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Abstract

Purpose—Balanced steady state free precession (bSSFP) sequences can provide superior SNR 

efficiency for hyperpolarized 13C MRI by efficiently utilizing the non-recoverable magnetization, 

but managing their spectral response is challenging in the context of metabolic imaging. A new 

spectrally selective bSSFP sequence was developed for fast imaging of multiple 

hyperpolarized 13C metabolites with high spatiotemporal resolution.

Methods—This novel approach for bSSFP spectral selectivity incorporates optimized short 

duration spectrally selective RF pulses within a bSSFP pulse train and a carefully chosen TR to 

avoid banding artifacts.

Results—The sequence enabled sub-second 3D dynamic spectrally selective imaging of 13C 

metabolites of co-polarized [1-13C]pyruvate and [13C]urea at 2mm isotropic resolution, with 

excellent spectral selectivity (~100:1). The sequence was successfully tested in phantom studies 

and in vivo studies with normal mice.

Conclusion—This sequence is expected to benefit applications requiring dynamic volumetric 

imaging of metabolically active 13C compounds at high spatiotemporal resolution including 

preclinical studies at high field and potentially clinical studies.
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Introduction

Hyperpolarized (HP) 13C MRI with dissolution Dynamic Nuclear Polarization (DNP), with 

its sensitivity enhancements of >10,000 fold over thermal equilibrium values, enables non-

invasive, spatially localized measurements of the enzymatic conversions of endogenous, 

nontoxic 13C-labeled probes through key biochemical pathways (1,2). This technology is 

distinguished by the capability to simultaneously image both injected agents and their 

downstream metabolic products separately, based on their unique chemical shifts. HP 13C 

MRI has been successfully applied in numerous preclinical studies, and a recent clinical trial 

in prostate cancer patients showed safety and feasibility of this approach for investigating 

human disease (3,4).

Unique challenges faced in HP 13C metabolic imaging include the non-recoverable nature of 

HP magnetization and the complex pattern of resonances that must be spectrally resolved. 

Rapid and efficient MRI pulse sequences are required to acquire data within the limited 

temporal window dictated by the rapid irreversible T1 decay of HP magnetization. Various 

approaches for MR spectroscopic imaging (MRSI) have been applied for HP 13C, including 

standard chemical shift imaging (CSI) (2), echo-planar spectroscopic imaging (EPSI) (5–7), 

and spiral CSI (8). These MRSI sequences have high spectral resolution but are generally 

limited by low spatiotemporal resolution. Alternatively, by exploiting a priori knowledge of 

the spectral distribution of resonances, spatiotemporal resolution can be improved at the 

expense of spectral resolution. Examples of this approach include spectrally selective 

imaging with multi-echo chemical shift separation (9), and spectral-spatial excitation of 

individual metabolites followed by spiral (10–11) or echo-planar imaging readouts (12–13).

Compared to small flip angle spoiled gradient echo acquisitions (9–13), the balanced steady 

state free precession (bSSFP) sequence can more efficiently utilize the non-recoverable HP 

magnetization by preserving transverse magnetization across multiple TR’s, which is 

especially valuable for 13C nuclei with long T2’s (18). Due to their high SNR efficiency, 

bSSFP sequences are routinely used for rapid morphological and cardiac 1H MRI (14,15). A 

bSSFP approach has been previously applied for HP 13C perfusion imaging and angiography 

with improved spatiotemporal resolution using metabolically inactive agents with a single 

HP resonance (16–19). The bSSFP sequence incorporates the desirable refocusing 

performance of spin echo sequences (20) with the flexibility to operate in the small flip 

angle regime to maximize the temporal window for dynamic data acquisition, with short TR 

and high sampling efficiency. The bSSFP sequence is also relatively insensitive to B1 

variation or miscalibration of transmitter gain (7).

