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Abstract
1H MRI of gases can potentially enable functional lung imaging to probe gas ventilation and other 

functions. In this work, 1H MR images of hyperpolarized and thermally polarized propane gas 

were obtained using UTE (ultrashort echo time) pulse sequence. A 2D image of thermally 

polarized propane gas with ~0.9×0.9 mm2 spatial resolution was obtained in less than 2 seconds, 

demonstrating that even non-hyperpolarized hydrocarbon gases can be successfully utilized for 

conventional proton MRI. The experiments were also performed with hyperpolarized propane gas 

and demonstrated acquisition of high-resolution multi-slice FLASH 2D images in ca. 510 s and 

non slice-selective 2D UTE MRI images in ca. 2 s. The UTE approach adopted in this study can 

be potentially used for medical lung imaging. Furthermore, the possibility to combine UTE with 

selective suppression of 1H signals from one of the two gases in a mixture is demonstrated in this 

MRI study. The latter can be useful for visualizing industrially important processes where several 

gases may be present, e.g., gas-solid catalytic reactions.

Introduction

MRI is an established tomographic modality for morphological and functional medical 

imaging to detect abnormalities in the structure and function of tissues and organs of a 

human body. However, morphological imaging of lungs is dominated by such established 

methods as chest radiography and computed tomography (CT), while functional ventilation 

imaging is conventionally accomplished with scintigraphy technique[1]. In contrast, clinical 

MRI of human lungs is challenging, because of their low overall density (about one-third of 

that of muscle tissue[2]) and, consequently, a low proton density. As a result, the signal-to-

noise ratio (SNR) that can be achieved in the MRI of lungs is relatively low. Moreover, the 

presence of numerous air-tissue interfaces in the lungs leads to significant susceptibility-

induced magnetic field gradients resulting in very short T2* times of human lung protons 

(ca. 1 ms in a 1.5 T NMR scanner[3]). This further degrades the SNR in the MR images of 
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lungs. As a result, the lungs typically appear as dark areas in the conventional 1H MRI 

images. The fact that it is challenging to image the lung airspace directly is thus the main 

disadvantage for pulmonary applications of MRI.

MRI application for pulmonary imaging is a relatively recent but a rapidly developing 

field[4]. In recent years, significant efforts were made to overcome the limitations of MRI of 

lungs[5,6]. In this context, numerous applications have been developed to solve the problem 

with image artifacts caused by motion. The image acquisition technique during breath-hold 

or using respiratory gating was developed[7]. The problem of susceptibility induced 

gradients may be solved by using spin echo RF pulse sequences with an extremely short 

echo time[8,9,10]. One of the developed approaches is based on the inhalation of a 

paramagnetic contrast agent such as gadolinium aerosol[11] or molecular oxygen gas[12,13] in 

order to increase the relaxation rates of tissue protons[14]. Nevertheless, a very weak 1H 

NMR signal from lung tissue still remains the main problem for 1H MRI of lung. Therefore, 

the development and utilization of new contrast agents is a very important and promising 

direction for lung MRI research.

An entirely different approach to the MRI of void spaces in a broad range of materials and 

structures in general, and lung MRI in particular, is the direct imaging of a suitable gas 

filling those voids. In particular, perfluorinated gases such as SF6 and CnF2n+2 (n=1–3)[15]. 

are a potentially good alternative for pulmonary MRI,[16] because 19F isotope has a high 

gyromagnetic ratio and 100% natural abundance. Utilization of perfluorinated gases allows 

for high contrast with the surrounding tissue because of the lack of background signal. 

However, gas phase MRI of lung faces the same motion and susceptibility problems as 1H 

MRI of lung, while the spin density problem for gases is even more severe, which results in 

relatively low spatial and temporal resolution[17,18]. For 19F MRI of gases, low SNR can be 

partially compensated by the use of short TR times since their T1 are in the millisecond 

range. The problem of low sensitivity is also addressed by using hyperpolarized non-proton 

contrast gas agents such as 3He or 129Xe[19,20,21]. However, in case of He, Xe or fluorinated 

gases multinuclear radiofrequency (RF) coil and transmitter/receiver are required, while 

standard clinical MRI scanners lack these capabilities. In addition, production of 

hyperpolarized noble gases is relatively expensive and requires sophisticated hyperpolarizer 
instrumentation[22,23,24][25]. Nevertheless, the potential advantages of gas MRI for 

pulmonary imaging, such as lack of ionizing radiation and potential applicability to 

diagnostics and monitoring response to therapy of various diseases, e.g. chronic obstructive 

pulmonary disease, emphysema, asthma and cystic fibrosis, make further efforts in this field 

worthwhile.

