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Abstract

Purpose: To develop a pulse sequence to dynamically measure the ADC of hyperpolarized 

substrates during their perfusion, metabolic conversion, and transport.

Methods: We proposed a slice-selective double spin echo sequence for dynamic hyperpolarized 

13C dynamic diffusion weighted imaging. The proposed pulse sequence was optimized for a high 

field preclinical scanner through theoretical analysis and simulation. The performance of the 

method was compared to non-slice-selective double spin echo via in vivo studies. We also 

validated the sequence for dynamic ADC measurement in both phantom studies and transgenic 

mouse model of prostate cancer studies.

Results: The optimized pulse sequence outperforms the traditional sequence with smaller 

saturation effects on the magnetization of hyperpolarized compounds which allowed more 

dynamic imaging frames covering a longer imaging time window. In pre-clinical studies (N = 8), 

the dynamic hyperpolarized lactate ADC maps of 6 studies in the prostate tumors showed an 

increase measured ADC over time, which might be related to lactate efflux from the tumor cells.

Conclusions: The proposed sequence was validated and shown to improve dynamic diffusion 

weighted imaging compared to the traditional double spin echo sequence, providing ADC maps of 

lactate through time.
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Introduction

Characterizing metabolism is key to cancer diagnosis and treatment. As compared to normal 

tissue, cancer is oftentimes characterized by abnormally high aerobic glycolysis, a 

phenomenon called the Warburg effect1. By using dynamic nuclear polarization (DNP), 13C 

spins can be polarized to four orders of magnitude greater than the Boltzmann equilibrium 

polarization level, a process called hyperpolarization2, which permits imaging the polarized 

substrates and downstream metabolic products. Hyperpolarized (HP) 13C MRI has shown 

the potential to non-invasively identifying tumors, such as brain tumors3,4, and prostate 

cancer5,6. These studies used gradient echo (GRE) based acquisitions to image dynamic 

changes of the HP 13C spectrum following injection of the HP agent7–9. The dynamic 

images data were fit to a 2–site exchange model to quantify the metabolism by measuring 

the conversion constant (kPL) between pyruvate to lactate10–13.

HP 13C also has the potential to measure cellular transport in addition to metabolism, as this 

dynamic process can have significant contribution during the approximately 1 minute 

available for imaging. In particular, export of lactate via the monocarboxylate transporters 

(primarily MCT4) is elevated in many cancers, thus measurements of lactate transport could 

provide a new biomarker of tumor aggressiveness14–16.

Thus far, approaches based on frequency shift and diffusion have been applied to measure 

cellular transport with HP 13C MRI. One study investigated the dynamic distribution of 

extra- and intracellular HP 13C compounds over time by repeatedly measuring 13C spectrum, 

which showed a frequency shift between compartments, in cell culture based studies17. 

However, it is challenging to translate this technique for in vivo studies because of the very 

small (sub-ppm) chemical shift between extra- and intracellular lactate. An alternative way 

to distinguish the molecules distribution is diffusion-weighted imaging (DWI), which has 

been well developed for 1H imaging as a useful tool to identify different microstructures by 

measuring the apparent diffusion coefficient (ADC) of water18,19. In addition, diffusion-

weighted 1H MR spectroscopy can measure ADC of certain metabolites20,21. Recently, 

researchers extended diffusion weighted MRS and MRI to HP 13C studies to measure ADCs 

of HP 13C metabolites, which provided unique information about the cellular structure and 

transport of metabolites22–27. Unlike proton MRI DWI sequences, HP 13C imaging uses a 

small tip excitation in each repetition time(TR) and is also more sensitive to refocus pulse 

imperfections that can saturate HP magnetization28. Previous studies developed a double 

spin echo (DSE), single shot EPI sequence to improve DWI of HP 13C metabolites29,30. The 

DSE sequence was applied to ADC measurement for both solution state31 and preclinical in 

vivo studies30. In contrast to signal intensity based measurements, such as pyruvate-to-

lactate ratio or kPL, HP ADC could provide extra information about microenvironment or 

microstructure around metabolites24,26.

