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Abstract

Purpose—A novel technique for highly sensitive detection of multi-resonant fluorine imaging 

agents was designed and tested with the use of dual-frequency 19F/1H ultra-short echo times 

(UTE) sampled with a balanced steady-state free precession (SSFP) pulse sequence and 3D radial 

readout.

Methods—Feasibility of 3D radial balanced UTE-SSFP imaging was demonstrated for a 

phantom comprising liquid perfluorooctyl bromide (PFOB). Sensitivity of the pulse sequence was 

measured and compared to other sequences imaging the PFOB (CF2)6 line group including UTE 

radial gradient-echo (GRE) at α=30°, as well as Cartesian GRE, balanced SSFP, and fast spin-

echo (FSE). The PFOB CF3 peak was also sampled with FSE.

Results—The proposed balanced UTE-SSFP technique exhibited a relative detection sensitivity 

of 51 μmolPFOB
−1min−1/2 (α=30°), at least twice that of other sequence types with either 3D radial 

(UTE GRE: 20 μmolPFOB
−1min−1/2) or Cartesian k-space filling (GRE: 12 μmolPFOB

−1min−1/2; 

FSE: 16 μmolPFOB
−1min−1/2 balanced SSFP: 23 μmolPFOB

−1min−1/2 In vivo imaging of 

angiogenesis-targeted PFOB nanoparticles was demonstrated in a rabbit model of cancer on a 

clinical 3T scanner.

Conclusion—A new dual 19F/1H balanced UTE-SSFP sequence manifests high SNR, with 

detection sensitivity more than twofold better than traditional techniques, and alleviates imaging 

problems caused by dephasing in complex spectra.
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INTRODUCTION

Magnetic resonance methods are emerging for functional and quantitative physiological 

detection of nuclei other than hydrogen (1), all of which require specific optimization of 

imaging techniques and hardware. Concomitant development of novel contrast agents has 

created possibilities for imaging a variety of nuclei, for example recently the multiple 

molecular species of liquid perfluorocarbons in nanoparticle formulations (2,3). Targeted 

perfluorocarbon (PFC) imaging agents profess the opportunity to target and quantify 

markers of disease in cardiovascular, oncological, and other applications. Some of the early 

work involved targeted cells, both in vitro and in vivo, and tracking the cells by detecting 

their unique fluorine signatures (4,5). Other techniques involve the accumulation of tracers 

by macrophages, which can then be imaged by their fluorine signals (6). Still other agents 

have been shown to target pathological tissues to detect and quantify biomarker 

concentration, as exemplified by ανβ3-integrin targeting of angiogenesis in cancer and 

atherosclerosis (7-10). Moreover, commercial interest in such agents by pharmaceutical 

companies has been demonstrated by recent reports of angiogenesis targeting and imaging 

with 19F compounds (11).

19F magnetic resonance spectroscopy and imaging offer several advantages over hydrogen-

based methods, including highly specific detection due to an absence of biological 

background signal, and the ability to quantify local concentration of fluorinated agents (12). 

As such, 19F MRI bears a high potential for molecular imaging allowing the direct 

quantification of targeted PFC nanoparticle (NP) emulsions (13). Previous in vivo reports of 

PFC NP have exploited the single resonance peak of perfluoro-15-crown-5-ether (PFCE; 

C10F20O5) (14). However, perfluorooctyl bromide (PFOB; CF3-(CF2)6-CF2Br) is a more 

clinically-relevant NP core with a better understood human safety profile (15), but it exhibits 

a more complex spectrum with seven 19F resonance peaks and multiple relaxation 

conditions (16).

