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Abstract

Purpose—To develop a technique for frequency-selective hyperpolarized 13C metabolic imaging 

in ultra-high field strength which exploits the broad spatial chemical shift displacement in 

providing spectral and spatial selectivity.

Methods—The spatial chemical shift displacement caused by the slice-selection gradient was 

utilized in acquiring metabolite-selective images. Interleaved images of different metabolites were 

acquired by reversing the polarity of the slice-selection gradient at every repetition time, while 

using a low-bandwidth radio-frequency excitation pulse to alternatingly shift the displaced 

excitation bands outside the imaging subject. Demonstration of this technique is presented 

using 1H phantom and in vivo mouse renal hyperpolarized 13C imaging experiments with 

conventional chemical shift imaging and fast low-angle shot sequences.

Results—From phantom and in vivo mouse studies, the spectral selectivity of the proposed 

method is readily demonstrated using results of chemical shift spectroscopic imaging, which 

displayed clearly delineated images of different metabolites. Imaging results using the proposed 

method without spectral encoding also showed effective separation while also providing high 

spatial resolution.

Conclusion—This method provides a way to acquire spectrally selective hyperpolarized 13C 

metabolic images in a simple implementation, and with potential ability to support combination 

with more elaborate readout methods for faster imaging.
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Introduction

Spectroscopic imaging with hyperpolarized 13C compounds has been widely used recently 

to acquire metabolism kinetics in vivo, where dynamic nuclear polarization (DNP) of 13C 

and its rapid dissolution into aqueous state enables over 10,000-fold signal increase 

compared to conventional methods (1,2). Recent studies focused on imaging the signal 

arising from metabolic conversion processes of [1-13C] pyruvate into lactate, alanine, 

bicarbonate, etc., thereby providing spatially varying metabolite images depending on tumor 

type (3,4), therapeutic responses (5, 6), and tissue viabilities (7–9). Also, some previous 

studies worked on detecting metabolic changes in the kidney, due to their importance and 

usefulness in early assessment of diseases such as diabetes (10,11) and acute tubular 

necrosis (12). Due to the limited lifetime of hyperpolarized signals, imaging strategies were 

primarily dedicated to accelerating the acquisition time using fast readouts such as echo 

planar imaging (13) and spiral (14,15), or by applying compressed sensing (16,17).

A number of studies involving hyperpolarized 13C substrates were performed in ultra-high 

field (≥7T) environments by acquiring frequency-specific images with higher spatial 

resolution using frequency-selective steady-state free precession (SSFP) acquisition (18) or 

multi-band frequency encoding method (19). Frequency-selective methods are chosen partly 

due to the fact that common slice-selective acquisition methods are much more vulnerable to 

increased chemical shift displacement artifact along the slice direction, which results from 

wider spectral dispersion of resonances. To address this issue, several studies have been 

proposed for 3T settings where spectral-spatial pulses were used to overcome the spatial 

chemical shift displacement along the slice direction (20–22) while also increasing product 

SNR and preserving the magnetization of hyperpolarized substrate.

In this work, the displacement artifact arising from wide dispersion of chemical shifts at 

ultra-high field utilized in acquiring spectrally-selective hyperpolarized 13C images. Instead 

of using multi-band frequency encoding methods, the slice-selection gradient reversal 

technique (23) is combined with low-bandwidth excitation RF pulse for acquiring signals 

from different metabolites in an interleaved manner at every TR. However, since translation 

of spin-echo based technique with 90°–180° RF pulses is difficult for hyperpolarized 13C 

studies, the amount of spatial chemical shift caused by low-bandwidth RF excitation pulse is 

calculated to place the excitation band for different resonances outside the imaging body, 

thereby providing spectral and spatial selectivity simultaneously. This technique is 

demonstrated for acquiring coronal [1-13C] pyruvate and lactate images in a single scan for 

mouse kidney in vivo at 9.4T.
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Methods

MR Hardware and Pulse Sequence

Slice-selection with weak gradients causes the spectral dispersion between the excited 

metabolites to be extended outside the subject. Frequency-selective metabolic images can 

then be acquired in an interleaved manner by reversing the gradient polarity to excite the 

target slice and the slice outside the subject alternatively, similar to common slice-

interleaved acquisition scheme (Fig 1a). To achieve this, the slice-selection gradients were 

modified from a conventional slice-selective chemical shift imaging (CSI) sequence and fast 

low-angle shot (FLASH) sequence as shown in Fig 1b. The required minimum shift distance 

can be determined from a 1H scout image across the region of interest, as shown in Eq. [1]:

