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Abstract 

19F images have been obtained from perflurooctylbromide (PFOB) at a very low magnetic 

field (50 mT). The small spectral dispersion (in Hz) means that all fluorine nuclei contribute 

to the signal without chemical shift artifacts or the need for specialized imaging sequences. 

Turbo spin echo trains with short interpulse intervals and full 180° refocusing pulses suppress 

scalar coupling, leading to long apparent T2 values and highly efficient data collection. 

Overall, the detection efficiency of PFOB is very similar to that of water in tissue.  
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5.1 Introduction 

After 1H, 19F is the nucleus with the highest gyromagnetic ratio, approximately 91% that 

of 1H. In biological applications there is essentially zero background signal, which provides 

high contrast when detecting 19F molecules which have been introduced into the body. A 

large number of different applications of in vivo 19F magnetic resonance have been shown [1]. 

For example, various fluorinated gases including sulphur hexafluoride [2], perfluoroethane 

[3], perfluoropropane [4, 5] and most recently octafluorocyclobutane [6, 7] have been used 

for lung imaging. The concentrations of different fluorinated pharmaceuticals including 

inhalation anesthetics such as halothane [8] and isoflurane, and anti-depressants such as 

fluoxetine in brain tissue, can also be measured, although the low concentrations mean that 

MR spectroscopy rather than imaging is used. Another commonly-used class of compounds 

are liquid perfluorocarbons which have been used in emulsions, nanoparticles and 

microspheres [9-12]. These can be injected systemically into the bloodstream and concentrate 

in the liver and spleen due to macrophage capture with the specific temporal dynamics 

determined by the physicochemical properties of the particles, and any chemical surface 

formulations [13].  Alternatively, they can be injected locally to study, for example, 

oxygenation in the eye [14, 15] or tumours [16], since 19F relaxation times are oxygen-

dependent [17-19], or report local temperature [20] or pH [21]. Additionally, perfluorocarbon 

nanoemulsions can quite easily be incorporated in vitro into, for example, mesenchymal cells 

or non-phagocytic neural stem cells [22, 23]. A number of different perfluorocarbons have 

been used including perfluoro-15-crown-5-ether (PCE) [24], perfluoropolyether (PFP), and 

perfluoro-octylbromide (PFOB). The former two compounds have the advantage of having 

either only a single resonance in the case of PCE, or the majority of the fluorine molecules 

having a single resonance for PFP. Nevertheless, PFOB which contains multiple resonances, 

is the most commonly-studied compound due to its high level of biocompatibility, having 

been used as an oxygen carrier and blood volume expander [25]. Multiple studies using 

targeted PFOB nanoparticles have been published [26]. 

The major challenges in imaging PFOB are that it contains resonances over a wide 

chemical shift range (~62 ppm between the CF2Br(α) and the CF2(γ) resonances), as well as 

long T1 and short “effective” T2 relaxation times: these short effective T2 values are primarily 

due to homonuclear F-F scalar coupling [27]. Taken together, these factors mean that 

specialized pulse sequences must be used: different imaging sequences for 19F imaging have 
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been summarized in an extensive review [28]. For example, one way to address the multiple 

chemical shifts is to use selective excitation of only one of these peaks, but this approach 

clearly results in lower signal-to-noise ratio (SNR) than if all the peaks contribute to the 

image. Selective refocusing pulses can also be used at higher fields to refocus the 19F-19F 

scalar couplings [27]. The iterative decomposition with echo asymmetry and least-squares 

estimation (IDEAL) technique has also been used, but requires complex correction for 𝐵0 

inhomogeneities [29]. In terms of “overcoming scalar coupling” one approach is to acquire 

the signal before the spins dephase, for example by using ultra-short echo time (UTE) [30] or 

zero echo time (ZTE) [31] imaging, both of which require well-calibrated and fast-switching 

hardware. UTE can also be combined with steady state free precession (SSFP) for improved 

sensitivity, but this requires a very homogeneous 𝐵0  field for the gradient echo SSFP 

sequence. Ghuman et al. [32] compared fast imaging with steady precession (FISP) with 

turbo spin echo (TSE) sequences, concluding that FISP is better for a low number of slices, 

whereas TSE is advantageous for a larger number of slices.  

Although most fluorine studies are performed on either high field preclinical systems, or 

research-oriented clinical human systems, the hardware and software interfaces required are 

not standard, and the number of systems capable of performing even simple experiments is 

quite limited. In this work we set out to see if 19F imaging of PFOB could potentially be 

performed on a very simple and inexpensive low-field MRI system, operating at 50 mT [33]. 

