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I. Introduction

In recent years the applications of NMR spec-
troscopy to the analysis of living systems have grown
at a rapid pace. Initially these measurements were
limited to excised tissues, and later extended to
studies of perfused organs. With the new improve-
ments in magnet technology and FT NMR tech-
niques, in vivo measurements of intact animals and
humans became possible. Most of these studies con-
centrated on the measurement of endogenous phos-
phorylated compounds with 31P NMR spectroscopy
which provided information on the bioenergetic and
metabolic status of the tissues. Several excellent
reviews on this topic are available (1,2). Other nu-
clei such as 13C, 23Na, 1H, and 19F have also been
used as probes of metabolic changes taking place in
tissues under varied physiological and pathological
conditions.

In vivo 19F NMR spectroscopy is a relatively new
technique, with the first 19F surface coil study of an

intact animal reported in 1983 (3). This nuclide
is well suited to study the metabolic fate of exoge-
nously administered substances such as flourinated
drugs, many of which are in clinical use. Fluorine-
19 is the 100% abundant isotope of elemental flu-
orine, has a spin 1/2, NMR sensitivity about 83%
that of proton and it occurs in living systems in
trace amounts. The large chemical shift range of
19F (over 900 pprn) permits spectroscopic differen-
tiation of similar compounds even at the lower field
strengths used in the in vivo experiments. These
characteristics make 19F an excellent NMR probe
with which to monitor the distribution, retention or
metabolism of drugs (or other compounds) in spe-
cific organ systems. Thus, it provides a potentially
powerful method to evaluate the biochemical mech-
anisms involved in these processes.

This article discusses applications of in vivo 19F
NMR spectroscopy to the metabolic studies of three
distinct classes of fluorinated compounds of biolog-
ical importance. These are: fluorodeoxyglucose an-
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i i alogs, fluorinated antitumor agents, and fluorinated
general anesthetics.

II. Fluorodeoxyglucose Analogs

The basic substrate for brain metabolism, under
normal conditions, is glucose. To measure the local
rates of glucose utilization, methods were developed
based upon the use of the radioactively labelled an-
alogs of glucose, [14C] 2-deoxy-D-glucose or [18F] 2-
fluoro-2-deoxy-D-glucose, rather than glucose itself
(4,5). These analogs were selected because of their
biochemical properties. They are transported by
the same carrier as glucose and are phosphorylated
to their corresponding 6-phosphates by the hexok-
inase in the brain tissue (6,7). Unlike the glucose
6-phosphate, which is further metabolized, 2-DG-6-
P or 2-FDG-6-P are considered trapped in the brain
tissue since they cannot be converted to fructose-6-
phosphate and are not considered to be substrates
for glucose-6-P dehydrogenase (S). Thus, these ana-
logs have been said to isolate the first step in the bio-
chemical pathway of glucose metabolism, the hexok-
inase catalyzed phosphorylation of the hexose.

Although glucose analogs have been extensively
used in studies of regional metabolism in the brain,
controversy still exists as to the level of phosphatase
activity in the brain (9-12) and the extent of de-
phosphorylation of the 6-phosphates by this enzyme
during the time interval of the autoradiographic or
PET studies. Since these techniques are based on
measurement of product accumulation, it is essen-
tial that the product i.e. DG-6-P or FDG-6-P (and
their derivatives) be trapped in the brain tissues, at
least for the duration of the measurement.

Individual metabolic products containing these
radioactive labels cannot be distinguished by these
techniques, which rely on the measurement of to-
tal radioactivity. However, in vivo 19F NMR stud-
ies of 2-FDG have shown considerable metabolism
extending beyond the FDG-6-phosphate stage (13-
17). Unlike the 31P NMR measurements which mon-
itor only the initial phosphate-containing products
(18), the 19F NMR spectroscopy detects all the flu-
orinated products formed. A typical in vivo NMR
spectrum of rat brain 2 h after 2-FDG administra-
tion (Figure 1) shows five peaks with distinct 19F
chemical shifts (15). However, the large linewidths
associated with these peaks limit the spectral reso-

