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Unidirectional blood-to-brain and blood-to-tumor transport rate constants for rubidium 82 were determined using 
dynamic positron emission tomography in patients with primary or metastatic brain tumors. Regional influx rate 
constants ( K , )  and plasma water volume (V,) were estimated from the time course of blood and brain radioactivity 
following a bolus injection of tracer. Eight patients were studied before and 24 to 7 2  hours after treatment using 
pharmacological doses of dexamethasone, and 6 additional patients with metastatic brain tumors were studied before 
and within 60 to 90 minutes after 200- to GOO-rad whole-brain radiation therapy. Steroid treatment was associated with 
a 9 to 48% decrease in tumor K1 and a 21% mean decrease in tumor V,. No consistent changes in K1 or V, were 
observed in control brain regions. Tumor K ,  and V, did not increase in patients undergoing whole-brain radiation 
therapy, all of whom were taking dexamethasone at the time of study. These data suggest that corticosteroids decrease 
the permeability of tumor capillaries to small hydrophilic molecules (including those of some chemotherapeutic 
agents) and that steroid pretreatment prevents acute, and potentially dangerous, increases in tumor capillary perme- 
ability following cranial irradiation. 
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It is widely assumed that in patients with inflammatory 
and neoplastic cerebral lesions corticosteroids reduce 
brain swelling by decreasing braidtumor capillary per- 
meabiliry to crystalloids and colloids. In human sub- 
jects, short-term corticosteroid treatment has been 
shown to diminish computed tomographic (CT) con- 
trast enhancement @, 14, 36, 391, and in experimental 
animals, steroids decrease brain uptake of intraarte- 
rially administered methotrexate following alteration 
of the blood-brain barrier (BBB) C29). Positron emis- 
sion tomographic (PET) measurements of regional ce- 
rebral blood flow (KBF) and blood volume (KBV) in 
patients with brain tumors and perifocal edema before 
and several days after dexamethasone treatment sug- 
gest that steroids have an “immediate diffuse effect” on 
the cerebral vasculature f241. However, the extent to 

which corticosteroids modulate the blood-to-brain 
transport of different ionic and molecular species and 
the basis for their anti-edema effect have not been 
elucidated. 

The acute and chronic effects of whole-brain radia- 
tion therapy (WBRT) on the central nervous system 
are well known, although their pathogenesis remains a 
subject of continuing controversy f34). An infre- 
quently diagnosed complication of WBRT, radiation- 
induced cerebral edema, may be responsible for the 
increased morbidity and mortality associated with 
“rapid-course” treatment protocols incorporating high 
rad doses, and for the increase in ventricular cere- 
brospinal fluid (CSF) pressure after WBRT reported 
by Young and associates C43). Using [14Cla-ami- 
noisobutyric acid and quantitative autoradiography, 
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Table 1. Surnmavy of 82RbJPET Studies in Patients Undergoing Whol'e-Brain Radiation Therapy 

82Rb/PET Protocold 

Patient SexJAge Steroids Interval 
No. (Yd Diagnosis" (mg)b RT Protocol (Rx)' Pre-Rx Post-Rx (rnin)' 

1 M/2 3 Ca testis 16 200rad x lO(2) Bolus BoludCI 59 
2 MI57 Ca lung 16 300rad X lO(2) Bolus Bolus/CI 85 
3 M/5 5 Ca lung 16 600 rad x 3 (2), Bolus Bolus 60 

4 Fl44 Ca breast 4 300rad x lO(3) Bolus Bolus/CI 65 
400rad x 3 

5 M/69 Mesothelioma 16 300 rad x 10 (2) Bolus BoludCI 90 3 

6 MI42 Ca lung 16 300rad X lO(3) CI . CI 75 

"All patients had parenchymal brain metastases. 
bDaily oral dose of dexamethasone. 
'Fractionation scheme (treatment number at time of study). 
dAdministered intravenously. 
'Interval between whole-brain radiation therapy (WBRT) and post-WBRT '*Rb/Pm scan. 
PET = positron emission tomography; M = male; F = female; Ca = cancer; RT = radiation therapy; Rx = treatment; CI = constant infusion. 

Caveness [6} demonstrated focal increases in BBB 
permeability in monkeys weeks to months after single 
high-dose brain irradiation. No acute experiments with 
a-aminoisobutyric acid were performed, and therefore 
the time course of the observed BBB lesions was not 
determined. 

Intravenously administered rubidium (Rb), a potas- 
sium analogue, is excluded from the brain by the nor- 
mal BBB. Previous studies have demonstrated the po- 
tential of 82Rb (half-life, 76 sec) and PET for imaging 
regions of BBB disruption [ S ,  40-421. Gallium 68 
(68Ga) (half-life, 68 min) in the form of E"Ga7ethyl- 
enediaminetetraacetate has also been used with PET to 
quantitate the effects of brain tumors and hyperos- 
motic intracarotid infusions on BBB permeability 
14, 15, 227; however, the long isotopic half-life of @Ga 
relative to that of 82Rb results in a higher absorbed 
dose per administered millicurie, longer PET imaging 
times, and longer delays between repeat or "before- 
and-after'' studies, which constitute practical disadvan- 
tages for clinical studies. 

In order to quantitate the effects of corticosteroids 
on BBB permeability, 9 patients with primary or 
metastatic brain tumors were studied with '*Rb PET 
immediately before and 24 to 72 hours after dexa- 
methasone treatment. Six additional patients with 
metastatic brain tumors were studied immediately be- 
fore and 60 to 90 minutes after WBRT in an effort to 
quantitate the early effects of ionizing radiation on the 
blood-brain and blood-tumor barriers; patients receiv- 
ing low-dose and high-dose fractions were included in 
order to study the effect of increasing rad dose on 
brain 82Rb uptake. 