1H MRI of hydrocarbon gases may be of interest for a range of applications, including 

imaging of materials, chemical reactors, and lung MRI. I One of the promising candidate 

gases is propane, which is widely used in food industry and cosmetics. It is a non-toxic 

asphyxiant gas, and brief inhalation exposures to 10,000 ppm of propane were reported to 

cause no toxicity in humans[26]. Moreover, propane in concentrations of 250, 500, or 1000 

ppm for periods of 1 min to 8 hr did not produce any unfavorable physiological effects in 

humans. Repetitive exposures to propane also did not lead to any measurable physiological 
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effect[27]. The major advantage of the use of hydrocarbon gases in MRI is that the 1H 

transmit/receive capability can be implemented on any MRI system.

However, 1H MRI of gases is an underdeveloped research area, largely due to the challenges 

of gas imaging discussed above. Nevertheless, the feasibility of 1H MRI of hydrocarbon 

gases such as acetylene, propane and butane at atmospheric pressures was demonstrated 

about 15 years ago, with 2D images of flowing and static gas and flow velocity maps in 

pipes and multichannel monolith structures detected using a spin-echo pulse 

sequence[28][29]. In addition to low spin density of gases, the rapid diffusion of gases in 

applied magnetic field gradients further reduces the detected signal for pulse sequences with 

relatively long echo times TE. AS a result, image acquisition times were fairly long (20–40 

min for the each 2D image), which may significantly limit gas MRI applications[30]. Thus, 

imaging of gases may benefit significantly from the development of pulse sequences with 

ultrashort TE, as demonstrated recently in the spectroscopic imaging study of ethylene to 

ethane conversion in a model catalytic reactor[31].

Another strategy for improving sensitivity in gas MRI is the use of hyperpolarized gases, as 

mentioned above for 3He and 129Xe. Hyperpolarization techniques are also available for 

producing hydrocarbon gases. Parahydrogen-induced polarization (PHIP)[32,33,34] is a 

unique technique for the production of gases with hyperpolarized 1H nuclei by 

heterogeneous[35] or biphasic[36] pairwise addition of parahydrogen to a suitable unsaturated 

gaseous substrate (e.g., hydrogenation of propene to propane). Heterogeneous hydrogenation 

is the most robust approach, because the catalyst can be recycled many times, and the 

produced hyperpolarized gas is free from the catalyst. PHIP is a promising inexpensive and 

hardware non-demanding method, which has demonstrated its potential in investigation of 

various properties of catalysts and catalytic reactors by MRI[37,38,39]. In addition, HP gas 

can be produced continuously, and thus can be continuously renewed in the voids of an 

object under study to maintain high signal intensity for the duration of image acquisition, as 

demonstrated in 2D[40] and 3D imaging of various model objects with sub-millimeter spatial 

resolution[41]. However, despite favorable properties of HP propane such as high 

polarization levels and continuous production, a significant fundamental challenge for the 

use of HP propane is its relatively short spin-lattice relaxation time T1 in high magnetic 

fields[42] (<1 s at normal temperature and pressure). This becomes a major problem in those 

studies where continuous replenishment of HP gas is not feasible, for instance in lung 

imaging. One promising option is the use of long-lived spin states which can be used to store 

polarization for time periods significantly exceeding T1
[43,44]. Recently, a relatively long 

hyperpolarization lifetimes TLLSS were achieved for hyperpolarized propane-d6 (~6.0 

sec)[45] as well as for hyperpolarized propane(4.7 ± 0.5 sec)[46] in low magnetic fields. Thus, 

to make HP propane produced via propene hydrogenation with parahydrogen over different 

supported metals[47,48] a promising candidate for lung imaging and other applications, 

implementation of rapid image acquisition schemes with imaging times on the order of 1–2 s 

or less is required.