[1]

where Δd and Δf represents spatial shift distance and spectral chemical shift, respectively, 

and bandwidth refers to the excitation RF bandwidth. Here, focused on renal imaging, 

selecting 5mm slices with 10mm shift distance, and chemical shift between [1-13C] pyruvate 

and lactate of 1250Hz, the required RF bandwidth becomes 625Hz. Using a Gaussian 

excitation RF pulse (time-bandwidth product (TBW) = 2.7), the pulse width then becomes 

4.4ms. All experiments were performed on a 9.4T Bruker BioSpec 94/20 USR small animal 

imaging system (Bruker BioSpin MRI GmbH, Ettlingen, Germany) equipped with 1H-13C 

dual-tuned mouse volume transmit/receive quadrature coil (40mm inner diameter) and 

actively shielded gradients (strength: 440 mT/m, maximum linear slew rate: 3440 T/m/s).

Numerical Simulations

To enable spectral selectivity by utilizing the chemical shift displacement ‘artifact’, residual 

excitation from neighboring resonances must be accounted for. Simulations were conducted 

to quantify the effect of sequence parameters related to the excitation RF pulse on spatial 

displacement distance and signal contamination level. The amount of signal contamination 

were calculated at a given imaging slice thickness and spatial displacement distance for 

spectral dispersion of lactate from pyruvate-hydrate (~400Hz) and pyruvate (~1250Hz) at 

9.4T. Slice thickness used during the simulation was fixed to 5mm to illustrate actual in vivo 

situation, and imaging slice depth with respect to subject’s extremity (5mm and 10mm) was 

varied. Here, the TBW of the simulated RF pulse profile was fixed to 2.7 to match the 

Gaussian RF pulse used during the in vivo experiments. Then, the excitation RF bandwidth 

was controlled by varying the RF pulse durations. Assuming homogenous spatial 

distribution of respective resonances, signal contamination was calculated by performing 

numerical integration of the area below the excitation RF profile which remained ‘inside’ 

the subject after inducing spatial displacement (red hash-marked area in Fig. 1d). The 

resulting values were normalized with respect to the highest contamination value obtained 

during the simulation.
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Phantom Experiment

To validate the spectral selectivity of the proposed method, two cylindrical tubes (d = 

1.6cm) filled with distilled water and acetone (98.0% purity) were tested. At 9.4T the 

chemical shift between water and acetone is 750Hz (data not shown). By selecting 6mm 

slice thickness and 12mm separation distance between slices, the required RF bandwidth 

then becomes 375Hz and the RF duration becomes 7.2ms. Reference coronal image of the 

phantoms were acquired with 2D multi-slice FLASH sequence, and spectrally-selective 

images were acquired with the proposed method implemented into a different version of 

FLASH sequence. Scan parameters were as follows: TR/TE = 120/16.3ms, 6mm slices, 

12mm gap between slices (for spectrally-selective images), 30° flip angle, 40 × 40mm2 FoV, 

and 256 × 256 matrix.

Sample Preparation and in vivo Experiments

[1-13C] pyruvic acid (Cambridge Isotope, Tewksbury, MA) doped with 15mM Trityl radical 

OX-063 (Oxford instruments, Oxford, UK) and 1.5mM Dotarem (Guerbet, France) was 

polarized via dynamic nuclear polarization technique using HyperSense polarizer (Oxford 

Instruments, Oxford, UK). 3.8mL of Tris/EDTA (40mM Tris, 80mM NaOH, 2.0g/L EDTA, 

50mM NaCl) solution was used for dissolution. Healthy balb/c nude mice received 

approximately 300ul of the hyperpolarized pyruvate substrate dosage with a pH of 7.4 

through a tail vein catheter over a duration of 5s. Anesthesia was maintained using 

isoflurane at 1.5–3% and respiration was monitored throughout the experiments. 

Temperature was regulated by ventilated scanner bed with warm water at 37°C. All animal 

procedures were approved by the local animal care and use committee. For anatomical 

localization, T2-weighted turbo-RARE 1H MR images in the axial plane through the mouse 

kidney were acquired with an in-plane resolution of 0.156mm and 5mm slice thickness. 