lution and the information which can be extracted
from it. Thus under these experimental conditions
one cannot resolve the 19F signals from free and
phosphorylated 2-FDG because of the small differ-
ences between their chemical shifts which is within
the line width of the observed peak. Presence of
both a and /? anomers of the two compounds further
increases the number of overlapping signals. For
comparison a corresponding spectrum of brain tis-
sue extract is shown in Figure 2. Four of the five
signals observed in vivo are visible in much greater
detail here. The higher magnetic field (9.4 T) used
in these extract studies affords better chemical shift
dispersion and permits good resolution of all the
multiplets. The extract spectrum shows the pres-
ence of both a and /? anomers of 2-FDG, 2-FDG-
6-phosphate, 2-FDM and 2-FDM-6-phosphate (19).
Earlier reports suggested that pentose monophos-
phate shunt (PMS) and aldose reductase sorbitol
(ARS) pathways are involved in the elimination of
this compound from the brain (20,21). There is
no evidence that products of the ARS pathway are
present in the brain tissue extracts (19,22). The
PMS pathway is of importance only at high 2-
FDG doses; at lower doses the (phospho)gluconate
peak is not observed in the extracts although it
is clearly seen in the in vivo spectra. The Harde-
rian/lacrimal glands which contain very high levels
of this compound (19,22), may contribute to this
signal observed in the in vivo 19F NMR spectra of
the "brain". The active volume of the surface coil
used in the in vivo measurements could include these
glands. To avoid any contribution from other tissues
in close proximity to the brain, a localized NMR
technique on anatomically defined areas of interest
needs to be employed.

The temporal profiles generated by the surface
coil 19F NMR studies of cerebral 2-FDG metabolism
are shown in Figure 3. Normalized peak areas (pro-
portional to concentration) of the individual reso-
nances, as well as the total fluorine-19 signal ob-
served in the rat brains after 2-FDG infusion, were
used to generate these profiles. Curve A, which rep-
resents the total 19F signal area, passes through a
maximum at 15-20 min after 2-FDG infusion and
then decays with a half-life of 210 ± 10 min. Curve
B illustrates changes with time in the area of the
19F signal at -123.4 ppm (peak b in Figure 1). This
signal corresponds almost entirely to 2-FDG-6-P.
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Figure 1: Surface-coil 19F NMR spectrum from intact rat brain 2 hours after a bolus injection
of 50 mg 2-FDG; (a) 2-fluoro-2-deoxy-6-phosphogluconate, (b) 2-fluoro-2-deoxy-D-glucose and 2-flu-
oro-2-deoxy-D-glucose-6-phosphate (a and /? anomers), (c) unassigned, (d) o>2-fluoro-2-deoxy-D-mannose and
a-2-fluoro-2-deoxy-D-mannose-6-phosphate, (e) /?-2-fluoro-2-deoxy-D-mannose and /?-2-fluoro-2-deoxy-D-
mannose-6-phosphate. Acquisition parameters: pulse width, 14 /isec at 100 W; spectral width, 20KHz; 8 k
data points; pulse repetition rate 1.8 s; accumulation time 30 min (three 10 min block averages). Chemical
shifts are reported relative to an external lOmM TFA (from reference 15).
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Figure 2: 19F NMR spectra of the brain extracts obtained 2 hours after a bolus injection of 50 mg of 2-FDG
in 1 ml saline. (a[) /?-2-FDG-6-phosphate; (a?) a-2-FDG-6-phosphate; (a£) /?-2-FDG; (aQa-2-FDG; (b) and
(ci) unassigned; (c2) a-2-FDM; (c3) a-2-FDM-6-phosphate; (dx) £-2-FDM-6-phosphate; (d2) /?-2-FDM. The
chemical shifts are referenced to external 10 mM TFA.
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Figure 3: Uptake and elimination of 2-FDG in rat
brain after a bolus iv infusion of 50 mg in 1 ml saline.
The data plotted in this figure represents the results
of the integration of the total and individual 19F res-
onances observed following 2-FDG infusion. Spectra
resulting from data acquisition over the first 30 min
after injection were integrated and assigned an ar-
bitrary value of 100 for total 19F signal. All other
signal areas have been assigned relative to this value.
Curve A represents the total 19F signal area; curve
B, 19F signal area at -123.4 ppm; curve C, 19F signal
area at -120.4 ppm, curve D, 19F signal area from
-126.0 to -130.4 ppm. The results presented are for
five animals.