Motivated by the aforementioned technical and biomedical challenges, the work presented 

here is focused on the development of strategies for 1H MRI visualization of both 

hyperpolarized and thermally polarized propane gas for high-resolution MRI applications.
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Methodology

NMR and MRI experiments were performed on a Bruker Avance III 400 MHz NMR 

spectrometer equipped with microimaging accessories. The experiments were conducted 

with a commercial 15 mm ID RF coil utilizing 1H channel. In all MRI experiments, shim 

values optimized on a sample comprising propane gas in a standard 10 mm NMR tube were 

used, resulting in line width at half maximum of approximately 5 Hz. MR images were 

obtained using ParaVision software. UTE pulse sequence was used for results shown in 

Figure 3 with a total acquisition time of 2.0 s, Figure 4 with a total acquisition time of 8.0 s, 

and a spectral width of 100 kHz. Repetition time (TR) was 20 ms, and echo time was 0.226 

ms. The k-space in UTE sequence is scanned along radial trajectories, and the number of 

projections was equal to 100 and 400 for 32×32 and 128×128 image matrix sizes, 

respectively. The image resolution of 0.94×0.94 mm2 (32×32 matrix) was employed for 

experiments with hyperpolarized propane, and 0.39×0.39 mm2 (matrix 128×128) for 

experiments with selective NMR signal suppression. The pulse angle was equal to 25 

degrees for FLASH sequence and 15 degrees for all experiments with the UTE sequence. All 

MRI experiments with thermally polarized propane were conducted using a single 15 mm 

NMR tube. For MRI experiments with selective signal suppression, a 10 mm NMR tube 

filled with propene was placed inside a 15 mm tube containing propane (Figure 4). For 

hyperpolarized propane production, a mixture consisting of 50% parahydrogen and 50% 

orthohydrogen (referred to as pH2 below) was first produced by passing normal hydrogen 

through the ortho-para conversion catalyst (FeO(OH)) kept at 77 K. The propane:pH2 (1:4) 

gas mixture was passed through Rh/TiO2 heterogeneous catalyst held at 250 °C 

(ALTADENA experimental conditions[49]). The flow rate of HP propane/pH2 mixture was 

maintained at ~20 mL/s for the duration of imaging acquisition. HP propane was flowing 

through the 1/16 in. OD Teflon capillary extended to the bottom of a standard 10 mm NMR 

tube. The modified FLASH pulse sequence[50] was also used for image acquisition (Figure 

1b and Figure 2). The total imaging time to acquire 4 slices with 256×32 matrix size was 

approximately 8.5 minutes. The schematic representation of the experimental setup and 

corresponding overlay of FLASH MRI image are shown in Figure 1.

Results and Discussion

FLASH MRI

HP propane was produced via heterogeneous hydrogenation of propene with pH2 over 

Rh/TiO2 catalyst[31]. The reaction scheme for HP propane formation is shown in Figure 1a. 

The initial experiments on propane 1H MRI[41] were performed using the same type of setup 

and a relatively time-consuming 2D image FLASH acquisition ~ 510 s. Here, we used 

conventional FLASH pulse sequence to acquire four 2D slices with the spatial resolution of 

0.1×0.9 mm2 with the same total acquisition time. Therefore, utilization of FLASH may be 

preferable for multi-slice 2D gas MRI. Note that significant signal enhancement obtained via 

PHIP is crucial for 1H FLASH MRI of gaseous phase. Signal enchantment of up to 30 times 

for HP propane vs. thermally polarized propane (Figure 2b) allows one to detect images with 

spatial resolution sufficient to detect flowing HP gas in a 1/16 in. OD Teflon capillary 

(Figure 2c). The two bright spots in the capillary show the position of the main flow inside 
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capillary. The capillary located not in the parallel with the NMR tube z axis and slice 

thickness was about 70mm. Therefore, Note that the same experiment with thermally 

polarized propane did not produce any meaningful image because of the insufficient SNR 

(data not shown).

However, as discussed above, the visualization of HP gas with short T1 faces additional 

difficulties for applications where the imaged volume cannot be continuously replenished 

with HP gas, which may significantly limit the possibilities for widespread biomedical 

utilization of gas-phase lung MRI. So, despite obvious success of obtaining high-resolution 

FLASH images above, this approach would face significant challenges for clinical 

translation. Therefore, the development of ultra-fast imaging approaches for imaging of non-

flowing gas (i.e., simulating the conditions of inhaled gas in the in vivo studies) is much 

desired for potential MRI of lungs.

Recently, very fast MRI pulse sequences based on radial acquisition of k-space data were 

used for lung MRI owing to the fact that they can reduce TE down to 100 μs. Such short TE 

allows one to minimize the signal decay caused by the short transverse relaxation time (T2*) 

of lung tissue[51,8]. Moreover, it was shown that short TE makes it possible to quantitatively 

verify regional T2* values and morphological changes in mice by comparing normal lungs 

and lungs with pulmonary emphysema[52,53]. Furthermore, such ultrashort TE sequences 

arguably could be beneficial for contrast agents with short T2 and T1 as well, which was the 

next step in our investigation.