However, managing the spectral response of bSSFP sequences is difficult in the context of 

HP 13C metabolic imaging, which has unique additional challenges as compared to 

spectrally selective 1H bSSFP (i.e. water-fat separation), including: 1) Typically there are 

several resonances (>2) that need to be separated; 2) Quantitative measurement of each 

compound is required, hence reducing one component qualitatively is not an option (i.e. fat 

suppression); 3) HP magnetization decays irreversibly and cannot be recovered once 

saturated; 4) Fast acquisition is required due to rapid metabolic conversion and HP signal 

decay; and 5) HP signal necessarily evolves in a transient state, as there is no true steady 
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state. These additional considerations limit the usage of some previous methods developed 

for 1H bSSFP water-fat separation, such as insertion of a spectrally selective saturation pulse 

in steady state (21), which will cause irreversible HP signal loss; phase detection (22), which 

is most suitable for separating only two compounds and suffers from the partial volume 

effect; fluctuating equilibrium (23) and other similar approaches taking advantage of 

banding artifact (24–26), which cannot provide sufficient suppression for quantitative 

measurement.

Several bSSFP approaches for spectrally selective HP 13C metabolic imaging have been 

developed, including methods based on multi-echo Dixon-type separation (27), metabolite-

specific imaging using the low flip angle frequency response (28,29), chemical shift 

separation with low readout bandwidth (30,31), and fitting of multiple acquisitions with 

variable phase advance (32). However, these methods have various respective limitations 

including: 1) long TR (27,30), 2) narrow excitation bandwidth (~ ±10Hz) and suboptimal 

SNR (28,29), 3) low readout bandwidth and requirement for wide spectral separation (30), 

and 4) several assumptions required including ignoring T1 and T2, knowledge of B0 map and 

exact flip angle, and establishment of steady state (32). For methods simultaneously exciting 

all compounds (27,32), a complicated spectroscopic reconstruction is required, which may 

be prone to error and could result in spurious local effects in areas with imperfect shims. 

Off-resonance insensitivity is degraded by either narrow excitation bandwidth (28,29), long 

TR (27,30), or less robust reconstruction (27,32).

In this work, we developed a new method for spectrally selective bSSFP for fast imaging of 

multiple HP 13C metabolites with high spatiotemporal resolution that, compared to previous 

methods, is more insensitive to off-resonance and more SNR efficient with simple and robust 

reconstruction. The key feature of this new pulse sequence is a combination of novel 

optimized short duration spectrally selective RF pulses (33) and a bSSFP pulse train with a 

carefully chosen TR to avoid banding artifacts. In this study, we tested this new sequence in 

phantoms and then applied it for in vivo HP 13C mouse imaging at 14T with 2mm isotropic 

spatial resolution and <1s temporal resolution. Co-polarized [1-13C]pyruvate and [13C]urea 

(34) were used as the injected substrates, which allows for combined perfusion and 

metabolic imaging. Several previous clinical studies have shown that a perfusion–

metabolism mismatch is associated with adverse disease features in human cancers (35–37), 

and therefore combined imaging of perfusion and metabolism could provide improved 

classification of individual cancers.

Theory

The bSSFP pulse train has an intrinsic periodic frequency response with periodicity 1/TR, as 

shown in Fig. 1 (A, B). With alternating 1/−1 RF modulation, spins around the center of 

each cycle (f= …, −1/TR, 0, 1/TR, …) behave as desired, in that a large flip angle excites 

magnetization while a small flip angle keeps spins unaffected. The opposite behavior exists 

at the edge of each cycle (f= …, −1/(2TR), 1/(2TR), …), where a large flip angle results in 

little longitudinal and transverse magnetization while a small flip angle produces significant 

excitation over a small frequency range.
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Previous studies have employed excitation by a non-selective RF pulse with either large flip 

angles and metabolites placed near the center of each cycle (27, 30), or small flip angles 

with metabolites placed near the edge of each cycle (28,29,32). If spectrally selective RF 

pulses are used in a bSSFP pulse train, the overall spectral selectivity is a combination of the 

frequency response of the RF pulse and the bSSFP pulse train (54). Assuming an ideal 

selective RF pulse is used (Fig. 1(C)), the overall spectrally selective profile will have a 

passband at the same frequency as the RF pulse profile passband. However, there are also 

undesired narrow excitation bands at the edge of each cycle due to accumulated small flip 

angle excitations, which will be termed “excitation banding artifact” (to distinguish from the 

more common notion of bSSFP banding artifact corresponding to image signal loss). The 

