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Abstract 
Hyperpolarized (HP) gas MRI is emerging as a powerful, non-invasive method 

for imaging lung function. MRI of HP 129Xe and 3He was first introduced in small 

animals and was soon followed by its clinical implementation. 3He was preferred for 

imaging since it was more straight-forward to hyperpolarize in large volumes and had 

favorable magnetic resonance properties for high-resolution. However, the scarcity and 

high cost of this isotope has driven a transition to abundantly available 129Xe. This 

transition has stimulated a lot of clinical 129Xe MRI research. 129Xe ventilation, barrier-

tissue uptake and red-blood-cell (RBC) transfer can now be depicted separately and 

three-dimensionally by exploiting xenon solubility and large chemical shifts in different 

pulmonary micro-environments. With this powerful capability, this technique has found 

clinical application across a broad range of lung diseases. 

As clinical implementation progresses, it has become increasingly important to 

test these methods in well-controlled animal models. Such preclinical studies enable the 

testing of experimental drugs, tracking of disease progression by longitudinal imaging, 

validation against histology, and provide a platform to rapidly develop and validate 

novel methods of image acquisition and analysis. However, among the ~20 centers 

worldwide that have HP gas MRI capability, only 5 have demonstrated the capability to 

conduct preclinical studies. Preclinical 129Xe MRI is challenging owing to extensive 

requirements of animal handling, reliable delivery of polarized gas, and the challenges 



 

v 

of high-resolution multi-breath imaging. While some applications for HP gas MRI in 

small animals have emerged, these have mostly been with 3He and the handful of work 

on 129Xe has been limited to 2D imaging. As was the case in the clinic, there is now an 

equally urgent need to drive the transition from 3He to 129Xe in the preclinical setting, 

demonstrate sufficient image quality, and rapidly discover new applications.  

The objective of this work is to establish a robust and comprehensive 129Xe MRI 

infrastructure to investigate rodent models of lung disease, and to lay the foundation for 

the reverse-translation and dissemination of this capability. To this, the work in this 

thesis describes several milestones toward establishing routine, high-resolution 3D 129Xe 

MRI of gas-exchange on a modern preclinical imaging platform. 

First, we established routine 3D 129Xe MRI in mice on a GE 2 Tesla magnet. 

Through rigorous optimization of multi-breath image acquisition strategies with 

constant-volume ventilation, we demonstrated high-resolution imaging of 129Xe gas- and 

dissolved-phases in mice with 156-µm and 312-µm isotropic resolution. In addition to 

imaging, we also comprehensively characterized 129Xe spectroscopic lineshapes in mice. 

The in vivo resonances of 129Xe are sensitive to micron-scale changes in lung physiology, 

but have been analyzed and reported inconsistently and inaccurately in the literature. 

Using innovative spectroscopic acquisition methods and robust fitting techniques, we 

introduced methodology to identify an accurate 129Xe reference frequency in vivo, and 
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characterized the many dissolved-phase resonances that are arise as 129Xe is transported 

to distal tissues in the thoracic cavity.  

Until this point, animal studies using 129Xe MRI required sacrificing the animal 

upon completion of imaging, owing to the requirement of tracheostomy to ventilate the 

rodent with HP gas. Also, our experiments could only be conducted on a single 2 Tesla 

magnet, because the ventilator and physiological monitoring system was hard-wired to 

this scanner. In order to address these limitations, we built a new ventilator with 

integrated physiological monitoring with a focus on portability, minimizing cost, and 

compatibility for longitudinal imaging. The portable and integrated ventilator made 

possible our first dissemination of preclinical 129Xe MRI—to the University of Oxford, 

UK. 

Our robust 129Xe MRI and spectroscopy protocol was deployed to investigate two 

key mouse models of lung disease at 2 Tesla: lung cancer and invasive pulmonary 

aspergillosis (IPA). In lung cancer, longitudinal 129Xe MRI revealed tumors on 1H MRI 

and histology, and severe ventilation and gas-exchange defects. 129Xe spectroscopy 

additionally revealed a robust signature of cancer-associated cachexia. 129Xe MRI in IPA 

also revealed significant and complex ventilation and gas-exchange defects, which was 

bolstered by spectroscopic features. 

Having a portable ventilator enabled experiments to be carried out at other 

magnets at our center. Since modern preclinical magnets now operate at high field 
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strengths, we established preclinical 129Xe MRI on a Bruker 7 Tesla magnet at our center, 

to facilitate its broader dissemination. This is the most widely available preclinical 

imaging platform with an installed base estimated to exceed 500 units. This transition 

involved a comprehensive characterization and optimization of the noise floor of the 

system to maximize SNR, and developing several new image acquisition strategies to 

rapidly image short-lived 129Xe signal at 7 Tesla (dissolved-phase T2* ~0.5 ms). On this 

platform, we developed a robust 129Xe MRI protocol for quantitative gas-exchange 

mapping in rats, identical to that used by our clinical program to facilitate 

translation/reverse translation.  

