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Abstract

The complexity of biologic tissues, with multiple compartments each with its own diffusion

and relaxation properties, requires complex formalisms to model water signal in most magnetic
resonance imaging or magnetic resonance spectroscopy experiments. In this article, we describe
a magnetic susceptibility-induced shift in the resonance frequency of extracellular water by the
introduction of a gadolinium contrast agent to medium perfusing a hollow fiber bioreactor. The
frequency shift of the extracellular water (+185 Hz at 9.4 T) uncovers the intracellular water and
allows direct measurement of motional and relaxation properties of the intracellular space. The
proposed method provides a unique tool for understanding the mechanisms underlining diffusion
and relaxation in the intracellular space.
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The MR signal in imaging (MRI) or spectroscopy (MRS) of water in living tissue

usually consists of a single resonance reflecting an ensemble of water in multiple
complex compartments, such as cell cytoplasm, cell nuclei, extravascular/extracellular, and
vascular spaces. This resonance is broadened by ill-defined mechanisms contributing to
T, and 7,* processes and likely includes distinct behaviors in distinct compartments and
intercompartmental exchange. In rare cases, water in these distinct compartments can be
independently interrogated and has been shown to have behaviors that are different from,
but contribute to, the ensemble of signals from whole tissue. For example, single voxels
can be placed wholly within the large nuclei of invertebrate neurons, and parameters such
as the apparent diffusion coefficient can be measured (1). In high-resolution spectroscopic
imaging, some voxels in biologic tissues can contain multiple water resonances that are
magnetically distinct, although these have not yet been ascribed to specific compartments
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(2). In order to fully understand how individual compartments contribute to the ensemble
of spins that make up tissue water, it would be desirable to measure signal from individual
compartments where relaxational, motional, and exchange properties may yield valuable
information on the physiologic status of the tissue.

A clear example where water in different compartments exhibits distinct behaviors is the
case of diffusion-weighted MRI (DWMRI). Measuring water diffusion in tissue by MRI has
emerged as a powerful tool both in clinical and in preclinical research. Applications range
from the early detection of ischemic stroke to the monitoring of chemotherapeutic response
in tumors (3,4). In the case of acute stroke, the apparent diffusion coefficient (ADC) of
water, as measured by DWMRI, declines by 30-60% within minutes after the onset of
ischemia and a number of biologic mechanisms have been proposed to explain the ADC
changes. Among them are an increase in the intracellular water volume fraction (5), an
increase in tortuosity of the extracellular water (6), and/or a decrease in energy-dependent
intracellular microcirculation (7) (cytoplasmic streaming). Changes in the ADC have also
been used as an early marker of the chemotherapeutic response in tumors both in clinical
(8) and in preclinical (9-11) settings. In this case, an increase in the ADC of tumor water is
correlated with tumor response and is postulated to arise from a loss in cellularity, either by
necrosis and/or by apoptosis.

Extraction of quantitative parameters from DWMRI experiments is complicated because
the measured MR signal comes from water within multiple exchanging compartments,
each of which may have different diffusion, relaxation, and geometric properties (12). In
DWMRI of living tissues, distinct components with fast and slow diffusion have been
observed (13). However, the assignment of these various pools to particular physiologic
compartments remains a subject of debate (14). Sophisticated models have been used

to account for all contributing factors, yet these are completely dependent on estimated
values for diffusion within, and exchange between, compartments (15-17). Values for the
intracellular diffusion coefficient have been estimated from these models, interpolated from
the measured diffusion of intracellular metabolites (18), or directly measured in extremely
large invertebrate neurons (19).

In this article, we demonstrate that the extracellular and intracellular water signals can be
spectrally separated by the addition of a common contrast agent (Gd-DTPA, Magnevist,
referred as Gd-DTPA below) to mammalian cells cultured in a geometrically defined
hollow-fiber bioreactor (HFBR). The spectral resolution of intracellular and extracellular
water allows a direct measurement of relaxivity and diffusivity properties within their
specific compartment.

