
placed the ROI in the brain a sufficient distance from the skull to
avoid partial-volume effects from extracerebral structures, taking
into account that the ROI in the occipital and the fronta lobe
represents a mean of white matter and cortex.

PET Data Quantification

Decay-corrected time—activity curves of different brain regions
were derived from the dynamic PET scan ranging from O to 110
min after injection by ROI analysis. The "Br-bromide concentra-
tion in arterial blood and plasma samples was used as an input
function for kinetic modeling. Time—activity curves from PET
images were corrected for spillover by intravascular radioactivity
using the measured whole blood radioactivity curve and an as-
sumed partial blood volume of 5% in the brain. The corrected
time—activity curve and the arterial input function were then used
to quantify the DV of "®Br-bromide in the brain using several
models (see below). Because bromide distributes principally in the
ECS, the 7®Br-bromide DV is closely related to the ECS. At
equilibrium, the tissue-to-plasma ratio of the ®Br-bromide con-
centration—that is, the tissue partition coefficient of 7®Br-bro-
mide—equals the DV. Because PET allows a local measurement
of the "®Br-bromide concentration in tissue, the regional ECS can
be determined.
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The DV of "Br-bromide in tissue was estimated using a stan-
dard 3-compartment, 2-tissue model (total DV: DV+1or = Ky/ky X
(1 + ka/ky)). In addition, we used a simpler 2-compartment,
single-tissue model, in which only 2 parameters, K," and k,’, are
free, with the intent of obtaining more robust parameter estimates
(DV: DV’ = K{'lky"). Model parameters were calculated by fitting
the data with an optimized Marquardt algorithm using the software
PMOD (PMOD group, www.pmod.com) (18). The quality of fits
using the 2- and 3-compartment models was assessed using the
Akaike and Schwartz criteria (19) and a general model selection
criterion in PMOD (18).

Because the models described above rely on the presence of
either 1 or 2 tissue compartments, we also applied a Logan plot
(20), a noncompartmental method. In this model, the parameter
DV ogan Provides a measure for the bromide DV, regardless of the
number of tissue compartments involved. The Logan plot was
also performed on a pixel-per-pixel basis, yielding parametric
(DV Logan) PET images.

In addition, we performed a Patlak plot (21), based on the
observation that the measured concentrations of 7®Br-bromide,
expressed as tissue-to-plasma radioactivity ratios, showed, in most
cases, an initial rapid increase followed by a subsequent slower
increase. Patlak plots typically became linear between 15 and 30
min after tracer injection, and linearity was evident in all cases
after 60 min. Therefore, aregression line was fitted to Patlak data
pointsfor all ROIs from 60 to 110 min after injection (uncorrected
time). Arbitrary to some degree, this procedure subdivides the
bromide uptake in the brain into a reversible compartment (equi-
librium within the first 60 min, denoted by the Patlak parameter
Vp) and a second, slower compartment, denoted by the Patlak
parameter K;. Vp yields an estimate of the ECS, if one assumes
that the bromide in the ECSis at equilibrium with plasma after 60
min.

The calculation of the ECS was finally based on DV oga, be-
cause the Logan plot provided robust estimates of the bromide DV,
without making an assumption about the number of compartments
involved in the tissue uptake. However, the DV of bromide is
known to be slightly larger than the ECS because the electrochem-
ical Donnan equilibrium allows asmall quantity of bromideionsto
be present in the intracellular compartment (11,12). The higher
protein content of plasma compared with extracellular fluid also
plays a role, because bromide distributes only in the aqueous
portion of the plasma and extracellular fluid. We used factors of
0.95 and 0.93 to correct for the Donnan equilibrium and the plasma
water content, respectively, for converting DV ogan to ECS values.
Therefore, the extracellular fraction of the intravascular compart-
ment—that is, the plasma fraction, approximately 2% in brain
tissue—is included in our definition of the ECS.