However, a single time point ADC measurement depends on not only metabolite 

distribution, but also the rates of metabolic conversion, injection timing and duration, 

imaging timing and duration, and thus may not be reliable enough to accurately describe the 

metabolism and cellular transport processes. We hypothesize that looking at the relative 

ADC change over time, rather than the ADC value at a single time point, will be more robust 
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to conversion, perfusion, timing and cellularity differences for improved measurements of 

lactate efflux. To achieve that goal, some practical problems must be solved. In many 

experiments, including in pre-clinical scanners, the 13C channel transmit coil is usually 

smaller than the subject. At the edge of the transmit coil, called the fringe area, B1
+ is much 

lower than at the center of the coil. In this region, refocusing pulses can act as a saturation 

pulses, destroying some of the non-recoverable HP 13C magnetization32.

In this work, we improved the previous non-slice-selective DSE sequence (ns-DSE) for HP 
13C MRI by adding slice-selective gradients to each refocusing pulse (ss-DSE) to minimize 

saturation effects in the RF coil fringe area. As the ss-DSE inevitably induces saturation 

effects at the edge of the refocusing area, we optimized the pulse sequence design via 

simulation to minimize this effect. We compared the performance of DSE sequence with and 

without slice-selective gradient refocusing pulse through both phantom and in vivo studies. 

We also investigated the feasibility for dynamic HP metabolites DWI for monitoring cellular 

transport based on ss-DSE sequence and tested on HP phantom and transgenic 

adenocarcinoma of the mouse prostate (TRAMP) model.

Methods:

Slice-selective double spin echo sequence design and optimization

The previously used non-slice-selective double spin echo (ns-DSE) sequence consists of a 

single-band spectral-spatial excitation pulse, two identical hyperbolic secant adiabatic 

inversion pulse (HS-AFP), and a fly-back echo-planar imaging (EPI) readout28. Compared 

to the ns-DSE sequence, the slice-selective double spin echo (ss-DSE) sequence adds two 

identical slice-selective gradients on both refocusing pulses to refocus HP 13C spins within 

the effective area of the transmit coil, in which B1
+ fulfills the adiabatic condition, shown in 

Figure 1. The equations related to adiabatic pulse and gradient design are shown:

B1(t) = Asech β t − T
2 e

iμlog{sech β t − T
2 }

(1)

BW = μβ/π (2)

A > > πBW
γ μ

(3)

Gz = 2πBW
γΔz (4)
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In this nomenclature, the RF waveform is in expression (1), where A is the peak power of the 

adiabatic pulse, β is the modulation number, T is the pulse duration, and μ is the adiabatic 

factor.The bandwidth(BW)of the pulse is determined by (2), and the peak power of the pulse 

should fulfill the adiabatic condition determined by Equation (3). Equation (4) determines 

the gradient strength for the ss-DSE.

For our Varian 14T vertical scanner (Varian, Medical Systems, Inc., Palo Alto, CA), we 

designed a 10ms duration 9kHz bandwidth pulse with 15 mm slice-selective refocusing 

thickness, which is well within the homogeneous B1 volume of the coil. At the edge of the 

selected refocusing slice is the transition area, where the magnetization would be destroyed 

because the adiabatic condition is not fulfilled. Therefore, the refocusing slice thickness was 

chosen to be larger than the excitation slice thickness to refocus all the metabolites in every 

TR, and reduce the transition area effects on imaging slice. The adiabatic factor and RF 

power were optimized to minimize the transition area through numerical simulation. All the 

simulations and optimizations were performed based on a modified Bloch equation 

simulator for HP 13C, which are available online (https://github.com/nicholas-zhu/

HP_C13_project.git).

In phantom or in vivo scans, the fringe area effect occurs along the main field direction, 

therefore, a 1D homogeneous digital phantom was simulated to mimic the real scan setup. 

To optimize the refocusing pulse and gradient design, the excitation flip angle was set to 0 to 

look at only the longitudinal magnetization slice profile of the two refocusing pulses for 

evaluating the ss-DSE performance. The slice profile of the numerical phantom that lost 

more than 5% magnetization after the ss-DSE was considered as the transition area. 