of phosphorylated and non-phosphorylated species
observed, with non-phosphorylated metabolic prod-
ucts present at higher doses used (22). The pentose
monophosphate shunt is of importance only at high
2-FDG levels (16,22). The major metabolic prod-
ucts, 2-FDG-6-P and the 2-FDM-6-P, remain the
same. The interconversion of 2-FDG-6-P to 2-FDM-
6P is catalyzed in the brain by phosphoglucose iso-
merase (22,24).

Another glucose analog, 3-fluoro-3-deoxy-D-
glucose (3-FDG), was used as a probe of the aldose
reductase activity in the brain (25). The 3-FDG is
transported by the same carrier as glucose, but un-
like 2-FDG, it is not phosphorylated in the brain tis-
sue by hexokinase (7). It is also not considered to be
a substrate for glucose-6-P dehydrogenase (8). In-
stead it is metabolized in the brain exclusively to 3-
fluoro-3-deoxy-D-sorbitol (3-FDSL) and 3-fluoro-3-
deoxy-D-fructose (3-FDF) via the aldose reductase
sorbitol pathway (Figure 4). Pretreatment of the
animal with an aldose reductase inhibitor, sorbinil,
inhibits the formation of sorbitol (25). The ARS
pathway is a major pathway for glucose metabolism
in several different organs, including the brain; it
bypasses the control points of hexokinase and phos-
phofructokinase (26) and provides a competitve en-
ergy source.

3-FDG has the potential to noninvasively mon-
itor the aldose reductase activity in tissues under
normal and pathological conditions, and to test the
effectiveness of different inhibitors of this enzyme.
This compound can be used in high doses required
by the NMR studies because of its low toxicity (27).

ii i The estimated half-life for this metabolite in brain
is 105 ± 5 min, reasonably close to the 80 min re-
ported for a lower dose of 2-FDG (17). The low dose
experiments show a well-defined plateau occurring
from 10-70 min after injection, not observed in the
higher doses studies. These half-lives are different
from the 8 h estimated for 2FDG using [18F] 2-FDG
(5) but not significantly different from the half-life
for [14C] 2-DG (23). The NMR experiments provide
biochemical information on the cerebral metabolism
of 2-FDG not available from the PET or autora-
diographic studies. However, much higher doses of
this compound required for the NMR studies gen-
erated concern over their relevance. Dose depen-
dent effects are reflected in the relative abundances

III. Fluorinated
Agents

Antitumor

Nucleoside analogs such as the fluorinated pyrim-
idines, 5-fluorouracil (5-FU), 5-fluorouridine (5-
Urd) and 5-fluoro-2-deoxyuridine (FdU), are widely
used as chemotherapeutic agents in the treatment
of human cancers (28,29). Two major effects are
observed in cells upon treatment with these com-
pounds: (1) inhibition of DNA synthesis by inhi-
bition of dTMP synthetase by fluorodeoxyuridine
monophosphate (FdUMP) (30); and (2) extensive
incorporation of 5FU in place of uracil resulting in
changes in the processing and function of some types
of RNA (30,31). It is not clear which of these effects
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Figure 4: 19F NMR spectrum of brain extract obtained 2 hrs after a bolus injection of 50 mg of 3-FDG. (a)
a-3-FDG; (b) 0-3-FDG; (c) 3-fluoro-3-deoxy-D-fructose; (d) 3-fluoro-3-D-sorbitol. Chemical shifts are relative
to external 10 mM TFA.

accounts for the major antitumor property of these
drugs. The therapeutic efficacy of these compounds,
as of any other drug, depends on their uptake and
the rate of their metabolism at the site of action
and the site(s) of detoxification. This information
can be provided directly and noninvasively with in
vivo 19F NMR spectroscopy.