Additional coronal slices were also acquired for the prescription of 13C CSI and for 

overlaying the metabolic images. Before switching to 13C acquisition mode an automatic, 

iterative global 1st and 2nd-order shimming was performed with the kidney placed at the 

center of the coil. 13C transmit gain was calibrated prior to each animal experiment using an 

8M [1-13C] urea syringe phantom placed near the target anatomy.

For the mouse in vivo 13C CSI experiment, the FoV was set to 80 × 40mm2 for coronal 

coverage of the mouse body, with matrix size = 16 × 8 (5mm in-plane resolution), 5mm 

slice thickness, 10mm separation between slices, TR = 100ms (between excitation of same 

metabolite), spectral width = 6510 Hz, 512 spectral points, flip angle = 10°/ 5° for lactate / 

pyruvate were used. Total scan time for CSI acquisition was ~12s. Metabolite maps 

(interpolated, 128×256) were generated from ~50Hz from lactate and pyruvate peaks. 

Similar modifications were made for FLASH sequence to obtain images without spectral 

encoding. This allowed interleaved acquisition of two different metabolite signals at every 

TR, with centric phase encoding order implemented to enable fast acquisition of k-space 

center. Imaging parameters for FLASH were FoV = 40 × 40mm2, matrix size = 32 × 32 

(1.25mm in-plane resolution), 5mm slice thickness, 10mm separation between slices, TR / 

TE = 100 / 3.8ms, spectral width = 50000 Hz, flip angle = 20° / 5° for lactate / pyruvate, 

NEX = 4 (alternating between k-space lines of lactate and pyruvate, moving to next phase 

encoding line after NEX is done), resulting in total scan time of 12.8s. For both CSI and 
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FLASH experiments, signal acquisition started 15 seconds after the start of pyruvate 

injection, and the transmit/receive frequencies were adjusted according to the alternating 

gradient polarity at every TR.

Results

Simulation results of signal contamination level according to varying pulse sequence 

parameters are shown in Fig. 1d, along with illustration of change in the signal 

contamination area with respect to the excitation RF duration change (Fig. 1c). In Fig. 1d, 

solid and dotted lines represent different imaging slice depths of 5mm and 10mm, 

respectively (i.e. minimum spatial displacement distance). Contamination level is higher for 

pyruvate-hydrate than pyruvate due to smaller Δf. As the pulse duration increases (i.e. as 

bandwidth decreases under fixed TBW), the displacement distance becomes farther and the 

signal contamination from neighboring resonances decreases.

Selective images of water and acetone phantoms shown in Fig. 2 display effective spectral 

suppression of other spins. In the reference image (Fig. 2a), the measured peak signal level 

of acetone was approximately 50% of the water signal, as shown in the line plot (bottom 

row). Comparing the spectrally-selective images, the measured residual signal levels of 

acetone and water were less than 1% in respective images shown in Fig. 2b and Fig. 2c.

Figure 3a shows the full coverage of mouse body with CSI voxel positions overlaid as 

reference. Results of the CSI acquisition using the proposed method are presented in Fig. 

3b–c. Signals from lactate and pyruvate can be observed, where high LDH activity in two 

renal cortices results in high lactate signal (Fig 3b), while venous perfusion of injected 

pyruvate results in dominant pyruvate signal from the vena cava. Representative magnitude 

spectra obtained with the CSI acquisition at voxels located at both kidneys and the vein 

region can be seen in Figs. 3b–c (2nd and 3rd columns). Pyruvate and lactate signals are 

effectively suppressed in respective images, demonstrating the spectral selectivity of the 

proposed method. Small residual signal from pyruvate-hydrate can be observed in the lactate 

spectra, with measured signal level less than 10% of lactate peak signal.

With the proposed method implemented in FLASH sequence, metabolic images of lactate 

and pyruvate were also acquired. The results are shown in Fig. 4, along with 1H anatomical 

reference image covering the same coronal FoV (Fig. 4a). The slice centered at the kidneys 

was used here, with each 13C image averaged 4 times to increase the SNR. As expected, 

major source of lactate signal was from the renal region, especially toward the center area 

where renal artery meets the renal pelvis. Again, highest pyruvate signal was observed 

inside the vena cava due to perfusion of the injected substrate.

