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ABSTRACT
Over the past few decades, magnetic resonance imaging (MRI) has proven to be extremely successful in medical applications. More
recently, the biomedical applications of MRI have been gaining more use in the field of clinical pharmacy. In 1977, perfluorocarbon
compounds (PFC), which form emulsions that can carry drugs, were analyzed by 19F MRI and emulsified PFC compounds have
been investigated as potential blood substitutes since the early 1960s and now a wide variety of PFC compounds are currently
available as 19F MRI biomarkers. Molecules with 19F substituents are particularly attractive for use in drug tracking by 19F MRI
due to 100% 19F abundance, high 19F MRI sensitivity (0.83 relative to 1H MRI) and an impressively large chemical shift range
(400 ppm). Another benefit in the use of 19F MRI is a zero background signal in biological samples due to lack of endogenous
fluorine. Therefore, drugs containing fluorine atom have potential for 19F MRI imaging drug delivery to tissue. This article will
review recent developments in the use of 19F MRI in imaging drug delivery to tissue and individual cells.
Keywords. drug delivery, drug tracking, fluorine, magnetic resonance imaging

Introduction
In this review, we will cover recent publications on fluorine-19 (19F) Magnetic Resonance Imaging and Spectroscopy, 19F ralaxation time, contrast agents, drug delivery,
oxygen concentration in tumor tissue and individual cells.
Our interest is in review of 19F MRI applications to study

cancer cells and cancer drug efficacy in vitro. Our focus
is to present study that trying to explore cellular aspect
of cancer by 19F MRI techniques, so that an anti-tumor
drug containing 19F can not only be delivered to the cell,
but also released inside the cell itself and constantly monitored. Current drug targeting research shows posibility
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of limiting the side effects of the drugs and ultimately
1960s.4 In 2005, it was shown for the first time by Ahrens
improving cancer treatment. However, when MRI is
et al. that cells can be labelled with PFC emulsions and
used for in vitro cell culture studies will require a high
tracked in vivo by 19F MRI.5 Below is a graph showing the
8
concentration of cells (order of 10 cell/mL).
number of 19F MRI publications in the PubMed database
19
F MRI techniques are valuable for non-invasive and
over the years starting from 1885.
non-destructive monitoring of fluorine biopharmaceuticals. There is an urgent need for cost-effective, non-invasive diagnostic techniques for monitoring the location
of anticancer drugs due to their high toxicity in non-diseased tissue. While contrast-enhanced MRI can provide
high sensitivity for the detection, 19F MRI can provide
much higher contrast due to lack of tissue background.
19
F MRI can characterize the biophysical states of 19F in
tissue and tissue perfusion by relaxation time measurements. In studies on many drug interactions in the tissue, the application of 1H MRI has been limited because
of the large molecular mass of water results in very broad
signals. However, 19F MRI can be used to aid pharmacodynamics and pharmacokinetics of several medically
important fluorinated drugs. A wide range of chemical
shift for the 19F nucleus ensures good separation of signals in different environments. 19F MRI offers an quantitative way of in vitro imaging high 19F MRI sensitivity
(0.83 relative to 1H MR), an impressively large chemical
shift range (~400 ppm) and zero background signal in
Figure 1. Number of publications on 19F MRI collected from
Figure 1. Number of publications on 19F MRI collected from Library of National Center
19
biological samples. F MRI a reliable analytical tool for
Library of National Center for Biotechnology Information
monitoring organofluorine compounds and their quan(NCBI)
PubMed Data
Base
for Biotechnology
Information
(NCBI) PubMed Data Base
tification, when an internal standard of known concentration is included without the need for separation and
Among various types of imaging, 19F MRI can pro19
derivatization steps. Importantly, such F NMR studies
vides a useful analytical tool to determine the localiza19
tion of 19F in the tissue. As the fluorine nuclei is nortranslate well into a clinical setting as F MRI allows the
noninvasive monitoring of drug metabolism and pharmally absent in tissues, there is no natural abundance
macokinetics. With the aim to investigate drug 19F MRI
background. From all types of spectroscopy, 19F MRS can
provide signal and allows to quantify signal intensity. In
and MRS we search literature data bases to find innovative applications for our study. Both techniques, 19F MRI
MRS measurement of the spectrum is measured using a
and 19F MRS, can be used to examine structural aspects
MRI scanner. The use of 19F MRI and MRS has scientific
and clinical significance. Both techniques can be used to
of much higher molecular weight proteins, which traditional one- or multi-dimensional NMR experiments fail to
measure specific drug concentrations, drug targeting and
resolve. Many medicines containing fluoride compounds
pharmacokinetics. Results obtained has helped to unveil
are available on the market and they are still growing.1
how drugs work, why and which patients are non-reAttention should be drawn to the possibility of analyzsponders, and aids modern individualized medicine.
19
ing F spectra of drugs in both in vivo and in vitro studThe most known examples of 19F MRS are applications
19
to measure the pharmacokinetics of drugs at their target
ies focusing on F of physiological fluids such as blood
sites are illustrated in many articles by human studies
plasma. Developing such a method would allow for the
observation of drug metabolism and dosage control. Perwith 5-FU.6 There is a direct relationship between tumor
fluorocarbons (PFCs) are chemical compounds in which
drug uptake and efficacy of therapy.7
hydrogen atoms replace fluorine atoms. Emulsion-formRecently, micelles of tetraethylammonium perfluoing PFC compounds are used as the drug carrier analyzed
rooctanesulfonate (TPFOS, C8F17SO3N(C2H5)4, aqueous
by 19F MRI. A 5-fluorouracil (5-FU), was the first antisolutions of C9F19COON(CH3)4, fluoro- and hydrocarbon
cancer drug introduced in 1957.2 5-FU is an antimetabsurfactants with different tail lengths and counterions
olite cytostatic and a thymine derivative where the C-5
(+N(CH3)4, +N(C3H7)4 Li+ and Na+) have been studied by
19
methyl group is replaced by the F atom. In 1977, PFC
using 19F MRS.8 19F labeled phenolic compounds in early
stages of oxidation of edible oils based on the formation
which are contrast emulsions that can carry drugs, were
of α-tocopheryl radicals initiated by oil-soluble vanadium
analyzed by 19F MRI.3 PFC compounds are an potential
blood substitutes and they are investigated since the early
complexes was studied.9 The study by Hu and coworkers