Fluorine-based detection incurs several inherent technical challenges. Many agents have 

short apparent T2’ relaxation times, which can vary across their spectral peaks (17). In 

addition, rich spectra and large chemical shifts (CS) like those found in PFOB add 

significant complexity that challenges optimal signal detection. Several methods have been 

developed to manage CS artifacts and cope with short apparent T2’ times encountered in 

multinuclear MR. Mastropietro et al. have recently optimized the sequence parameters of 

fast spin-echo (FSE/RARE) for some 19F reporters, but different fluorinated agents will 

likely require individual parameter tuning based on their spectral properties and the local 

environment (18). Single 19F resonances, such as the CF3 line group in PFOB, have been 

utilized (19), but significant tradeoffs in SNR efficiency remain when other lines are 

ignored. Others have investigated chemical species separation using an iterative 

decomposition with echo asymmetry and least-squares estimation (IDEAL), which requires 

a complex δB0 correction (20,21). In an effort to capture signal from all PFOB spins, echo-

time encoding with relaxation correction has been implemented (22), in addition to pulse-

phase encoding (PPE) (23). Lastly, chemical shift independent techniques like fluorine 

ultrafast turbo spectroscopic imaging (F-uTSI) have been employed to register the entire 19F 

spectrum (24), albeit with a significant acquisition time penalty.
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Perhaps the most straightforward method to image complex 19F spin systems in 

consideration of destructive phase interference is to acquire the signal before the spins 

dephase, as in ultra-short echo time (UTE) imaging (25). Line dephasing occurs over time, 

when the spin species of an imaging agent are subject to individual Larmor precession 

according to their respective chemical shift, which can lead to destructive signal overlay. In 

addition, transverse relaxation prevents a full signal recovery at later time points. Short echo 

time sequences like UTE offer the ability to capture these spins before line dephasing 

occurs, and thus retain their NMR signal to potentially boost the SNR (26). Balanced steady-

state free precession (SSFP) is a technique in which each gradient pulse within one TR is 

compensated by a gradient pulse with an opposite polarity, resulting in a single, rephased 

magnetization vector (27). As such, the SSFP sequence retains much of the initial 

magnetization (M0), which yields a steady state MR signal with high achievable SNR. 

Accordingly, we devised a new technique—dual-frequency 19F/1H UTE with a balanced 

SSFP pulse sequence and 3D radial readout—to permit highly sensitive detection of multi-

resonant imaging labels like PFOB.

METHODS

Pulse Sequence Design

In order to optimize pulse sequence parameters, the spectral characteristics and NMR 

relaxation properties of the PFOB molecule were analyzed (Fig. 1a). In addition to 

single 19F resonance peaks for the PFOB CF2Br and CF3 groups, the CF2 line group 

contains twelve of the seventeen fluorine nuclei, which result in five spectral components (at 

3T: 0, ± 100 Hz, ± 500 Hz). As shown in Figure 1b, the five proximate chemical shift (CS) 

components of the CF2 group, represented by different spin vectors (β, γ, δ, ε, ζ, ρ), lead to 

destructive signal overlay at larger echo times (e.g., 2.8 ms). However, all CS components 

remain within a phase range of ± 90° for 0.5 ms and are not yet significantly affected by the 

apparent T2’ relaxation (10 ms) (17,28). Using a UTE-SSFP sequence with an echo time of 

100 μs, a typical gradient performance of 200 Tm−1s−1 and a pixel bandwidth of 1 kHz, the 

FID readout requires ~0.6 ms resulting in a spatial resolution of ~1 mm, which is well suited 

for the detection and quantification of targeted PFOB-NP. During a fast FID readout, as in 

the balanced UTE-SSFP technique presented here, the relative signal from the CF2 

resonances remains above 60%, which cannot be recovered at later echo times.

A simultaneous 3D 19F/1H balanced UTE-SSFP pulse sequence was designed to capture 

these CF2 resonances (Fig. 2). The sequence consists of simultaneous 19F/1H RF excitation 

(29) and subsequent FID acquisition at an ultra-short echo time, using balanced gradients 

with a Wong-type (30) radial readout trajectory. The UTE excitation and FID acquisition are 

designed to acquire the 19F signal before dephasing develops, while the balanced SSFP 

gradients are designed to exploit the achievable high steady-state signal. The 

simultaneous 1H excitation and acquisition is not necessarily part of the sensitive 19F 

detection sequence but is beneficial for an efficient scan time and precise co-localization of 

fluorine signals with the underlying anatomy.
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Phantom Imaging Experiments

The study was performed on a 3T clinical whole-body scanner (Achieva, Philips Healthcare, 

The Netherlands), outfitted with a dual 19F/1H spectrometer system (29). Dual-

resonant 19F/1H RF coils were used, which can either transmit or receive at both frequencies 

simultaneously (31). As these coil types have identical B1 field properties at the 1H and 19F 

frequencies, the standard RF power adjustment for flip angle calibration, performed on 1H, 

can be used for 19F without modification.

