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An improved radiochemical synthesis for C-11 dimethyloxazolidinedione (C-11
DMO) makes this agent attractive for the measurement of regional brain tissue pH
(rpH) using positron emission tomography (PET). Toward this end, biodistribution
data for C-14 DMO in rats at various times after an intravenous bolus injection are
reported, together with estimates of radiation absorbed dose for C-11 DMO in man.
An error analysis of C-11 DMO PET measurement of rpH indicates that rpH can be
determined to within +0.1 pH unit for pH >6.5 with a 20-mCi injected bolus of C-11
DMO, a 30- 45-min equilibration time, and a 15-min PET imaging period.
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The study of regional cerebral acid-base status in
vivo using positron emission tomography (PET) and
'1CO, has been proposed (/). However, the validity of
the CO, approach to the measurement of brain pH has
been called into question by Lockwood et al. (2), who
concluded that CO, fixation by brain is substantial. The
equilibrium distribution of dimethyloxazolidinedione
(DMO) may be used to estimate tissue pH (3-5), and
DMO has been labeled with C-11 for use with PET by
Ginos et al. (6).

This paper presents data pertinent to the use of C-11
DMO in human subjects, namely: (a) the biodistribution
of C-14 DMO in the rat, (b) estimates of radiation ab-
sorbed dose for C-11 DMO in man based on the C-14
DMO rat biodistribution data, and (c) an error analysis
of C-11 DMO PET measurements of regional brain-
tissue pH (rpH).

METHODS
Biodistribution and in vivo kinetics. The biodistribution
of DMO was studied by injecting 15-25 uCi C-14-la-
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beled DMO intravenously into Wistar rats (210-450 g),
which were killed by decapitation at S, 15, 30, 60, or 120
min (3-4 animals per time point). Animals were pre-
loaded with 10 mg/kg of nonradioactive DMO before
the administration of C-14-labeled DMO to saturate
“reverse” choroid plexus transport of DMO from cere-
brospinal fluid (7). This preloading results in a maxi-
mum estimated acid load of 0.09 umole/g brain (ne-
glecting excretion before and during the study). Dupli-
cate samples obtained from various tissues and from the
gastrointestinal contents were blotted and weighed, di-
gested with solubilizer, and decolorized to form 15-ml
cocktails, which were then counted in a liquid scintilla-
tion spectrometer. Quench corrections were made by:-
external standardization using known amounts of C-14
hexadecane or C-14 toluene at various quench levels. To
investigate the dependence of urinary pH on DMO ex-
cretion, bladder catheters were placed in four animals,
and urine was sampled serially for C-14 DMO concen-
tration and pH while NaHCO;, ascorbic acid, or dilute
HCl was administered intravenously to alter urine
pH.

Calculations of radiation absorbed dose. The individual
organ concentration per whole-body concentration was
assumed to be the same for rats and humans. Hence, the
percent injected dose per organ (i) in humans (%ID/O)
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was estimated from the tissue-plasma partition coeffi-
cient for C-14 DMO in rats (p, tissue-to-plasma con-
centration ratio) using:

(%ID/O)numan = (Prar X (—Aﬂ"—)
Atg/mrg/rat
m;

X (——-) X 100%, (1)
myg/human

where A and m represent activities and organ masses,
and the subscripts b and TB refer to the plasma and total
body. Human organ masses from the Reference Man (8)
were used. The cumulated radioactivities for C-11 DMO
in man were then determined by a simple numerical in-
tegration of the data for percent injected dose per organ
(the area was assumed equal to the product of the aver-
age value and the time period, with the decay of C-11
taken into account).

Radiation absorbed doses were estimated using
standard MIRD absorbed fraction techniques and data
(9-12). Each estimate included contributions from the
organ itself, all other individually identified organs, and
the remainder of the body, with the “S” factor (radiation
absorbed dose per unit cumulated radioactivity) for the
remainder of the body computed as recommended by
Coffey et al. (13). For organs not included in MIRD
Pamphlet No. 11 (/1), absorbed fraction data (/4,15)
were used with radionuclide decay schemes and nuclear
parameters (/6) and reciprocity (9).