The first in vivo 19F studies of 5-FU were carried
out in implanted Lewis lung carcinomas and livers of
C57 mice using surface coils (32). Two fluorinated
metabolites identified as dihydrofluorouracil (FUH)
and a-fluoro-/?-alanine (FABL), the end product of
5-FU metabolism, were observed in the liver. Simi-
lar 19F NMR spectra were observed for rabbit liver
after the treatment with 5-UF (33). The peak ten-
tatively identified as FUH was later shown to cor-
respond to fluoro-/?-ureidopriopionic acid (FUPA)
(33,34). Spectra of the implanted tumors showed no
catabolic products detected in the liver, only the ac-
tive compound, fluorodeoxyuridine monophosphate
(FdUMP). Since the formation of this compound
was barely detectable at the lower doses used, it
was suggested that most of the FdUMP was in an
environment invisible to NMR, possibly bound to a
protein. Simultaneous administration of thymidine
with 5FU resulted in formation of a toxic deoxyu-

racil derivative, fluorouracil deoxyribose (5FUdR)
in liver. This is consistent with the finding that
thymidine induces synthesis of thymidine phospho-
rylase which catalyzes the conversion of 5FU to the
toxic 5FUdR (35). As expected, conversion of 5FU
to fluoronucleotides in tumor cells is inhibited by
allopurinol (36).

The in vivo 19F NMR metabolic studies of
5FU were extended to cancer patients undergoing
chemotherapy with 5-FU, each receiving a therapeu-
tic dose of approximately 20 mg/kg (37). 19F NMR
spectra acquired with a surface coil placed over the
liver of a patient are shown in Figure 5. Only the
end metabolic product, FBAL, is observed over the
course of 3 hours. No intermediary metabolic prod-
ucts such as FUPA, observed before in rodents, are
visible in these spectra. The inability to observe
FUPA is most likely due to a nine-fold lower dose
used in the human studies. The half-life of un-
metabolized 5-FU in the liver was estimated to be
approximately 20 min. Unmetabolized 5-FU was
also observed in the tumors of patients with breast
and colon carcinoma undergoing 5-FU chemother-
apy (38). No other metabolic products were de-
tectable in the 19F NMR spectra of the tumors. The
half-life of 5-FU in these tumors varied from 0.4 to
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Figure 5: Serial 19F spectra acquired with a surface coil over the liver of a patient in a 1.5 T MRI system,
operating at 59.8 MHz for 19F. Each spectrum is the result of 128 FIDs using a 250 fis 90 pulse with 512
complex points collected over a period of 8.5 min (from reference 37).

2.1 hours, much longer than any other tissue stud-
ied. This accumulation or "trapping" of free 5-FU
was suggested to provide means for assessing the
effectiveness of 5-FU therapy. A more recent study
of 11 patients confirmed that a patient's response to
chemotherapy correlates with the extent of trapping
of free 5-FU in the human tumors (39).

These results demonstrate that in addition to
basic studies on drug metabolism, 19F NMR spec-
troscopy can be applied to cancer patient manage-
ment by optimizing and individualizing the patient's
drug regimens. A more detailed review on fluori-
nated pyrimidines appeared recently (40).

IV. Fluorinated Anesthetics

Fluorinated hydrocarbons and ethers such as
halothane (CF3CHClBr), isoflurane (CF3CHCI-O-
CF2H) and enflurane (CHC1F-CF2-O-CF2H) are
the most often used general inhalation anesthetics.
Once taken up by the lungs, they enter the circula-
tory phase during which transfer from arterial blood
to brain and other organs occurs. Their concentra-
tions in tissues are in the millimolar range and de-
pend on the dose administered and the duration of
delivery.

The first in vivo surface coil study demonstrated
that fluorinated anesthetics could be observed in
brain tissue and that anesthetic clearance could be

monitored (3). The results of these measurements
were unexpected and contrary to the belief that
volatile anesthetic agents are quickly eliminated af-
ter their administration is discontinued. Instead,
they showed that halothane clearance from the brain
was relatively slow as compared to the recovery
from anesthesia, and that a halothane metabolite or
adduct remained in the brain at measurable levels
for several days. Subsequent, more detailed stud-
ies confirmed the initial findings and identified the
long-lived fluorine-containing species as trifluoroac-
etate, a known metabolite of halothane (41). The
same studies showed that halothane exists in two
different environments in the brain, characterized by
different half-lives and different 19F chemical shifts
(Figure 6). The environment with the short half-
life (25 min) corresponds closely to the clinical re-
covery from halothane and thus may represent sites
involved in the anesthesia phenomenon. The in vivo
results were corroborated by ex vivo experiments on
the excised brain tissue.