Feasibility of balanced UTE-SSFP imaging was demonstrated in a phantom experiment 

using a bottle containing a flask (inner diameter 38 mm) filled with perfluorooctyl bromide 

(CF3-(CF2)6-CF2 r) surrounded by water. The simultaneous 19F/1H 3D balanced UTE-SSFP 

sequence with Wong-type radial readout was implemented using a 19F/1H dual-tuned 

transmit/receive small-animal solenoid coil (inner diameter 7 cm) with the following 

parameters: FOV = 128 mm, matrix 1283, isotropic voxel Δx = 1.0 mm, α = 30°, excitation 

bandwidth exBW = 5 kHz centered on the PFOB-CF2 line group, pixel bandwidth pBW = 

900 Hz, TR = 2.1 ms, TE = 90 μs (FID sampling), Texp = 71 s.

The effect of the balanced gradient scheme on sequence performance was determined by 

acquiring an additional 3D radial UTE gradient-echo (GRE) data set using identical 

acquisition parameters (α = 30°), but without balanced gradients (TR = 3.6 ms). 

Additionally, a 3D radial UTE GRE sequence at Ernst angle (αE = 5°) was tested, following 

determination of the T1 relaxation time for the PFOB-CF2 line group (840 ms) (32). The 

GRE sequences do not apply RF spoiling, such that the signal may be optimized at α > αE, 

depending on the actual T2 relaxation time. Slab-selective (10 mm) serial spectroscopic 

acquisitions were employed on both the CF2 and CF3 line groups of the PFOB phantom to 

determine T1 using inversion recovery, FID sampling, and variable TI delay (10-2810 ms in 

200 ms steps), as well as apparent T2’ using spin-echo TE delay (13-53 ms in 2 ms steps for 

CF2 and 13-583 ms in 30 ms steps for CF3).

For comparison to existing techniques, 3D GRE, balanced SSFP, and fast spin-echo (FSE) 

sequences with Cartesian k-space sampling were used with identical FOV (128 mm) and 

spatial resolution (1×1×1 mm3 voxels). An elliptical restriction of the two phase encoding 

dimensions was applied to the 3D Cartesian sampling such that the actually sampled portion 

of k-space was similar to the radial sampling in the UTE and balanced UTE-SSFP 

sequences. Other gradient-echo imaging parameters included α = 30°, exBW = 5 kHz, pBW 

= 900 Hz, TR/TE = 4.8/2.1 ms, Texp = 104 s. Balanced SSFP was used with α = 30°, exBW 

= 5 kHz, pBW = 900 Hz, TR/TE = 4.2/2.1 ms, Texp = 89 s. Fast spin-echo parameters 

included α = 90°, FSE acceleration factor 116, pBW = 660 Hz, exBW = 2830 Hz, TR/TE = 

4000/7.4 ms, Texp = 1032 s. For further comparison to alternative line selection methods 

(19), a fast spin-echo sequence was performed on the CF3 line using the same FSE 

parameters.
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Sensitivity Comparisons

In the phantom imaging experiments, sensitivity was selected as a metric to compare 

imaging techniques in order to take into account SNR as well as scan time for each 

sequence. Detection sensitivity (S) was defined and calculated as:

[1]

where SNR is the achieved signal-to-noise ratio, Texp is the duration of the sequence, and 

(mol/voxel) is the amount of PFOB agent within an imaging voxel. In order to assess the 

signal-to-noise ratio, 19F signal I0 was measured on the magnitude image in a rectangular 

region of interest (ROI) within the PFOB phantom. Noise was determined from the standard 

deviations σ[Re] and σ[Im] in a rectangular ROI at the border of real and imaginary images. 