Methods 
Eight in-patients from Memorial Hospital who had primary 
(3 patients) or metastatic (5 patients) brain tumors were 
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studied before and 24 hours after the start of dexamethasone 
treatment; one additional patient with a metastatic brain 
tumor was studied before and 72 hours after the start of 
treatment. All patients received 100 mg of dexamethasone 
intravenously immediately after their first PET scan and 24 
mg every 6 hours thereafter; no patient had received prior 
corticosteroids or other anti-edema therapy. A 24-hour 
treatment period was selected because clinical improvement 
is usually apparent within 6 to 12 hours after a 100-mg intra- 
venous dose of dexamethasone. Six  additional in-patients 
with metastatic brain tumors were studied immediately be- 
fore and approximately 1 hour after 200-, 300-, or 600-rad 
WBRT (Table 1); all 6 patients were taking dexamethasone 
(4 to 16 &day) at the time of study. The choice of 1 hour 
was dictated by the fact that patients frequently complain of 
headache or somnolence within 1 to 2 hours after WBRT. 
Protocols for the dexamethasone and WBRT studies were 
approved by the Institutional Review Board of Memorial 
Hospital, and informed consent was obtained from each pa- 
tient or his or her next of kin. All patients had transmission 
CT or nuclear magnetic resonance scan evidence of paren- 
chymal brain lesions. 

Approximately 60 to 120 mCi of 82Rb, eluted from'a 
Squibb 82Sr/82Rb generator (E. R. Squibb and Sons, New 
Brunswick, NJ) 1127, in normal saline was injected as an 
intravenous bolus (50 mumin x 2 min) or infused at a con- 
stant rate (15 mumin x 7 min) through a 0.22-p Millipore 
filter (Fig 1). The infusion apparatus consisted of a Harvard 
pump, two 60-ml sterile disposable syringes, and sterile 
plastic intravenous tubing and connectors. 

Serial (7 x 60 sec or 10 x 30 sec, 2 x 60 sec) PET 
images were acquired for 7 minutes using the Cyclotron 
Corporation PC 4600 Positron Camera E207. One-milliliter 
radial arterial blood samples were collected at 9-second inter- 
vals during the period of PET data acquisition by means of a 
high-speed peristaltic pump (Ole Dich, Copenhagen) and 
counted immediately in a well scintillation detector. Appro- 
priate corrections were made for delayed arrival of intrave- 
nously injected isotope at the radial arterial sampling site, 
pump delayPsmearing" C337, and decay during the period of 
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Fig 1. Time course of blood 82Rb activity following bolus injec- 
tion (squares) or continuous ififusion (circles) of tracer fmm a 
Squibb 82Sr/82Rb generator. Blood activity in arbitray units is 
plotted as a function of time. 

measurement. A description of our technique for radial arte- 
rial catheterization is provided elsewhere [ 35). Accurate 
patient repositioning was facilitated by a custom-molded 
polyurethane headholder-immobilizer 12 1) and crossed 
Gammex lasers. A transmission scan obtained before the 
pretreatment emission study served to confirm the anatomi- 
cal level of section and to correct the before-and-after 
emission scans for tissue attenuation. 

Region-of-interest (ROI) analysis was performed on 
128 x 128 PET reconstructions, which were appropriately 
corrected for isotopic decay, random coincidences, tissue at- 
tenuation, and electronic deadtime. Whenever possible, 
large (greater than 2 cm in diameter) circular ROIs were 
selected within homogeneous braidtumor regions in order 
to maximize recovery coefficients 127). In order to minimize 
the effects of volume averaging, we attempted whenever 
possible to extract ROI data from the middle slice of three 
contiguous 1-cm slices containing tumor tissue. Control data 
for “normal” brain tissue were taken from a mirror ROI in 
the contralateral hemisphere. Values for the influx rate con- 
stant (K1), the efflux rate constant (&), and plasma water 
volume (V,) were obtained from ”RWPET ROI and blood 
data and Equation 3,  which was solved by a nonlinear least- 
squares regression algorithm. 

Because of the high correlation between “before” and “af- 
ter” values within patients (both for K1 and Vp) and the wide 
range of values across patients, Student’s t test was applied to 
the percent change in K1 and V,. 

Rubidium Uptake in Red Blood CeIIJ 
Because of a suggestion in the literature that Rb is rapidly 
taken up into red blood cells (REG) after intravascular in- 
jection 138,441, we determined the time course of Rb up- 
take into RBCs following an intravenous bolus injection of 

82Rb. For these experiments, which were performed in 
volunteer subjects, we administered approximately 20 mCi 
of 82Rb intravenously according to the same infusion pro- 
tocol adopted for 82Rb/PET studies, and collected arterial 
blood from a radial arterial catheter at 9-second intervals. 
Every seventh blood sample was collected in a tared mi- 
crocentrifuge tube, weighed, and counted for 6 seconds, 
then spun in a Beckman Microhge B at 8,700 g for 15 
seconds; 0.3 to 0.4 ml of the supernatant plasma was then 
pipetted rapidly into clean tared microcentrifuge vials, 
weighed, and counted as described above. Measured blood 
and plasma ”Rb radioactivity, decay-corrected to the start of 
infusion, and the arterial hemarocrit were used to compute 
the plasma-water-to-whole-blood-water ratio (PWR) for 
”Rb as a function of time; these data were fit to the function 
PWR = a + bt (where a is the intercept with the Y axis and 
b is the slope of the line, and t is time after 82Rb injection) 
and used to correct whole-blood measurements of 82Rb 
radioactivity for RBC uptake. RBC and plasma water 
content were assumed to be 0.721 and 0.927 mVgm, re- 
spectively E30). For 82Rb/PET patient studies, measured 
whole-blood 82Rb concentrations were multiplied by the ap- 
propriate PWR in order to calculate plasma water ”Rb con- 
centration (C,, see the following section). 