Discussions and Conclusion

A simple method was proposed for the spectrally-selective acquisition of in vivo 

hyperpolarized 13C images in ultrahigh field strength. Large spatial chemical shift 

displacement was induced by low-bandwidth excitation RF pulse, while signals from 

different metabolites were acquired in an interleaved fashion. This method is demonstrated 

by imaging in vivo 13C lactate and pyruvate, using CSI and 2D multi-slice FLASH 

Yang et al. Page 5

Magn Reson Imaging. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sequences. Since the excitation band is moved outside the body during acquisition of 

different resonances to achieve spectral selectivity, the proposed method can remove 

complications arising from applying spatial-, spectral- or spectral-spatial excitations of 

different body regions where perfusion into the area of interest may occur. The proposed 

method can also be combined with fast readout methods to achieve higher temporal or in-

plane resolution. At its current form, the proposed method requires relatively large number 

of excitations due to its Cartesian readout scheme. However, by implementing spiral or EPI 

readouts, the amount of excitations can be significantly reduced and thus help effective 

usage of the hyperpolarized magnetization of the injected substrate, and potentially increase 

the SNR of individual time points to a sufficient level at which time-resolved acquisition can 

be performed to measure the metabolite kinetics. The SNR provided by time-resolved 

acquisition using the proposed method, with the current implementation, was insufficient, 

thus single time-point imaging with multiple averages were chosen.

Imaging results shown in Fig. 4 demonstrates clearly delineated signals from lactate and 

pyruvate without major contamination effects. For contamination effects from residual 

excitation of neighboring pyruvate-hydrate to be seen in the lactate-only image (Fig. 4b), the 

spatial distribution of highest lactate signal should follow the pyruvate signal distribution, as 

pyruvate-hydrate is observed primarily along with pyruvate. The fact that the medial ends of 

both kidneys display lower signal intensity supports that the contamination effects are 

minimal. However, contamination resulting from insufficient spatial displacement or broad 

slice profile could be a major limiting factor in quantitative applications. As shown in Fig. 

1d, using longer RF pulses will enhance the spectral selectivity at the expense of SNR loss 

due to T2* effects. As expected, as imaging slice depth increases, the amount of signal 

contamination also increases. This is due to the fact that the displacement distance must also 

be set farther to push the unwanted excitation band outside the subject body. To effectively 

suppress the pyruvate-hydrate signal (~400Hz from lactate) in cases where the imaging slice 

depth is e.g. 10mm, the RF duration needs to be up to ~15ms under the implemented 

excitation RF pulse with TBW of 2.7. In terms of imaging slice position, the displacement 

distance must be set far compared to the distance used in this study for the proposed method 

to work at the abdomen level. Since the RF bandwidth will need to be lower, this will cause 

the slice-selection gradient duration to be longer, diminishing the SNR due to T2*. Also, 

separation of resonances which are spectrally located closer to one another will face similar 

limitation from T2*. For example, resolving alanine and pyruvate-hydrate in two different 

slices would require significantly lower bandwidth due to their spectral proximity (~250Hz 

at 9.4T). Using an excitation RF pulse with lower TBW can therefore be beneficial in these 

cases since the bandwidth will be lower at a given RF duration. However, since RF pulses 

with low TBW generally have relatively broad slice profile, the tradeoff between metabolite 

SNR and residual excitation should be considered. Similarly, extension of this method to 

axial slices face T2* limits as well since the displacement distance must be set even farther 

compared to the coronal case. To avoid this SNR loss, axial acquisition along with 

application of preparation modules such as spatial saturation at the position where the 

‘shifted’ slice is located maybe considered. However, since saturation pulses will cause 

complete loss of acquired magnetization of the substrate, factors such as pulses’ spatial 

width and timing should be carefully calculated.
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At 9.4T environment, in vivo T2* value for 13C pyruvate ranges between 10 to 20ms 

(empirically measured at 9.4T under similar conditions, data not shown), possibly making 

direct application difficult for common spectral-spatial excitation RF pulses with lengths at 

the range of 15 to 20ms (20–22). With much faster in vivo T2* decay, SNR of 

hyperpolarized compounds can be compromised by the long RF duration of spectral-spatial 

pulses, along with increased sensitivity to motion and field inhomogeneity effects (25). 