UTE Studies

First, conventional UTE pulse sequence (as implemented in Bruker ParaVision) was 

employed for 1H MR imaging of static propane gas at thermal polarization level. It was 

shown that UTE can indeed visualize a hydrocarbon gas with good spatial resolution (Figure 

3a). UTE allowed for a very short TE of 200 μs in our gas experiments, which is 

approximately one order of magnitude improvement compared to the previous studies of 

continuously flowing gas at high magnetic fields[38] and ca. 35-fold improvement compared 

to the low-field MRI studies of stopped propane gas[35]. Therefore, the negative impact of 

fast diffusion on the signal loss during gradient switching is dramatically reduced. By 

decreasing the matrix size, we were able to reduce the image acquisition time to 2 s.

In the next experiment, HP propane gas produced by heterogeneous hydrogenation of 

propene over Rh/TiO2 catalyst with pH2 was imaged in a similar way to the thermally 

polarized gas above, except that HP propane was flowing during imaging. The signal 

intensity of HP propane is only two times higher than the intensity of thermally polarized 

propane (Figure 3a and Figure 3b). At the same time, comparison of the corresponding 1H 

NMR spectra acquired under the same conditions gave the signal enhancement factor of ~ 

10. This apparent discrepancy in signal enhancements between 1H MR images and 1H NMR 

spectra can be explained as an intrinsic feature of the UTE pulse sequence, and to a greater 

extent by the nature of acquisition under stopped and flowing gas conditions. Importantly, 

we believe that this is the first report of the feasibility to acquire gas-phase 1H MR image of 

a hydrocarbon gas in time suitable for image acquisition of non-flowing gas on a single 

patient breath hold (~2s). While some additional parameters can be optimized in the future 
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and the imaging be extended to a 3D or a multi-slice 2D version, the use of short TE and 

UTE sequences paves the way for future biomedical and other uses of thermally polarized 

gases as well as HP gases. Arguably, the acquisition time needs to be further shortened for 

HP imaging application for contrast agents with T1 < 1s. Alternatively, the advances in 

development and design of long-lived spin states can be potentially employed to increase the 

relaxation time of HP hydrocarbons at high magnetic fields[36,44,54].

MRI of gases with chemical selectivity

In some applications, it would be desirable to combine rapid gas imaging with chemical 

(spectroscopic) selectivity. For instance, binary gas mixtures can be imaged employing 

selective signal suppression of one of the gases, which could be potentially useful for 

chemical selectivity for future operando imaging studies of catalytic reactors. Nowadays 

MRI of lung with HP noble gases and conventional 1H MRI can be performed 

simultaneously within the same inhalation[55]. Such approach has many potential 

applications, allowing side-by-side quantitative analysis of early signs of impaired lung 

function from hyperpolarized gases and anatomic signs of disease from the 1H MR 

images[56].

Therefore, we employed the approach presented above to demonstrate the feasibility of 

selective suppression of NMR signals in a specific region of an NMR spectrum during gas 

phase MRI. To this end, we used a model sample comprising a 10 mm NMR tube with 1 atm 

of propylene placed inside a 15 mm NMR tube with 1 atm of propane (Figure 4a).

The results show that conventional UTE pulse sequence allows one to visualize propane and 

propylene simultaneously (Figure 4a) without significant image artifacts. This is possible 

owing to a very large spectral width used during signal acquisition (100 kHz), corresponding 

to the image encoding with ~3.125 kHz/pixel, which exceeds the chemical shift dispersion 

of ~2.2 kHz at 9.4 T (Figure 4). However, the 1H MRI signal of propylene is somewhat less 

intense, and this fact may be explained by (i) different relaxation times of propane and 

propylene, and (ii) fewer protons in propylene molecule. The acquired 1H NMR spectrum 

(Figure 4b) shows the presence of propane and propylene in the same phantom and their 

relative quantities. For the next set of experiments, selective suppression pulse for CH3 and 

CH2 groups of propane was added to the UTE sequence prior to image detection. This 

changes the 1H NMR spectrum significantly (Figure 4d), and the NMR line intensities of the 

CH3 and CH2 groups of propane demonstrate an approximately 10-fold decrease. This also 

reduces the signal of the CH3 group of propylene, so that the major signals remaining in 

the 1H NMR spectrum are those of the CH and CH2 groups of propylene. Their 1H signal is 

sufficient to visualize propylene by 1H MRI (Figure 4c). Such observations have not been 

reported previously.