The calculation of the ECS by the Logan method requires
arterial blood sampling during arelatively long dynamic PET scan.
Because this procedure is invasive, we checked whether a simpler
scanning protocol without the use of blood data could provide an
estimate of the ECSin amore clinical setting. For that purpose, the
time frames from 60 min until 90 min after injection were
summed, resulting in a PET image that is equal to a simple static
30-min PET image obtained 60 min after injection. From this
image, count ratios between the cerebellum and the tumor were
obtained by ROI analysis, and these ratios were multiplied by
0.177 (the mean ECS found in the cerebellum of our 9 patients was
17.7%).
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Tumor and Edema Size on PET and MRI

The tumor size was derived from the tumor area calculated from
theaxial T1-MR plane that showed the greatest contrast-enhancing
tumor diameter. The area of the ellipse determined by the maxi-
mum diameter of the tumor and its perpendicular was used to
quantify size (in units of mm?2). Similarly, the area covering tumor
and peritumoral edema was calculated on T2-MRI. The same
approach was also applied to the parametric DV oga PET image
plane showing the greatest lesion area of increased DV of 7®Br-
bromide. On coregistered PET and T1-MR images, the planes with
greatest lesion size corresponded well to the planes of greatest
76Br-bromide distribution. Tumor ECS values were also compared
with gadolinium-enhanced T1-MRI, assessed semiquantitatively
by inspection of the MR images to yield ratings of grade O (no
enhancement), grade 1 (mild to moderate enhancement), or grade
2 (marked, extensive enhancement).

RESULTS

Quantities of "®Br-bromide between 38.0 and 58.8 MBq
(mean, 50.7 MBq) were injected, yielding typical counting
rates between 8 and 10 kcps during the first scan and 2-3
kcps after 24 h. Examples of the 76Br-bromide time—activity
curve in brain normal brain tissue, tumor, and plasma of
patient 2 are shown in Figure 1A, where the fits of 2- and
3-compartment models are plotted as dotted and solid lines,
respectively. Tissue time—-activity curves increased steeply
after ®Br-bromide injection and plateaus of different levels
for normal brain and tumor tissue were reached after a few
minutes. Due to smaller ROI sizes, tumor time—activity
curves were markedly more noisy than the normal brain
time—activity curve. Plasma radioactivity peaked shortly
after injection and then fell to amost constant levels within
60 min. Whole blood radioactivity (not shown) followed a
course parallél to plasma radioactivity but was, on average,
19.5% lower, ranging between 15.8% and 23.8% with a SD
2.7% in 9 patients.

Kinetic data are summarized in Table 2. Compartment
analysis revealed 2 kineticaly separable tissue compart-
ments in normal brain as well as in tumor—that is, Akaike
and Schwartz criteria were generally lower in the 3-com-
partment than in the 2-compartment model criterion (data
not shown). However, k, could not aways be determined
and the 3-compartment model performed equally well if k,
was kept at 0in 4 of 9 tumors. In another 2 tumors, ks could
not be determined either—that is, the 3-compartment model
did not perform better than the 2-compartment model. In
these cases, the DV (DV1or = Ki/k, X (1 + ky/k,)) could
not be calculated. Also, fits of the 3-compartment model
were unstable and delivered highly variable estimates of all
model parameters. The simpler 2-compartment model
yielded stable estimates of K,', k,’, and DV'. Logan plots
always provided robust values for DV o, @lowing esti-
mation of the 7®Br-bromide DV independently of the num-
ber of underlying tissue compartments (Fig. 1B). DV ogan
was highly correlated with DV’ (hot shown). Patlak plots
(Fig. 1C) generaly became linear within 60 min, thereafter
indicating a slow subsequent further tissue influx of bro-
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FIGURE 1. (A) ®Br-Bromide time-activity curve in patient 2

with glioblastoma multiforme shows radioactivity of plasma,
normal brain tissue, and tumor. Dotted and solid lines through
tissue data points represent fits by 2- and 3-compartment mod-
els, respectively. (B) Logan plot of same time-activity curve as in
A. (C) Patlak plot of same time—-activity curve as in A, using linear
regression from 60 min to end of scan. There is no significant
difference between Patlak time (exposure time) and real PET
time in case of "6Br-bromide PET.
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TABLE 2
76Br-Bromide Kinetics in Brain Tumor and Normal Brain Tissue