Figure 1. Number of publications on 19F MRI collected from Library of National Center
Information
(NCBI) PubMed Data Base
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Figure 2. The statistic of 19F research collected from Library of National Center for Biotechnology Information (NCBI) PubMed
Data Base

have been demonstrated that 19F NMR can be used as an
alternative method to conventional radiolabeled studies
for compounds containing fluorine without the need for
radiolabeled synthesis.10 Therefore, monitoring of tumor
drug metabolism can separate responders form non-responders and thus prevent unnecessary toxicity. Possible
to identify patients likely to respond to 5-FU. Capecitabine
is designed as a pro-drug of 5-FU that can be taken orally;
it is used as primary or adjuvant therapy in a range of cancers. Capecitabine metabolism in humans, and especially
its heterogeneity, can be non-invasively assessed in the
same manner. In addition, 19F spectroscopy, 19F contrast
agents and drug 19F oxygen and 19F relaxation time were
grouped. Figure 2 below shows the percentage distribution of topics in each year during 1985-2017.

F contrast agents and drugs

19

Fluoroorganic and fluoroinorganic compounds are very
rare in nature and the few do occur in nature are highly
toxic. The reaction to introduce 19F to compounds is
called fluorination. Examples of popular organofluoroxy reagents are acetyl hypofluorite which was used to
fluorinate aromatic rings11 and acetyl hypofluorite which
has been intensively studied to use for addition to double bonds12, fluorination of lithium enolates13, and synthesis of α-fluorocarboxylic acid derivatives.14 Another
group the N-fluoropyrimidium triflates have been used
to fluorinate aromatic rings, carbanions, enol ethers and
their derivatives.15
As mentioned on above Figure 2, 19F MRS has contributed to the development of agents modulating tumor
drug metabolism. To date, the review of literature showed