Theory 
A simple two-compartment model adequately describes the 
passive exchange of “Rb between arterial plasma and brain 
tissue (Fig 2). This exchange can be described mathematically 
by the following equations: 

dA,(t)/dt = KICJt) - kzA,(t) 

Am(t) = AAt) + VpCp(t) 

E9 1 

E q  2 

where AXt) is the 82Rb concentration in extravascular brain 
tissue (pcdgm), A,($) is the ”Rb concentration in brain tis- 
sue (pcilgm), i.e., including intravascular label, and C,(t) is 
the instantaneous plasma ”Rb concentration (pCilml); K1 is 
given in milliliters per minute per gram, k2 is given as min- l ,  

and V, is given in milliliters per gram. The use of V, in 
Equation 2 assumes that label (82Rb) is confined to the 
plasma space, which is probably not the case at the end of a 
7-minute study (to be discussed later). 

These relationships permit the estimation of K1, k ~ ,  and V, 
from PET ROI data and the time course of blood ”Rb activ- 
ity: 

T2 T2 

TI TI TI 
A, = I A,(t)dt = K 1 l  e-hZf /C,(u)eiz”dudt + rVpCp(t)dt 

Eq 3 

where T1 and T2 are scan beginning and end times. An 
analysis of Equation 3 using computer simulations was p:r- 
formed in order to estimate the errors associated with kl, k2, 
and qp for both bolus and constant infusion protocols (see 
Appendix). The error in k, varies from approximately 5 to 
35% for 0.1 < K1 < 0.001, and the error in vp is less than 
6% for 0.03 < Vp < 0.08. 
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Fig 2. (A) Two-compartment model of the blood-to-brain trans- 
port of 82Rb. C, is plasma 82Rb concentration (FCilmi), A, is 
extravascular brain tissue 82Rb concentration (pcilgm), and Kl 
(mllminlgm) and kz (min-’) are injux and efpux rate con- 
stants, respectively. (ECF = extravascukzrjuid; BBB = blood- 
brain barrier.) (B) Relationship between the non-decay-corrected 
region-of-interest ROI dzta for two metastatic tumors (symbols) 
and corresponding plots h i v e d  from jitted model parameters and 
Equation 3. Radioactivity concentration (Kcpmlml) is plotted 
versus time in minutes. 

Results 
Pre- and posttreatment 82Rb/PET studies are illus- 
trated in Figure 3, which emphasizes that the same 
tumor and contralateral control regions were analyzed 
on before-and-after scan sequences. Derived blood-to- 
brain and blood-to-tumor transfer constants and tissue 
plasma water volumes for Rb for 8 patients with large 
primary or metastatic tumors are presented in Table 2. 
One patient with an oligodendroghoma was not in- 
cluded in the table, as tumor 82Rb concentration never 
exceeded that of contralateral brain tissue; his CT scan 
was not enhanced by iodinated contrast material. The 
mean decrease in tumor K1 and V, after dexametha- 
sone treatment was highly significant. In view of the 
large uncertainty (greater than 70%) associated with 
estimates of k2 (see Appendix), no conclusions could 
be drawn about the effect of dexamethasone on Rb 
efflux. 

Fig  3. Contiguous I - n  82RblPET (positron emission tomo- 
graphic) brain slices before (upper two rows) and 24 hours afer 
(lower two rows) dexamethasone treatment. The cerebral blood 
pool and a large right frontal metastasis are visible in these com- 
posite 7-minute images, which illustrate the repositioning accu- 
racy arhieuable using a rustom-molded headholder-immabili~er 
and crossed Gammex kasws. 

Blood-to-brain and blood-to-tumor transfer con- 
stants and tissue plasma volume for 6 patients before 
and after WBRT are summarized in Table 3. There 
was no significant difference between pre- and post- 
treatment tumor K1 values. V, increased after WBRT 
in 5 of 6 tumors and in 4 of 6 control regions, but this 
increase was of borderline significance. 

The distribution of 82Rb between RBCs and plasma 
following bolus injection, expressed as (cpdml of 
plasma water)/(cps/ml of whole-blood water) as a func- 
tion of time, is defined by the data in Table 4 and 
Figure 4. Because of scatter in the experimental data, 
we did not correct the ratios for arterial hematocrit. 
The least-squares regression line, PWR = 1.53 - 
O.O69t, was used to correct whole-body radioactivity 
measurements for 82Rb sequestered in RBCs. 

The effect of ROI size on derived estimates of K1, 
k2, and V, is illustrated in Figure 5 and Table 5 with 
reference to a metastatic tumor: concentrically de- 
creasing the ROI area from 3.7 to 0.8 cm2 resulted in 
an 11% increase in K 1 ,  a 14% decrease in k2, and a 
23% increase in V,. 