Tissue/plasma ratio Logan Tumor/
2-Compartment Patlak cerebellum
75 ECS ratio 75
Patient Histology min 4h 24h Ky’ DV’ Vb Ki DViogan (%) min
1 Anaplastic astrocytoma WHO Il 0.60 0.65 0.92 0.015 0.569 0.138 0.00458 0.496 43.8 2.61
2 Glioblastoma multiforme WHO IV 0.72 056 0.68 0.051 0.667 0.722 -0.00013 0.692 61.1 4.20
3 Suspected lymphoma 0.23 0.035 0.145 0.155 0.00071 0.184 16.2 1.42
4 Oligoastrocytoma WHO |l 0.38 0.30 0.56 0.034 0.330 0.283 0.00101 0.356 31.5 1.88
5 Anaplastic astrocytoma WHO Il 0.63 0.87 0.023 0.569 0.362 0.00258 0.617 54.5 2.26
6 Meningioma WHO | 0.77 0.190 0.697 0.683  0.00083 0.750 66.2 3.48
7 Anaplastic astrocytoma WHO Il 0.59 059 0.79 0.032 0.578 0.414 0.00201 0.567 50.1 2.75
8 Anaplastic astrocytoma WHO Il 0.62 0.026 0.557 0.447  0.00159 0.572 50.5 3.27
9 Anaplastic astrocytoma WHO lII 0.69 065 0.84 0.050 0.664 0.683 0.00015 0.660 58.4 3.06
Contralateral normal tissue (n = 9)

Cerebellum Mean 0.21 0.23 0.33 0.016 0.164 0.186  0.00027 0.200 17.7

SD 0.04 0.03 0.05 0.005 0.034 0.038 0.00025 0.031 2.8

Frontal lobe Mean 0.32 0.33 045 0.032 0.274 0.299 0.00029 0.314 27.7

SD 0.05 0.05 0.06 0.008 0.051 0.052 0.00021 0.051 4.5

Occipital lobe Mean 0.24 0.24 0.35 0.019 0.175 0.205 0.00035 0.225 19.9

SD 0.03 0.04 0.04 0.005 0.053 0.048 0.00032 0.035 3.1

WHO = World Health Organization stage.

mide by positive K; values and, thus, also supporting the
presence of 2 tissue compartments.

The ECSin normal brain as calculated by DV oy, Varied
generally within a small range, with highest values in the
frontal lobe and lowest values in the cerebellum (Table 2).
The ECS of other cortical areas, the basal ganglia, and white
matter were found within this range (not shown). However,
tumor ECS was increased over a wide range and increased
tumor "®Br-bromide accumulation was found in 7 of 9
patients, but not in patients 3 and 4. An example is shown
in Figure 2, where a circumscribed area in a glioblastoma
multiforme (patient 2) appeared as increased radioactivity
accumulation. This area was smaller than arelatively wide-
spread signal increase in the T2-MR image. In Figure 3,
extensive MR image changes of patient 4 are shown, but
PET images revealed no significant "Br-bromide accumu-
lation. Parametric DV o4s images generally displayed better
visual quality than PET raw-count images (Figs. 2E and 3E)
and indicated that the 76Br-bromide accumulation corre-
sponded to increased DV o4 Values. In 3 tumors, K;" was
>2 SDs higher than normal ECS in the frontal lobe (Table
2), and K" was highest in a meningioma lacking the BBB.
76Br-Bromide tissue-to-plasmaradioactivity ratiosat 75 min
and 4 h after injection did not differ significantly, but ratios
at 24 h after injection were higher in both brain tumors and
normal tissue.

DV o Vaues were highly correlated with a simple
tissue-to-plasma radioactivity ratio at 75 min after injection
in both normal tissue and tumor (Fig. 4A) and 4 h after
injection (Fig. 4B), but the tissue-to-plasma radioactivity
ratios at 24 h after injection were markedly higher (Fig. 4C).
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The reversible bromide DV vyielded by the Patlak method
(Vp) was comparable to DV ogan in normal brain tissue, but
Vp was significantly lower than DV o, in 4 of 9 brain
tumors (Fig. 5).