Finally, we used the new 7 Tesla platform to investigate the monocrotaline 

(MCT) rat model of pulmonary arterial hypertension (PAH). This model was chosen for 

2 reasons: first, it provided a unique opportunity to deploy 129Xe gas-exchange MRI in a 

model that is translationally relevant to current clinical investigations; second, there is 

also a dire need for non-invasive assays to elucidate the pathogenesis of this disease in 

the lung, and to enable early detection. In this study, we comprehensively characterized 

the imaging and spectroscopic markers of this disease and validated results with 

histology. 129Xe MRI revealed significantly reduced signal in RBCs, as well as interesting 

abnormalities in the barrier-uptake and gas-phase signal that were consistent with the 

pathobiology of this disease model. This is the first study to have demonstrated the 
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potential of 129Xe to be a valuable tool for assessing rodent models of pulmonary 

vascular disease. 

This body of work has thus established a robust preclinical 129Xe MRI framework 

that can be routinely used for imaging across field strengths, vender platforms, rodent 

species, be translated/reverse-translated to/from our clinical program, and be 

disseminated to other centers. We have also demonstrated the potential of this imaging 

platform to identify different disease signatures in several clinically-relevant rodent 

models. We anticipate that this work will provide a fundamentally new capability to 

accelerate progress in lung imaging research. 
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1. Introduction 
MRI using hyperpolarized (HP) gases is emerging as a powerful, non-invasive 

method for imaging lung function. It provides regional information on lung physiology 

and pathology, which cannot be obtained with conventional anatomical imaging 

methods such as CT, and 1H MRI alone. MRI of HP 129Xe and 3He was first introduced in 

small animals in the mid-90s (Albert 1994,Middleton 1995), and was soon followed by its 

clinical implementation (Ebert 1996,Mugler 1997). 3He was preferred for imaging since it 

was more straight-forward to hyperpolarize in larger volumes and had favorable 

magnetic resonance properties for higher-resolution imaging. 3He MRI soon emerged as 

a powerful non-invasive tool to study pulmonary airflow obstruction and delivered 

functional information that correlated well with conventional methods such as 

spirometry (McAdams 1999,Mentore 2005,Kirby 2010). Unfortunately, the widespread 

dissemination of 3He is now limited by its dwindling supply and increasing cost, which 

has triggered a transition to the practically abundant isotope 129Xe.  

This transition from 3He to 129Xe stimulated a lot of clinical research on 129Xe MRI 

over recent years (Figure 1). 129Xe revealed greater sensitivity to airflow obstruction than 

3He in diseases such as chronic obstructive pulmonary disease (COPD) and asthma 

(Svenningsen 2013), owing to its higher density. 
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Figure 1: Hyperpolarized 3He and 129Xe MRI in healthy, asthmatic, and COPD 
human subjects.  

(Courtesy of Duke University, USA and Robarts Research Institute, Canada) 

 

In addition to revealing ventilation impairment, 129Xe has unique properties that 

make it ideally suited to also probe gas-exchange: 1) it is soluble in biological tissues and 

freely diffuses across the pulmonary barrier tissues to blood which transports it to distal 

extra-pulmonary organs; and 2) it exhibits unique chemical shifts in the gas-phase, 

pulmonary barrier tissue, and red blood cells (RBCs) (Figure 2). 129Xe dissolved phase 

signal is only ~1% of gas-phase signal owing to tissue volume and solubility constraints 

(Driehuys 2006), but the use of hyperpolarization now makes it possible to detect 129Xe 

in these compartments and permit quantitative analysis.  
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Figure 2: A. Schematic showing the diffusion of xenon from the alveolar 
airspace across interstitial barrier tissue into capillary blood. B. 129Xe spectrum from 

the human thorax showing its chemical shifts in the gas, barrier, and RBC phases 
(Wang 2018). 

 

The lineshapes of 129Xe resonances are highly sensitive to changes in physiology. 

These shifts are extensively being studied and emerging as a powerful in vivo probe of 

tissue composition, and pathophysiological changes induced by lung diseases. 129Xe 

spectroscopy has not only shown great potential in revealing gas-transfer impairment in 
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the lung (Kaushik 2014), but is also capable of evaluating uptake into distal tissues such 

as the brain (Rao 2016).  

The chemical shifts of 129Xe also make it possible to image it separately in the gas, 

barrier, and RBC compartments, using phase-sensitive image acquisition methods that 

can isolate signal from each compartment. This capability has made 3D mapping of gas-

exchange feasible, which has been used to study gas-transfer heterogeneity in diseases 

such as idiopathic pulmonary fibrosis (IPF), characterized by inflamed barrier tissue 

which restricts gas transfer to capillary blood (Figure 3) (Wang 2018).  