Conclusions
1H MRI of continuously flowing hyperpolarized propane gas produced by heterogeneous 

hydrogenation of propylene with parahydrogen (ALTADENA regime) was performed using 

two different MRI pulse sequences. Compared to FLASH sequence, the use of UTE MRI 

decreases the total imaging time significantly down to the regime sufficient for MRI of a 
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patient within a single breath hold in future clinical translation. Further reduction in 

acquisition time via compressed sensing and further reduction in TR may render 3D UTE 

gas-phase imaging possible on a single breath hold.

It was found that conventional UTE pulse sequence allows one to obtain a 2D image of 

thermally polarized gas with ca. 0.9×0.9 mm2 spatial resolution in ca. 2 s, which is much 

faster compared with the FLASH acquisition even if the latter is optimized to reduce 

imaging time. Importantly, it was shown for the first time that UTE pulse sequence is very 

efficient for 1H MRI of a thermally polarized gas. The imaging of HP gas with UTE 

provided additional signal enhancement gains – a major advantage in the context of 

biomedical and industrial applications. Note that in the case of hyperpolarized gas a single 

image can be acquired if the gas is not flowing, while for repetitive imaging the 

hyperpolarized gas should be imaged under flow conditions. In contrast, thermally polarized 

gas and UTE pulse sequence allow one to detect multiple images even at one inhalation. 

Moreover, the ability of selective suppression of proton signals enables MRI imaging with 

chemical selectivity in the gas phase without significant sacrifice in the total imaging speed. 

The obtained results are transitional steps for converting the described approach to medical 

lung imaging, and UTE pulse sequence appears to be the main candidate for in vivo imaging 

of lung with a nontoxic hydrocarbon gas.
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Figure 1. 
(a) The schematic representation of experimental setup for producing PHIP hyperpolarized 

propane via heterogeneous pairwise hydrogenation of propene with parahydrogen. (b) 

Overlay of 1H MRI FLASH image of HP propane flowing into the 10 mm NMR tube via 

1/16 in. OD Teflon capillary. The FOV was 3.0 cm × 3.0 cm with 256×32 matrix size, the 

total acquisition time was ca. 510 s. Note that the NMR tube is shown schematically and its 

length does not correlate with the actual scale of the 2D MR image.

Kovtunov et al. Page 11

Tomography. Author manuscript; available in PMC 2016 July 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(a) Heterogeneous hydrogenation of propene to propane with pH2 over Rh/TiO2 catalyst 

with partial preservation of spin order of parahydrogen in the final HP product. (b) 1H NMR 

spectra of HP propane (blue) and thermally polarized propane (black) obtained in 

heterogeneous hydrogenation of propene with parahydrogen, the signal enhancement was ca. 

30-fold. (c) 1H MRI of HP propane flowing through a 1/16 in. OD Teflon capillary inside a 

10 mm NMR tube obtained with FLASH pulse sequence. The FOV was 3cm × 3cm with 

256 × 32 matrix size, the total acquisition time was ca.510 s with slice thickness of ca. 0.7 

cm. The signal intensity color scale ranges from black (zero) to blue (maximum).
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Figure 3. 
MR images of (a) 15 mm NMR tube filled with thermally polarized propane and (b) PHIP 

hyperpolarized propane (the same experimental setup as for Figure 1). The FOV was 3 cm × 

3 cm with 32×32 matrix size, the total acquisition time was ca. 2 s, the slice thickness in z 

direction was 10 mm.
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Figure 4. 
(a) 1H MR image and (b) corresponding 1H NMR spectrum of a sample comprising a 10 

mm NMR tube with propylene placed inside a 15 mm tube with propane. 1H MR image (c) 

and corresponding 1H NMR spectrum (d) of the same phantom with application of selective 

suppression pulse for propane NMR signals. The FOV for both images was 5.0 cm × 5cm 

with 128×128 matrix size and 10 mm slice thickness along the z axis, the total acquisition 

time was ca. 8 sec. The 1H NMR spectrum were obtained using the same UTE pulse 

sequence as for 1H MRI but with the gradients switched off and the spectral bandwidth 

appropriately reduced.
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