All measures of the bromide space (Vp, DV’, and
DV Logan the latter exemplified in Fig. 6) showed patients 2
and 3 treated with dexamethasone with the lowest valuesfor
the ECSin normal brain tissue, whereas the ECS of the tumors
of these 2 patients was in the range of the 7 other tumors.

The intersubject variability of the ECS in the cerebellum
of 9 patients was small (mean + SD, 17.7% = 2.8%; range,
13%—21.1%). ROI analysis comparing the regiona radio-
activity in tumor and cerebellum during the PET time
frames 60—90 min after injection yielded ratios between
1.42 and 4.20 (Table 2). Multiplication of these ratios with
the mean ECS in the cerebellum (17.7%) resulted in esti-
mates for the ECS that were well correlated with the ECS as
calculated with the Logan method (Fig. 7).

Table 3 shows that the tumor area with increased 6Br-
bromide uptake, manifest by increased DV oqq, Values in
"6Br-bromide PET images as exemplified in patient 2 (Fig.
2), was often smaller than the lesion on T2-MR images but
matched the size of the T1-MR lesion fairly well. However,
patients 3 and 4, who had extensive lesions in T2-MR
images, did not show increased "®Br-bromide uptake, with
normal ECSvaluesin these lesions. Therefore, the areawith
increased ECS values determined by PET generally did not
exceed the lesion size as observed in T1-MR images and, in
particular, did not extend into the peritumoral edema ob-
served in T2-MR images. The size of the tumor area with
increased "®Br-bromide uptake correlated with the rankings
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Proton density (A) and T2-MR (B) images of patient 2 with glioblastoma multiforme in left temporal lobe. 76Br-Bromide
PET raw-count images from 60 to 90 min (C) and 24 to 24.5 h (D) after injection. (E) Corresponding parametric DV| 4., image
(pixel-wise Logan plot using dynamic PET data 0—-110 min after injection and tracer concentration in arterial plasma as input

FIGURE 2.

function).

of gadolinium contrast-enhancement in T1-MR images as a
trend.

DISCUSSION

For many years, research on tumor pathophysiology
lagged behind that on cellular events of cancer, such as
genetic alterations in which knowledge of basic principles
advanced rapidly. However, alterations of the vasculature
and interstitium and in vivo imaging of tumor pathophysi-
ology gained recent interest, particularly with regard to the
delivery of drugs through the tumor interstitium (22). In
vivo imaging of the ECS in humans is possible with intra-
venous gadolinium and dynamic MRI (23). The ECS mea-
sured with this technique ranged from 10% to 50% for
malignant gliomas (24). However, because gadolinium does
not enter the brain across the intact BBB, ECS measurement
in tumors with an intact BBB and in normal brain tissue is
not possible with this method. In our study, based on the
well-recognized fact that bromide ions distribute principally
in the ECS in all tissues, we used 6Br-bromide PET to
measure the ECS in human brain tumor patients. Bromide is

A C

asmall ion that can freely pass the BBB and, therefore, can
be used to measure the ECS irrespective of the state of BBB.
Previous "6Br-bromide PET studies in human stroke pa-
tients (13) yielded relatively low 76Br-bromide tissue-to-
plasma radioactivity ratios ranging between 0.1 and 0.12
and, thus, differing considerably from our results. However,
our values for the ECS of normal brain tissue are consistent
with values of many other methods, which all agree that the
ECS in the brain is of the order 20%. For example, the
known distribution of 82Br-bromide in the brain of mice
exhibits tissue-to-plasma radioactivity ratios of approxi-
mately 0.2 and 0.3 after 2 and 24 h, respectively (9).
Radiotracer diffusion measurements performed in cats,
dogs, and monkeys (25) confirm these higher values and are
consistent with more recent work using real-time ionto-
phoresis with tetramethylammonium in vivo (7). Earlier
studies using electron microscopy did not consider shrink-
ing artifacts due to the fixation process and reported falsely
low ECS values between 6% and 7% (2), but procedures to
hinder shrinking have been developed (26) and new electron
microscopy studies have confirmed values of 20%.

D E

FIGURE 3.