a research done with 5-FU16, NaF17-18, lescol19, flunarizinum20, mirenil21, fevarin22, sevofluran23, cisprofloxacin24,
haloperidol25, prozac26, ciprinol flumetasone27, perfluorodecalin28 and trastuzumab29. To obtain a quantitative estimate of the drug, 19F MRS is neccesary to study
dynamic abundance of 19F. In addition to the 19F drugs,
ongoing research is underway to find effective marker
cells in 19F MRI. Therapeutic cells are usually marked with
MRI contrast agents, including gadolinium ions (Gd3+),
super paramagnetic iron oxides (SPIO) nanoparticles,
or fluorinated compounds, to enhance the contrast.30,31
PFCs, are inert and stable and are not part of any molecular pathway. Also, 19F is known as a creator of a strong
contrast signal in vitro and in vivo in background-free
samples or tissue. In vivo 19F MRS measurements of trifluorinated neuroleptics such as fluphenazine and trifluoperazine and antidepressants such as fluoxetine and fluvoxamine began in 1983. The experiment was performed
using rats which have been treated with high oral doses
of fluphenazine over a period of three weeks and imaged
in 10 hours.32 The reaction between perfluorotoluene and
homocysteine thiolactone resulting in the formation of
N-substituted homocysteine thiolactone derivative was
studied.33 Ahrens and coworkers describe the first clinical
experience using a perfluorocarbon (PFC) tracer agent
specifically engineered for 19F MRI cell detection. Cells
are labeled in culture using a PFC nanoemulsion formulation that is taken up by cells regardless of their phagocytic properties.34 Optimal sensitivity can be achieved
with dedicated 19F compounds together with specifically
adapted hardware and acquisition methods.35 In general,
the 19F labels developed thus far consist of PFCs result-
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ing in high 19F density per molecule. PFCs have been
to larger or heavier agents. Perfluoropolyetheres (PFPE’s)
proposed as blood substitutes for several decades.36 19F
are examples of suitable fluorocarbon 19F MRI agents [5].
37
MRI in the brains of living mice was published in 2005.
Commonly used and useful are cyclic PFPE’s such as perTwo types of potential imaging agents were developed by
fluoro-15-crown-5-ether, perfluoro-18-crown-6-ether
using 19F MRI they are 19F-containing curcumin derivaand perfluoro-12-crown-4-ether. These compounds can
19
38
also include additional markers useful for e.g. Positron
tives and F-containing styrylbenzoxazole derivatives.
F-labeled proteins were used as a proof of concept and
Emission Tomography (PET) and/or fluorescence. An
initial applications are presented for the HIV-inactivating
interesting PFPE is also a linear PFPE. Linear PFPE can
lectin cyanovirin-N. Single F atoms were introduced at
relatively easily conjugate a variety of functional entities
the 4-, 5-, 6- or 7 positions of Trp49 and the 4-position
to the terminal groups. For example, a fluorescent agent
39
of Phe4, Phe54, and Phe80. Liquid perfluorocarbon
attached to the terminal group may be used to generate
nanoparticle contains a high concentration of fluorine
imaging agents that can be visualized with 19F MRI and
40