Simulations were performed with an adiabatic factor of 5 to 80, bandwidth from 3kHz to 

10kHz, and RF power fulfilling adiabatic condition (3). The parameter set with the 

minimum transition area was selected as the optimized refocusing pulse design.

Hyperpolarization and animal preparation

For HP studies, 24 μL aliquots of HP [1-13C]pyruvate (Cambridge Isotopes, Cambridge, 

Massachusetts, USA) were polarized for 60 minutes in a HyperSense polarizer (Oxford 

Instruments) and rapidly dissoluted with 4.5 mL NaOH/Tris buffer, yielding 80 mM 

pyruvate at physiologic pH and temperature.

For in vivo studies, data were acquired in a transgenic mouse model of prostate cancer 

(TRAMP). Animal studies were performed under a protocol approved by the UCSF 

Institutional Animal Care and Utilization Committee. Mice were anesthetized with 1–2% 

isoflurance and maintained at physiological temperature via heating elements. 350 μL HP 

solution was injected over 15s via tail vein, and the dynamic DSE sequences started at the 

end of the injection.

Phantom study

After dissolution from the HyperSense, a syringe containing 4mL of HP [1-13C]pyruvate 

was placed into the coil within the scanner. To reduce the flow effects on ADC mapping of 

the solution, the imaging sequence started with a 1 minute delay after the syringe was placed 
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in the scanner. To mimic the in vivo study, the phantoms were scanned in axial plane with 

10mm excitation thickness, 15mm refocusing thickness, 2 × 2 mm2 in-plane resolution, 

matrix size 32 × 32. 10° and 30° flip angles were used alternately to confirm the ADC 

measurement was not biased by miscalibration of B1 or slice profile effects.

HP 13C Dynamic diffusion imaging

Taking into account the shorter T1 at high field and rapid pyruvate delivery, the acquisition 

was chosen to start at the end of the ~15 seconds HP [1-13C]pyruvate injection, and the 

imaging sequence took ~20 seconds. Data were acquired on a 14T vertical scanner with a 

dual-tuned 1H/13C coil. A high spatial resolution T2–weighted proton image was acquired 

by using spin echo multi-slice sequence for anatomical reference, TE/TR=20 ms/2000 ms, 

20 slices with thickness of 1mm, FOV = 32 × 32 mm2, and a matrix size of 192 × 192. The 
13C dynamic DWI acquisition used the ss-DSE sequence, with a single metabolite and single 

b-value DWI image acquired in each TR. The DSE sequence used a flyback EPI readout, 

single metabolite 10mm thickness with spectral-spatial excitation, 15mm refocusing 

thickness with optimized slice-selective refocusing pulse, 2 × 2 mm2 in-plane resolution, 

matrix size 32 × 32, and time resolution was 3~4 seconds depending on the respiratory 

gating. After each triggering signal, three b-values (50, 500, 1000 s/mm2) for a single 

metabolite were acquired. The excitation flip angle for pyruvate was 10° and lactate was 

30°. As we were primarily interested in HP [1-13C]lactate ADC for lactate efflux 

observation, only one low b-value (50 s/mm2) pyruvate image was acquired to preserve 

more magnetization for subsequent lactate imaging.

Data analysis

All the data processing and analysis were implemented in MATLAB (The MathWorks, Inc., 

Natick, MA). For each excitation, a 16 × 16 2D k-space data was acquired. For the kidney 

studies, the imaging FOV was 32 × 32 mm2. For TRAMP studies, we used a FOV of 64 × 64 

mm2 to increase the SNR. The HP 13C images were cropped from 64 × 64 mm2 to 32 × 32 

mm2 to match the FOV of T2 images. For sequence performance comparison, the low b-

value images were used for pixel-by-pixel estimations of the overall signal decay rate. T1 

decay, magnetization consumption with RF excitation, transition area effects from ss-DSE 

sequence, and fringe area effects from ns-DSE sequence will all contribute to the overall 

decay rate.

For dynamic ADC estimation, at each time point, three different b-value DWI images were 

fit to mono-exponential model pixel-by-pixel with flip angle compensation30 to calculate the 

apparent diffusion coefficient (ADC) map. Noise was calibrated with test scan before HP 
13C pyruvate injection. Pixels with SNR lower than 5, a ADC fitting R2 value < 0.95, or a 

negative ADC value were removed.