Error analysis. The tissue-plasma partition coefficient
(tissue-to-plasma concentration ratio) may be related
to tissue and plasma pH and the pK, of DMO (6.13) by
the following simple expression (/7):

Q o 10PH-PKa 4 |

Co ' 10PHb—PKay |’
where C represents DMO concentration, p is the tis-
sue-to-plasma partition coefficient, and the subscripts
t and b refer to tissue water and plasma water. Tissue pH
as defined by this equation is a weighted value repre-
senting the combined intracellular, extracellular, and
vascular subcompartments. It has been assumed that C,
and C,, are equilibrium values and that pK, is the same
in plasma and tissue.

To investigate the feasibility of using PET protocols
to estimate tissue pH from measurements of p, an error
analysis of the above model was performed. Using
standard error propagation formulae (/8) and assuming
pKa = 6.13 and pH,, = 7.4, the standard deviation in
measured tissue pH (op1) was found to be related to the
fractional standard deviation of the partition coefficient,

UP/ p" by'

(2

8.52
OpH = 1—9?‘){;1 (op/P) 3)

The errors resulting from failure to reach equilibrium
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have not been considered here but will be discussed later.
The empirical formula of Budinger et al. (19) for the root
mean-square-deviation (RMSD) of measured tissue
radioactivity concentrations in PET regions of interest
(ROIs), multiplied by two to account for randoms and
attenuation noise, was used to estimate the errors in PET
measurements. For a slice 20 cm in diameter from a
1400-cm3 brain (8), with an average brain-to-plasma
partition coefficient for DMO of 0.4 (based on rat bio-
distribution data) and a PET camera sensitivity of
30,000 cps/uCi/cc, the RMSDina 1.5 X 1.5 cm? ROI
(1 cm nominal slice thickness) was estimated as:

0.278
p3/4Al/214 /2 ’

where p represents the DMO tissue-to-plasma partition
coefficient in the ROI, Ay is the injected radioactivity
in mCi, and I¢is a factor related to the effective imaging
time in min for a radiopharmaceutical that decays during
the imaging period. For a bolus injection this is given
by:

RMSD = (4)

Ig = e~Mo(1 — e~Mr)/\, (5)

where tg is the starting time (min) relative to the injec-
tion, t; is the frame time (min), and A is the physical
decay constant for C-11 (0.034/min).

If errors in PET camera calibration and measured
plasma radioactivity concentration are neglected, then
the RMSD is a good approximation of o,/p, since p is
a linear function of the brain radioactivity concentration,
and may be used with Eq. (2) to estimate the standard
deviation in measured tissue pH.

The above error analysis is directly applicable to
measurements of brain rpH. To investigate the errors
involved in pH measurements in other organs (e.g., the
heart), the expression for RMSD (Eq. 4) should be
modified to account for the average uptake in the organ
of interest and in the slice containing the organ.

RESULTS

Biodistribution and in vivo kinetics. The biodistribution
of C-14 DMO in rats, expressed as organ-to-plasma
DMO partition coefficients as a function of time after
injection, is summarized in Table 1A. Table 1B includes
values of the percent injected dose per organ as estimated
for humans from the rat data. Equilibration is rapid (<5
min) for most vascular organs such as thyroid, heart, and
liver, but requires 30-60 min for brain. Table 2 sum-
marizes the effective “tissue pH” for each organ, de-
termined using Eq. (1) and the 120-min biodistribution
data from Table 1. These tissue pH values agree, to
within 0.03-0.23 pH units, with the values of intracel-
lular pH determined previously for rat liver, heart, and
skeletal muscle (21,22).