MATERIALS AND METHODS

HFBR

The HFBR system shown in Fig. 1 was constructed by Microgon (Laguna Hills, CA, USA).
It consists of a 27-mm-OD polycarbonate casing containing approximately 450 0.32-mm-ID
cellulose acetate/cellulose nitrate copolymer microporous hollow fibers with average pore
sizes of 0.2 um. In this system, cells are grown to tissue density in the interfiber spaces
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and are supplied with nutrients by continuous flowing of oxygenated medium through the
lumen of the fibers at a stabilized flow rate of 150 mL/min. The medium velocity through
each fiber was calculated to be ~3 cm/s. HFBRs are specifically designed to minimize the
existence of nutrient/O, gradients within the bioreactor. The average fiber spacing is 200
um. Hence, cells are nominally no further than 100 um from a fiber supplying oxygenated
medium. This configuration has been shown to maintain all cells in a well-oxygenated
environment (20). The temperature and gas composition of the perfusate was maintained
by a perfusion system described elsewhere (21). The current system was modified to
incorporate a second parallel perfusion circuit to allow for rapid and complete medium
switching as less than 1 min. Aeration was achieved with a defined gas mixture of 60% O,
35% Ny, and 5% CO».

Bioreactor Compartments

Cell Culture

MRI/MRS

HFBR systems present three spatially distinct physical compartments: (1) the hollow-fibers
lumen where the perfusate is flowing, (2) the porous fibers walls, and (3) the extrafiber
space in which the cells are grown. Note that in presence of cells the extrafiber space

will contain both intracellular and extracellular spaces with their respective volume fraction
depending on the stage of growth.

Rat glioma cells (C6) were obtained from American Type Culture Collection and routinely
cultured in Dulbecco’s modified Eagle’s medium (Sigma) supplemented with 10% fetal
bovine serum (FBS, Sigma). An inoculum of ~4 x 108 cells was infused into the extrafiber
space at the beginning of the experiment through an inoculation port machined in the side

of the HFBR. The medium was supplemented with 5 mM dimethylmethylphosphonate
(DMMP) used as in internal reference and to measure volume fractions (22). The 5

mM Gd-DTPA-containing medium was made from the same original preparation in order

to have the same DMMP concentration. A glass capillary tube filled with 500 mM 3-
aminopropylphosphonic acid (3-APP, Sigma, 20 L total volume) was secured to the outside
of the HFBR as an external standard.

All experiments were carried out at 9.4 T on a Bruker Avance spectrometer (Karlsruhe,
Germany) equipped with self-shielded orthogonal imaging gradients (1000 mT/m max
strength and 150 s rise time). A custom made 27-mm dual-tuned (3P/1H) birdcage RF
probe was used for excitation and reception in all experiments (Bruker). Fully relaxed 31p
MR spectra were obtained via a one-pulse sequence using a 30° pulse every 1 sec and
collecting 4096 points over a spectral width of 100 ppm. Either 3600 or 7200 averages were
collected resulting in experiment times of 0.5 or 1 h. Separate 31P spectra were collected
with a 60-s repetition time (TR) and Waltz-4 decoupling during acquisition to obtain a fully
relaxed and 1H decoupled spectrum of DMMP, which was used to calculate the intracellular
volume fractions (22).
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High-resolution DWMRI images were obtained using a conventional diffusion-weighted
stimulated-echo pulse sequence with the following parameters: TR/TE = 1500/30 ms, 6=
5000 mm?/s with A = 40 ms, & = 7 ms.

1H MRS was carried out to monitor the effect of Gd-DTPA infusion into the HFBR.
Spectra were obtained under nonsaturating conditions with a single average one-pulse
excitation (10° flip angle) repeated every 1 s. These experiments were initiated before the
infusion of medium containing 5 mM Gd-DTPA and carried out over 20 min following

the start of infusion. Once the spectra had stabilized, diffusivity and relaxivity properties

of the observed signals were characterized using standard diffusion-weighted and inversion
recovery spectroscopic pulse sequences. Inversion recovery curves in the presence of 5 mM
Gd-DTPA were obtained with 16 inversion times (TI) ranging from 2 to 2500 ms. DWMRS
experiments were carried out using 34 linearly spaced gradient strengths ranging from 0 to
850 mT/m for three diffusion times (A = 20,30,50 ms), using a standard diffusion-weighted
stimulated echo pulse sequence. Other parameters included § =7 ms, TE =20 ms, and TR =
25s.