Discussion 
s2Rb, a short-lived positron-emitting analogue of 
potassium, is an ideal tracer for studies of BBB perme- 
ability. The absorbed dose per administered millicurie 
is low relative to fluorine 18, “Ga, or carbon 11, and 
short serial high-count-rate PET studies can be per- 
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Table 2. Derived Blood-to-Brain and Blood-to-Tumor Transfer Constants and Tissue Plasma Water Volume 

ROI Before Steroidsb After Steroidsb % Change 
Patient No./ Size 
Tumor Typea (crnZ) K1 VP K1 VP KI VP 

l/rnedulloblastorna 
Tumor ROI 
Control ROI 

2/glioblas toma 
Tumor ROI 
Control ROI 

Tumor ROI 
Control ROI 

Tumor ROI 
Control ROI 

5 ovarian Ca 
Tumor ROI 
Control ROI 

Tumor ROI 
Control ROI 

Tumor ROI 
Control ROI 

Tumor ROI 
Control ROI 

3/nasopharyngeal Ca 

4/lung Ca 

6/lung Ca 

7/bladder Ca 

8/melanorna 

Mean Tumor 
Mean Control 

3.4 
3.9 

1.3 
8.4 

7.6 
7.0 

3.2 
8.3 

2.5 
9.1 

2.8 
9.1 

3.7 
13.2 

1.7 
9.6 

5.3E-2 
4.0E-3 

1.2E-2 
1.4E-3 

5.5E-2 
4.0E-3 

5.6E-2 
7.5E-3 

7.2E-2 
2.4E-3 

8.2E-2 
1.5E-3 

2.1E-2 
7.1E-3 

9.4E-2 
7.2E-3 

5.6E-2 
4.4E-3 

0.060 
0.039 

0.035 
0.022 

0.037 
0.029 

0.063 
0.040 

0.038 
0.015 

0.094 
0.023 

0.027 
0.03 1 

0.107 
0.031 

0.058 
0.029 

4.8E-2 
5.0E-3 

6.7E-3 
1.4E-3 

4.1E-2 
2.8E-3 

2.9E-2 
5.5E-3 

4.3E-2 
3.5E-3 

7.3E-2 
1.2E-3 

1.6E-2 
7.4E-3 

6.0E-2 
7.4E-3 

4.0E-2 
4.2E-3 

0.061 
0.037 

0.029 
0.318 

0.022 
0.027 

0.037 
0.043 

0.027 
0.012 

0.087 
0.026 

0.018 
0.030 

0.085 
0.033 
0.046 
0.028 

-. 9 
+ 25 

- 44 
0 

- 25 
- 30 

- 48 
- 27 

- 40 
+ 46 

- 11 
- 20 

- 24 
+ 4  

- 36 
+ 3  
- 29' 

- 5  

+ 2  
- 5  

-- 17 
-2  

-41 
-7  

-41 
+8 

- 29 
- 20 

- 7  
t 13 

- 33 
-3  

-21 
+ 6  

-21d 
- 3  

N.B. 
sec scanning protocol used for these studies. 
"Patients had either primary or metastatic brain tumors. 
bFor tumor and control ROIs, K 1  (in exponential notation) is expressed as ml/min/gm and V, as rnVgm. Dexamethasone dosage schedule: 100-mg 
intravenous bolus, then 24 mg every 6 hours for 24 hours or 72 hours (Patient 7). 
' t  = 5.66; p < 0.001. 
dt = 4.07; p < 0.01. 
K 1  = the influx rate constant (in exponential notation); V, = tissue plasma water volume; R01  = region of interest; Ca = cancer. 

"Rb was administered as an intravenous bolus. Stable efflux rate constant (R , )  values could not be obtained with the 10 x 30 sec, 2 x 60 

formed safely. For before-and-after studies, only 6 to 
10 minutes are required for isotopic decay, and there- 
fore corrections for residual radioactivity are not re- 
quired. Ionic 82Rb (specific activity, 1.5 X lo5 C i / p ~ )  
was eluted with normal saline from a portable Squibb 
generator (12) and infused directly into patients by 
means of a Harvard pump. The radiation absorbed 
dose for 82Rb has been estimated by Kearfott C191: per 
administered millicurie, the kidney (critical organ), 
heart, and total body receive 19, 13, and 1.6 mrad, 
respectively. Thus, an equivalent bolus of 100 mCi 
results in a kidney dose of approximately 2 rad. 

The data in Table 4 suggest that 82Rb rapidly enters 
RBCs and that a time-dependent correction for RBC 
82Rb concentration should be applied to whole-blood 
measurements of "Rb radioactivity. It should be noted 
that Lammertsma and associates (231 assumed no *'Rb 
uptake by RBCs, since whole-blood "Rb concentra- 

tions calculated from plasma concentrations and the 
peripheral hematocrit were only 396 lower than the 
measured whole-blood 82Rb concentrations. We have 
no explanation for these discrepant results. 

Like potassium, intravenously administered Rb is 
excluded from the brain by the normal BBB. When, 
however, BBB permeability is increased, e.g., within 
and around primary and metastatic brain tumors, tissue 
uptake is increased. This increased uptake is primarily 
attributable to increased (ionic) diffusion, although 
other mechanisms may also be involved. "Rb in arte- 
rial plasma water crosses the BBB (and/or BBB com- 
plex) to enter brain tissue water, i.e., extracellular fluid 
(ECF) and intracellular fluid (ICF) water. Astrocytes 
and other perithelial cells may actively accumulate 
tracer that has traversed the capillary endothelial bar- 
rier (161, and recent evidence suggests that Rb is trans- 
ported from brain extracellular space into endothelial 

640 Annals of Neurology Vol 18 No 6 December 1985 



Table 3. Derived Blood-to-Brain and Blood-to-Tumor Transfer Constants and Tissue Plasm Water Volume 