Results:

Numerical Simulation

The simulation results of slice-selective refocusing pulse are summarized in Figure 2. 

According to Figure 2(b), using a higher bandwidth pulse could reduce the transition area 
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because the slice profile would become sharper, and the spatial shift of the slice between 

metabolites would get smaller, which would benefit multi-metabolite imaging studies. 

However, the higher bandwidth pulse requires a higher peak power, shown in Figure 2(c), 

which would be limited by the RF coils. We set the RF maximum peak power to 2.5G, 

which matched the maximum B1
+ of the transmit coil, fixed the time duration to 10ms to 

reduce TE, and chose the best parameter combination from the transition area map, which 

was 9kHz for pulse bandwidth and μ=33 (adiabatic factor). The optimized refocusing pulse 

was used in both phantom and in vivo studies.

In vivo sequence performance comparison

A performance comparison between ss-DSE and ns-DSE in vivo is shown in Figure 3 and 

Supporting Figure S1. For each study, the experiment was performed twice with the same 

preparation, one with ss-DSE and the other with ns-DSE but otherwise identical scan 

parameters. Due to variations in the hyperpolarization level and the exact injected pyruvate 

dose, the dynamic image intensity was scaled to the first time point image of each scan. 

According to the dynamic images, signal in the ss-DSE acquisition decayed slower than the 

signals acquired with ns-DSE. To quantify the comparison, the overall decay rates of 

pyruvate and lactate were directly calculated without any corrections (e.g. for flip angle or 

T1 decay compensation). Since the comparison occurred in the same animal, the only 

different contribution to the signal decay rate should come from acquisition with or without 

slice-selective gradients. We attribute the more rapid decay rate with the non-slice-selective 

refocusing pulse to saturation effects arising from fringe area, where the adiabatic condition 

is not met. The optimized ss-DSE could effectively reduce the saturation effects on HP 

magnetization compared to ns-DSE sequence to allow for longer dynamic imaging 

durations. We summarized all comparison experiments, including TRAMP mice tumor 

imaging (n=3) and healthy mice kidney imaging (n=2), with decay rates in Supporting Table 

S1. For all the studies, both HP [1-13C]lactate and [1-13C]pyruvate decay rates with ss-DSE 

acquisition were lower than with ns-DSE, providing higher relative SNR at later time points. 

In one study, we also evaluated the ss-DSE with an earlier acquisition strategy, starting the 

acquisition at ~6 seconds after the start of injection, so more pyruvate should flow through 

the fringe area during the acquisition. According to Figure S1, the ss-DSE had 2~3 times 

higher signals in later time points compared to ns-DSE.

Dynamic HP 13C DWI

Dynamic DWI phantom results from HP [1-13C]pyruvate are summarized in Supporting 

Figure S2. The ADC values of the phantom remained stable through time at ~1.4×10−3 

mm2/s. We acquired both 10° and 30° DWI images to mimic the in vivo study for pyruvate 

and lactate. The measured ADC of the phantom was constant through time, indicating that 

proposed method did not have bias from slice profile effects or incorrect B1 calibration, and 

that the measurement is independent of dynamic acquisition ordering30,33, while the slight 

ADC map inhomogeneity inside the phantom could be caused by flow effects in the 

solution.

In vivo dynamic DWI studies in TRAMP mice prostate tumors show ADC values that are in 

good agreement with previous in vivo and ex vivo studies17,30, and are shown in Figure 4. 
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The dynamic ADC maps, ADC histograms and average ADC values showed a shift from 

low to high ADC in the prostate tumor. According to Figure 4 (a), (b), the mean ADCs 

through time shift from an average ~0.2×10−3 mm2/s at the end of injection to ~0.6×10−3 

mm2/s 12 seconds after the end of injection for this late stage TRAMP mouse. Eight 

TRAMP mice were imaged with the proposed sequence for dynamic HP [1-13C]lactate ADC 

measurement, the change of ADCs mean and standard deviation in TRAMP mice (N = 8) 

prostate tumors are plotted in Figure 5. 6 out of 8 studies showed the increase of mean 

measured ADC through time. The shift of ADC values is consistent with lactate efflux 

during the experiment, and the maximum ADC values through time are also consistent with 

the previous single time point ADC measurements in TRAMP mice34. Initially, the ADC 

values are similar to cell studies that measured an intracellular lactate ADC of around 

0.2×10−3 mm2/s26. Furthermore, these cell studies measured extracellular lactate ADCs of 

around 0.6×10−3 mm2/s which is similar to the largest ADC values measured in our studies.