Figure 2 shows a series of 31P MR spectra collected during the growth of C6 cells in the
HFBR. The series of spectra on the left are H decoupled 31P spectra of the upfield region
containing DMMP shown at different times following inoculation. Signals from intracellular
and extracellular DMMP are chemically shifted due to differential hydrogen bonding and
allow for noninvasive measurement of cell volume fraction (22). The series of spectra on
the right are the corresponding coupled 31P spectra of the energetic metabolite region.
Signals from nucleoside triphosphates (NTP), glycerolphosphorylcholine (GPC), inorganic
phosphate (P;), and phosphomonoesters (PMES) can be easily identified at the later time
points. Cell growth can be accurately monitored by the area of the B-NTP peak. 31P MRS
of DMMP and B-NTP indicates that C6 cells within the HFBR typically reach confluence
within 8-10 days after inoculation. The energetic profile has been shown to be remarkably
stable during cell growth (20). In particular, the nonbroadening of the P; resonance indicates
the absence of pH gradients within the bioreactor, suggesting homogeneous perfusion and
nutrient/O, delivery.

These increases in intracellular 3P signals (DMMP and NTP) were paralleled by an
increase in diffusionally restricted water. Figure 3 shows high #-value (5000 s/mm?) cross-
sectional diffusion-weighted MR images at three locations within the HFBR during cell
growth. At a £-value of 5000 s/mm? the signal from unrestricted extracellular water becomes
virtually undetectable (no signal could be detected in the high &-value images recorded in
the absence of cells, data not shown). Hence, only signal from slowly diffusing and/or highly
restricted water is observable under these conditions (16) and, as shown below, this most
likely represents intracellular water. The images in Fig. 3 were obtained at different times
after inoculation and demonstrate that the distribution of restricted water is heterogeneous

at low and intermediate growth stages but reaches confluence and homogeneity by day 11.
The dark areas at the edge of the HBFR were due to dropoff of signal receptivity between
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elements of the birdcage coil. We interpret these observations to indicate that, within the
limits of spatial resolution, the extrafiber space is homogeneously filled up with highly
restricted water (i.e., cells).

Gd-DTPA Infusion

A series of fully relaxed (TR = 1 sec, flip angle = 5°) proton spectra, which were collected
from a confluent HFBR after introduction of 5 mM/L Gd-DTPA to the main media vessel,
are shown in Fig. 4. Within 35 s, Gd-DTPA triggered a splitting of the water resonance
that resulted in three spectrally stable and resolved components within 300 s. There is one
upfield peak at +185 Hz (relative to the starting chemical shift), a smaller intermediate
resonance at +130 Hz, and one relatively broadened and minimally shifted resonance (~20
Hz). The upfield peak was the first to shift, followed by the +130 Hz peak. Figure 5 shows
the equilibrium 1H spectra obtained in the presence of Gd-DTPA at five different stages of
growth (days 2, 4, 6, 8, and 10). As cells grow, there is a decrease in the amplitude of the
+185 Hz signal and a concomitant increase in the area of the unshifted peak. Note that the
chemical shifts of the three peaks are only slightly dependent on cell growth. Interestingly,
the extracellular DMMP signal was also shifted by 80 Hz upfield in presence of 5 mM
Gd-DTPA (data not shown).

After stabilization of the signals in the presence of Gd-DTPA, the diffusion and relaxation
properties of these resonances were investigated by MRS. Figure 6a shows a series of
representative spectra from an inversion recovery experiment obtained at three different
inversion recovery times (T1 = 2, 80, and 2500 ms) on day 10 of the experiment. At recovery
time of 80 ms, the two upfield resonances have relaxed significantly, consistent with an
interaction with Gd-DTPA. Note that the unshifted peak has only minimally relaxed at 80
ms, indicating that it is not significantly influenced by the Gd-DTPA. The 73 values for the
shifted resonances were similar (62 + 4 and 68 + 5 ms for the +185 and +130 Hz resonances,
respectively), indicating similar concentrations of Gd-DTPA, whereas the 7; of the unshifted
resonance was longer, at 251 + 5 ms. Figure 6b shows a series of spectra obtained at three
different 4-values (100, 600, 2500 s/mm?) at a diffusion time A = 30 ms. At a 4-value of
2500 s/mm?, only the unshifted peak was observable. Figure 7 shows the peak areas of