RF pulse in Fig. 1(C) is infeasible since selective RF pulses have finite pulse duration and 

transition from passband to stopband in the pulse profile. The bSSFP frequency response 

with a spectrally selective windowed sinc RF pulse is shown in Fig. 1(D), with RF pulse 

profile passband covering multiple cycles (1/TR). Excitation banding artifact occurs at RF 

pulse profile stopband (orange arrow in Fig. 1(D)), while banding artifact corresponding to 

signal loss occurs at passband (green arrow in Fig. 1(D)).

In this method, spectrally selective RF pulses are used to excite a single metabolite per 

acquisition. The undesired excitation banding artifacts are avoided by carefully choosing TR 

to place all resonance peaks close to center of each cycle. The resonance frequency of each 

compound is fixed, while the bSSFP frequency response can be widened or narrowed by 

decreasing or increasing TR. For selective imaging of each specific metabolite, an optimal 

TR value was derived, and a different optimized RF pulse waveform was created. Since the 

TR optimization problem has only one variable, it can be easily solved by scanning a range 

of feasible value of TR, and choosing one which places the selected resonance peak closest 

to the center of bSSFP cycle, while meeting the constraint that all other resonance peaks do 

not touch the edge of each cycle with certain margin. An implementation of this approach is 

shown in Fig 2, designed for selectively exciting pyruvate in experiments with co-polarized 

substrate [1-13C]pyruvate and [13C]urea. Resonance peaks of urea, pyruvate, pyruvate 

hydrate, and metabolic products (alanine, lactate) at 14T are considered (Fig. 2(A)). To 

increase insensitivity to B0 inhomogeneity, a finite bandwidth around each resonance 

frequency (±50Hz) is specified, within which a uniform spectrally selective profile is 

desired. Pyruvate is specified to be in the RF pulse’s passband while the other four 

resonances are specified as stopbands. Nevertheless, due to the bSSFP frequency response, 

there can be excitation even with the low flip angle produced in the RF pulse’s stopbands 

(Fig. 2(B)). For example, choosing a suboptimal TR of 4ms results in the urea, alanine and 

lactate stopbands being near the excitation banding artifact frequency (red arrow in Fig. 

2(C)), and the simulated urea stopband shows an undesired narrow excitation peak (Fig. 

2(E)). Thus, in this method, it is important to choose a proper TR. In this example, with an 

optimal TR of 3.8ms, all bands are located close to center of a cycle (Fig. 2(D)), and the 

simulated urea stopband shows negligible excitation (Fig. 2(F)). The excitation passband is 

always placed around center (f = 0) for larger bandwidth and higher SNR efficiency, 

compared to being located at band edge with small flip angle (28,29,32).

Spectrally selective RF pulses are usually not used in bSSFP due to long pulse duration. An 

optimized selective RF pulse with the shortest possible duration (33) was used to keep TR 
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and total scan time short. The minimum pulse duration was achieved by exploiting spectral 

sparsity, specifying a multiband profile and releasing the constraint on “don’t-care” regions 

(33). The optimal pyruvate/lactate/urea excitation pulse had durations of 1.40ms/2.04ms/

1.04ms, much shorter than a conventional RF pulse design with minimum-phase low-pass 

filter (~5ms), with one example shown in Fig. 3(C,D) and more detailed comparison in (33).

A set of ramp-up preparation pulses was applied before acquisition (Fig. 3 (A)), to reduce 

transient state signal oscillations and achieve pseudo steady-state (Fig. 3 (B)) (38–40). A set 

of ramp-down pulses was applied after the acquisition to flip magnetization back to Mz to 

increase signal in subsequent acquisitions. Similar to how the ramp up preparation pulse 

outperforms the α/2 − TR/2 preparation pulse by working for a larger range of off-resonance 

frequencies (40), this ramp-down flip back pulse is also more insensitive to off-resonance 

compared to the conventional driven equilibrium pulse (16). Besides, a RF pulse with 

duration longer than TR/2 can be fit in the ramp down flip back pulse, but not in the driven 

equilibrium pulse with TR/2 interval. The flip angle modulation of preparation pulse and flip 

back pulse is achieved by linearly scaling RF pulse amplitude. However, the optimized RF 

pulse is designed based on the Shinnar-Le Roux algorithm (33) so the pulse profile gets 

degraded after scaling (41). This is not very problematic in our dynamic studies with 

primarily small flip angles (< 50 degree).