Discussion:

In this work, we designed and optimized a ss-DSE sequence for high field preclinical 

hyperpolarized 13C dynamic imaging studies. Compared to the traditional ns-DSE sequence, 

ss-DSE avoids the fringe area effect, which would destroy the magnetization located at the 

edge of the transmit coil. The ss-DSE was tested via HP [1-13C]pyruvate phantom study, and 

the benefits of ss-DSE for dynamic imaging were assessed via in vivo studies, including HP 

dynamic DWI to monitor the lactate microenvironment.

In vivo study comparisons showed that dynamic HP pyruvate signal decayed faster with the 

ns-DSE sequence than with ss-DSE. As the HP [1-13C]pyruvate was injected through the tail 

vein, the magnetization of circulating HP [1-13C]pyruvate distributed at the fringe area 

would be saturated by the refocusing pulse, which would lead to the faster decay of the total 

HP pyruvate signal. Because HP [1-13C]lactate is primarily converted from intracellular HP 

[1-13C]pyruvate, the HP lactate signal would largely depend on the influx of HP 

[1-13C]pyruvate signal. To preserve enough magnetization for dynamic imaging, the 

imaging timing should be very carefully chosen. Prior studies35 have developed bolus 

tracking techniques to monitor the pyruvate signal in the tumor, with the imaging sequence 

triggered when the HP pyruvate has arrived at the tumor. However, it is inevitable to destroy 

some magnetization of the circulating pyruvate if we want to start imaging as soon as the 

pyruvate arrives in the target region. In contrast, the ss-DSE sequence is largely unaffected 

by the pyruvate spatial distribution, delivery and imaging timing, which would make spin-

echoes imaging and T2 sampling more feasible for clinical HP studies.

We also validated the feasibility of ss-DSE based dynamic HP 13C DWI in TRAMP mouse 

studies. Several effects would contribute to ADC variations in tumor imaging. The 

cellularity of prostate tumors has a negative correlation with 1H ADC changes, with late 

stage tumors having higher cellularity and a lower 1H ADC compared to early stage36. 

However, the extra- and intracellular molecular distribution of the HP metabolites will also 

determine the 13C ADC values, with late-stage TRAMP tumors having higher glycolysis 

that is usually associated with the more lactate efflux and thus a higher expected lactate 

ADC24. Considering the combination of tumor cellularity and lactate efflux, it has been 
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difficult for us to distinguish tumor stage with the single measured ADC value. The dynamic 

ADC measurements indirectly reflect the change of the extra- versus intracellular molecular 

distribution, which might help to distinguish the effects of cellularity from lactate efflux. 

The lactate ADC increasing over time might indicate a rapid lactate efflux, while the ADC 

remaining constant or decreasing might reflect slower lactate efflux. These relationships 

among lactate efflux, dynamic HP images, and dynamic HP ADC change must be validated 

in future studies.

The ss-DSE approach will be also valuable for clinical scans. In clinical scanners, current 

13C transmit coils have limited spatial coverage and do not cover the entire body, so non-

selective spin echo based methods will inevitably have large fringe area effects. Even 

dedicated 13C body coils will likely not cover the entire body. Thus in clinical scans, the ss-

DSE sequence could limit the transition area to preserve more magnetization for dynamic 

imaging.