the three resonances plotted as a function of &-value along with fits to monoexponential
(shifted resonances) and biexponential decays (unshifted peak). The most shifted signal
showed a nonmonoexponential behavior composed of a flow component and fast diffusing
component. The flow component was strongly attenuated for £-value above 75 s/mm? and
data above this value were fitted to a monoexponential decay with an apparent diffusivity

of 3.7 + 0.8 um?/ms. The diffusivity measured for the +130 Hz peak was 2.9 + 0.3 pm2/ms
(monoexponential fit). The unshifted peak showed a nonmonoexponential behavior and was
only fitted by a biexponential decay (Fig. 7). The apparent diffusivities extracted from the
fit were relatively low (0.11 and 0.71 pm2/ms) and exhibited a dependence on the diffusion
time (see Table 1). The apparent diffusivities measured for the shifted resonances did not
show a dependence on the diffusion time (data not shown).

Magn Reson Med. Author manuscript; available in PMC 2023 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Galons et al. Page 6

DISCUSSION

Peak Assignments

From the above observations, we propose the following assignments for the three observed
resonances: The +185 Hz resonance comes from water within the lumen of the fibers
(flowing medium) and from water located in the extrafiber/extracellular space. This is
consistent with the fast appearance of this peak after the addition of contrast (Fig. 4), the
decrease in the relative magnitude of this peak with cell growth (Fig. 5), the observed
decrease in 77 after addition of Gd-DTPA (Fig. 6a), and the presence of a non-flowing but
fast diffusing component (Fig. 7).

The intermediate resonance (+130 Hz) arises from the water within the fiber walls. This
component is seen with or without the presence of cells (spectra not shown) and its relative
magnitude remains constant during the course of cell growth. It is also slightly slower to
appear than the +185 Hz peak, but has similar 7; relaxation and fast diffusion. Moreover,
localized 1H spectra obtained from volumes in HBFR that were devoid of fibers did not
contain this resonance (data not shown).

Finally, the unshifted resonance arises from water in the intracellular space. The resonance

is not observed without cells; its magnitude increases with cell growth (Fig. 5); it has a long
relaxation time in presence Gd-DTPA and slow apparent diffusion coefficients. The slower
relaxation rate for this resonance indicate that it is not in direct contact with gadolinium

and the dependence of its ADC values on diffusion time (Table 1) is compatible with
restricted diffusion. The broadening of this peak compared to the others is likely the result of
molecular diffusion within magnetic field gradients near the surface of the cell and/or partial
exchange with the extracellular space.

Volume Fractions

The calculated volume fraction of the unshifted resonance obtained from the 1H spectra
(defined as the ratio between the unshifted peak and the sum of shifted resonances)
correlated well with the same volume fraction calculated from the DMMP signals (Fig. 8).
Moreover, the magnitude of the intracellular/unshifted resonance was also highly correlated
to the bioreactor cell mass as monitored by 3P MRS (Fig. 8). Overall, these data suggest
that the three observed water peaks correspond to four identifiable bioreactor compartments:
the extrafiber/extracellular space (EES) and intrafiber luminal space (which combines to
give the downfield resonance at +185 Hz), the fiber walls themselves (+130 Hz), and the
intracellular space, which remains minimally shifted. The coresonance of the EES and
luminal water was surprising, as we would expect that the EES and cells would coexist in a
similar magnetic environment and, hence, experience the same susceptibility. However, the
decrease of this resonance with increased cell density is compelling evidence that the EES
coresonates with the upfield peak.