Methods

Bloch simulation

Though the RF pulses used in this study were optimized with shorter duration compared to 

conventional SLR pulses, the pulse durations (1~2ms) still take a considerable fraction of 

TR (3~4ms), thus violating the assumption of an instantaneous RF pulse, which is utilized in 

the common bSSFP theoretical framework. Therefore, T1 and T2 relaxation and off-

resonance induced rotation can no longer be ignored during the RF pulse. The finite RF 

pulse effect has been studied previously and an analytical modification of bSSFP signal 

formulation was derived for steady-state signal (42). However, bSSFP transient state signal 

is used for HP 13C imaging, and a general analytical correction for the finite RF pulse effect 

is difficult to obtain, given the time dependent signal and arbitrary RF pulse waveform. 

Therefore, a numerical Bloch simulation was performed to compare bSSFP transient state 

signal evolution with both an ideal instantaneous RF pulse and the actual RF pulse used in 

this study, using a matrix formulation of the Bloch equation (43–46). Both signal at echo 

time (TE=TR/2) and signal evolutions between two RF pulses were simulated. For the ideal 

instantaneous RF pulse, a constant flip angle at all frequencies was assumed. The ramp up 

preparation pulse and ramp down flip back pulse were also included in the simulation.

Hardware

The pulse sequence was implemented on a 14.1T vertical Varian NMR microimaging system 

(Agilent Technologies, Santa Clara, CA, USA) with a 38mm dual-tuned (13C/1H) volume 

RF coil. A custom 3D bSSFP sequence was implemented with optimized RF pulses. The 

sequence can run dynamically and cycle the transmit frequency among the Larmor 

frequencies of pyruvate, lactate and urea when images are acquired for each metabolite. The 
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RF transmit gain was calibrated with a 13C-enriched urea phantom, placed near the center of 

the RF coil. Dissolution DNP was performed with a HyperSense polarizer (Oxford 

Instruments, Oxford, UK) operating at 1.3 K and 3.35 T.

Phantom Measurements

The spectral selectivity of the sequence was tested using a [1-13C]lactate phantom (at 

thermal equilibrium instead of HP state). To test the spectral selectivity at the resonance 

frequency of each metabolite without preparing a separate phantom for each metabolite, the 

transmitter frequency was cycled through several values so that the relative frequency of the 

lactate phantom corresponded to the chemical shift difference of each 13C compound at 14T, 

including urea, pyruvate, alanine, pyruvate hydrate, and lactate. Two values of TR were 

tested when exciting “pyruvate” only, as shown in Fig. 2: an optimal TR of 3.8ms that avoids 

excitation banding artifact, and a suboptimal TR of 4ms. A pyruvate-only RF pulse was used 

with flip angle of 120° and pulse duration of 1.8ms. Other sequence parameters were the 

same as the in vivo experiments, which will be introduced later.

The sequence was also tested with phantoms containing HP [1-13C]pyruvate, [1-13C]lactate 

or [13C]urea solution individually. For each of these three compounds, the compound was 

individually polarized and then spectrally selective images of all three resonances were 

acquired. The sequence parameters were the same as the in vivo study, except with 1s delay 

after one cycle of pyruvate-lactate-urea acquisitions (no delay within this cycle). Spectral 

selectivity was measured based on image intensity and normalized among images acquired 

with the same HP sample. For example, the spectral selectivity of pyruvate:urea was 

calculated by the image intensity of pyruvate acquisition with HP urea sample over the 

image intensity of urea acquisition with the same HP urea sample. The spectral selectivity 

calculated in this way depends on flip angle and ordering of acquisition. Since the same 

sequence was intended for the in vivo study, this spectral selectivity provided insight as to 

the capability for resolving these resonances in vivo, and as to the extent of signal 

contamination from other metabolites in each metabolite-specific image.