ROI Before WBRTb After WBRTb 
Size 

Patient No." (cm2) K1 k2 VP Ki k2 VP 

Patient 1 
Tumor ROI 
Control ROl 

Tumor ROI 
Control ROI 

Tumor ROI 
Control ROI 

Tumor ROI 
Control ROI 

Tumor  ROI 
Control ROI 

Tumor ROI 
Control ROI 

Patient 2 

Patient 3 

Patient 4 

Patient 5 

Patient 6 

2.1 
2.1 

2.7 
3.0 

2.1 
3.8 

2.1 
2.1 

3.1 
2.1 

1.3 
9.0 

9.OE-2 
5.8E-3 

5.3E-2 
5.5E-3 

5.OE-2 
1.2E-3 

1.1E-1 
2.OE-3 

1.3E-1 
1.7E-3 

4.3E-2 
4.9E-3 

7.2E-2 
4.1E-3 

2.6E-2 
4.1E-3 

1.OE-1 
9.7E-3 

1.OE-1 
8.7E-3 

7.4E-2 
8.9E-3 

C . . .  
6.2E-3 

0.09 5 
0.026 

0.037 
0.045 

0.045 
0.025 

0.057 
0.013 

0.03 1 
0.022 

0.040 
0.011 

9.OE-2 
3.lE-3 

6.4E-2 
5.1E-3 

6.6E-2 
1.7E-3 

9.4E-2 
l.lE-3 

1.1E-1 
2.7E-3 

3.3E-2 
5.2E-4 

8.3E-2 
7.1E-3 

1.1E-2 
3.1E-3 

5.9E-2 
8.4E-3 

6.7E-2 
7.6E-3 

3.4E-2 
8.1E-3 

C . . .  
1.1E-2 

0.083 
0.030 

0.043 
0.055 

0.059 
0.025 

0.076 
0.018 

0.042 
0.019 

0.060 
0.020 

~~~~~~~ 

as2Rb administered as an intravenous bolus (Patients 1-5) or by continuous intravenous infusion (Patient 6). 
bK, (in exponential notation; mYmin/gm); kz (in exponential notation; min-'); V, (min-'). 
'Too small to determine accurately. 

WBRT = whole-brain radiation therapy; K1 = the influx rate constant; kz = the efflux rate constant; V, = tissue plasma water volume; 
ROI = region of interest. 

Table 4. Time Course of "Rb Exchange 
between Plasma Water and Red Blood Cell 
Water following Bolus Intravenous Injection" 

Time after Start of Bolus Injectionb 
Patient 
No. H c t  1 2 3 4 5 6  

1 29 . . . 1.22 1.23 1.46 1.10 1.04 
2 34 1.27 1.54 1.23 1.27 1.19 1.03 
3 43 1.48 1.56 1.40 1.24 1.27 1.16 
4 47 1.70 1.38 1.36 1.38 1.25 1.37 
5 48 . . . 1.07 1.32 1.25 1.14 0.83 

Mean 1.48 1.35 1.31 1.32 1.19 1.09 

"Expressed as the ratio of C8*Rb]/ml of plasma water to [82Rb]/ml of 
whole-blood water. Neglecting the difference in water content be- 
tween red blood cells and plasma, for a hematocrit (Hct) of 40, this 
ratio would be expected to vary from 1.67 ("Rb only within plasma 
water) to 1.00 ('*Rb distributed equally between red blood cells and 
plasma water). 
bTime in minutes. 

cell cytoplasm by a (Na+ + K+)-adenosine triphos- 
phatase ("a+ + K+]-ATPase) located in the ablu- 
minal membrane of brain capillary endotheiium [2, 9, 
lo]. The simplified two-compartment model illus- 
trated in Figure 2A does not specifically account for 
the passive exchange of Rb between ECF and ICF 
water, nor does it describe the active accumulation of 
tracer by astrocytes andor other perithelial cells (see 

2.0 t 
a 1.0 i51 

0 .5  t 
0.0 

T I M E  ( M I N I  

Fig 4. Uptake of 82Rb into red blood cells (RBCs) follozving in- 
travenous bolus injection. The ratio of fa2Rb}lml of plasma water 
to {82Rb}/ml of whole-blood water is plotted as a function of time 
for 5 patient studies (cb Table 4). 
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Fig 5 .  Concentric. .3.7-, 1 . 9 ,  and 0.8-cd regions of interest 
superimposed on a lefit frontoparietal metastasis from carcinoma 
of the testis. Calculated rate constants and distribution volumes 
for 82Rb are summarized in Table 5 .  

Appendix). In spite of the above-mentioned limita- 
tions, our data suggest that a two-compartment model 
provides physiologically relevant information about 
blood-to-brain and blood-to-tumor transport of 82Rb. 
A similar two-compartment tracer kmetic model has 
recently been proposed by Hawkins and associates 
[ 151 for evaluating BBB permeability in human brain 
tumors using 68Ga-labeled EDTA and PET. 

The use of ”Rb for PET measurements of BBB 
permeability was pioneered by Yano and colleagues 
{40], who developed a precision flow-controlled ‘*Rb 
generator for bolus or constant-infusion studies. Yen 
and Budinger [41} and, later, Yen’s group 1421 dem- 
onstrated the potential of 82Rb/PET for clinical investi- 
gation; their ”RblPET images of metastatic brain 
tumors emphasize the high ratio of tumor-to-brain ac- 
tivity achievable with this technique. Yen and as- 
sociates (421 compared the uptake of ”Rb (using PET) 
to CT contrast enhancement in 8 patients with primary 
or metastatic brain tumors; CT contrast enhancement 
was demonstrated in 5 of the 8 patients, whereas 82Rb/ 
PET studies were abnormal in 6 of 8. The authors 
concluded that tumor uptake of 82Rb in patients with 
negative contrast-enhanced CT scans reflected a larger 

Table 5 .  Effect of Region-ofilnterest Size on Calculated 
Transport Rate Constants and Distribution Volumes for 82Rb 

ROI size 
(cm2)a Klb k2“ VP 
3.1 7.1E-2 1 .OE- 1 0.056 

0.8 7.9E-2 8.652 0.069 
1.9 7.7E-2 9.9E-2 0.062 

“See Figure 5.  

ROI = region of interest. 

exponentid notation. 

extravascular distribution space for 82Rb than for 
iodinated contrast material or a greater increase in 
BBB permeability to smaller tracers. 

Brooks and associates [ S ]  used “Rb/PET and a 
steady-state model involving measurement of rCBF 
and rCBV to obtain quantitative measurements of re- 
gional Rb extraction in normal subjects and in patients 
suffering from a variety of neurological conditions. 
One patient with a solitary cerebral metastasis was 
studied before and after treatment with dexametha- 
sone (4 mg orally four times a day for 48 hours) and 
then 2 weeks later following 2000-rad WBRT. Dexa- 
methasone treatment had little effect on Rb extraction 