An area separated from the phantom and free of coherent background signal in any sequence 

type (e.g., by signal blurring) was chosen. From this data, SNR was calculated as:

[2]

In Vivo Imaging Experiment

For in vivo validation, targeted PFOB NPs were imaged in a rabbit model of cancer. All 

animal procedures were approved by the Animal Studies Committee of Washington 

University in St. Louis. Male New Zealand White rabbits (~2 kg, n = 4) were implanted in 

the popliteal fossa of the left hind leg with 2-3 mm VX2 adenocarcinoma tumors (National 

Cancer Institute, MD), which grew to ~15 mm within 2 weeks (33). Imaging was performed 

3h post-injection of 1.0 ml/kg ανβ3-integrin targeted NP with PFOB core as previously 

described (34). To avoid signal contamination from inhaled fluorinated anesthesia, a 

xylazine (10mg/kg) / ketamine (85 mg/kg) i.m. injection was used for anesthesia induction, 

which was maintained with a ketamine i.v. infusion (18 mg/kg/hr). The radial 3D balanced 

UTE-SSFP sequence was implemented using a 19F/1H dual-tuned transmit/receive surface 

coil (7×12 cm) with the following parameters: FOV = 140 mm, matrix 643, isotropic voxel 

Δx = 2.19 mm, α = 30°, exBW = 5 kHz centered on the PFOB-CF2 line group, pBW = 900 

Hz, TR = 1.75 ms, TE = 90 μs (FID sampling), and a scanning time of 30 minutes.

For the in vivo experiment, the radial k-space data were reconstructed at full resolution for 

the 1H component and a lower resolution with higher signal-to-noise for the 19F component. 

The latter was achieved by applying a flat k-space weighting to the data outside a radius 

corresponding to 20% of the fully sampled sphere in k-space (20% of the Nyquist radius) 

and using the usual quadratic weighting for the center of k-space (35). Since most signal 

intensity is located close to the center of k-space, flat weighting of higher k-values does not 

lead to signal losses but reduces noise amplification in high k-values and thus further 

improves SNR at the expense of spatial resolution.
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RESULTS

The balanced UTE-SSFP pulse sequence was successfully implemented and run on a 3T 

whole-body scanner. Table 1 summarizes the observed sensitivity for the investigated 

sequence types, as calculated by Eq. 1. With S = 51 μmolPFOB
−1min−1/2, the proposed 

balanced UTE-SSFP technique demonstrates a sensitivity of at least twice that of other 

sequence types. An example phantom image using this technique is shown in Figure 3d, 

together with the ROIs used for signal-to-noise measurements. 3D UTE GRE sequences 

without balanced gradients at α = 30° and α = 5° (Ernst angle) exhibit substantially lower 

sensitivities (20 and 8 μmolPFOB
−1min−1/2, respectively). Analysis of the spectroscopic 

series data revealed a T1 of 840±40 ms and 1000±40 ms for the CF2 and CF3 peaks, 

respectively, and an apparent T2’ of 10±1 ms and 230±10 ms for the CF2 and CF3 peaks, 

respectively.

The second-best sequence is balanced SSFP with a Cartesian k-space trajectory (23 

μmolPFOB
−1min−1/2, demonstrating the value of using balanced gradients for the detection of 

perfluorocarbons. For the CF2 group, the proximate CS components lead to destructive 

signal overlay at larger echo times (e.g., 2.8 ms), which are difficult to separate with line 

selection techniques. The 3D gradient-echo acquisition demonstrates this signal loss (TE = 

2.1 ms), with a measured sensitivity of 12 μmolPFOB
−1min−1/2. Fast spin-echo techniques 

are typically highly SNR efficient, but are not optimal for perfluorocarbons like PFOB (16 

μmolPFOB
−1min−1/2, since the achievable echo times (here TE = 7.4 ms) do not allow full 

signal combination of the CF2 group. Selecting the CF3 group is possible, but this choice 

only uses 3 of the 17 available fluorine nuclei, which resulted in lowered sensitivity (7 

μmolPFOB
−1min−1/2.