Diffusion Behavior of the Unshifted Peak

Figure 7 shows that the signal decay curves for the unshifted signal deviates significantly
from monoexponentiality. Nonmonoexponentiality of signal decay curves has been observed
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and predicted for a single compartment with boundaries (23), for two compartments in
presence of exchange (24), or in the presence of a combination of restriction and exchange
(12,25). In vivo data collected over an extended range of &-values (with a maximum
b-value up to 10000 s/mm2) can often be phenomenologically fitted to a biexponential
decay. This is true for data obtained for brain (26) or implanted tumors (27). At even

higher £-values (up to 5.8 x 10° s/mm?), multiexponential terms are needed to fit data in
brain tissues (28,29). Theory predicts that biexponential fit is essentially phenomenological,
wherein each component does not necessarily correspond to a specific tissue compartment
(25,30). In all previous studies, however, the signal undergoing analysis was a combination
of water signals originating from various compartments including the extracellular space.
The fit in the present work is specifically from the intracellular space and still exhibits

non monoexponential behavior. A phenomenological biexponential fit to the data from

the unshifted/intracellular peak shown in Fig. 7 yielded two distinct components with
relatively low ADCs. As mentioned above, this nonmonexponentiality is compatible with
restricted diffusion and/or with exchange between subcellular compartments. The observed
dependence of these ADCs on the diffusion time is consistent with such effects (Table

1). Interestingly, results from previous studies on isolated cells have reported similar low
diffusivity components using biexponential or multiexponential analysis. Pilatus et al. could
fit data from various cell lines to a biexponential decay over a moderate 4-range (0—~12000
s/mm2), yielding “slow component” diffusivities ranging from 0.22 + 0.02 to 0.47 + 0.05
um2/ms depending on diffusion time (31). Smouha and Neeman reported similar “slow”
diffusivities ranging from 0.11 + 0.02 to 0.74 + 0.01 um2/ms (depending on diffusion time)
from a biexponential fit over a smaller 4-value range (0-5000 mm?2/ms) (32). However,

at a higher range of £-values (0-25000 s/mm?), data obtained from perfused C6 glioma
cells could no longer be fit to a biexponential decay (16). To fully characterize the nature
of the nonmonoexponentiality of the intracellular signal decay, further experimental data,
including relaxivity studies at different 5-values and diffusion times (33), and the use of
more complex analytical models will be required (12,25). Considering that the intracellular
and extracellular water signals can be resolved, we can also conclude that these water pools
are in relatively slow exchange within the NMR timescale.

Mechanisms of Frequency Shift: Bulk Susceptibility

The use of shift reagent to separate intracellular and extracellular information has been

an active fields of research for the past 20 years (34-37). A great deal of the research

has focused on the relative contribution of bulk magnetic susceptibility and hyperfine
interactions to the observed chemical shift (34). A full description of the mechanisms behind
the contrast agent induced shift is beyond the scope of this paper. However, the shifts

are consistent with changes in the bulk magnetic susceptibility caused by the presence of
Gd-DTPA in the cylindrical geometries of the HFBR (34). The HFBR can be considered

to be filled with an effective susceptibility given by the volume fraction of cells to medium
(with Gd-DTPA). In order for the line center of the extrafiber/extracellular peak to be shifted
relative to the intracellular peak, the average geometry of the cells should be nonspherical
and elongated along the direction of fibers. Cell alignment in a magnetic field has been
reported for red blood cells (38) but we know of no such observation in other cell type.
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Further studies are underway to characterize the mechanisms underlining the observed
frequency shifts.

The most significant result of these findings is that the HFBR system allows intracellular
water to be directly interrogated in cell cultures. There are many applications where this
ability will prove useful. In the area of diffusion-weighted MRI and MRS, intracellular and
extracellular spaces can be investigated individually. In this report, the intracellular water
diffusion was found to have biexponential-like behavior consistent with restricted diffusion
and/or exchange within the cellular boundaries. The ability to individually investigate
intracellular water will also be useful in the context of g-space analysis, which aims to
measure the distribution of the average mean distance traveled by water during a given
diffusion time (39). In the absence of gadolinium, all water populations contribute to the
signal, and the diffusion distance distributions include both extracellular and intracellular
water, which complicates the interpretations of distribution of mean averaged distances.
Using the HFBR, separate water compartments can be investigated independently. The
spectral resolution of water resonance could also allow the use of magnetization transfer
techniques to directly measure exchange between the two pools of water. It is also important
to note that these measurements require a relatively inexpensive gadolinium-based shift
reagent which can be used “off the shelf” with no toxic effects. This is particularly relevant
for cell culture experiments for which paramagnetic shift reagent toxicity has been an issue
(40).