by tumor or contralateral cerebral tissue; however, fol- 
lowing radiotherapy the Rb permeability-surface area 
(PS) product of the tumor more than doubled, whereas 
that of contralateral brain tissue remained unchanged. 
Brooks’s group compared Rb extraction by tumor tis- 
sue and contralateral brain in treated (WBRT) versus 
untreated patients with primary or metastatic brain 
tumors; treated patients were studied between 1 and 6 
months “after courses of radiotherapy.” They con- 
cluded that there was no significant difference in Rb 
extraction by tumor or contralateral brain tissue be- 
tween treated and untreated groups. The extent to 
which simultaneous treatment with corticosteroids 
may have influenced these results was not discussed. 

Parameter Estimation 
Although solutions for k 2  were associated with large 
uncertainties (see Appendix), realistic values of K1 and 
V, were obtained for tumor and control brain ROIs 
(see Tables 2, 3). A formal error analysis of our 
method (see Appendix) suggests that for a 7-minute 
study the error in 2, is similar for both the continuous- 
infusion and the bolus-injection protocols. For the 
bolus-injection technique, the error in tumor k, varies 
from - 5 to + 35% for 0.1 < K1 < 0.001. The error in 
v, is less than 6% for 0.1 < K1 < 0.0001. 

The solution to Equation 3 requires a straightfor- 
ward, if rather cumbersome, nonlinear regression. 
Linearization of the problem involves simplifying as- 
sumptions but allows for much more rapid solutions 
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and yields essentially the same result as the nonlinear 
solution (see Appendix). The consistency of our re- 
sults for both tumor and control regions suggests that 
repositioning errors, volume averaging, and variation 
in recovery coefficients do not invalidate our conclu- 
sions. Our control K1 values are similar to the capillary 
transfer constants obtained by Blasberg and associates 
f37 in rats and rhesus monkeys using [‘*C](w- 
aminoisobutyric acid and quantitative autoradiography, 
and our tumor K 1  values are comparable to those ob- 
tained by Groothuis and colleagues [131 for canine 
gliomas using meglumine iothalamate and dynamic 
transmission CT but are, in general, greater than those 
reported by Hawkins and co-workers 1157 for human 
brain tumors using [“Ca}EDTA/PET. It is difficult, 
however, to compare our tumor values with those of 
Hawkins’s group, since the latter researchers do not 
provide any information regarding the treatment status 
(e.g., WBRT, corticosteroids) of their subjects. Most 
significantly, Kls  calculated from the Rb extraction and 
rCBF data of Brooks and colleagues IS] for enhancing 
tumors and contralateral brain are virtually identical to 
the before-steroids mean tumor and mean control 
values in Table 2. This is reassuring, in view of the 
methodological and conceptual differences between 
our bolus 82RWdynamic PET method and the steady- 
state technique employed by Brooks’s group. 

Regional influx constants can be related to the re- 
gional PS product: 

where F is the rCBF (mYmidgm) and Vf(voVvo1) is 
the effective fraction of capillary blood involved in the 
blood-to-brain transfer process f 31. From this relation- 
ship it follows that when WFVr is less than 0.1, K 
approximates PS with an error less than 6%. This situ- 
ation obtains for normal gray and white matter struc- 
tures ( l o M 2  > K1 > and FVf > lo-’) and for 
some primary and metastatic tumors 15, 181. Dexa- 
methasone has been shown to reduce rCBF in human 
brain tumors 1241, but the magnitude of this decrease 
(10 to 14%) is unlikely to significantly affect the rela- 
tionship between PS and K1 in steroid-treated patients. 

Effect of Corticosteroidr 
The first in vivo evidence that corticosteroids affect the 
blood-to-brain transport of low-molecular-weight trac- 
ers was provided by Marty and Cain [26], who de- 
scribed “improvement” in the follow-up technetium 
99m (99Tc)  brain scans of 7 of 10 brain tumor patients 
treated with pharmacological doses of dexamethasone. 
They postulated that the decreased uptake of tracer 
and associated clinical improvement were related to a 
steroid-induced reduction in peritumoral ECF volume. 
Crocker and associates 181 studied the effect of 

steroids on the extravascular distribution of radio- 
graphic contrast material (iothalamate) and ”“Tc per- 
technetate using CT and emission CT. In 5 patients 
with brain tumors treated with dexamethasone (16 mgl 
day) they documented a reduction in tracer uptake 
and/or CT contrast enhancement-within 24 hours in 
one instance. The boundaries of contrast enhancement 
or ” T c  pertechnetate distribution were not altered by 
steroid therapy, and Crocker’s group observed that 
iothalamate and pertechnetate uptake were reduced 
“irrespective of the presence of significant edema on 
CT scanning.” They concluded that steroids decrease 
the permeability of brain tumor capillaries to CT and 
emission CT tracers. 

Reverse transport of Rb from brain extracellular 
space into endothelial cell cytoplasm by (Na+ + K+)- 
ATPase has been demonstrated f2,9,  107, and 
steroids have been shown to inhibit the uptake of Rb 
by-but not the efflux of Rb from-isolated rat brain 
capillaries 171. Although it is possible that steroids in- 