The obvious disadvantage of low field is the lower intrinsic SNR. However, there are also a 

number of potential advantageous features which at least partially mitigate the low sensitivity. 

First, the spectral dispersion of PFOB in Hz is very small (~125 Hz), which is less than the 

typical imaging pixel bandwidth and the homogeneity of the magnet, and so all resonances 

can be imaged with no chemical shift artifacts without recourse to specialized sequences. 

Second, the T1 relaxation time is significantly shorter due to the frequency dependence of the 

dipole-dipole coupling mechanism. Third, the effective T2 values can be very long if the 

dephasing effects of homonuclear scalar coupling and the fast T2 relaxation of anti-phase 

coherence [34] can be largely removed by using very short echo times. With this approach 

very long echo train length (ETL) TSE sequences with full 180o refocussing pulses can be 

used for efficient data acquisition due to the much lower specific absorption rate (SAR) at 

low field. Indeed, the T2/T1 ratio, a figure-of-merit in terms of the relaxation-time determined 

sensitivity, can approach unity for PFOB, which is one to two orders of magnitude greater 

than typically found for conventional high field readouts.  
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5.2 Methods 

Low-field MRI system 

The system operating at 50 mT (2.15 MHz 1H, 2.02 MHz 19F) has been described in detail 

previously [33] and consists of a Halbach magnet of twenty three rings, with two layers of 

N48 neodymium boron iron (NdBFe) magnets (12 x 12 x 12 mm3) per ring. The array has a 

clear bore of 27 cm, and a length of 50 cm between the two outer rings. An additional shim 

ring filled using 3 × 3 × 3 mm N45 NdBFe magnets was used to improve the 𝐵0  field 

homogeneity. The total weight of the magnet including all components is ~75 kg. The magnet 

is positioned inside a 62.5 × 62.5 × 85 cm Faraday cage constructed from 2 mm thick 

aluminium sheets. Gradient coils consist of 1.5 mm diameter copper wire pressed and glued 

into 3D printed formers. The efficiencies of the x, y and z gradient coils are 0.59, 0.95 and 

1.02 mT/m/A, respectively. A triple-axis custom-designed gradient amplifier produces an 

output gain of 3.3 Amps per 1 volt input from the +/- 10 volt 16-bit digital-to-analogue (DAC) 

gradient drivers of the MR console (Magritek Kea 2, Aachen, Germany). The RF pulses 

generated by the spectrometer are amplified by a custom-built 1 kW RF amplifier. 

 

Switchable MR coil 

There are a whole slew of designs for double-tuned 1H/19F RF coils in the literature, see 

for example Villa-Valverde and references therein [35]. However, due to the very close 

frequencies between 1H (2.15 MHz) and 19F (2.02 MHz) at 50 mT, the most simple approach 

is to have a switchable unit, which can either consist of a mechanical switch (shown here) or 

one which can be electronically switched using a TTL-controlled relay. The solenoid coil was 

fabricated on a plexiglass cylinder by using copper tape of 5 mm width and 0.07 mm 

thickness. Dimensions are 15 cm length and 9 cm outer diameter/8.5 cm inner diameter with 

15 turns. Impedance matching used a conventional L-network. The parallel “tuning capacitor” 

had a value of 513 pF (ATC Type E, non-magnetic) for 1H and 590 pF for 19F. To switch 

tuning of the coil from 1H to 19F a mechanical switch was used which connected the extra 77 

pF of capacitance. Because the resonance frequencies of 1H and 19F are so close to each other 

there is a negligible difference between the required value of the matching capacitor, in this 

case 140 pF. 
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5.3 Data acquisition 

Phantom preparation 

Pure PFOB was obtained from Sigma-Aldrich, Netherlands. A plastic cylinder length 4 cm, 

inner diameter 8 mm, volume 2 mL, was filled with PFOB. An identical cylinder was filled 

with water doped with copper sulphate to give a T2 value of 150 ms, which is slightly higher 

than the field-independent value proposed in [36]: we deliberately chose a slightly 

conservative value for the SNR comparison between 1H and 19F presented at the end of this 

paper. A third cylinder was filled with fomblin, a long-chain perfluorocarbon with chemical 

shift range from -52  to -94 ppm (-104 to -188 Hz).  

