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Abstract

This work demonstrates the separation of extra- and intracellular components of glycolytic 

metabolites with diffusion weighted hyperpolarized 13C magnetic resonance spectroscopy. Using 

b-values of up to 15,000 s mm−2, a multi-exponential signal response was measured for 

hyperpolarized [1-13C] pyruvate and lactate. By fitting the fast and slow asymptotes of these 

curves, their extra- and intracellular weighted diffusion coefficients were determined in cells 

perfused in a MR compatible bioreactor. In addition to measuring intracellular weighted diffusion, 

extra- and intracellular weighted hyperpolarized 13C metabolites pools are assessed in real-time, 

including their modulation with inhibition of monocarboxylate transporters. These studies 

demonstrate the ability to simultaneously assess membrane transport in addition to enzymatic 

activity with the use of diffusion weighted hyperpolarized 13C MR. This technique could be an 

indispensible tool to evaluate the impact of microenvironment on the presence, aggressiveness and 

metastatic potential of a variety of cancers.
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1. Introduction

The use of hyperpolarized 13C pyruvate has shown clinical potential in identifying and 

characterizing tumors by measuring its real-time conversion to hyperpolarized 13C lactate 

[1]. These measurements are a direct consequence of increased glycolysis, a hallmark of 

cancer cells [2]. Studies in pre-clinical animal models of cancers have shown increased 

hyperpolarized 13C lactate production with increasing cancer grade and aggressiveness [3]. 

Another common feature of aggressive and metastatic cancer cells is an acidic extracellular 

environment [4], a process that promotes tumor growth and invasion. This acidification is, in 

part, due to increased tumor lactate production and higher lactate efflux via the upregulated 

monocarboxylate transporter 4 (MCT4) [5,6], which co-transport lactate and protons out of 

the cell. Thus, measuring not only the overall production of hyperpolarized 13C lactate, but 

also its transport may improve the ability to non-invasively identify aggressive tumors with 

high metastatic potential using hyperpolarized 13C MR.

A prior publication has shown that hyperpolarized 13C pyruvate can be used to differentiate 

human metastatic renal cell carcinoma (RCC) cells from indolent RCC cells using an ex 
vivo MR-compatible bioreactor, a cell perfusion system [7]. In that ex vivo study, metastatic 

RCC UOK262 cells rapidly transported hyperpolarized 13C lactate out of the cells during the 

course of the hyperpolarized 13C MR experiment [7]. Additionally, it was recently shown 

that the extra- and intracellular hyperpolarized 13C lactate signal can be directly measured in 

RCC cells in the same bioreactor system, and confirmed that the metastatic RCC cells have 

higher extracellular lactate pool [8]. By correlating the hyperpolarized lactate signals to the 

relative expression levels of MCT4 between the indolent and metastatic RCC cells, these 

studies demonstrated that the localization of hyperpolarized 13C lactate between the extra- 

and intracellular environment could provide valuable information concerning tumor 

aggressiveness and metastatic potential. However, these previous ex vivo studies relied on 

the detection of small frequency shifts, which cannot be directly translated to in vivo 
imaging due to challenges in obtaining sufficient spectral resolution.

Diffusion weighted MR has been extensively used to assess the localization of various 

metabolites, both in vitro to study their extra- and intracellular distributions and in vivo to 

characterize tumor tissue microstructure based on water’s apparent diffusion coefficient 

(ADC) [9]. Recently, there have been several publications that have used diffusion weighted 

MR to measure the diffusion coefficients of hyperpolarized 13C metabolites, in solution [10], 

in cell suspensions [11] and in vivo [12–14]. These studies showed how changes in the 

ADCs could indicate the extra- and intracellular localization of the hyperpolarized 13C 

metabolites. Yet, each of these studies used relatively small diffusion weighting gradients, or 

b-values, and thus measured only single diffusion coefficients from mono-exponential signal 

responses that did not provide extra- and intracellular separation. Proton diffusion studies 

have shown that using a wide range of b-values, with large values upwards of 3000 s mm−2, 

results in a multi-exponential signal response that is indicative of the various diffusion 

environments, both in vitro in cells [15,16] and in vivo [17].

In the studies presented here, large diffusion gradients were used to investigate the extra- and 

intracellular weighted distribution of hyperpolarized [1-13C] pyruvate and its metabolites in 
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RCC cells perfused in a MR compatible 3D cell culture bioreactor. Using b-values up to 

15,000 s mm−2, a multi-exponential signal response was measured for the various 

hyperpolarized 13C metabolites and by fitting the fast and slow asymptotes of these curves, 

their extra- and intracellular weighted diffusion coefficients were determined. Additionally, 

the dynamics of these extra- and intracellular weighted hyperpolarized 13C metabolite pools 

were assessed in real-time, including a demonstration of the effect of inhibiting MCT4 

mediated efflux of hyperpolarized 13C lactate. These studies demonstrate the importance of 

membrane transport, in addition to enzymatic activity, in understanding the metabolic flux of 

hyperpolarized 13C metabolites. As opposed to previous diffusion weighted studies of 

hyperpolarized 13C metabolites, both the high b-values used in this study and the large 

difference between the intra- and extracellular diffusion environments, which allow for a 

more thorough separation of the two signal pools, provide a measurement of the intracellular 

weighted diffusion coefficients that may be closer to the true intracellular diffusion 

coefficient. This improved intracellular weighted lactate ADC measured in this work may 

aid the design and interpretation of future in vivo diffusion weighted imaging clinical 

studies.