eg. 20 equivalent fluorine molecules.
fluorescence microscopy.
Herceptin efficacy in ex vivo cultures of MCF-7 breast
There are the following 5 options to be considered
carcinoma cells was analyzed.41 Herceptin was used with
as dual probes:
perfluorooctyl bromide (PFOB) and conjugated with Lipo1. polyethylene glycols (PEG)+Linear PFPE+polyethplex containing plasmid DNA and Lipofectamine (LipA)
yleneimine (PEI) (Figure 3)
to allow 19F MRI studies. Treatments such as Herceptin,
2. Linear PFPE+dextran+Cy5.5+antibody (Ab) (Figure 4)
Herceptin/PFOB and Herceptin/PFOB/Lipoplex were used
3. Linear PFPE+aminated dextran+Cy5.5+Ab (Figure 5)
for ex vivo targeting of MCF-7 cells cultured in three-di4. Fluoresent (Cy5.5) - linear PFPE (Figure 6)
mensional (3D) geometry using hollow fiber bioreactor
5. Biotinylated 19F compound, FITC dextran, antibody
(HFB) device. The viability of MCF-7 cells after 72 h treatand avidin (Figure 7)
ments decreased to 54±2%, 50±3% and 45±1% for HerFigure 3 shows the reaction of the terminal groups
ceptin, Herceptin/PFOB and Herceptin/PFOB/Lipoplex,
of polyethylene glycols (PEG) which may be exploited to
respectively. A significant correlation between the treatprepare a range of conjugated imaging reagents. Hydrophilic and lipophilic moieties may be attached to a linear
ment concentration and efficacy was observed in MCF-7
PFPE. PEG can be added to linear PFPE: A-[O--CF2 (CF2)
cell cultures.42 Using the calibration curves for 19F SI, the
19
F SI of cells after treatments can be calculated and due
x CF2] n-B where x is an integer from 0 to 10, preferably
to this we can calculate the number of cells targeted by
0-3, and n is an integer from 2 to 100, preferably 4–40, A–
emusions. The calibration curves allowed quantification of
ester and B–amide, amine, forming water-soluble and lipthe number of fluorine particles bound to cells using the
id-soluble conjugates, respectively. Coupling PEG groups
19
F SI. Moreover, using this calibration, we can estimate
to PFPE ester will create a copolymer with water-soluble
19
Figure
2. The
statistic
F research
collected
from Library
ofthat
National
Centerpolymer
for connumber
of free
fluorine
particlesofin media.
The 19F SI
of
terminals.
We expect
the PEG-PFPE
PFCE not mixed with Herceptin and other compounds
taining water-soluble fluorocarbon and hydrocarbon secwas considered as 100%.
The new idea of the
research is to (NCBI)
tionsPubMed
will form micelles
Biotechnology
Information
Data with
Basea PFPE core surrounded by
synthetize dual probe, test cells labeling and monitor them
PEG. Polyethyleneimine (PEI) can be added during the
with 19F MRI/MRS and fluorescence. Drug delivery using
emulsification process to produce primary, secondary and
dual probes into tumor cells can be accomplished in two
tertiary amines. These amines in the form of nanoemulsion can be uptaken by tumour cells. The more PEI added
steps: first, targeted delivery of drugs to the specific cell,
into the emulsion, the greater the cellular uptake. ICG
and second, drug targeting inside the cell. The small size
agents allow easier delivery to tumor cells as compared
will be added during emulsification process.