However, this work still has room to improve. Firstly, HP 13C pyruvate and lactate have 

shorter T1 at 14T than 3T, so to cover a longer time range ADC measurement the proposed 

methods should be implemented and tested on 3T. At 3T, the main change of the acquisition 

would be the spectral-spatial excitation design, which should have a longer duration to excite 

the same spectral profile as on a 14T scanner. For systems without high performance 

gradients, the diffusion gradients must also be increased in duration to attain the desired b-

value, and large slew rates might cause peripheral nerve stimulation. These will both 

contribute to a longer TE (around 180ms) and longer diffusion time to achieve the same b-

values as the preclinical scanner30, increasing sensitivity to bulk motion and reducing SNR 

due to T2 decay. Secondly, to maximize the scan SNR efficiency and increase the effective 

dynamic imaging time points, a variable flip angle(VFA) scheme could help37,38. In this 

work, we kept the flip angle constant through the scan to simplify the data analysis. When 

multiple b-value images are acquired, VFA could be also optimized for different b-value to 

ensure enough SNR images for ADC estimation. However, VFA schemes are more 

susceptible to B1 errors, so B1 field measurements would be crucial for an accurate VFA 

approach. In addition, changing the b-value ordering to acquire high b-value DWI images 

first would increase the SNR of high b-value images, which might improve the ADC 

estimation as well. Thirdly, in molecular compartmentalization assessment studies, a multi-

exponential fitting model is most appropriate. However, in this study, we simplified the 

model to a mono-exponential fit due to only having acquired 3 b-value images.

Conclusions:

In this work, we proposed a slice-selective double spin echo sequence for dynamic HP 13C 

imaging. Performance of the proposed optimized sequence was compared to the previous 

non-slice-selective double spin echo sequence through in vivo studies. And, for the first 

time, we investigated measuring dynamic ADC maps of HP 13C metabolites by using the 

proposed sequence. Our initial studies in TRAMP mice prostate tumors showed an increase 

in lactate ADC over time, consistent with increased MCT4 expression and lactate efflux in 

late-stage TRAMP prostate tumors. These dynamic ADC changes have the potential to 

improve the assessment of aggressive cancers by providing a measure of lactate efflux.
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Figure 1. 
Comparison of ss-DSE (slice-selective) and ns-DSE (non-selective) methods. The ss-DSE 

adds two identical slice selective gradients on the refocusing pulses, as illustrated in (a), to 

refocus a smaller area. In many experiments, the transmit coil is smaller than the scan object, 

so at the edge of the coil the B1+ could not fulfill the adiabatic condition for the refocusing 

pulses. Compared to ns-DSE profile that includes these fringe effects, the ss-DSE profile can 

have a much smaller saturation area by using a high bandwidth refocusing pulse, as 

illustrated in (b).
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Figure 2. 
Refocusing pulse optimization. Refocusing performance was evaluated through numerical 

simulation, and an optimized parameters combination was selected based on the transition 

area ratio (a). The transition area ratio of the optimized parameter combinations decreases as 

the RF bandwidth increases; however, the required RF peak power also increases, as shown 

in (b). The maximum RF power was limited to 2.5G, and the pulse parameters of 

BW=9kHz, μ=33 were chosen for all studies, shown in (c).
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Figure 3. 
ss-DSE (slice-selective) and ns-DSE (non-selective) dynamic image comparison. The 

anatomical T2 weighted image is shown in (a). The total signals and the dynamic images of 

the ROI (tumor) at different time points are plotted in (b), and (c). The apparent signal decay 

rate of the HP pyruvate acquired with ss-DSE was much slower than with ns-DSE.
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Figure 4. 
In vivo dynamic ADC measurement. The HP 13C images are cropped to the same FOV with 

the 1H images. Dynamic HP lactate low b-value (50 mm2/s), high b-value (1000 mm2/s) 

DWI images, and ADC maps over anatomical images are shown in (a), for the display 

purposes, we linearly interpolated ADC maps to the resolution of T2 image. The histograms 

of ADC values at each time point are shown in (b). The ADCs distribution shifts from low 

ADC values immediately following the injections, with increasing to high ADC values over 

time, indicated a change in the HP lactate microenvironment.
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Figure 5. 
Dynamic ADC measurement on different subjects. Dynamic mean ADC values of different 

TRAMP subjects (N = 8) are plotted. 2 of 8 the studies (Data 1 and 7) only have 4 dynamic 

time points data due to not enough SNR for ADC measurement at the last time points. 6 out 

of 8 studies showed the increase of mean measured ADCs through time.
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