2. Methods

2.1. RCC cell line experiments in an NMR compatible bioreactor

Two different renal cell carcinoma (RCC) cell lines were used. UMRC6 cells are 

representative of localized human clear cell RCC [18], and were a gift from Dr. Bart 

Grossman (MD Anderson Cancer Center, Houston, TX; obtained January, 2010; 

authenticated using STR profiling, October 2012). UOK262 cells are derived from a 

metastasis of the highly aggressive hereditary leiomyomatosis RCC (HLRCC), which is 

characterized by mutation of the TCA cycle enzyme fumarate hydratase [19]. UOK262 cells 

were a gift from Dr. W. Marston Linehan (National Cancer Institute, Bethesda, MD; 

obtained May, 2010; authenticated using STR profiling, October 2012). All cells were grown 

in Dulbeco’s Modified Eagle’s Medium (DMEM) with 4.5 g L−1 glucose. The cells were 

passaged serially and were used for assays and magnetic resonance experiments between 

passages 2 to 10 and at 60–80% confluency.

For bioreactor experiments, cells were electrostatically encapsulated into 3.5% w/v alginate 

microspheres, as previously described [20,21], and then loaded into an NMR spectrometer 

compatible bioreactor [7,20]. Cell-free alginate microspheres were created by the same 

process. Approximately 800 μL of either cell-free microspheres or microspheres with cells 

were loaded into the bioreactor. Only for the 1H diffusion weighted imaging experiment (see 

below) the microspheres with and without cells were layered into the bioreactor (Fig. 2b). 

The bioreactor was perfused with DMEM H-21 media at a flow rate of 2 mL min−1 and kept 

at 37 °C with water-jacketed perfusion lines and 95% air/5% CO2 with a gas exchanger.

All MR studies were performed on a 14.1 T Varian INOVA spectrometer (600 MHz 1H/150 

MHz 13C) microimaging system (Agilent Technologies), equipped with a 10 mm broadband 

probe and 100 G cm−1 gradients. Probe temperature was controlled at 37 °C. 31P spectra 

were acquired before and after each hyperpolarized study to assess cell viability and 
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measure the number of cells within the bioreactor, as previously described [7]; TR = 3 s, 512 

or 1024 averages, 90° flip-angle.

2.2. Diffusion weighted studies of 1H water

A 1H pulsed gradient single spin echo sequence with rectangular 90° and 180° RF pulses 

was used to measure the extra- and intracellular diffusion coefficients of water: TR = 2.5 s, 

TE = 26 ms, gradient pulse duration δ = 9 ms, gradient pulse separation Δ = 16 ms and 

without averaging. The diffusion weighting or b-value was arrayed by changing the gradient 

amplitudes G from 0 to 46 G cm−1, resulting in b-values 0–15,944 s mm−2. Diffusion 

gradients were applied in the transverse direction, i.e., Gx or Gy. The flow was stopped for 

the duration of these scans to eliminate the effects of flow.

The diffusion coefficients of extra- and intracellular weighted water was determined by 

fitting the first 7 points (i.e., fast decaying asymptote) or last 7 points (i.e., slowly decaying 

asymptote) of the multi-exponential signal response to the equation [16,22]

(1)

where Si is the signal at a specific b, or diffusion weighting, S0 is the signal without 

diffusion weighting and D is the diffusion coefficient. The b-value is defined as:

(2)

in which γ is the gyromagnetic ratio and n is 1 for single spin echo experiments and 2 for 

double spin echo experiments, used here for 1H and 13C experiments, respectively. Since the 

system’s maximum slew rate was used, the effect of the gradient ramps were negligible on 

total b-value and hence were neglected from these calculations. For the cell-free alginate 

microspheres, only the fast decaying asymptote was calculated.

For these experiments, a three-way analysis of variants (ANOVA) was used to identify 

statistical differences between extracellular weighted diffusion coefficients, followed by a 

Tukey’s HSD test where appropriate to make pair-wise comparisons. A paired two-tailed t-

test was used to compare intracellular weighted diffusion coefficients between the two cell 

lines. For all comparisons the significance level (α) was 0.05. All values are represented as 

mean ± standard deviation. Experiments were performed in quadruplicates. Normality was 

tested with the Shapiro–Wilk test. All statistical comparisons were done in R, version 3.2.4.

A 1H diffusion weighted spin echo imaging sequence was used to visually show the 

suppression of the extracellular water signal with increasing b-values. Again, only the 

gradient amplitude was changed to increase the diffusion weighting, while the gradient 

timing parameters were kept constant: δ = 6 ms, Δ = 14 ms. TR = 2 s, TE = 27.7 ms, FOV = 

40 mm × 8 mm (RO × PE), 256 × 64 matrix, 0.5 mm slices and 10 or 100 averages. These 

experiments were performed in quadruplicates.
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2.3. Hyperpolarization of 13C metabolites

A HyperSense (Oxford Instruments) was used for dynamic nuclear polarization (DNP), 

operating at 3.35 T, 1.3 K and 94.100 GHz microwave irradiation for a minimum of 45 min. 