 

Relaxation time measurements 

T1 relaxation times were measured using a spectroscopic inversion-recovery sequence: a 

standard four-element phase cycle was used. The data were fitted with a three-parameter (S0, 

T1, and inversion-efficiency) curve to account for any B1-inhomogeneities [37]. Experiments 

were repeated six times and the standard deviation of the measurements was calculated.  T2 

values were measured using a spectroscopic Carr-Purcell-Meiboom-Gill (CPMG) sequence 

with an eight-step phase cycle. The interpulse time was varied, with a minimum of ~2.5 ms 

set by the length of the 90 and 180o RF pulses (100 ms at a power of 4 and 16 Watts, 

respectively) and various times required for blanking, receiver turn-on, and post-acquisition 

delays. Experiments were repeated six times and the standard deviation of the measurements 

was calculated.   

 

Imaging 

Images were acquired from a phantom containing one tube of PFOB and one of fomblin 

(dimensions as described previously) using a custom-programmed 3-dimensional TSE 

sequence, with the phase encoding gradient unwound between successive acquisitions. For all 

images presented the field-of-view was 80 x 80 x 60 mm, with a data matrix of 64 x 64 x 8, 

and an acquisition bandwidth of 30 kHz. The minimum interpulse delay, with gradient 

switching in addition to the considerations mentioned above, was 5 ms. Different k-space 
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trajectories (in-out, linear and out-in) were acquired, as reported in the specific figure legends. 

For all images, an ETL of 64 was used, a TR of 4 seconds (to remove any T1-weighting) was 

used between each of the eight phase-encoding steps in the third dimension: no signal 

averaging was used. Data were exported and processed using a custom-written Python script. 

A multi-dimensional Gaussian filter (scipy.ndimage.gaussian_filter, sigma=2) is applied to 

the raw k-space data prior to Fourier transformation. In each figure the central image from the 

3D data set is shown. 90o and 180o pulses were all 100 ms duration, with appropriate 

calibrated pulse powers of 4 and 16 Watts, respectively, for both 1H and 19F.  

For the comparison between proton and fluorine SNRs, a spin-echo sequence was run with 

TR=10 seconds and TE=5 ms to minimize T1 and T2 effects. Two signal averages were 

acquired, no filtering was applied. 

 

5.4 Results 

Figure 1 shows a photograph of the RF coil, together with network analyzer plots of the 

responses with the switch in each position. The quality (Q) factor values of the coil are 90 

(2.02 MHz) and 87 (2.15 MHz), giving coil bandwidths on the order of 20 kHz. The Q-values 

for the situation in which the switch was removed are essentially identical. A frequency shift 

of less than 1 kHz is introduced by the switch.  

 

Figure 1. (left) Photograph of the solenoid coil which can be switched between 1H and 19F using a 

mechanical switch (arrow). (right) S11 plots of the 1H and 19F switched-mode RF coil. A comparison 

with/without the low-loss mechanical switch shows negligible differences.  
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For the PFOB sample the T1 was measured to be 720 ± 10 ms. Figure 2 shows CPMG data 

for four interpulse delays (τ) for PFOB, fomblin and doped water: the total echo train 

duration was kept constant at 150 ms. The results show a significant reduction in T2 value as 

a function of τ for PFOB, a smaller dependence for fomblin, and a value which does not vary 

for water.   

 

Figure 2. Four different CPMG echo trains plotted as a function of interpulse time (τ) for PFOB, 

fomblin and water for a constant overall echo train duration of 150 ms.  

 

Figure 3(a) shows the variation in measured T2 values as a function of interecho timing 

between 2.5 and 10 ms for PFOB. There is a drop of almost one order-of-magnitude over this 

range. The standard deviation of these measurements is <3% of the absolute value. Using 

these values one can calculate the relative signal of each echo of a TSE imaging sequence for 

different echo times, as shown in Figure 3(b):  

𝑆𝑁𝑅𝑁 ∝ 𝑒𝑥𝑝
−𝑁𝜏

𝑇2,𝑒𝑓𝑓(𝜏)
 , (1) 

where N is the echo number, and the term T2,eff(τ) emphasizes the fact that the effective 

transverse relaxation rate is a function of τ. Figure 3(c) shows the corresponding point spread 

functions (PSFs), calculated via the Fourier transform of these exponential decay functions. 

The PSF is a measure of the spatial resolution of the image, comprising the digital resolution 

(field-of-view divided by the number of acquired data points) convolved with the broadening 
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due to the Fourier transform of the decaying exponential function: a broader PSF indicates a 

more blurred image.   

 

Figure 3. (a) Measured T2 value from a CPMG echo train for PFOB as a function of the interpulse 

delay τ. (b) Corresponding calculated SNR as a function of echo number for a TSE sequence with 

different inter-echo times. (c) Corresponding point spread function (PSF) for the three values of τ. 