Typically, higher field strength requires the subpulse durations to be shorter than those used 

in lower fields when the desired RF profile needs to be maintained. This will increase the 

minimum slice thickness and impose further design constraints (25). Furthermore, any 

gradient performance-related issues such as gradient delay and eddy currents can cause 

unwanted excitation / suppression of neighboring resonances in the spectra (26).

With the current implementation of the proposed method, the number of different chemical 

species that are simultaneously acquired is limited to two. Potential applications can 

therefore be studies involving the observation of two particular metabolites, including the 

now-standard [1-13C] pyruvate conversion to 13C lactate via lactate dehydrogenase (LDH) 

enzyme activity. Another potential application includes pH imaging using 

hyperpolarized 13C bicarbonate to observe bicarbonate and CO2, where the Henderson-

Hasselbalch equation can be applied to calculate in vivo pH after the acquisition of 

individual signals (27). Other applications may include assessment tumor grade for 

subcutaneous animal models, along with acquisition of 13C images for in vivo muscle 

metabolism. Both of these applications are facilitated by the fact that the region of interest is 

located near the extremity of the body, thus less constrained by the required minimum 

spatial displacement along the chosen slice-selection direction. For separating more than two 

species, changes to the slice-selection gradient amplitude needs to be introduced in addition 

to the polarity switching at every TR. Multiple displacement bands can be created based on 

the calculation of displacement distance given in Eq. [1]. However, since interleaved 

acquisition for multiple resonances will also increase total acquisition time, optimization of 

parameters such as displacement distance and RF bandwidth is required.
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Figure 1. 
Graphical illustration of the proposed acquisition method based on spatial chemical shift 

displacement. (a) Acquisition is done in a slice-interleaved manner, resolving two different 

resonances at two different slices. In the excitation profile of the proposed method (a, right), 

the spectral selectivity is achieved via chemical shift displacement along the slice (z)-

direction, resolving lactate (dotted, yellow line) and pyruvate (dotted, white line) in two 

different slices. (b) Simplified pulse sequence diagram. (c) Under fixed imaging slice depth, 

displacement distance is controlled by varying excitation RF pulse duration. Contamination 

arises when slice profile of the displaced band overlaps with the subject body (red hash-

marked area). Here, long and short RF refers to relative pulse durations. (d) Simulation 

results. Solid and dotted curves indicate different imaging slice depths (5 and 10mm, 

respectively), and red and blue colors indicate different metabolites (pyruvate and pyruvate-

hydrate, respectively). Under fixed TBW, increasing RF durations decreases its bandwidth, 

thereby creating farther spatial displacement between neighboring resonances and 

facilitating the proposed spectrally-selective acquisition method. RF pulse length used in 

this study is marked by black dashed-line (4.5ms)
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Figure 2. 
Results of 1H phantom experiment. (a) Reference image showing both water (left) and 

acetone (right) phantoms in a single slice. (b) and (c) displays water- and acetone-only 

images, respectively, acquired simultaneously using the proposed method. Test tubes filled 

with water and acetone are completely separated in respective images via spatial chemical 

shift displacement along the slice direction, demonstrating the spectral selectivity of the 

proposed method.
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Figure 3. 
Results of slice-selective CSI acquisition with the proposed method. (a) Reference coronal 

1H anatomical image with CSI voxel position overlay. Representative voxels are marked in 

colors green, red and blue. (b) Acquired lactate image (‘image 1’) overlaid on 1H proton 

image, and individual spectra from the representative voxels. High LDH activity in the renal 

cortex results in subsequent high lactate signal. (c) Acquired pyruvate image (‘image 2’), 

and individual spectra from the representative voxels. High perfusion of injected pyruvate 

can be observed inside the vena cava. Spectra from lactate and pyruvate images were plotted 

separately using same scales for comparison, and pyruvate signal was scaled to fit the set 

amplitude range.
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Figure 4. 
Results of slice-selective FLASH acquisition with the proposed method. (a) Reference 

coronal 1H anatomical image over the renal region. Acquired (b) lactate and (c) pyruvate 

images. Lactate and pyruvate signals are localized to renal and venal areas, respectively as 

expected from the CSI results. The PSF provided by FLASH sequence allows enhanced 

spatial resolution for observation of both metabolites.

Yang et al. Page 13

Magn Reson Imaging. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