Sample preparation and polarization methods are similar to those previously published [23–

25]. The [1-13C] pyruvate preparation contained 14.1 M neat pyruvic acid, 16.5 mM of the 

trityl radical OX063 (GE Healthcare) and 1.5 mM Dotarem (Guerbet). After 

polarization, 13C pyruvate was dissolved with 5 mL of a 50 mM phosphate-buffer, yielding a 

final concentration of 21.15 mM. Studies with cell-free alginate microspheres were done 

with 13C pyruvate and 13C lactate. The [1-13C] lactate preparation contained equal parts 

glycerol and a 50% by weight solution of sodium [1-13C] lactate, 15 mM of the trityl radical 

and 1 mM Dotarem; lactate was at a final concentration of 15 mM in the dissolution 

solution. After dissolution, 1 mL of the hyperpolarized solution was immediately injected 

into the bioreactor over 30 s.

2.4. Diffusion weighted pulse sequence for hyperpolarized 13C

A pulsed gradient double spin echo sequence was used for all hyperpolarized 13C diffusion 

experiments, as seen in Fig. 1a [10]. The pulsed gradient double spin echo sequence was 

chosen for the diffusion weighting of hyperpolarized 13C metabolites, given that it has 

several advantages. The adiabatic pulses used are insensitive to a range of RF field (B1) 

strengths. Spectral phase is eliminated with a pair of adiabatic refocusing pulses, where the 

second refocusing pulse re-winds any non-linear phase imparted by the first [26]. The pair of 

refocusing pulses also places the hyperpolarized magnetization back onto the +z axis before 

the next excitation, which over the time course of the experiment prevents mixing of 

hyperpolarized magnetization that is oriented along the +z and −z axes that would lead to 

rapid signal loss [27].

The use of two pairs of diffusion gradients for this diffusion sequence also has several 

advantages. First, the relatively small gyromagnetic ratio of 13C nuclei reduces diffusion 

weighting, as seen by Eq. (2). Hence, the use of two pairs of diffusion gradients doubles the 

b-value, allowing for the generation of b-values up to 15,000 s mm−2. Additionally, the two 

pairs of diffusion gradients will minimize the diffusion time (Δ −δ/3) necessary to achieve a 

desired b-value, since each gradient pair will separately de- and re-phase the magnetization. 

This minimizes the effects of a restricted environment (i.e., cells) in the diffusion coefficient 

measurements [15], where longer diffusion times would lead to decreases in the measured 

diffusion coefficient [28]. In the studies discussed here, the diffusion times are kept constant, 

13 ms for 1H studies and 26.7 ms for 13C studies, while the gradient amplitudes are changed 

to increase the diffusion weighting. While these are relatively short diffusion times, the 

diffusion coefficients presented here are still apparent diffusion coefficients since there will 

inevitably still be some restricted diffusion effects.

A 15° or 30° excitation pulse was used in combination with a pair of 180° hyperbolic secant 

adiabatic refocusing pulses (6 ms, 10 kHz). Diffusion gradient pulses were positioned 

symmetrically around both 180° pulses; δ = 10 ms, Δ = 30 ms. Only gradient amplitudes 

were varied to change the diffusion weighting or b-value and were applied in the transverse 

direction, i.e., Gx or Gy. A crusher pulse (4 G cm−1, 0.4 ms) was played after acquisition to 
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dephase any remaining transverse magnetization. As is typical for hyperpolarized 

experiments, no signal averaging was used.

2.5. Extra- and intracellular weighted diffusion coefficients of hyperpolarized 13C 
metabolites

To measure the diffusion coefficient of predominantly extra-and intracellular weighted 

hyperpolarized 13C metabolites, a gradient array was used where the highest b-values were 

acquired before smaller b-values (Fig. 1b), thereby exploiting the strong hyperpolarized 

signal at the beginning of the experiment. Signal modulation due to T1 decay, repeated 

excitations from a single, non-renewable pool of magnetization and metabolism was 

removed with normalization scans that were interspersed throughout the gradient array. 

These normalization scans ensured that the normalized signal losses were predominantly due 

to diffusion weighting. This approach is similar to that of a previous study [12], where every 

diffusion weighted acquisition at the spin-echo (Secho) was also normalized by a non-

diffusion weighted signal acquired immediately after excitation (SFID). The equation to 

determine the diffusion coefficients becomes

(3)

where S′ is the normalized diffusion weighted signal, defined by

(4)

depending on whether the closest normalizing scan is either immediately before (S0+) or 

after (S0−) the normalized signal . Normalizing scans S0+ and S0− had G = 1 G cm−1 and 

b-value = 2.4 s mm−2. The cosine factor corrects for the difference in magnetization between 

Si and S0+ or S0− due to multiple excitations from a single, non-renewable pool of 

magnetization. These normalizations reduce non-diffusion weighted signal changes. For 

these experiments, θ = 30°, G = 1–80 G cm−1, b-value = 2–15,000 s mm−2, TR = 0.5 s, TE = 

79.8 ms.

As for the proton diffusion coefficient measurements, the extra-and intracellular weighted 

diffusion coefficients of the hyperpolarized 13C metabolites were determined by fitting the 

fast and slowly decaying asymptotes. Specifically, after normalizing the signal at each b-

value (i.e., ), the first 7 or the last 5 points were fit with Eq. (3). This set of experiments 

was performed in quadruplicates.