In vivo Experiments

Five normal mice were imaged under a protocol approved by the UCSF Institutional Animal 

Care and Use Committee, as previously described (47). A 350 µL HP solution (80mM 

[1-13C]pyruvate + 120mM [13C, 15N2]urea, pH ~ 7.5, room temperature) was injected into 

the mouse tail vein catheter over 12 s with image acquisition starting at 15 s after the 

beginning of the injection. HP pyruvate, lactate and urea images were acquired sequentially 

with respiratory triggering (~1Hz) (one acquisition per respiratory cycle). Six time points 

were acquired (18 acquisitions in total, ~18s). The sequence parameters for pyruvate/lactate/

urea acquisition included: TR = 3.362ms/3.785ms/2.617ms; TE = TR/2; flip angle = 

15°/40°/20°; RF pulse duration = 1.40ms/2.04ms/1.04ms; sequence duration = 0.861s/

0.969s/0.670s; readout bandwidth = 35.7kHz; FOV = 64×32×32mm3; nominal spatial 

resolution = 2×2×2mm3; matrix size = 32×16×16; number of echoes = 256; number of ramp 

up preparation pulses = 7; number of ramp down flip back pulses = 7. T2 weighted coronal 

multislice 1H images were also acquired for anatomical reference and overlay of 13C 

images. The B0 map was measured from 1H signal using a gradient echo sequence, repeated 
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at two echo times (ΔTE = 1ms), and then converted to the off-resonance frequency 

distribution of 13C.

Results

Bloch simulation

The qualitative study of the finite RF pulse effect on bSSFP transient state signal 

demonstrated close correspondence to the ideal case of an instantaneous RF pulse, in terms 

of both echo signal amplitude and refocusing performance, as shown in Fig. 4 and Fig. 5. 

For both cases, the echo is gradually formed during the ramp up preparation pulse and 

maintained during the acquisition, as shown in Fig. 4. Therefore, previous bSSFP theory can 

be directly applied here. This insight also applies to 1H bSSFP, which is also commonly 

performed at transient state to reduce waiting time required to reach the steady state, and 

also has RF pulses taking a considerable fraction of TR due to SAR or peak B1 limitations.

Phantom Measurements

Pyruvate-only acquisitions with 13C enriched phantom at the resonance frequency of 

multiple compounds are shown in Fig. 6. With a properly chosen TR of 3.8ms, signal is only 

detected at the pyruvate frequency. Such selectivity was not achieved with a poor TR choice, 

such as the top row with TR of 4ms, which suffers from excitation banding artifacts. This 

failed selectivity at urea/alanine/lactate band agrees with the simulation results in Fig. 2(C) 

where those bands touch the excitation banding artifact region when TR = 4ms.

bSSFP images of HP phantoms are shown in Fig. 7, with measured spectral selectivity 

labeled on each image. High spectral selectivity, approximately 100:1, was achieved for 

bSSFP pyruvate/lactate/urea acquisition. One example of dynamic images with HP lactate 

phantom is shown in Fig. 8. The data fit well to exponential decay curves with time 

constants of 26.9s (Pyruvate), 11.6s (Lactate) and 18.6s (Urea), with R-squared value of 

0.99867 (pyruvate), 0.99993 (lactate) and 0.99975 (urea).

In vivo Experiments

In vivo 3D dynamic bSSFP images of one mouse are shown in Fig. 9 (all coronal slices at 

the first time point) and Fig. 10 (all time points at one coronal slice). Metabolite dynamic 

curves measured in kidney and aorta are shown in the additional figure in supporting 

material. For injected pyruvate and urea, strong signal was observed in the aorta at early 

time points as expected. Urea and pyruvate also appeared in kidneys, concentrated in the 

cortex. Lactate, converted from pyruvate, was also observed, primarily in kidneys as 

expected.