Halothane elimination from rat brain (42) was
also characterized by two component decay and the
short half-life (34 min) was close in value to the
one reported for the rabbits (25 min). The second,
longer component of the elimination curve was not
clearly defined, however, these two studies differed
considerably in the experimental design. No 19F res-
onance for halothane metabolite was reported in rat



Vol. 12, No. 4
100

215

20
40 80 120 160 200 240 280 320 360

Time(min)
Figure 6: A representative time course of halothane elimination from rabbit brain after 90 min exposure to
1% halothane. Fluorine-19 signal areas are expressed as percent signal remaining in the brain plotted against
time (from reference 38).

brain, probably due to the large linewidths seen in
those spectra (42). No extracts of brain tissue were
studied, which would have demonstrated whether
significant concentrations of halothane metabolites
were present. Recent rotating frame zeugmatogra-
phy experiments of halothane distribution in a rat
head (43) clearly show the presence of halothane
metabolite observed before in a rabbit brain. The
spatial and temporal distribution of the metabolite
is quite different from that of the parent compound,
halothane.

Two environments of halothane in excised brain,
as characterized by T2 relaxation times, were ob-
served recently (44). The environment character-
ized by a T2 of 3.6 ms was shown to be saturable at
halothane levels in brain that produce clinical anes-
thesia. The second environment, characterized by a
T2 of 43 ms was not saturable at physiological con-
centrations. This long T2 environment, which only
becomes evident after extended halothane exposure
at high concentrations, resembles halothane in syn-
thetic liposomes (45). It is present exclusively in
the white matter of the brain whereas the short T2
environment is present in both gray and white mat-
ter (46). The environment(s) characterized by the
short T2 is consistent with anesthetic action indi-

cating that a single saturable halothane site in the
brain is responsible for anesthesia. Later reports at-
tributed this finding to anesthetic-induced depres-
sion of halothane uptake into the blood (47,48).
However these reports do not unequivically exclude
saturable binding sites for anesthetics in the brain.

Studies of the elimination of isoflurane from rab-
bit brain have also been reported (Figure 7). Like
halothane, isoflurane elimination can be character-
ized as a two-component decay with half-lives of 26
and 174 minutes (49). The shorter half-life is equal
to that observed for halothane (25 min), whereas
the longer half-life is significantly less than that
for halothane. This data again suggests that the
cellular environment characterized by the shorter
half-life includes the anesthetic molecules responsi-
ble for anesthesia. Another study reported some-
what longer half-life (36 min) for the fast decaying
component of the isoflurane elimination (50).

The use of halothane as a surgical anesthetic
occasionally results in severe liver damage, termed
halothane hepatitis (51). Halothane hepatitis may
be caused by the formation of a harmful halothane
metabolite in liver (52). Preliminary studies of
halothane metabolism in rat (53) and rabbit liver
(54) indicate that hepatic halothane metabolism
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Figure 7: In vivo surface coil 19F NMR spectra of
rabbit brain at various times (90-320) min following
isoflurane anesthesia. Chemical shifts are reported
relative to the resonance of an external standard of
2.5% C2Br2F4 in CHCI3 which was set at ppm.

could be successfully monitored. An in vivo study
examining halothane metabolism in the liver of in-
tact rats showed only one metabolite, trifluoroacetic
acid, visible under normal anesthesia conditions
(55). Studies of anaerobic halothane metabolism in
rat liver homogenates demonstrated that 19F NMR
spectroscopy can be used to monitor the complete
metabolism of halothane to trifluoroacetic acid,
chlorotrifluoroethane, chlorodifluoroethane, and in-
organic fluoride (56).

19F NMR has also been used to answer questions
about the hepatic metabolism of methoxyflurane
(57), the dose dependent elimination of methoxyflu-
rane from rat liver has been reported. Also, possible
mechanisms of hepatic methoxyflurane metabolism
have been evaluated in these studies.
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