The same statistical tests were used to compare the extra- and intracellular diffusion 

coefficients of these hyperpolarized 13C metabolites as those used to compare the water 

diffusion coefficients, explained above.
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2.6. Assessment of real-time membrane transport of hyperpolarized 13C lactate

Using diffusion weighting, the extra- and the intracellular weighted hyperpolarized 13C 

metabolite pools were monitored over time for UOK262 cells. This was accomplished 

through a two-step process. First, the metabolite signals were acquired with alternating low 

and high diffusion weighting. This was followed by, solving for the extra- and intracellular 

signals using both the signals at low and high diffusion weighting and the previously 

measured diffusion coefficients for these metabolites.

The pulse sequence consisted of low and high b-value scans in succession, after which a 3 s 

delay was inserted before the next pair of acquisitions (Fig. 1c). The pulsed gradient double 

spin echo sequence was used for these acquisitions: θ = 15°, TR = 0.5 s, TE = 79.8 ms, low 

b-value = 2.4 s mm−2 at G = 1 G cm−1, high b-value = 3863 s mm−2 at G = 40 G cm−1, δ = 

10 ms, Δ = 30 ms, delay between paired low and high b-value scans = 3 s, total acquisition 

time = 300 s.

The diffusion gradients of the low b-value scans, 2.4 s mm−2, merely act as crusher gradients 

around each of the adiabatic refocusing pulses and didn’t impart significant diffusion 

weighting. The diffusion weighting necessary to observe predominantly the intracellular 

signal was chosen by identifying a b-value where, under flowing conditions in the 

bioreactor, the hyperpolarized 13C pyruvate hydrate signal that had been injected into cell-

free alginate microspheres was below the noise level, namely a b-value = 3863 s mm−2. The 

suppression of hyperpolarized 13C pyruvate hydrate was chosen because its signal intensity 

is in the same order of magnitude as the 13C lactate signal.

Given the dynamic metabolite signals at low (Slow) and high (Shigh) b-values, the extra- 

(Sextra) and intracellular (Sintra) signals were determined by solving the two simultaneous 

equations:

(5)

(6)

where Dextra and Din are the extra- and intracellular weighted diffusion coefficients for either 

pyruvate or lactate for the UOK262 cells, as reported in Table 1. These equations assume a 

two-compartment model, where metabolites reside in only one of two diffusion 

environments.

The conversion of hyperpolarized 13C pyruvate to lactate was assessed by taking the ratio

(7)
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where Ltotal and Ptotal are the sum of the signals at all time points (i.e., the area under the 

curve) acquired here for the total signal at the low b-value (Slow). This ratio has previously 

been shown to correlate with kPL measurements made with models of the rate of enzymatic 

conversion of lactate dehydrogenase (LDH) [29].

Using a similar approach, the distribution of the hyperpolarized 13C metabolite pools during 

the time course of the experiment was assessed by taking the ratios of the various metabolite 

pools

(8)

where X represents the sum of the signal for pyruvate (P) or lactate (L). These ratios were 

normalized to the number of cells used for each experiment, as measured by 31P 

spectroscopy and previously described in [7].

After several hyperpolarized 13C acquisitions, the same batch of cells were treated with 1 

mM 4,4′-Di-isothiocyanostilbene-2,2′-dis ulphonic acid (DIDS), an inhibitor of 

monocarboxylate transporters (MCTs) [8], within the bioreactor for 40 min before injection 

of the hyperpolarized solution to modulate the extra- and intracellular distribution of lactate 

pools. To clearly see the relative change in the ratios before and after treatment, the pre-

treatment data was normalized to 1.

For these experiments, a paired two-tailed t-test was used for all statistical comparisons with 

a significance level (α) of 0.05. All values are represented as mean ± standard deviation. 

These experiments were performed in triplicates. Normality was tested with the Shapiro–

Wilk test. All statistical comparisons were done in R, version 3.2.4.

3. Results

3.1. Extra- and intra-cellular weighted diffusion coefficients of 1H water

Measuring water signal of the cells encapsulated in the alginate microspheres over a range of 

b-values reveals a multi-exponential signal decay (Fig. 2a). The self-diffusion of water is 

represented by the fast asymptote (dashed line), while the water within the cells is 

represented by the slow asymptote (dotted line), as has been previously described for 

bioreactor cell experiments [16]. The open markers in Fig. 2a are the water signal from cell-

free alginate microspheres and show no signal at higher b-values, given the absence of an 

intracellular environment. At mid-range b-values (i.e., 4000–6000 s mm−2) the presence of 

the water within the alginate microspheres can be seen by the slight trailing-off of the curve, 

as has been previously described [28]. However, there are not enough data points with 

sufficient signal-to-noise at higher b-values to calculate the diffusion coefficient of water in 

the cell-free alginate microspheres. The extra- and intracellular weighted diffusion 

coefficients of water are listed in Table 1. The extracellular weighted diffusion coefficients 

for water measured in the cell-free microspheres is significantly greater than that measured 

in either of the experiments with microspheres with cells (the p-value < 0.005), which may 
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be indicative of slight differences in the packing of the microspheres or the structure of the 

alginate itself when cells are present. Also, the intracellular weighted diffusion coefficients 

of water for UMRC6 and UOK262 cells are significantly different (p-value = 5.7 × 10−5), 

which may be due to differences in the intracellular structure of these two cell lines.