Discussion

We have developed and tested a new bSSFP approach for spectrally selective imaging of 

multiple HP compounds. This sequence inherits the superior SNR efficiency and speed of 

bSSFP sequence, which is critical for HP 13C studies due to the non-recoverable nature of 

HP magnetization and the short imaging window determined by T1 decay. High spatial 
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and/or temporal resolution can be achieved using this bSSFP sequence, since these 

parameters are fundamentally limited by SNR and speed. The challenge of managing the 

spectral selectivity of bSSFP sequence was successfully addressed in this work by utilizing 

novel optimized spectrally selective RF pulse with short duration (33) and carefully chosen 

TR to avoid excitation banding artifact. This enabled 3D dynamic metabolic imaging in vivo 

with higher spatiotemporal resolution than prior approaches.

Spectrally selective RF pulses are usually not used in bSSFP due to long pulse durations, 

which limit the minimum achievable TR. However, the advantage it provides may 

compensate for this limitation, including improved off-resonance insensitivity, SNR 

efficiency, and the flexibility of choosing a different flip angle for each compound. A wide 

passband is achieved in this study (±50Hz) within which uniform spectral selectivity was 

achieved, as shown in Fig. 5 (A, C). This can be improved further with slightly increased RF 

pulse duration. It enables separate excitation of individual metabolite with minimal effect on 

other metabolites, similar as (28,29), which simplifies the reconstruction and shortens the 

duration of each acquisition, compared to simultaneously exciting all compounds and 

separating them in reconstruction (27, 30, 32). The total scan time of this method may 

exceed those methods for simultaneous excitation; however, keeping each individual 

acquisition short reduces sensitivity to motion, flow, metabolic conversion and relaxation 

decay.

Choice of flip angle

When HP 13C pyruvate is used as a substrate, it is converted to 13C lactate in vivo, providing 

metabolic information. But lactate signal is usually much lower and more difficult to 

observe. A relatively small flip angle on pyruvate can provide sufficient SNR while 

preserving more magnetization for continued conversion to lactate, thus enabling a longer 

imaging window (5). A relatively larger flip angle can be applied to lactate to provide higher 

SNR, as lactate signal is continuously replenished by metabolic conversion from pyruvate 

(11). The specific values of flip angles were not optimized in this study. Optimizing these 

flip angles depends on specific aspects of the application, such as the duration of imaging 

window, and also knowledge of tissue parameters, such as T1 and T2. The choice of flip 

angle also affects the optimized RF pulse design, which may have different pulse duration, 

and further affects the choice of optimal TR. A constant flip angle was used for all dynamic 

time points in this study. A progressively increasing flip angle for subsequent dynamic 

acquisitions would be likely to extend the imaging window by allocating signal more equally 

over time (17). Careful design of a variable flip angle within each acquisition is also planned 

for future work to reduce image blurring and improve SNR (48).

Spatial and temporal resolution

There are fundamental trade-offs between spectral, spatial and temporal resolution. The 

spectrally selective bSSFP sequence has the limit of spectral undersampling, as only one 

compound is imaged at a time. A high temporal resolution is important to capture the 

metabolite dynamics which provide additional metabolic information besides the spatial 

distribution of multiple metabolites, such as perfusion and uptake rate of the injected 

substrates, and the time to maximum signal for metabolic products (6). Our initial 
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implementation with a conventional sinc pulse (~5ms) requires ~2s per acquisition, within 

which the HP signal decay, metabolic conversion and respiratory motion will cause image 

blurring. By using the optimized RF pulse with shorter duration, the acquisition of each 

compound takes < 1s, which can be fit into one respiratory cycle, thus enabling respiratory 

triggering and reducing blurring. The temporal resolution of this sequence can be further 

modified by trading off spatial resolution. However, too fine a temporal resolution is not a 

good option because it expends the magnetization too rapidly. Although this bSSFP 

sequence can preserve and recycle transverse magnetization, HP magnetization still decays 

faster during each bSSFP pulse train because of mixed T1 and T2 decay compared to pure T1 

decay when no RF pulse is applied (46). Note that actual spatial resolution could be slightly 

coarser than the nominal spatial resolution due to k-space filtering effects (48).