Figure 3. The synthetic scheme of polyethylene glycols (PEG) + Linear PFPE + polyethyleneimine (PEI)

Figure 3. The synthetic scheme of polyethylene glycols (PEG) + Linear PFPE +
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Figure 4. The synthetic scheme of linear PFPE+dextran+Cy5.5+Ab

Figure 4. The synthetic scheme of linear PFPE+dextran+Cy5.5+Ab

Figure 4. The synthetic scheme of linear PFPE+dextran+Cy5.5+Ab

Figure 5. The synthetic scheme of linear PFPE + aminated dextran + Cy5.5+Ab

Figure 4 presents fluorine particles (FP’s) consisting of
linear PFPE, aminated dextran and Cy5.5. The probe can
be modified with sulfo-m-maleimidobenzoyl-N-Hydroxyssicinimide ester (MBS). MBS offer two binding sites;
one for primary amino group and one for thiols. Figure
5 shows addition of Avidin and antibody biotinylation.
Figure 6 presents a synthesis which is done by a
carbodiimid method43 followed by the coupling of cystamine dihydrochloride. Next, Avidin can be covalently
bounded to the functional PLA particles via the sulfo-

MBS. Next, fluoresent (Cy5.5) - linear PFPE particles will
be prepared in the following 4 steps: 1) Cy5.5 will be conjugated with aminated dextran; 2) linear PFPE: A-[O--CF2
(CF2) x CF2] n-B will added where x is an integer from
0 to 10, preferably from 0-3, and n is an integer from 2
to 100, preferably from 4 to 40 and A= ester ( eg -C(O)
O CH2 CF3), and B= amide, amine; 3) emulsion will be
biotinylated; 4) functional PLA with avidin will be added;
5) Biotinylated antibody will be added and then fluorine
particles labeled with avidin can be administrated. Bioti-
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Figure 6. The synthetic scheme of fluoresent (Cy5.5) – linear PFPE

nylated 19F compound,
dextran
and antibody
will of fluoresent
that are based
on natural
sourcesPFPE
such as oil fraction of
FigureFITC
6. The
synthetic
scheme
(Cy5.5)
- linear
cereal grains, seeds or nuts. Palm oil is a particularly rich
be added to avidin.
source of tocotrienols.47 Tocopherols and tocotrienols are
19
F oxygen
antioxidants and are believed to play a preventive role in
Oxygen content in tumor tissue can be monitored with
diseases associated with oxidative stress including can19
F MRI. We hypothesize that the advantage of intracellucer.48 The majority of conducted studies have been mostly
lar O2 measurements will have an impact on the prophyfocused on the role of alpha-tocopherol, thought to be the
laxis of cancer. We also expect that the results will provide
most biologically important form of vitamin E in breast
information on therapeutic procedures involving specific
cancer.49 However, observational studies which investiantioxidants in order to improve cancer prevention. Many
gated plasma or adipose tissue concentrations of alphatypes of cancers are believed to result from DNA oxidatocopherol have failed to consistently support the theory
tive damage caused by free radicals. Our hypothesis is
that this isomer provides a protection against breast canthat antioxidant activity of tocopherols and tocotrienols
cer. Other tocopherols, in particular gamma-tocopherol,
are involved in the prevention of cellular damage.44
have been associated with a reduced incidence of prostate
A recent clinical study among women using vitamin E
cancer50 and in a recent study an inhibitory effect on prosupplements provided limited support for the hypotheliferation of prostate cancer cells was reported. Furthersis that antioxidant supplements may reduce the risk of
more, delta-tocopherol was demonstrated, in one study,
breast cancer recurrence or breast cancer-related morto have inhibitory effects on preneoplastic, neoplastic,
tality. Antioxidants are substances that prevent damage
and highly malignant mouse mammary epithelial cells
of cells caused by free radicals.45 Free radicals are oxygen
whereas alpha- and gamma-tocopherol had no effect
atoms or chemical molecules with one or more unpaired
on cell proliferation.51 The role of tocotrienols in cancer
electrons. Free radicals are usually very unstable and react
research is an important topic for investigators because
rapidly with other cell compounds. These free radical
it has been found that they are potentially active in prereactions are responsible for cell and DNA damage causvention and treatment of breast, prostate and skin cancer.
ing possible development of cancer.46 Vitamin E naturally
Recent data indicates that tocotrienols can inhibit prolifoccurs in four forms: alpha-, beta-, gamma- and deltaeration in breast cancer cells. Tocotrienols were proven
tocopherols and four corresponding unsaturated anato protect intact DNA from oxidative stress by inhibition
logues, tocotrienols. The nutritional source of tocopheof lipid peroxidation and by binding of reactive free radirols and tocotrienols is either diet or vitamin supplements
cals to DNA.52 The mechanism of action of tocotrienols,
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F SPECTROSCOPY and IMAGING
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Two single fluorine signals
• N, N’ – Bis (trifluoroacetyl)-L-lysine methyl
ester
A sharp single fluorine signal

•
•
•

N-Trifluoroacetamide D-Glucose
Dextran-NHCOCF3
Trifluoroacetamido-succinylated
Poly-L-Lysine

Figure 7. Biotinylated 19F compound constructed from FITC dextran, antibody and avidin

Figure 7. Biotinylated 19F compound constructed from FITC dextran, antibody and

however, is still elusive. Some researchers postulate that
the protective role of tocotrienols is not related to their
avidin
antioxidant properties as shown in a recent study of the
effect of tocotrienol-rich fraction from palm oil on gene
expression in human breast cancer.53 The antiproliferative activity of tocotrienols independent of antioxidant

properties was also confirmed in a study with lung cancer
cells.54 Moreover, in a few studies, tocotrienols inhibited
cancer cell proliferation in both estrogen receptor positive
and negative human breast cancer cells, with slight difference in potency.55 In a comprehensive study investigating
the effect of alpha-, delta- and gamma- tocotrienols on