The diffusion weighted imaging experiment, shown in Fig. 2b, visually confirms the 

suppression of extracellular water signal with increasing b-values. Shown is an NMR tube 

with three regions: only water, cell-free microspheres and cells encapsulated within the 

alginate microspheres. In the images, only intracellular water signal remains at merely 3200 

s mm−2, which is lower than that indicated by the graph in Fig. 2a acquired 

spectroscopically. This discrepancy most likely arises because of the lower sensitivity of the 

imaging sequence.

3.2. Extra- and intracellular weighted diffusion coefficients of hyperpolarized 13C 
metabolites

As for the water signal, the diffusion coefficients of the hyperpolarized 13C metabolites can 

be determined in the extra- and intracellular environments within the bioreactor. Yet, in the 

case of hyperpolarized 13C metabolite signal, several sources of signal change are present 

that will complicate the quantification of diffusion coefficients. These include the decay of 

the hyperpolarized signal due to T1, repeatedly using the signal from a single, nonrenewable 

pool of magnetization and metabolism. To reduce the effects of these non-diffusion weighted 

signal changes, multiple normalization scans were acquired throughout the experiment. The 

result gives a multi-exponential signal response where, like for the water measurements, the 

fast and slow asymptotes correspond to the extra- and intracellular diffusion coefficients, as 

seen in Fig. 3a. All extra- and intracellular weighted diffusion coefficients of the 

hyperpolarized 13C metabolites are listed in Table 1.

To confirm the ability to measure purely intracellular hyperpolarized 13C metabolite signal, 

the signal decay of these same compounds was measured in cell-free alginate microspheres. 

The spectra shown in Fig. 3b and c clearly show the absence of the hyperpolarized 

metabolites at a high b-value of 8210 s mm−2 in the cell-free alginate microspheres, 

confirming, that the observed signals in the cells arises predominantly from the intracellular 

compartment. At lower b-values, Table 1 and Fig. 3a show that the extracellular diffusion 

coefficient, i.e., fast signal decay rate, for hyperpolarized 13C pyruvate is similar between 

experiments with and without cells in the microspheres (p-value = 0.58 for the ANOVA). 

While the extracellular diffusion coefficient of hyperpolarized 13C lactate is different 

between cell-free microspheres and the experiments with encapsulated cells (p-value < 

0.005), the extracellular diffusion coefficients in both the UOK262 and UMRC6 cells 

experiments are similar. These smaller extracellular lactate diffusion coefficients in the 

experiments with cells may be due to localization of the dominant hyperpolarized 13C lactate 

signal. In the cell-free microsphere experiment, 13C lactate was polarized and injected into 

the bioreactor, thereby being predominantly in the media and resulting in a higher 

extracellular diffusion coefficient (Table 1). Also, the diffusion coefficients of lactate and 

pyruvate measured in cell free microspheres are comparable suggesting that these two 

injected hyperpolarized substrates with similar molecular weights are in similar 
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environments. However, in the cell encapsulates, the hyperpolarized 13C lactate was 

produced within the cells and transported into the extracellular environment during the 

experiment, thus most likely being localized within the extracellular matrix immediately 

laid-down by the cells. This may result in a lower extracellular weighted diffusion 

coefficient (Table 1) than 13C lactate in free solution. Table 1 shows that while the 

intracellular weighted diffusion coefficients for pyruvate are slightly different between the 

two cell lines (p-value < 0.005), those for lactate are similar (p-value = 0.48).

3.3. Assessing extra- and intracellular pools of hyperpolarized 13C lactate

To measure the dynamic extra- and intracellular hyperpolarized 13C metabolite pools over 

the time course of the experiments, the metabolite signals were intermittently measured with 

low and high degrees of diffusion weighting and subsequently solved for the extra- and 

intracellular components using a two-compartment approach. UOK262 cells were used for 

this experiment because they are known to transport relatively large amounts of lactate out 

into the extracellular environment [7,8]. Fig. 1c shows the diffusion gradient array used for 

these measurements.

The dynamic distribution of hyperpolarized 13C pyruvate and lactate between the extra- and 

intracellular compartments for the UOK262 cells can be seen in Fig. 4. Considering that 

hyperpolarized 13C pyruvate is injected at excess into the bioreactor, its intracellular fraction 

is small compared to the extracellular fraction. Fig. 4b shows the intracellular fraction is 

about 1% of the extracellular signal, which can also be seen in Fig. 3a as the ratios of the 

intercepts for the fast and slow asymptotes. Contrary to hyperpolarized 13C pyruvate, 

extracellular hyperpolarized 13C lactate was first produced in the cells and then actively 

transported out via MCT4. This results in a substantially different extra- to intracellular 

distribution of hyperpolarized 13C lactate in the UOK262 cells, as seen in Fig. 4c that shows 

the intracellular fraction to be about 20% of the extracellular fraction. This ratio can also be 

seen in Fig. 3b as the ratio of the intercepts for the fast and slow asymptotes.

Treatment of the UOK262 cells with 1 mM of the MCT inhibitor DIDS shows clear increase 

in the intracellular hyperpolarized 13C lactate pool relative to the extracellular pool, as 

illustrated by the reduced differential area (grayed area in Fig. 4c and d). DIDS has been 

shown to inhibit MCT4 more readily than MCT1 [30], the dominant transporters for lactate 

efflux and pyruvate uptake [31], respectively.