Patient 4 (slowly progressive oligoastrocytoma, World Health Organization stage Il). Nonenhancing T1-MR (A) but

T2-MR hyperintense (B) tumor is not manifest in 76Br-bromide PET. 7Br-Bromide PET raw-count images from 60 to 90 min (C) and
24 to 24.5 h (D) after injection. (E) Corresponding parametric DV 4., image (pixel-wise Logan plot using dynamic PET data 0-110
min after injection and tracer concentration in arterial plasma as input function).
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FIGURE 4. (A and B) DV and simple tissue-to-plasma
radioactivity ratios at 75 min (A) and 4 h (B) after injection.
Excellent correlation is shown and both are virtually equal. Solid,
diagonal line in A-C indicates equality between y- and x-axes.
(C) Tissue-to-plasma ratios after 24 h are higher than DV ,gan.

In normal brain tissue we found the highest ECSvaluesin
the frontal lobe and the lowest values in the occipital lobe
and the cerebellum. We have no explanation for these
regional differences and we did not find evidence for such a
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FIGURE 5. Vj is plotted against DV qgq, in brain tumor (A) and
in normal tissue (¢). Solid, diagonal line indicates equality be-
tween y- and x-axes. Vp is equal to DV o4, in normal tissue,
where it ranges between 0.2 and 0.3, but Vp is considerably
lower than DV ggq, in 4 tumors.

pattern in the literature. However, we cannot exclude a
regional bias of our ECS measurements—for example, by
the attenuation correction algorithm that was not based on a
measured, but on a standard, attenuation map of the skull.

Intersubject comparisons of normal brain tissue showed
lower values for the ECSin the 2 patients who were treated
with dexamethasone (Fig. 6), particularly in the frontal
cortex. Although this finding has to be interpreted with care
because of the small numbers of patients, it has been re-
ported (27) that dexamethasone reduced the ECS in tumor
and in adjacent brain tissue as measured by decreased
albumin distribution in RG-2 glioma- bearing rats. How-
ever, the tumor ECS of our 2 dexamethasone-treated pa-
tients was within a wide range of the ECS of the 7 other
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.o

1
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FIGURE 6. Steroid treatment and ECS. Patients with (A) and
without (¢) dexamethasone treatment are shown. Two patients
treated with dexamethasone show lowest DV o4,, values in nor-
mal brain.
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FIGURE 7. Comparison of tumor ECS based on DV g, (X-
axis) with simple ROl method comparing radioactivity in tumor
with cerebellum 60-90 min after injection (y-axis) shows posi-
tive correlation (Spearman rank correlation, P < 0.05). Solid,
diagonal line indicates equality between y- and x-axes.

tumors. The mechanism of possible dexamethasone action
on the ECS of tumor and normal brain in humans is unex-
plained and needs more extensive investigation.

We found increased ECS values in 7 of 9 brain tumors
(Table 2). It appears that the peritumoral edema, as delin-
eated by signal increase in T2-MR images that usualy
exceeds the extent of lesion observed by T1-MR images,
was not associated with increased ECS values—that is,
increased 76Br-bromide tumor accumul ation was confined to
the lesion size in T1-MR images (Table 3). Moreover, 2
patients with space-occupying lesions on T1- and T2-MR
images (patients 3 and 4) showed normal ECS values within
their lesions. Patient 4 suffered from a slowly progressive,
low-grade oligoastrocytoma and patient 3 from a lesion

suspected to be lymphoma. The absence of increased 76Br-
bromide accumulation cannot be attributed to the BBB
because bromide readily crosses the intact barrier aso in
normal brain (Fig. 1A). Therefore, we assume that T2-MR
signal increases in these 2 patients result from intracellular
water accumulation and do not reflect an enlargement of the
ECS.