teract with endothelial cell (Na+ + K+)-ATPase or 
other transport carriers to decrease Rb uptake into 
brain tumors, an effect on carrier transport mecha- 
nisms cannot adequately explain the decrease in braid 
tumor capillary permeability to 9 9 T c  pertechnetate, 
CT contrast agents, methotrexate, or serum albumin 
observed after corticosteroid administration f8, 14, 28, 
29, 36, 397. The effect of dexamethasone on V, is 
interesting in view of a recent report that steroids de- 
crease brain tumor extracellular space 1281. 

The data presented in Table 2 are consistent with 
the observed reduction in CT contrast enhancement of 
inflammatory and neoplastic brain lesions following 
corticosteroid therapy. If, as seems likely, corticoste- 
roids produce a nonspecific decrease in BBB perme- 
ability to small polar molecules rather than a specific 
decrease in permeability to Rb or potassium, then 
steroid pretreatment may decrease the uptake of wa- 
ter-soluble chemotherapeutic agents into human brain 
tumors following intravenous or intracarotid adminis- 
tration. How the dexamethasone-induced reduction in 
tumor K1 that we observed in 8 of 9 pre- and posttreat- 
ment s2Rb/PET studies relates to the well-known anti- 
edema effect of corticosteroids remains to be estab- 
lished. In our small series of patients with brain 
tumors, moderate to marked clinical improvement was 
noted within 24 hours after the start of dexamethasone 
treatment. We can only speculate about the extent to 
which changes in tumor capillary permeability, (Na+ 
+ K+)-ATPase activity, andor tumor ECF volume 
may contribute to this clinical improvement. 

Effect of Radiation Therapy 
The effect of radiation therapy on brain capillary per- 
meability has been recognized for more than fifty 
years. Beclere 117, discussing the treatment of cranio- 
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spinal tumors, cautioned against the dangers of acute 
vasodilation, hyperemia, transudation of serous fluid, 
and edematous swelling. Hsu and associates 1171 ir- 
radiated the heads of “deteriorated schizophrenic pa- 
tients” and performed lumbar puncture 2.5 to 10.5 
weeks after exposure to approximately 400% of the 
skin erythema dose; blood samples were obtained at 
the time of lumbar puncture, and both fluids were 
analyzed for bromides, chlorides, and sugar. Hsu’s 
group reported a drop in the “bromide quotient” 
(bromides in bloodbromides in cerebrospinal fluid 
{CSF]) and “a rise of ratios of distribution of chlorides 
and sugar, implying an increase of permeability be- 
tween blood and cerebrospinal fluid.” These changes 
appeared in paired blood and CSF samples taken 4.5 
and 6.5 weeks after irradiation. 

Recent studies of the effect of cranial irradiation on 
BBB permeability to methotrexate in patients with 
leukemia-lymphoma have yielded conflicting results. 
Oliff and associates [3 11 described 5 pediatric patients 
who experienced severe encephalopathy within hours 
after receiving their initial 50- to 200-rad dose of 
cranial irradiation for the treatment of meningeal 
leukemia. Each patient had active meningeal disease at 
the time of treatment, and each had received one or 
more prior injections of intrathecal methotrexate. 
Oliff‘s group hypothesized that BBB alterations pro- 
duced by the combination of intrathecal chemotherapy 
and cranial irradiation were responsible for the ob- 
served encephalopathy. In another study, Seshadri and 
colleagues 137} were unable to demonstrate an in- 
crease in the CSF/plasma ratio for methotrexate fol- 
lowing cranial irradiation in 14 patients with acute 
leukemia-lymphoma. All patients were studied within 
48 hours of completing a fractionated course of 2400- 
rad WBRT and within 3 hours after receiving an oral 
dose of methotrexate. In 6 of 8 patients with docu- 
mented central nervous system disease, BBB per- 
meability, as assessed by the CSF/plasma ratio for 
methotrexate , actually decreased. 

Fike and co-workers [ 1 13 studied the effects of large 
single doses of x-irradiation on the normal canine brain 
using transmission CT and intravenously administered 
iodinated contrast material. They noted increasing con- 
trast enhancement in the cerebellum, cerebrum, and 
midbrain beginning weeks to months after whole-brain 
irradiation, which they attributed to radiation-induced 
disturbances of the BBB. Levin and associates 125) 
investigated the acute effects of x-irradiation on brain 
capillary permeability in rats. In animals receiving sin- 
gle whole-brain doses of 200 or 400 rad, the perme- 
ability coefficient for galactitol, a small hydrophilic 
molecule (molecular weight, 182 daltons), increased 
more than 50% within 3 to 8 hours after irradiation. 
Thus, even low-dose cranial irradiation may acutely 
increase BBB permeability to hydrophilic molecules, 

the transcapillary transport of which is normally highly 
restricted. Although the mechanism of this radiation 
effect has not been elucidated, selective biophysical 
damage to endothelial cell membranes 1251 or opening 
of interendothelial tight junctions 132 J would provide 
an explanation for the observed phenomena. 

Corticosteroids protect against or moderate the 
acute complications of WBRT, and all of our patients 
undergoing WBRT were talung dexamethasone (4 to 
16 mg/day) at the time of study. Thus, our failure to 