The overall extra- and intracellular distribution of these hyperpolarized 13C metabolites was 

assessed by taking the ratios Xintra/Xtotal, Xintra/Xextra, and Xintra/Xintra, where X represents 

the metabolites pyruvate (P) or lactate (L). The distribution of hyperpolarized 13C pyruvate 

did not significantly change with treatment of DIDS (p-value = 0.21 for both Pintra/Ptotal and 

Pintra/Pextra, respectively). However, the 2.3-fold increase of the relative intracellular fraction 

of hyperpolarized 13C lactate with DIDS treatment is significant (p-value = 0.01 for both 

Lintra/Ltotal and Lintra/Lextra, respectively). This is predominantly due to the reduced lactate 

efflux by DIDS, which has a high affinity for blocking MCT4. Fig. 5 also shows that the 

conversion of hyperpolarized 13C pyruvate to lactate decreases with DIDS treatment, as 

demonstrated by the decrease in the ratios Ltotal/Ptotal and Lextra/Pextra (p-value = 0.01 for 

Koelsch et al. Page 10

J Magn Reson. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



both). This may result from increased intracellular lactate concentration that inhibits the 

conversion of pyruvate to lactate via LDH [32].

All of the ratios including Pintra have a large variance and do not show a significant change 

with DIDS treatment. This large variance is most likely due to the difficultly in measuring 

signal changes of the relatively tiny intracellular fraction of the injected hyperpolarized 13C 

pyruvate (about 1% of the extracellular fraction).

4. Discussion

4.1. Extra- and intracellular weighted diffusion coefficients

As previous studies of cells in bioreactors have shown, acquiring signal from metabolites 

with increasing diffusion weighting results in a multi-exponential signal response, where the 

fast and slowly decaying asymptotes represent the extra- and intracellular diffusion 

coefficients of the molecule under study [16]. The water diffusion coefficients measured in 

the extracellular environments (3.27 ± 0.13 × 10−3 mm−2 s at 37 °C) align nicely with those 

values previously published of 2.919 and 2.895 × 10−3 mm−2 s (at 35 °C) [33,34]. Likewise, 

the intracellular weighted water diffusion coefficients measured (0.12–0.15 ± 0.006 × 10−3 

mm−2 s) also align with those measured previously of 0.11 × 10−3 mm−2 s [16,35]. The main 

purpose of these water diffusion coefficient measurements was to validate a previously 

established methodology on our system in order to measure the extra- and intracellular 

diffusion coefficients of hyperpolarized 13C metabolites.

It is challenging to measure diffusion coefficients of hyperpolarized 13C molecules due to 

the multiple sources of signal change, including T1 decay, repeated excitations from a single, 

non-renewable pool of magnetization and metabolism. Previous studies have quantified 

these non-diffusion related signal changes and corrected the diffusion weighted acquisitions 

accordingly [10,11]. To simplify the quantification of the diffusion coefficients, multiple 

interspersed normalization scans were acquired temporally close to the diffusion weighted 

scans and thereby eliminate the effects of these non-diffusion weighted signal changes. This 

methodology was verified in solution studies of hyperpolarized 13C urea, where diffusion 

coefficients measured via this technique aligned with those measured previously that 

corrected for T1 signal loss [10]. This dynamic normalization approach is also similar to a 

previous study where every diffusion weighted acquisition (Secho) was normalized by the 

non-diffusion weighted signal acquired immediately after excitation (SFID) [12]. In the 

encapsulated cell experiments, this produces multi-exponential curves for these 

hyperpolarized 13C metabolites similar to those for water, where the fast and the slowly 

decaying asymptotes correspond to the extra- and intracellular diffusion coefficients.

The extracellular diffusion coefficients for the hyperpolarized 13C metabolites, as measured 

in the cell-free microspheres, correspond well with those measured previously in solution 

[10] when accounting for difference in temperature and the more restricted environment of 

the alginate. Previous cell suspension studies [11] of the diffusion coefficients of 

hyperpolarized 13C pyruvate, pyruvate hydrate and lactate with b-values up to ~1500 s mm−2 

measured diffusion coefficients of these molecules approximately equal to those measured 

here in the extracellular space (Table 1). The low b-values used in that study were not 
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sufficient to measure purely intracellular diffusion coefficients. All other currently published 

studies reporting hyperpolarized 13C metabolite diffusion coefficients were acquired in vivo 
[12–14,36] and also used lower b-values than those used in this study. The reported 

coefficients were between the extra- and intracellular values measured in this study (Table 

1). The diffusion coefficients measured in vivo thus represent the combined effects of both 

the extracellular tissue and the intracellular environments. Similarly, water measurements in 

tissue are higher than those listed in Table 1 for intracellular water [37]. The intracellular 

weighted diffusion coefficients for the hyperpolarized 13C lactate is similar to that measured 

previously in vivo in rat brain using an infusion of thermally polarized 13C lactate, a 

{1H–13C} editing technique and b-values up to 50,000 s mm−2 [38]. The extra- and 

intracellular weighted metabolite diffusion coefficients measured in this in vitro bioreactor 

study can be used to better interpret ADC measurements of hyperpolarized 13C lactate in 
vivo, which are a function of both the proportion of extra- and intracellular lactate as well as 

changes in the tissue microenvironment.