In vivo imaging of angiogenesis-targeted PFOB nanoparticles was successful in a rabbit 

model of cancer, demonstrating heterogeneous areas of neovasculature at the tumor rim 

(Fig. 3a, arrow) as expected in this established VX2 tumor model. The fluorinated core of 

this PFOB NP emulsion was imaged with the simultaneous 19F/1H balanced UTE-SSFP 

sequence using parameters that were tested in the phantom experiment. The resultant 19F 

signal clearly elucidates the heterogeneous distribution of detected NP (Fig. 3b), which is 

overlaid on 1H anatomy to demonstrate anatomical co-localization (Fig. 3c).

DISCUSSION AND CONCLUSIONS

This study introduced and tested a novel pulse sequence, 19F/1H balanced UTE-SSFP with 

3D radial readout, for the imaging of non-proton nuclei with complex spectra. The sequence 

was implemented on a clinical 3T scanner to enable detection of multi-resonant fluorine 

imaging labels like PFOB with high sensitivity as compared to traditional techniques. A 

majority of the PFOB fluorine nuclei (12 of 17) are located in the CF2 resonances, which are 

distributed over a wide chemical shift range. Within the 90 μs echo time of the balanced 

UTE-SSFP sequence however, we showed that dephasing does not lead to destructive 

superposition of these resonances, which serves to maximize the obtained signal. The signal 

gain by constructive addition of all CF2 lines over-compensates the loss in SNR-efficiency 

imposed by 3D radial sampling (25%) and the FID readout, which requires twice the number 
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of k-space lines, since all start at kx,y,z = 0 (36). Point-spread function effects of the k-space 

sampling might change the actually sampled voxel volume and thus influence the sensitivity 

comparison. Because of the chosen elliptical restriction of the phase encoding in Cartesian 

sampling, these effects were considered to be negligible.

The sensitivity obtained for the gradient-echo sequence using radial UTE readout allows 

separating the contributions of short echo times (reduced dephasing) and the use of balanced 

gradients. Without the spoiler gradients used in GRE, TR is decreased for the balanced case, 

which accounts for about 30% of the observed sensitivity gain (20 to 51 

μmolPFOB
−1min−1/2. Thus, the application of balanced gradients can be estimated to result in 

a twofold sensitivity gain for the CF2 line group. This result is similar to the sensitivity gain 

found by introducing balanced gradients in the Cartesian CF2 acquisitions (12 to 23 

μmolPFOB
−1min−1/2).

The results show a substantial, 2.5-fold increase in the UTE GRE signal from Ernst angle 

(αE = 5° for T1 = 840 ms) to α = 30°. According to GRE signal theory without RF spoiling 

(see e.g. (37), Eq. 4.22, TR = 4.8 ms, T1 = 840 ms) this is only expected for species with 

actual T2 values much larger than the measured apparent T2’ of 10 ms (consistent with (17)). 

At an estimated actual T2 of 110 ms, the GRE signal theory predicts a 2.5-fold signal 

increase when changing from α = 5° to 30°, while the signal gain would be lower at any 

significantly shorter T2. The apparent T2’, as measured by multiple spin echo times, is 

known to be strongly influenced and shortened by homonuclear J-coupling (17). Recent 

work by Jacoby et al. (16) demonstrates this point, measuring the T2 of emulsified PFOB, 

which varies over the CF2 peaks from 75 to 80 ms. Additionally, Giraudeau et al. (19) have 

shown exceptionally high actual T2 values of 400 to 900 ms for the PFOB CF3 group when 

using narrow band refocussing in spin-echo to reduce J-coupling effects. Interestingly, the 

T2 is shown to increase at shorter echo time, which is hypothesized to be due to a reduced 

influence of the coupled (quantum) state on relaxation at shorter TE. Furthermore, the actual 

T2, and hence signal, depends on whether the PFOB is neat, encapsulated, or bound to a 

target (16,19). Our results suggest that an actual T2 value (and not apparent T2’) is required 

to correctly model the signal gain obtained by flip angle optimization and by applying 

balanced gradients.