 

In a TSE sequence the effective echo time (TEeff) is usually defined as the value at which 

the kphase=0 line in k-space is acquired. By altering the order in which k-space is covered this 

value can correspond to any echo number shown in Figure 3(b). Here, we consider three 

commonly-used cases: an “in-out trajectory” in which the kphase=0 line is sampled first, a 

“linear trajectory” in which kphase=0 sampled halfway through the echo train, and an “out-in 

trajectory” in which kphase=0 corresponds to the final echo of the train. The SNR is clearly 

highest for the in-out trajectory: the major mitigating factor is that blurring artifacts can be 

quite apparent if the echo train length is on the order of the effective T2.  

To illustrate the effect of TEeff on image quality, Figure 4 shows images acquired with an 

in-out trajectory from a phantom with one tube of PFOB and one tube of fomblin. Fomblin 

has an effective T2 value of ~95 ms at a τ value of 5 ms, which is only slightly reduced as a 

function of τ. Two effects in Figure 4 are apparent: the substantial decrease in SNR for even 

very small differences in the value of τ, and the increase in the point spread function (PSF) in 

the phase encoding direction for higher τ values, with the latter effect being much greater for 

the shorter T2 value of fomblin.  
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Figure 4. TSE images acquired from a tube containing PFOB (left) and fomblin (right) with different 

inter-echo times for an in-out k-space trajectory: (a) τ = 5 ms, (b) τ = 6 ms, (c) τ = 7 ms. The 

frequency encoding direction left-right and the phase-encoding direction up-down. Projections are 

shown through the horizontal mid-line of the image.  

 

Figure 5 shows results using the linear and out-in k-space trajectories. As expected the 

absolute SNR is lower than for the in-out trajectory (in-out ~ 80:1, linear ~ 50:1, out-in ~ 

22:1 for PFOB), but the difference in signal intensity between PFOB and fomblin is much 

larger, i.e. one can potentially differentiate between different perfluorocarbons based on their 

τ-dependent relaxation times.  

 

Figure 5. TSE images acquired from a tube containing PFOB (left) and fomblin (right) with different 

inter-echo times for linear and out-in k-space trajectories: (a) linear τ = 5 ms, (b) linear τ = 6 ms, (c) 

linear τ = 7 ms, (d) linear τ = 8 ms, and (e) out-in τ = 5 ms.  

 

The final experiments were performed to assess the relative SNR of 1H and 19F PFOB 

images at 50 mT. By considering the respective values for H2O and PFOB: molecular 

weights (18 and 498), densities (1 g/mL and 1.92 g/mL), number of protons (two) and 

fluorine atoms (seventeen) per molecule, and gyromagnetic ratios (42.58 MHz/T and 40.31 

MHz/T), the theoretical relative SNRs (ignoring relaxation) for water and PFOB are 1.93:1. 

(a) (b) (c) 
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Figure 6(a) shows an experimental comparison, with the value obtained being 2.02:1, in 

reasonable agreement with theory. The remainder of Figure 6 shows images acquired with 

different k-space trajectories with an inter-echo spacing of 5 ms to maximize SNR. The in-

out trajectory results in a similar SNR ratio of 2.17:1, with this ratio decreasing for linear and 

out-in trajectories, as expected due to the shorter T2 of water at this inter-echo time.  

 

Figure 6. (left) Superimposed one-dimensional projections of a tube containing PFOB (blue) and one 

containing doped water (orange) with the coil mechanically switched between 1H and 19F for 

consecutive acquisitions. The relative SNRs were 2.02:1. (right) Images acquired with different k-

space trajectories for 1H (top row) and 19F (bottom row), with SNRs indicated. Imaging parameters as 

described previously. 

 

5.5 Discussion 

The results shown here demonstrate that 19F MRI of multi-resonance homonuclear scalar 

coupled perfluorocarbons such as PFOB, which are the compounds which have been 

demonstrated to have a high degree of biocompatibility, may be feasible for certain in vivo 

applications at low field. Although there is a far lower net magnetization available compared 

to the higher magnetic fields typically used for 19F MRI, there are several advantages that can 

be exploited at low field. First, the absolute chemical shift dispersion (in Hz) at fields of ~100 

mT or lower is less than the imaging pixel bandwidth and so all of the resonances in the 

molecule give rise to usable signal without producing image artifacts. Second, the reduced 

SAR at low fields allows rapid pulsing of high tip angle i.e. 180o refocussing pulses with very 
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short interpulse delays. The use of very short interpulse delays (τ<<JF-F) is also very efficient 

at refocussing scalar coupling evolution, meaning that the transverse magnetization can be 

recycled using repeated refocusing pulses, allowing much longer ETLs and therefore higher 

imaging efficiency in TSE sequences. Since the interpulse delay is ~40 times longer than the 

pulse duration (100 ms), there is a very small contribution from spin-locking, meaning that 

the longer effective transverse relaxation time can be attributed primarily to homonuclear 

scalar coupling refocusing. Finally, the T1 time is shorter than at field strengths used for 

clinical or preclinical studies (e.g. T1~1200 ms at 3T [38]), allowing more efficient data 

acquisition when signal averaging is required for applications which have an intrinsically low 

sensitivity due to the low concentrations of 19F in tissue. 