4.2. Assessment of membrane transport of hyperpolarized 13C metabolites

The same study that motivated the extra- and intracellular diffusion coefficient 

measurements [16] also showed the ability to measure membrane transport by observing the 

total and intracellular signals, each at a pre-specified b-value, over time. With 

hyperpolarized 13C metabolites, the signal is sufficiently large for measurements to be made 

in real-time and without the need to average signals for prolonged periods of time, as is 

necessary for the thermal NMR measurements. When the metabolite signals at high and low 

b-value are observed in time, the change in the extra- and intracellular metabolite pools can 

be measured in real-time.

The dynamic changes in extra- and intracellular hyperpolarized 13C lactate observed in this 

study was consistent with substantial efflux of lactate out of UOK262 cells within the time-

frame of the hyperpolarized MR study. This finding is consistent with a prior published MR 

compatible cell culture bioreactor study of UOK262 cells, in which flow-rate modulations in 

the bioreactor demonstrated that hyperpolarized 13C lactate was transported out of the cell 

and washed-away during the time frame of the hyperpolarized MR study [7]. Furthermore, a 

recent publication studying UOK262 cells in a 5 mm MR compatible bioreactor, which 

enabled a spectral line-width narrow enough for the separation of the intra- and extracellular 

hyperpolarized 13C lactate peaks, showed that when subjected to DIDS inhibition, the ratio 

of intra- to extracellular lactate increased by 1.64-fold [8]. This study showed a 2.35-fold 

increase in the intra- to extracellular lactate ratio with DIDS inhibition (Fig. 5). The 

difference between these two observations may arise from limitations in each of the 

measurements. Both studies assumed a two-compartment model with an extra- and 

intracellular space, but in reality there are likely a greater variety of compartments, 

particularly in the extracellular space where metabolites are found in free-solution and in the 

alginate microspheres, both near and far from the cell. Inconsistent assignment of additional 

compartments into either the intra or extracellular space between the studies would in turn 

lead to the differences measured. This study assumes that only two compartments with 

distinct diffusion environments exist, namely those characterized by the extra- and 
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intracellular diffusion coefficients (Table 1). Additional compartments will be assigned to 

either the extra- or intracellular space depending on their diffusion characteristics.

MCTs are a class of transporters that shuttle various monocarboxylates across the cell 

membrane, coupled with the transport of a proton. MCT1 exhibits higher affinity for 

pyruvate influx, while MCT4 facilitates lactate efflux [31]. It is well established that many 

malignant cancers exhibit an upregulation of MCT4 [39], such as in breast cancer [5] and are 

even correlated with tumor grade as has been shown in RCCs [6,40] and prostate cancer 

[41]. In cancer cells, the role of MCT4 in shunting lactate and protons form the intracellular 

environment helps maintain an intracellular physiologic pH while acidifying the 

extracellular space and thereby promotes invasion into the surrounding tissue [42,43]. The 

studies presented here show that 13C lactate generated from hyperpolarized 13C pyruvate is 

superbly suited to evaluate the efflux of lactate from cancer cells. More studies are needed to 

evaluate the differences in hyperpolarized 13C lactate efflux in normal, indolent and 

metastatic cancer cells. In a clinical setting, this would allow for a more refined 

characterization of cancer cells, where evaluations would incorporate both the extent of 

hyperpolarized 13C lactate production and its distribution.

5. Conclusion

We developed a method to reliably measure intracellular diffusion coefficients of 

hyperpolarized 13C metabolites via large diffusion weighting. This was achieved with a 

pulsed gradient double spin echo sequence with strong diffusion gradient amplitudes 

allowed for b-values up to 15,000 s mm−2 to be achieved. Furthermore, by employing 

alternating low and high b-values allowed the real-time assessment of the extra- and 

intracellular hyperpolarized 13C metabolite pools. The 13C metabolite diffusion coefficients 

measured in this study may facilitate the design and interpretation of in vivo diffusion 

weighted hyperpolarized 13C experiments in order to probe membrane transport. Given the 

correlation of MCT4 with pathologic cancer grade and in promoting tumor invasion, 

diffusion weighted hyperpolarized 13C MR may provide important additional information 

that results in improved cancer risk assessment for individual patients and thereby improves 

therapeutic selection.

Abbreviations

ADC apparent diffusion coefficient

MR magnetic resonance

MRS magnetic resonance spectroscopy

DNP dynamic nuclear polarization

RCC renal cell carcinoma

DMEM Dulbeco’s Modified Eagle’s medium

DIDS 4,4′-Diiso thiocyanostilbene-2,2′-disulfonic acid
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MCT monocarboxylate transporter

LDH lactate dehydrogenase

TCA tricarboxylic acid

Lintra intracellular lactate

Lextra extracellular lactate

Ltotal total lactate

Pintra intracellular pyruvate

Pextra extracellular pyruvate

Ptotal total pyruvate

DMSO dimethyl sulfoxide
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Fig. 1. 
(a) The pulsed gradient double spin echo sequence used for diffusion weighting of 

hyperpolarized 13C metabolites. Diffusion gradients (G) are placed symmetrically around 

the adiabatic 180° refocusing pulses, with a duration δ and a separation Δ. A crusher 

gradient after the readout ensures no transverse magnetization carries-over to subsequent 

scans. The excitation flip angle θ was either 15° or 30°. (b) The diffusion gradient array used 

to measure the extra- and intracellular weighted diffusion coefficients of hyperpolarized 13C 