The flip angle choice of α = 30° in the present study was suggested by a previous study 

using a Cartesian GRE sequence on fibrin target bound PFOB nanoparticles (38), which 

showed a signal optimum at α = 30° to 35° and a signal decay for larger flip angles. While a 

sequence comparison at a fixed flip angle, as performed in this study, is clearly 

demonstrating the respective signal gain by using ultra short echo time and balanced 

gradients, the individual optimum flip angle for each sequence type was not explored. 

Inserting the estimated actual T2 of 110 ms (neat PFOB) into the signal theory for balanced 

SSFP (see e.g. (37), Eq. 4.24) allows one to estimate an optimum flip angle and to predict 

the signal gain by introducing balanced gradients as compared to GRE. According to this 

theory, balanced gradients at α = 30° would result in a 50% signal increase and the signal 

maximum would be expected at 40°. The actually observed signal gain (twofold) does not 

match this calculation, likely due to the fact that the actual T2 is not well known and may 

depend on sequence parameters. A more detailed analysis of the actual T2 relaxation of the 
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PFOB CF2 line group for neat and encapsulated PFOB forms is beyond the scope of this 

work but would provide important information to optimize balanced UTE-SSFP sequences 

(e.g. flip angle choice). A flip angle of 30° could be a practical choice for in vivo 

applications of the proposed balanced UTE-SSFP technique for PFOB loaded nanoparticles, 

where T2 relaxation may be faster due to restricted motion. The current parameter choice in 

balanced UTE-SSFP led to the successful observation of ανβ3-integrin targeted NP with a 

PFOB core, as shown in the VX2 tumor model.

Although the focus of this work was on PFOB nanoparticle emulsions, the balanced UTE-

SSFP technique offers several benefits for multinuclear imaging of many non-proton agents, 

such as perfluorodecalin (C10F18) or perfluorooctane (C8F18) (16,39). This pulse sequence is 

optimal for contrast agents with a short apparent T2’ relaxation, due to the ultra-short echo 

time and fast FID acquisition. Agents bound to molecular targets may be of particular 

interest, since they exhibit reduced T2 relaxation due to decreased molecular motion (38). In 

addition, the balanced SSFP approach yields high SNR, in particular for imaging labels with 

characteristically unfavorable long T1 relaxation for gradient-echo methods due to M0 

saturation, as is the case with PFOB. The combination of these two schemes offers a flexible 

pulse sequence for complex resonant structures, which can be customized to the agent of 

choice by altering offset frequency and excitation bandwidth to dial in a particular line 

group.

As shown in this study, the proposed balanced UTE-SSFP sequence can be combined with 

simultaneous dual-nuclei techniques. The simultaneously acquired proton signal could be 

used for efficient anatomical localization and quantitative calibration of the non-proton 

signal via sensitivity assessment of the dual-tuned RF coil. Once the complex spectral signal 

is acquired with this sequence, the 3D radially-filled k-space data can be directly 

reconstructed, and does not require post-processing as would chemical shift imaging. As an 

added benefit, the 3D radial data set offers the potential for multi-resolution reconstruction, 

allowing analysis of the 19F and 1H data at different spatial resolution (35). Note that the 

reconstruction of the 19F data at a lower resolution and higher SNR was only performed for 

the in vivo experiment to demonstrate this capability in sparse molecular imaging 

environments; all 19F data were reconstructed at full resolution in the phantom experiments 

when comparing balanced UTE-SSFP to existing techniques, as seen in Figure 3d. Finally, 

this unique simultaneously acquired data provides an opportunity for motion correction of 

the non-proton signal with temporal sub-sampling of the 1H data (29). Although a prototype 

dual 19F/1H spectrometer system was used for simultaneous acquisition in this study, a 

similar 19F UTE-SSFP sequence was also successfully implemented on a standard 

multinuclear scanner platform.