116
proliferation and apoptosis in preneoplastic, neoplastic
and malignant mouse mammary cells it was found that
tocotrienols inhibited cell growth in a following rank
order potency: delta-tocotrienol ≥ gamma-tocotrienol
>alpha-tocotrienol. Recently two extensive reviews of
epidemiological studies were published on relationships
between vitamin E and breast cancer, where vitamin E
dietary intake, serum levels of vitamin E or alpha-tocopherol levels in adipose tissue were taken into consideration. It was concluded that natural alpha-tocopherol from
dietary sources with or without presence of other tocopherols and tocotrienols may provide women a modest
protection against breast cancer.56
However, up to today, there is still scarce information
available about differences in individual tocotrienols levels
in diseased and healthy women. Moreover, so far there were
only a few studies simultaneously monitoring all forms of
natural tocopherols and tocotrienols in women diagnosed
with breast cancer. One study reported detection of all four
tocopherols along with alpha- and beta-tocotrienol in breast
adipose tissue from 10 women with cancer. Unfortunately,
this study did not include control subjects, thus no data
for comparison is available. In another study only alphaand gamma-tocopherol were analyzed with no report on
other vitamin E isomers. The newest study on the other
hand, reports analysis of all tocopherols and tocotrienols
except the β-isomer, in breast adipose tissue in benign and
malignant breast lumps. Still, no control was included in
research and no plasma values were determined. Despite an
increasing number of reports on the influence of tocotrienols on breast cancer cells a question about which tocotrienol
isomer is the most potent inhibitor of cell proliferation is
still not answered. Moreover, an interrelationship between
each individual tocopherol and tocotrienol with respect to
their concentration in the breast adipose tissue/plasma is
not yet established. In other words we are still lacking an
overall study where all natural vitamin E isomers would
be researched simultaneously in breast cancer. The ability
to noninvasive monitor the oxygenation state of individual
tumor cells would have important implications for planning and evaluation therapy. The presence of hypoxia limits is the success of radiotherapy in animal tumor. Hypoxic
cells impair the effectives of because of their cell-cycle
kinetics. Residual malignant cells protected from these
therapeutic modalities by hypoxia may regroup to cause
local recurrence of the disease. Consequently, knowledge
of the oxygenation status of clongenic cells within solid
tumors before and during treatment would be extremely
valuable. The spin–lattice relaxation rate (1/T1) of PFOB
will increases linearly with increasing oxygen concentration. In work, they explored, for the first time, the uptake
of chitosan-coated PLGA PFOB nanoparticles and their
potential as contrast agents for 19FMRI.57
A fluorinated cobalt(II) complex serves as a
turn-on 19F MRI tracer for reactive oxygen species includ-
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ing H2O2. Upon oxidation with H2O2, the complex converts from paramagnetic high spin CoII to diamagnetic
low spin CoIII resulting in a chemical shift change and
enhancement in 19F NMR signal. Further, the oxidation
can be reversed in the presence of reductant Na2S2O4.
19
F MRI presents a ~2-3 fold enhancement in signal.58
19
F MRI T1 mapping with diffusion-based multispectral
(MS) analysis was introduced.59 Giraudeau and coworkers
present in vivo quantitative measurements of O2 in the
liver and spleen using 19F MRI.60 The next study demonstrates that 19F MRI of hexafluorobenzene offers a feasible tool to measure regional O2 concentrations of brain,
kidney, liver, gut, muscle, and skin during inhalation of
both 30 and 100% oxygen in vivo, and that hyperoxia significantly increases O2 of multiple organs in a rat model.61
Oximetry of the human T-Lymphoblastoid (CEM)
cells was measured using 19F magnetic resonance imaging
19
F MRI.36 19F MRI was used to evaluate oxygen concentration in the cell suspension and thus its viability Human
gland mammary adenocarcinoma (MCF-7).38 Tumor oxygenation has been shown to be an important indicator of
therapeutic response. The pO₂ spike was detected even
though few (~4×10⁴) T cells actually ingress into the CNS
and with minimal tumor shrinkage.62 In 19F MRI oximetry, a method used to image tumour hypoxia, perfluorocarbons serve as oxygenation markers.63 The pO2 maps
were generated after direct intratumoral administration of
a fluorine compound (hexafluorobenzene) whose relaxation rate (1/T1) is proportional to the % O2.64