Analysis of our PET data revealed 2 kinetic tissue com-
partments for 7Br-bromide in both normal brain and tumor.
However, in some patients, fits for tumor and normal brain
with the 3-compartment model did not worsen if k, was kept
at 0 and, thus, the reversibility or irreversibility of the
second tissue compartment could not be established. We
abandoned the 3-compartment model for ECS quantification
and preferred DV', DV g, Vp, and simple tissue-to-
plasma radioactivity ratios as likely more reliable measures.
There was excellent agreement between DV o4an, DV, and
the measured tissue-to-plasma radioactivity ratios at 75 min
and 4 h after injection. However, the tissue-to-plasma ra-
dioactivity ratios 24 h after injection were higher than the
other measures (Fig. 4C), suggesting that DV g, and DV’
do not account for a slow influx of "Br-bromide into tissue
between 4 and 24 h after injection. The Patlak parameter V
was also correlated with the total DV of bromide (DV  ggan in
Fig. 5). Equality of DV g and Vp in normal brain indi-
cates that the bromide fraction showing reversible tissue
distribution within thefirst 60 min (V) accounts for most of
the total DV (DV o). In this case, the influence of the
second, slow tissue compartment on the total DV of bro-
mide is small and we deduce that Vp, DV oga, and DV’
provide reliable estimates of the ECS in normal brain.
However, Vp was considerably lower than DV g, in 4
tumors (Fig. 5; Table 2); this was associated with higher K;
values. In these tumors, a relatively higher bromide tumor
uptake into the second tissue compartment may have led to

TABLE 3
MRI Lesion Size vs. ®Br-Bromide PET

MRI: tumor lesion

PET: tumor area (mm?) with size (mm?) Gadolinium contrast
Patient Histology increased 76Br-bromide uptake T1 area T2 area enhancement (T1)
1 Anaplastic astrocytoma WHO |lI 276 325 1,512 1
5 Anaplastic astrocytoma WHO IlI 452 361 2,337 1
7 Anaplastic astrocytoma WHO Il 179 141 448 0
8 Anaplastic astrocytoma WHO |lI 123 577 886 1
9 Anaplastic astrocytoma WHO |lI 653 653 2,093 0
2 Glioblastoma multiforme WHO IV 1,063 934 3,413 2
6 Meningioma WHO | 1,081 866 2,383 2
4 Oligoastrocytoma WHO Il 0 — 6,858 —
3 Suspected lymphoma 0 974 974 0

WHO = World Health Organization stage.

Tumor lesion size determined from PET, T1- and T2-MR images, and rankings of gadolinium enhancement in T1-MR images (grade 0 =
no enhancement, grade 1 = mild to moderate enhancement, and grade 2 = marked, extensive enhancement). Corresponding MR and PET
image planes were used. No gadolinium-enhanced T1-MR images were available in patient 4.
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this different kinetic behavior. Possibly, slow intracellular
uptake of bromide in necrotic tissue followed initia distri-
bution in the ECS, because only viable cells can exclude
bromide ions. Alternatively, a relatively insufficient tumor
vasculature could have played arole in a perfusion-limited,
slow bromide delivery to the ECS. From our data, there is
no evidence whether the bromide distribution in only the
first compartment (Vp) or in both tissue compartments
(DV L ogans DV') gives a more appropriate estimate of tumor
ECS, and further research is needed in this respect.

CONCLUSION

"6Br-Bromide PET allows a quantitative measurement of
the ECS in normal brain and in brain tumors. We based the
calculation of the ECS on the DV of bromide in tissue,
requiring arterial blood sampling and relatively long dy-
namic PET scans. In a more clinical setting, however, the
tumor ECS can be estimated reliably and noninvasively by
simple radioactivity ratios from ROl analysis of a static
30-min PET scan, where the cerebellum serves as a refer-
ence region with a small intersubject variability of the ECS.
Limitations arise from the long effective half-life of "®Br-
bromide in humans, which alows the application of only
small amounts of radioactivity, resulting in low-count PET
images with poor statistics—particularly in small tumor
ROIs. Also, the presence of a second tissue compartment,
which may affect the total 7°Br-bromide DV, particularly in
tumor, remains unexplained. Our study found unexpectedly
that peritumoral edematous brain showed no enlargement of
the ECS and that even progressing tumor with an extensive
lesion can evolve without ECS expansion. This challenges
the concept of tumor-induced brain edema, particularly as
assessed with T2-MRI. "Br-Bromide PET can also be ap-
plied to study the effect of postoperative radiotherapy on
interstitial space in patients with malignant gliomas, which
is relevant for drug distribution and subsequent chemo-
therapy.
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