metabolites. Every third scan (small boxes) was used to normalize adjacent diffusion 

weighted scans (large boxes), thereby removing the effects of T1 relaxation and metabolism 

on the signal change from that due to the diffusion weighting. (c) The gradient array used to 

measure the change in the total (small boxes) and the intracellular weighted (large boxes) 

hyperpolarized 13C metabolite pools over time. See methods for a more detailed description 

of these two acquisition schemas.
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Fig. 2. 
(a) The water signal response with increasing diffusion weighting in the bioreactor. For cells 

encapsulated in the alginate microspheres (◆), the water signal response reveals the 

presence of multiple environments with different water diffusion coefficients. The fast and 

slow asymptotes (dotted lines) were used to determine extra- and intracellular weighted 

diffusion coefficients, respectively. The water signal response in cell-free microspheres (◊) 

reflects water diffusion in solution and in the microspheres. (b) A diffusion weighted 

imaging experiment confirms the presence of the different diffusion environments. At low b-

values, water signal is present in all three environments. As the b-values increase, signal 

from compartments with faster diffusion decreases while signal from highly restricted 

environments (i.e., intracellular) persists. At b-values above 3200 s mm−2, only signal from 

within the cells can be seen. The intensity of these images are scaled independently to more 

easily identify the various features. Only in this imaging experiment were alginate 

microspheres with and without cells layered for a single experiment; all other experiments 

acquired either with one or the other.
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Fig. 3. 
(a) Hyperpolarized 13C metabolite signal response with increasing diffusion weighting in the 

bioreactor. The multi-exponential signal response of hyperpolarized 13C pyruvate and lactate 

reveals multiple diffusion environments in experiments with UOK262 cells encapsulated in 

alginate microspheres (filled symbols). The fast and slow asymptotes were used to determine 

the diffusion coefficients in the extra- and intracellular weighted environments, respectively 

similar to that of proton in Fig. 2. Diffusion weighting of the injected hyperpolarized 13C 

substrates in cell-free microspheres are also shown (empty symbols). Hyperpolarized 13C 

lactate in cell experiments was produced by conversion from pyruvate while in the cell-free 

microsphere experiment 13C lactate was polarized and injected. Spectra of the 

hyperpolarized 13C pyruvate and lactate with increasing diffusion weighting (b-value) shows 

the suppression of extracellular signals at higher b-values in cells encapsulated in alginate 

(b) and in cell-free microspheres (c). For (b) and (c) spectra at a single b-value are scaled to 

the same SNR.
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Fig. 4. 
(a) A schematic of a cell showing the transport of hyperpolarized 13C pyruvate into the cell 

via the monocarboxylate transporter 1 (MCT1), its conversion to hyperpolarized 13C lactate 

by the enzyme lactate dehydrogenase (LDH) and the transport of 13C lactate out of the cell 

via MCT4. The dynamic signals of hyperpolarized 13C pyruvate (b) and lactate (c) in 

UOK262 cells perfused in the bioreactor, showing the total, extra- and intracellular 

metabolite pools. The total and intracellular signals are acquired at intermittent low and high 

b-values, namely 2.4 and 3863 s mm−2 respectively. (d) UOK262 cells treated with the high-

affinity MCT4 inhibitor DIDS show an increase in the fraction of intracellular 

hyperpolarized 13C lactate relative to the extracellular hyperpolarized 13C lactate. The 

change in shaded area in (c) and (d) between the extra- and intracellular hyperpolarized 13C 

lactate curves highlights the relative changes in these lactate pools due to the treatment with 

DIDS. All plots are normalized to the maximum total signal of the respective hyperpolarized 

metabolite.
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Fig. 5. 
The relative changes in metabolism and membrane transport of hyperpolarized 13C 

metabolites in UOK262 cells, without and with treatment with DIDS, a high-affinity 

inhibitor of MCT4. The ratios that reflect LDH activity, or conversion of hyperpolarized 13C 

pyruvate to 13C lactate, show a significant decrease with DIDS treatment. The membrane 

transport ratios for hyperpolarized 13C pyruvate do not significantly change with DIDS 

treatment. The increase in the lactate transport ratios shows that DIDS inhibition of MCT4 

leads to a higher intracellular fraction of hyperpolarized 13C lactate. Significant differences 

with p-value < 0.05 are represented by*.
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Table 1

Diffusion coefficients (D) of 1H water and hyperpolarized 13C metabolites at 37 °C, as measured in the 

bioreactor (±SD, N = 4).

1H water Hyperpolarized
13C pyruvate

Hyperpolarized
13C lactate

Extracellular ADC [×10−3 mm2 s−2]

Microspheres 3.27 ± 0.13 1.26 ± 0.10 1.04 ± 0.08

UMRC6 2.86 ± 0.11* 1.20 ± 0.11 0.63 ± 0.06*

UOK262 2.97 ± 0.03* 1.19 ± 0.06 0.57 ± 0.10*

Intracellular ADC [×10−3 mm2 s−2]

UMRC6 0.15 ± 0.006 0.17 ± 0.02 0.17 ± 0.03

UOK262 0.12 ± 0.002** 0.10 ± 0.007** 0.19 ± 0.03

*
Statistically different from diffusion coefficients measured in the microspheres, p-value < 0.05.

**
Statistically different from diffusion coefficients measured in the UMRC6 cells, p-value < 0.05.
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