The urine-to-plasma concentration ratio generally
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TABLE 1A. BIODISTRIBUTION OF C-14 DMO IN VARIOUS RAT ORGANS, EXPRESSED AS TISSUE-
PLASMA PARTITION COEFFICIENTS AS A FUNCTION OF TIME
Time (min)

Organ 5.0 15.0 30.0 60.0 120.0
Adrenals 0.488 0.443 0.485 0.437 0.447
Bladder wall 0.500 0.742 0.668 0.703 0.955
Bone, cortical 0.182 0.176 0.182 0.146 0.180
Bone, trabecular 0.240 0.248 0.229 0.269 0.252
Brain 0.168 0.294 0.376 0.422 0.405
Fat 0.099 0.194 0.142 0.093 0.150
Stomach wall 0.417 0.369 0.417 0.434 0.457

contents 0.072 0.061 0.074 0.137 0.012
Sml. intestine wall 0.496 0.471 0.443 0.588 0.546
contents 0.482 0.330 0.593 0.569 0.618
Upper Ig. intes. wall 0.310 0.470 0.603 0.986 0.649
contents 0.120 0.301 0.698 0.864 1.004
Lower Ig. intes. wall 0.435 0.523 0.565 0.569 0.617
contents 0.369 0.343 0.501 0.963 0.550
Heart 0.476 0.476 0.490 0.462 0.511
Kidneys 0.441 0.452 0.456 0.405 0.455
Liver 0.520 0.504 0.490 0.516 0.528
Lungs 0.514 0.572 0.654 0.558 0.562
Muscle 0.375 0.446 0.421 0.382 0.396
Ovaries 0.503 0.507 0.494 0.543 0.544
Pancreas 0.388 0.395 0.408 0.382 0.397
Skin 0.359 0.457 0.508 0.482 0.534
Spleen 0.411 0.420 0.420 0.408 0.441
Testes 0.113 0.198 0.328 0.392 0.394
Thyroid 0.431 0.435 0.432 0.421 0.446
Uterus 0.577 0.593 0.528 0.612 0.655
Blood* 3.99 3.30 3.15 2.95 2.84
* Plasma concentration/whole-body concentration.

followed urine pH, with alkaline urine containing rela-
tively large amounts of DMO and acidic urine having a
lower DMO concentration. In acidic urine the radioac-
tivity concentration remained less than half that of
plasma.

Estimates of absorbed radiation dose. For the organs
studied, estimates of cumulated radioactivity and ra-
diation absorbed dose per administered mCi are sum-
marized in Table 3. (Urine cumulated radioactivity was
estimated assuming a urine-to-plasma concentration
ratio of 2.) The listed cumulated radioactivities for in-
dividual organs, excluding blood and urine, accounted
for 96% of the total administered radioactivity. Urine
accounted for 0.5% of the total administered radioac-
tivity, whereas blood corresponded to approximately
20%. The sum of the individual cumulated radioactivities
listed in Table 3 is thus 16% greater than the actual total.
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This undoubtedly results from the presence of blood in
several organ samples, especially muscle. Only blood in
the heart chambers (500 g) was considered for the ab-
sorbed dose estimates. Estimates of radiation absorbed
dose ranged from 8-23 mrad/mCi, with the maximum
dose to small intestine, uterus, and heart.

Feasibility of C-11 DMO PET studies. Small differ-
ences in the tissue-blood partition coefficient for DMO
correspond to large differences in calculated tissue pH
for pH <7.0, hence a larger uncertainty should be
present in C-11 DMO PET measurements of rpH that
fall within this range. This is clearly illustrated in Fig.
1, in which the standard deviation in measured tissue pH
(expressed in pH units) is plotted as a function of the
relative standard deviation in the partition coefficient
at several values of tissue pH. The uncertainty in pH
measurements is more sensitive to the uncertainty in
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TABLE 1B. BIODISTRIBUTION OF C-14 DMO, EXPRESSED AS PERCENT INJECTED DOSE PER
ORGAN (%ID/0) IN MAN AS A FUNCTION OF TIME
Time (min)