In this study, the balanced UTE-SSFP sequence was shown to be more sensitive than 

traditional acquisition techniques in the context of multinuclear imaging of contrast agents 

with complex spectra. However, some agents may not require advanced line combination, 

such as those with single resonance peaks. Application of the balanced UTE-SSFP sequence 

for such agents might result in decreased SNR-efficiency due to the 3D radial sampling and 

FID readout. In addition, the bandwidth of this technique may not be large enough to cover 

all lines of an agent, because of the large chemical shifts found in 19F. Thus, a particular line 
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group must be selected within a bandwidth of approximately 1-2 kHz, for an appropriate 

spatial resolution of the 3D radial readout with standard gradient systems. While 

advantageous for the detection of PFOB where a majority of 19F spins are found in the CF2 

line group covering ~1 kHz, this bandwidth restriction may be a limitation for other 

chemical species. Another obstacle for this sequence was found in the classic balanced SSFP 

banding artifacts that were observed in both the 1H and 19F components in some images, but 

these were reduced by shortening TR and can be moved out of the region of interest by 

adjusting the offset frequency for the balanced signal.

In conclusion, radial 3D balanced UTE-SSFP is a robust pulse sequence that yields high 

SNR, with detection sensitivity more than twofold improved over more traditional 

techniques, while also alleviating problems associated with extended longitudinal relaxation 

times, short apparent T2’, and complex spectral properties of imaging agents. This technique 

was demonstrated for dual-frequency 19F/1H MRI on a clinical scanner that allows highly 

sensitive in vivo detection of multi-resonant imaging labels like perfluorooctyl bromide. The 

synergistic combination of an optimized imaging technique and a biocompatible contrast 

agent should facilitate translation into clinical use.
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FIG. 1. 
a: Perfluorooctyl bromide (PFOB: CF3-(CF2)6-CF2Br)19F spectrum. b: All chemical shift 

components of PFOB CF2 line group (β, γ, δ, ε, ζ, ρ) remain within a phase range of ± 90° 

for 0.5 ms. c: 19F signal evolution of the (CF2)6 line group with and without apparent T2’ 

relaxation. During a fast FID readout as in the balanced UTE-SSFP technique (shaded 

region), the relative signal remains above 60%, which cannot be recovered for later echo 

times.
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FIG. 2. 
A simultaneous 3D 19F/1H balanced UTE-SSFP pulse sequence, consisting of 

simultaneous 19F/1H RF excitation and subsequent FID acquisition at an ultra-short echo 

time, using balanced gradients with a Wong-type (30) radial readout trajectory. Logical 

gradient lobes (m, mr) are superimposed into a single continuous gradient waveform when 

executed on the physical gradient coils.
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FIG. 3. 
Molecular imaging of ανβ3-integrin targeted NP on VX2 tumor in rabbits by 19F MRI. a: 1H 

image shows tumor location (arrow) in rabbit popliteal fossa. b: NP with a perfluorooctyl 

bromide (PFOB) core were imaged with a novel balanced UTE-SSFP based 3D radial 

sequence. c: Image overlay demonstrates the anatomical co-localization. d: 19F balanced 

UTE-SSFP image of the phantom consisting of PFOB in a flask surrounded by water (signal 

and noise ROIs shown for SNR calculation).
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Table 1

Sensitivity of 19F MR Acquisition Techniques

PFOB Line(s) 19F Sequence Sensitivity (μmolPFOB
−1min−1/2)

a

CF3 Cartesian fast spin-echo 7

(CF2)6

Cartesian gradient-echo (α=30°) 12

Cartesian fast spin-echo 16

Cartesian balanced SSFP (α=30°) 23

Radial UTE gradient-echo (α=5°) 8

Radial UTE gradient-echo (α=30°) 20

Radial balanced UTE-SSFP (α=30°) 51

a
Sensitivity measured as S = SNR×(mol/voxel)−1×Texp−1/2, where SNR is the achieved signal-to-noise ratio, Texp the sequence duration, and 

(mol/voxel) the amount of PFOB agent within an imaging voxel.
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