Of course in vivo imaging typically involves a much lower concentration of 19F molecules 

compared to tissue water. However, as shown by many authors [39-41], so-called “hot-spot” 

19F is sufficient, in which two-dimensional projection images are acquired and overlaid on a 

3D proton image. Indeed from the data shown in Figure 6 it is clear that the intrinsic SNR of 

19F of PFOB and 1H of tissue water are very similar. 1H TSE images are typically acquired 

with a linear k-space trajectory to introduce a degree of T2-weighting to distinguish between 

different organs, and the data shown in Figure 6 show very similar SNRs for a linear k-space 

trajectory for 1H image, Figure 6(b), and an in-out trajectory for the 19F image, Figure 6(d). 

Of course the T2 relaxation time of PFOB and other perfluorocarbons might be reduced by 

emulsification and also by the effects of sequestration in-vivo: these effects definitely need to 

be investigated in future studies.  

In this study we used very high duty cycle TSE sequences due to the very low SAR at low 

field. Although TSE sequences can be optimized at higher fields (38), other types of sequence 

have been suggested to achieve the optimal SNR. Ultrashort echo time (UTE) (5) and steady 

state free precession techniques (4) have been shown to provide the highest SNR. These types 

of sequences pose significant challenges at low-field using custom-built, inexpensive 

hardware. UTE sequences require very rapid switching transmit/receive switches and rapid 

ring-down of the RF coil. Given the relatively high Q-values of the coils in this study, some 

form of feedback or active damping would have to be enacted [42, 43], as well as a custom-

design of an actively-driven transmit/receive switch. For SSFP sequences a high degree of 𝐵0 

homogeneity is required in order to avoid banding artifacts, and practical Halbach arrays with 

finite length typically have inhomogeneity values which make these sequences difficult to 
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implement successfully (note though that SSFP sequences have been used on a much larger 

electromagnetic-based ultra-low-field system [44]).  

One of the recent innovations in fluorine imaging has been “multicolour” or “multispectral” 

data acquisition [45], in which the different chemical shifts of separate fluorine compounds 

can be used to distinguish differential biodistribution. Obviously at very low field this is not 

possible, but one can potentially use the different degrees of scalar coupling, and the 

corresponding dependence of the effective T2 time on the value of τ for distinguishing 

between compounds. This can be seen in the data shown in Figures 4 and 5. In Figure 4, 

using an in-out trajectory there is relatively little contrast between the signals from PFOB and 

fomblin, whereas in Figure 5 using a linear or out-in trajectory the contrast is much higher, 

albeit at the price of a lower SNR.  

Finally, we note that image acquisition efficiency can be increased by interleaving 1H and 

19F imaging. This can be performed using electronically switched coils, for example. The 

longer T1 of 19F PFOB compared to tissue water means that after a single 2D 19F single-shot 

readout has been acquired, then a significant part of the 3D 1H k-space could be acquired. 

Interleaved readout of both 1H and 19F also has the advantage that any motion can be 

corrected [46]. Similar approaches have been used previously for both 19F [46] as well as 

other nuclei such as 31P [47], 23Na [48] and 13C [47].  

It is important to stress that the approach used here only results in improvements in data 

acquisition efficiency for perfluorocarbons which contain multiple homonuclear scalar 

coupled resonances. So applications such as gaseous imaging with mono-resonant 

compounds such as SF6, with a very low concentration of 19F nuclei to start with, are far more 

suited to conventional high field approaches. Similarly, many researchers use PCE-filled 

nanoparticles in for cell-tracking in preclinical studies, and since PCE contains a single 19F 

resonance, the SNR loss for low field compared to high field would follow directly from 

Boltzmann considerations.  

5.6 Conclusion 

19F MRI of perfluorocarbons with multiple resonances (~62 ppm range) does not suffer 

from chemical shift induced image artifacts at 50 mT. The effective T2 of the resonances 

becomes longer at very short interpulse times in a CPMG sequence due to suppression of 19F-
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19F scalar coupling. Using long echo train length TSE sequences, very efficient 19F data 

acquisition has been demonstrated.  
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