Organ 5.0 15.0 30.0 60.0 120.0
Adrenals 0.0389 0.0292 0.0306 0.0258 0.0254
Bladder wall 0.128 0.157 0.135 0.133 0.174
Bone, cortical 4.15 3.32 3.28 2.46 2.92
Bone, trabecular 1.37 1.17 1.03 1.13 1.02
Brain 1.34 1.94 2.37 2.49 2.30
Fat 7.05 114 7.99 4.90 7.61
Stomach wall 0.357 0.261 0.281 0.274 0.278

contents 0.103 0.0719 0.0833 0.144 0.122
Sml. intestine wall 1.81 1.42 1.28 1.59 1.42
contents 1.10 0.622 1.07 0.959 1.00
Upper lg. intes. wall 0.369 0.463 0.567 0.868 0.550
contents 0.150 0.312 0.691 0.801 0.896
Lower Ig. intes. wall 0.397 0.394 0.407 0.384 0.401
contents 0.284 0.218 0.304 0.548 0.301
Heart 0.895 0.741 0.728 0.643 0.684
Kidneys 0.779 0.661 0.636 0.529 0.572
Liver 5.34 4.28 3.97 3.91 3.86
Lungs 2.93 2.70 2.94 2.35 2.28
Muscle 59.9 58.9 §3.0 45.1 45.0
Ovaries 0.0315 0.0263 0.0245 0.0252 0.0243
Pancreas 0.221 0.186 0.184 0.161 0.161
Skin 5.32 5.60 5.94 5.28 5.63
Spleen 0.422 0.356 0.340 0.309 0.322
Testes 0.0225 0.0327 0.0517 0.0578 0.0559
Thyroid 0.0491 0.0410 0.0389 0.0355 0.0362
Uterus 0.263 0.224 0.190 0.206 0.213

TABLE 2. EFFECTIVE RAT-TISSUE pH
DETERMINED FROM BIODISTRIBUTION DATA
Tissue Literature values
Organ pH*® of intracellular pH
Brain 7.04
Stomach wall 7.1
Sml. intestine wall 7.19
Upper lg. intes. wall 7.26
Lower Ig. intes. wall  7.27
Heart 7.18 7.04 (21), 6.95(22)
Kidneys 7.13
Liver 7.22 7.23(21),7.11(22)
Lungs 7.20
Muscle 7.06 6.93 (21), 6.85-6.95 (22)
Ovaries 7.22
Spleen 7.10
Testes 7.05
* Based on Eq. (2) and 120-min biodistribution data from
Table 1.
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partition coefficient at low tissue pH than at high tissue
pH.

In Fig. 2 the predicted standard deviation of measured
tissue pH (resulting from counting statistics) in a ho-
mogeneous 1.5- by 1.5-cm2 ROI is plotted as a function
of pH for a 20-mCi administered dose when equilibration
periods of 15, 30, and 45 min, elapse before a 15-min
PET data collection period. As is apparent from the
figure, counting statistics should permit the determi-
nation of regional pH to within 0.10 pH unit for pH
>6.5, which is well below the pH of normal brain tissue.
However, tissue pH <6.25 cannot be determined to this
accuracy unless larger doses of C-11 DMO are admin-
istered and shorter equilibration times are possible.

DISCUSSION

The biodistribution data for C-14 DMO in rats reveals
a rapid equilibration in most tissues (<5 min for most
vascular organs) and approximately 30-60 min for brain.
Values of tissue pH for rat tissue, heart and skeletal
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TABLE 3. CUMULATED RADIOACTIVITIES AND ESTIMATED RADIATION ABSORBED DOSES FOR C-11
DMO
Cumulated
radioactivity Self-dose’ Total dose*
Organ uCi-h/mCi* mrad/mCi* mrad/mCi*
Adrenals 0.16 10 17
Bladder wall 0.73 8.4 14
Bladder contents § 23 — —
Blood 97 —_ —_
Bone, cortical 18 34 8.3
Bone, trabecular 6.2 0.80 9.2
Brain 10 8.8 11
Fat 42 1.7 15
Stomach wall 1.6 43 10
contents 0.50 —_ —
Sml. intestine wall 8.0 17 23
contents 5.0 — —
Upper |g. intest. wall 2.8 12 19
contents 2.5 —_ —_
Lower Ig. intest. wall 2.1 13 19
contents 1.7 — _
Heart wall 4.0 15 21
Kidneys 3.5 1 17
Liver 23 15 19
Lungs 14 14 19
Muscle 285 12 15
Ovaries 0.14 12 19
Pancreas 0.99 9.9 17
Skin 29 9.9 13
Spleen 1.9 1 16
Testes 0.21 5.7 10
Thyroid 0.22 10 14
Uterus 1.2 12 23
Total body 491 1 1
T Due to radioactivity in organ itself.
1 Due to radioactivity in organ, other individually identified organs, and the remainder of the body.
* Administered mCi.
5 Based on urine-to-plasma concentration ratio of 2.