demonstrate an increase in blood-to-brain or blood-to- 
tumor transport of 82Rb following WBRT may reflect 
the stabilizing effect of high-dose corticosteroids on 
the blood brain/tumor barrier. 

Conclusions 
The major advantage of our 82Rb/PET method is the 
ability to obtain quantitative regional information 
about BBB function from a single 7-minute study. The 
regional PS product for Rb can be calculated if rCBF 
and Vf are known (see Equation 4). 

Using ‘*Rb/PET methods, it is now possible to 
define a dose-response curve for the anti-edema effect 
of dexamethasone and other potent corticosteroids 
and to determine the optimal steroid dose for individ- 
ual patients with steroid-responsive neurological or 
neurosurgical diseases. For steroid-dependent patients 
with brain tumors undergoing systemic or intraarterial 
chemotherapy, 82Rb/PET data can be used to design 
treatment protocols that maximize the delivery of 
tumoricidal drugs. Our data provide no support for the 
hypothesis that cranial irradiation enhances the toxicity 
of systemically administered drugs in the absence of 
subarachnoid metastases. 
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Appendix 
Model Considerations 
In our two-compartment model, the braidtumor compart- 
ment does not distinguish between extracellular and intracel- 
lular rubidium (Rb). The addition of a third compartment- 
intracellular Rb-and its uptake rate constant (k3) would 
affect our estimates of the influx rate constant (K,)  as follows: 
If k3 were small relative to K1 and the efflux rate constant 
&), incorporating k3 into the model equation would result in 
a small increase in calculated extravascular brain activity but 
would produce no noticeable change in the estimates of K1 
and plasma water volume (V,). If, on the other hand, k3 were 
large relative to K1 and k2, the effective K1 calculated using 
Equation 3 would reflect both blood-brain barrier transport 
and cellular uptake of "Rb. 

- -  

-- 9 

-- 

Linearized Approximation of Equation 3 
When instantaneous brain activity is obtained from inte- 
grated brain activity by means of the approximation A,@) = 
J:A,(t)dtlT, where T is the scan duration, Equation 3 takes 
the form 

where A,(t) is the "Rb concentration in brain tissue ($3 
gm) and Cp(t) is the instantaneous plasma "Rb concentration 
(+Ci/ml). For the special case when k2 = 0 (no back flux), 

If instantaneous brain activity can be obtained directly or 
indirectly from the positron emission tomographic (PET) 
scanner, Equation A1 allows for a multiple linear-regression 
approach to parameter estimation instead of the more 
sophisticated and time-consuming nonlinear least-squares re- 
gression required for the solution of Equation 3. For given 
coefficients of variation, model parameters can be estimated 
using Equation A1 (based on instantaneous brain activity) or 
Equation 3 (based on integrated brain activity) with the same 
degree of accuracy. 

Emr Analysis 
In order to describe the uncertainty associated with model 
parameter estimates, computer simulations were carried out 
for both bolus-injection and constant-infusion (CI) protocols. 
The range of parameters selected for error analysis was: 
0.0001 < K1 < 0.1 mVmidgm and 0.03 < V, < 0.08 mVgm. 
42  was assumed to be equal to K1, and values for Cp(t) were 
obtained from simulated blood radioactivity curves (adjusted 
for equal amounts of injected "Rb activity for bolus and CI 
protocols). Integrated brain activity was calculated at 1- 
minute intervals using Equation 3 and the above-mentioned 
system parameters. Gaussian noise (5 to 10%) was added to 

calculated regional brain activity. Error in Cp(t) was neglected 
because blood radioactivity can usually be measured with 
high precision. Equation 3 was then solved for K1, k2, and Vp 
using a nonlinear regression routine, and the estimates thus 
obtained were compared with the actual parameters. 

For the bolus injection technique, the error in K1 is less 
than 5 % for 0.00 1 < K1 < 0.1 when V, is 0.03 and the error 
in A,  (regional brain 82Rb concentration as measured by 
PET) is 5%. The error in kl increases sharply when K1 is 
<0.001, exceeding 40% as K1 approaches 0.0001. Increasing 
Vp to 0.08 increases the error in K1 only marginally. 

For a 10% error in A ,  and V, of 0.03, the error in K, is 
less than 13% for 0.001 < K1 < 0.1. However, if V, is 0.08, 
the error in Kl ranges from 35 to 1% for 0.01 < K1 < 0.1. 
The error in ep is less than 6% over the whole range of K1. 
k2 is associated with very large errors (>70%) when K1 is 
<0.01, V, is >0.03, and the error in A ,  is >5%. 

For the CI protocol, errors in Kl are similar to those 
projected for the bolus-injection case except when K1 is 
(0.001 (Fig 6). The CI technique, however, is more sensi- 
tive to changes in V, and to errors in PET measurement of 
brain activity than is the bolus technique. 

When kz is zero, Equation 3 reduces to the integrated 
form of Equation 2. For both bolus and CI protocols, we 
carried out simulations in which Rz was set equal to zero: The 
error in derived estimates in K1 was greater with a kz of zero 
than with KlllO < k2 < K1-10. Thus, the very inclusion of 
kz-though kz was associated with large errors for kz < 
0.05-improved our estimates of K1. 
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