F relaxation time

19

The T1 and T2 relaxation times of 19F are relatively short,
while the chemical shift is large (1000 ppm). Therefore
we selected fluorine to label the Abs .65 To allow clinical
studies, in vivo concentrations of fluorine–containing
metabolites must be larger than about 200 mol/g tissue
to be detectable in reasonable measurements times 5-15
min at B0=1-2 T. For animal studies at 7 T amount of 50
nmol/g can be detected within 30 min. In ex vivo studies
5-10 nmol / g can be detected within 1-2 hrs at 11.7 T.
Herein we provide an overview of the methods available for relaxation measurements in MRI. While standard
magnetic resonance imaging can provide basic information regarding tumour location, its size and spread, the
quantified MRI can evaluate the effectiveness of therapy.
Of particular interest are changes in cells relaxivity which
are correlated with cancer cells death. Medical MRI resolution of a few millimeters is typically adequate for proper
diagnosis, however cell samples require much higher resolution. At the same time valuable physiological information
can be extracted from a small cluster of cells, while quantitative investigations of dynamics of drug delivery and
drug effects ex vivo was shown to be crucial for the development of effective therapy Therefore, there is a growing
interest in using MRI for examination of the treated cells.
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Fluorine-19 MR spectroscopy was used to monitor the
anti-depressant drug fluoxetine (and its metabolite norfluoxetine) in vivo in the human brain. The individual T1s
varied from 149 to 386 ms, which was attributed in part
to interindividual differences based on the reproducibility of a phantom T1. The individual T1 correlated weakly
with approximate brain concentration.66 Initial cell labeling
strategies for MRI made use of contrast agents that influence the MR relaxation times T1, T2, T2* and lead to an
enhancement T1 or depletion T2* of signal where labeled
cells are present.67 The observed MRI image intensities were
related to the NMR longitudinal and transverse relaxation
times, and were found to depend on polymer structure and
method of micellization.68 The value of the in vivo spin-lattice relaxation time T1 of the fluoride ions naturally accumulated in bone mineral has been determined to be 2.00 .69
Insufficient contrast between normal and diseased
tissues requires the use of contrast agents. Cross-linked
iron oxide (CLIO) and other iron oxide formulations
affect T2 primarily and lead to a decreased signal.70 Many
commercial PFC emulsions have been found to be nontoxic or do not cause any health problems other than tissue swelling. Perfluoropolyethylene glycol (PFPE, MW
1750) is a linear PFC that contains a large number of 19F
atoms per molecule for enhancing sensitivity . The center CF2 groups can generate a strong peak (>0.9 at -92
ppm) that dominates 90% of its 19F signal, whereas the
end CF2 groups yield a weak signal (<0.1 at -79 ppm) that
is below the in vivo MRI detection limit. 71
Spin-lattice relaxation times T1 and T1rho of fluorine
atoms in solid dispersions were determined at various
temperatures (-20 to 150 °C). Correlation time (tauc),
which is a measure of rotational molecular mobility, was
calculated from the observed T1 or T1rho value and that
of the T1 or T1rho minimum, assuming that the relaxation
mechanism of spin-lattice relaxation of FLF fluorine atoms
does not change with temperature.72 MRI of the 19F longitudinal relaxation time T1 of an inert fluorinated gas at
thermal polarization. In contrast to hyperpolarized noble
gases, with very long T1s, the T1 of SF6 in mammal lungs
is 0.8-1.3 ms. T1 imaging of a phantom consisting of four
different SF6/air mixtures with known T1 values validates
the modified Look-Locker T1 imaging. 73

Conclusions
F MRI alows for monitoring of 19F containing compounds in vitro and in vivo. Abnormal oxygen content
in adipose tissue indicative of cancer disorder also can
be monitored with 19F MRI. The number of newly synthetized 19F containing compounds with medical application is increasing.
19
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