Future work

This method could be extended to other field strengths, like HP 13C studies at 3T for 

potential clinical application. At lower field, the frequency separation between multiple 

compounds reduces, which will increase the minimal achievable RF pulse duration, and thus 

minimal achievable TR. For example, a pyruvate-only RF pulse with flip angle of 15° and a 

bandwidth of 30 Hz can be designed for 3T to achieve a pulse duration of 4.32ms. This 

results in a minimal achievable TR is 9.32ms when using a readout bandwidth = 15.6kHz, 

spatial resolution = 2.5×2.5×2.5mm3 matrix size = 24×24×8 and clinical gradient limits of 

50 mT/m (maximum amplitude) and 200 mT/m/ms (maximum slew rate). The minimal TR 

to avoid excitation banding artifacts is 9.54ms, and for this prescription results in sequence 

duration of 1.83s. Such TR and sequence duration still allows fast high resolution HP 13C 

studies. Temporal resolution, spatial resolution or volumetric coverage can be further 

improved by integration of undersampling methods, such as parallel imaging, compressed 

sensing and partial Fourier acquisition (6, 49).

Sequential phase encoding is used in the current implementation, and the 3D k-space center 

is sampled around 0.5s, which is on the order of T2 values of 13C compounds and could 

result in suboptimal SNR. Center out encoding could be used to further improve SNR. This 

method can also be applied to water-fat separation in 1H bSSFP. Previous studies have used 

spatial-spectral RF pulses (50,51) or binomial pulses (52) in bSSFP for water-fat separation. 

The alternating TR bSSFP approach is essentially equivalent to the use of binomial pulses in 

bSSFP (53,54). The method of choosing TR developed in this work, to place all resonance 

peaks (water and fat) at desired position of bSSFP frequency response profile, can be applied 

to 1H bSSFP to improve stopband suppression or reduce requirements on RF pulse design.

Limitations

Though this method is more B0 robust compared to other HP 13C spectrally selective bSSFP 

sequences (27–32), it still requires careful B0 calibration and shimming. A large B0 

deviation will dislocate both passband and stopband. However this problem occurs in any 

spectrally selective imaging sequence because either chemical shift or B0 inhomogeneity 

contributes to the same off-resonance effect. Such B0 sensitivity issues will be more likely to 

cause banding artifacts with larger animals and humans. However, the gyromagnetic ratio 

of 13C is about ¼ of 1H and thus the off-resonance frequency distribution is also about ¼ 
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given the same B0 inhomogeneity, which reduces the sensitivity to banding artifact to some 

extent. Another limitation is that without a spatially selective RF pulse, the current 

implementation excites the whole 3D volume within the sensitive region of the RF coil, and 

thus this entire volume must be spatially encoded in order to avoid wrap-around artifacts.

Conclusion

A spectrally selective 3D dynamic bSSFP sequence was developed for HP 13C metabolite 

imaging with subsecond acquisition time and 2mm isotropic resolution. High spectral 

selectivity (~100:1) of the bSSFP sequence was achieved by using short-duration optimized 

spectrally selective RF pulses and carefully choosing TR to avoid excitation banding 

artifacts. This sequence is expected to be useful for preclinical HP 13C studies at high field, 

and holds potential for clinical studies.
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Figure 1. 
bSSFP frequency response with small flip angle (0.5°) hard pulse (A), large flip angle (45°) 

hard pulse (B), ideal selective RF pulse (passband/stopband flip angle = 45°/0.5°) (C), and a 

windowed sinc RF pulse (flip angle = 45°, duration = 2ms, bandwidth = 1kHz). “|Mxy|” is 

the averaged transverse magnetization over all echoes during transient state, “Mz” is the 

longitudinal magnetization after the last echo, “α/90°” is RF pulse excitation flip angle 

divided by 90°. Simulation parameters included: number of echoes = 256, TR = 4ms, T1 = 

40s, T2 = 300ms, and linear ramp preparation pulse (N = 5).
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Figure 2. 
Diagram of TR selection process for avoiding excitation banding artifact. Multiband spectral 

specification of urea, pyruvate, pyruvate hydrate, alanine and lactate in this implementation 