muscle estimated using these data were found to be in
good agreement with other values reported in the liter-
ature.

C-11 DMO may be produced in sufficient quantities
(>20 mCi) to permit quantitation of regional brain tissue
pH using PET, for tissue pH >6.5. For such studies the
various organs of the body would receive radiation ab-
sorbed doses ranging from 170-460 mrad/20 mCi.
Maximum doses of 420-460 mrad/20 mCi would be
received by the uterus, small intestine, and heart
walls.

Volume 24, Number 9

The error introduced by the assumption of brain-
plasma equilibration was not considered in Fig. 2.
Equilibration of C-14 DMO in rat brain was found to
require 30-60 min (the brain-plasma partition coeffi-
cient increased 10% from 30 to 60 min, and no measur-
able increase was noted thereafter). Imaging at 60 min
may result in suboptimal imaging statistics due to decay
of C-11 (T,;2 = 20.4 min). The rat data suggest that
images at 30 min could contain an error of approxi-
mately 0.05 pH (for 6.5 < pH < 7.0) resulting from the
incorrect assumption of brain-plasma equilibration.
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FIG. 1. Standard deviation in measured tissue pH, o, (in pH units)
as function of fractional standard deviation in tissue partition coef-
ficient, o,,/p, for various values of tissue pH.

Alternatively, by exploiting the dynamic capabilities of
new, sensitive multi-slice PET instruments, kinetic data
could be used to extrapolate the asymptotic value of the
brain-blood partition coefficient. DMO equilibration in
poorly perfused brain may be slower than in normal
brain, limiting the accuracy of tissue pH measurements
with DMO in cerebrovascular disease.

At extremely low tissue pH, both (a) poor imaging
statistics and (b) brain-tissue blood content limit the
accuracy of derived tissue pH measurements. Since the
equilibrium tissue concentration of DMO is low at acidic
pH, brain tissue pH <6.5 cannot be determined accu-
rately unless larger doses of C-11 DMO are administered
or shorter equilibration times are possible. At a normal
brain tissue pH of about 7.0, error introduced by ne-
glecting a 3% cerebral blood volume can be shown to be
only 0.014 pH units, but this error approaches 0.10 pH
unit at a pH of 6.5.

Tissue pH, as measured with DMO, is an aggregate
pH reflecting the pH of intracellular and extracellular

0.20
to (min)
0.16 ---45
—3
0.12 —=1%
b
a
L)

0.08

0.04

55 60 65 70 75 80 85
pH

FIG. 2. Error in measured regional brain tissue pH due to counting
statistics (g in pH units), as function of tissue pH, for 15-min PET
imaging period (PET sensitivity 30,000 cps/uCi/cc) begun at times
to = 15, 30, and 45 min after injection of 20 mCi C-11 DMO. These
estimates assume overall brain-to-plasma partition coefficient of
0.4, and do not take into account error introduced by incomplete
brain-blood equilibration.

N
1

810

compartments. Estimation of intracellular pH requires
knowledge of extracellular fluid pH as well as of the
relative size of these compartments (5,23). Nevertheless,
tissue pH may be considered as a potentially useful index
of tissue acid-base status. PET techniques using C-11
DMO to measure tissue pH should provide important
new information about cerebral acid-base status and
metabolism in health and disease.
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