CONCLUSIONS

The HFBR described herein allows cell cultures to be grown to high cell density in a
well-controlled and easily manipulated environment. The unique geometry of the HFBR
also allows intracellular water to be separated from extracellular water using a common MR
contrast agent. The first direct measurement of the 77 relaxation and diffusional motion of
chemically separated intracellular water in mammalian cells have been reported. We believe
that HFBR systems, with their ability to maintain high-density cell cultures and unique
cylindrical geometry, have the potential to become an important tool to study a number of
biophysical properties including intracellular diffusion and its relation to cellular energetic
metabolism in the context of ischemia and/or chemotherapeutic response.
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FIG. 1.
The hollow fiber bioreactor (HFBR). The HFBR consists of a 27-mm polyurethane casing

containing approximately 450 0.5-mm-ID highly porous fibers. The perfusate consisting of
DMME supplemented with 10% FBS serum is pumped through the fibers at a flow rate of
150 mL/min. Cells grow outside the fibers. The various compartments of a bioreactor are as
follows: (1) the fiber lumen where the medium is flowing, (2), the fiber walls, highly porous,
and (3) the extrafiber space that contains both intracellular and extracellular (nonflowing)
spaces whose ratio is a function of cell growth.
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FIG. 2.

Cell growth as monitored by 3P MRS. The *H-decoupled spectra of DMMP seen on the
left were obtained immediately following the acquisition of the 31P NMR spectra shown
on the right. DMMP, dimethylmethylphosphonate; GPC, glycerophosphorylcholine; NTP,
nucleoside triphosphates; Pi, inorganic phosphate; PME, phosphomonoesters.
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FIG. 3.
Cross-sectional diffusion-weighted images at high #-values (5000 s/mm?) at different

heights in the bioreactor and at different growth periods. The intensity in the images arises
from diffusionally restricted water and represents cell growth.
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Kinetics of Gd-DTPA infusion by IH MRS at day 11. At 0 sec, the perfusate is switched to
a 5 mM Gd-DTPA-containing medium. At a 3 mL/min flow rate the Gd-DTPA containing
medium reaches the bioreactor in ~35 s. The total exchange of medium within the bioreactor

extrafiber space is completed within 5 min.
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FIG. 5.
1H spectrum in the presence of 5 mM Gd-DTPA at various stages of growth. The magnitude

of the unshifted signal increases with growth, while the magnitude of the leftmost peak
decreases. Ref: Signal position prior the 5 mM Gd-DTPA injection.
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FIG. 6.
Representative spectra from (a) inversion recovery and (b) diffusion-weighted experiments

in the presence of Gd-DTPA obtained at day 11 of the experiment.
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FIG. 7.
Diffusion-weighted signal decays of water signals in presence 5 mM Gd-DTPA. The

data were obtained at day 11 of the experiment using a diffusion time of 30 ms. The
unshifted (intracellular) water resonance (W) showed nonmonoexponential behavior. The
solid line (—) represents a biexponential fit to the data with the following parameters: S
= Vfy e bADCL 1 V/f, e PADC2 with Vf; = 0.44, ADC4 = 0.71 um2/ms, Vf, = 0.56, and ADC,
=0.11 pm?/ms. The shifted peaks +185 Hz (@) and +130 Hz (O) showed monoexponential
behavior with measured ADCs of 3.7 + 0.8 and 2.9 + 0.3 pm?/ms, respectively.
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FIG. 8.
Cell growth and volume cell fractions as a function of time. Cell growth was determined

by the increase in the ratio of B-NTP signal (normalized to the external standard, 3-APP)
over time (M, left side scale). The cell volume fractions derived from the H spectrum in
presence of Gd-DTPA (O, right side scale), are defined as the ratio of the unshifted signal to
shifted signals The cell volume fractions derived from the 31P spectrum of DMMP (@, right
side scale) are defined as the ratio of the upfield signal (extracellular) to downfield signals
(intracellular).
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