(selective excitation of pyruvate), with height corresponding to the desired RF pulse 

excitation flip angle and with finite bandwidth (±50Hz) for improving B0 insensitivity (A). 

bSSFP frequency response with low flip angle (0.5°) (B). Normalized frequency is 

frequency over 1/(2TR). Locate spectral specification on top of bSSFP frequency response 

with suboptimal TR of 4ms (C), and optimal TR of 3.8ms (D). Simulated transient state 
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echo train within urea stopband with TR of 4ms (E), and TR of 3.8ms (F). Simulation 

parameters include: number of echoes = 256, T1 = 30s, T2 = 1s, α/2 – TR/2 preparation 

pulse.
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Figure 3. 
Flip angle scheme including a ramp-up preparation pulse and ramp-down flip back pulse 

(A). Simulated on-resonance magnetization evolution (B). Simulation parameters include: 

number of echoes = 256, T1 = 40s, T2 = 1s, TR = 3.785ms. Optimized lactate-only RF pulse 

with shortest duration (C), and its simulated spectral profile (D).
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Figure 4. 
Bloch simulation of bSSFP signal evolution with finite RF pulse (left) and instantaneous RF 

pulse (right). RF pulse train at beginning including ramp up preparation pulses (A1,A2), and 

the corresponding Mxy phase evolution for spins within the specified passband ([−50Hz,

50Hz]) (B1,B2). Three RF pulses in the middle of acquisition (C1,C2), and the 

corresponding Mxy phase evolution (D1,D2). Simulation parameters included: number of 

echoes = 256, number of preparation pulses = 5, number of flip back pulses = 5, TR = 3.785 

ms, T1 = 40s, T2 = 1s, RF pulse passband flip angle = 40°, duration = 2.04ms.
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Figure 5. 
Bloch simulation of bSSFP transient state echo signal within lactate passband (A,B) and 

pyruvate stopband (C,D). Finite RF pulses (duration = 2.04ms) are used in simulation (A,C), 

while instantaneous RF pulses are used in (B,D). Simulation parameters are the same as 

used in Fig. 4.
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Figure 6. 
One coronal slice of 3D bSSFP pyruvate acquisition with 13C enriched phantom at the 

resonance frequency of urea/pyruvate/alanine/pyruvate-hydrate/lactate, with TR of 4ms (top 

row) and 3.8ms (bottom row). All images in each row are displayed with the same window-

level parameters.
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Figure 7. 
One axial slice of 3D dynamic bSSFP pyruvate/lactate/urea acquisition (at first time point) 

with HP pyruvate/lactate/urea phantoms individually. Measured spectral selectivity is 

indicated on each image. All images in each row are displayed with the same window-level 

parameters.
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Figure 8. 
For the same data in Fig. 7, pyruvate/lactate/urea dynamic acquisition with HP lactate 

phantom, displaying one axial slice at all time points with the same window-level (A). 

Measured signal plotted with a logarithmic scale (B).
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Figure 9. 
3D dynamic bSSFP in vivo images of HP pyruvate/lactate/urea in a normal mouse with 

injected co-polarized [1-13C]pyruvate and [13C]urea. Coronal slices at the first time point are 

displayed (3rd – 5th row), together with corresponding off-resonance frequency distribution 

for 13C (1st row), 1H slices for anatomical reference (2nd row), and urea images overlaid 

on 1H images (6th row). Slices are arranged in posterior to anterior direction from left to 

right. Lactate images are displayed with 2× scaling factor compared to pyruvate. Saturation 
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bands were applied near the heart and below the kidneys in 1H acquisition to minimize flow 

related artifacts.
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Figure 10. 
Same data as in Fig. 9 but displaying all time points at one coronal slice containing kidney 

and aorta (third slice from left in Fig. 9). Lactate images are displayed with 3× scaling factor 

compared to pyruvate. The time stamps are relative to starting time of injection and 

estimated based on average respiratory rate of 55/min, labeled on each image.
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