 

 

Figure 3: 129Xe MRI in gas and dissolved phases (barrier and RBC 
compartments) in a healthy subject and a subject with idiopathic pulmonary fibrosis. 
The latter showed thickened barrier tissue (pink regions) which restricted gas transfer 

to RBCs (Wang 2018). 

 

The rapid advancement of clinical 129Xe MRI research has revived interest in 

preclinical studies. Such studies provide a well-suited environment to optimize complex 

image acquisition and analysis protocols, and the wide variety of available animal 
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models of disease provide a cost-effective means to test applications to detect and 

diagnose new diseases. New contrast mechanisms and their sensitivity can be tested in 

well-characterized models in which ground truth histology is available. Moreover, 

longitudinal studies can be conducted at arbitrary timescales to study disease 

progression and evaluate the response to drugs that are being considered for clinical 

trials. Finally, imaging results can be validated with histology. Even for diseases 

currently being investigated clinically, finding the same disease signatures in well-

characterized disease models and its validation will allow for a more comprehensive 

understanding of the disease pathology and significantly strengthen the diagnostic 

underpinnings of this technique.  

Preclinical research can thus accelerate the progress of 129Xe MRI and generate 

applications much more rapidly than clinical research. However, among the ~20 centers 

worldwide that have HP gas MRI capability, only 5 have demonstrated the capability to 

conduct preclinical studies. 129Xe MRI is very challenging to conduct in small animals 

owing to extensive requirements for animal handling, the challenge of reliably 

delivering HP gas to a rodent while preserving its polarization, and the difficulty of 

high-resolution imaging of short-lived HP gas magnetization in a 20× smaller field of 

view compared to human studies. While some applications for HP gas MRI in small 

animals have emerged, these have mostly used 3He (Mistry 2010,Thomas 2012,Virgincar 

2013) (Figure 4), and the handful of work on 129Xe has been limited to low-SNR 2D 



 

6 

projection imaging (Wagshul 1996,Imai 2014) (Figure 5). As was the case in the clinic, 

there is now an equally urgent need to drive the transition from 3He to 129Xe in the 

preclinical setting, demonstrate sufficient image quality, and rapidly discover new 

applications and contrast mechanisms exploiting the unique chemical shifts of 129Xe, to 

identify different disease conditions. 

 

 

Figure 4: Central slices from 3D 3He MRI of a healthy mouse lung (Mistry 
2010). 

 

 

Figure 5: 2D 129Xe gas-phase MR image of a mouse lung (Imai 2014). 
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The objective of this work is to introduce a robust and comprehensive 129Xe MRI 

infrastructure to investigate rodent models of lung disease, as well as to lay the 

foundation for the reverse-translation and dissemination of this capability. We exploit 

the unique preclinical MRI capabilities at the Center for In Vivo Microscopy, a 

biomedical technology resource center which has been at the forefront of small-animal 

HP-gas MRI research for over 2 decades (Chen 1999,Moller 2002).  

We have previously demonstrated 3D 129He MRI in mice and modest resolution 

129Xe MRI in rats. Since lung disease models are most extensively studied in mice owing 

to the large number of available strains and transgenic models, 3D 129Xe MRI requires to 

be established in mice to extend the scope of preclinical 129Xe MRI. In Chapter 2, we 

describe the establishment of routine, high-resolution 3D isotropic 129Xe MRI in mice on 

a GE 2 Tesla (T) magnet. Through rigorous optimization of multi-breath image 

acquisition strategies, we demonstrate high resolution 3D imaging of 129Xe gas- and 

dissolved-phases in vivo in mice with sufficient quality to reliably capture subtle 

heterogeneities associated with lung disease.  

Imaging-based lung function evaluation can be complemented with quantitative 

129Xe spectroscopy which has the potential of revealing micron-scale changes in lung 

physiology not detectable on imaging scales (Driehuys 2006). However, reports on 129Xe 

spectra have been inconsistent due to incorrect referencing of chemical shifts, and 

simplistic analysis and reporting methods. To make 129Xe spectroscopy more robust, we 
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comprehensively analyzed in vivo 129Xe spectra in mice at 2T using innovative 

spectroscopic acquisition methods and robust fitting techniques, and these results are 

presented in Chapter 3. We introduce methodology to identify an accurate reference 

frequency in vivo, as well as identify and characterize the many dissolved-phase 

resonances that arise as 129Xe is transported to distal, extrapulmonary tissues. These 

advancements will greatly benefit clinical 129Xe research owing to the growing use of 

129Xe spectroscopy in the study of disease pathology (Kun 2014,Robertson 2016).  

Through these methodological experiments, we have developed a robust 

imaging and spectroscopy protocol that will give consistent results between animals and 

can also be adopted at other centers. However, high-resolution 129Xe MRI requires not 

only robust protocols, but also the reliable delivery of HP gas to the rodent such that it 

preserves polarization, which is by far the biggest hurdle in adopting this technology. In 

human imaging, subjects are coached to inhale xenon gas from a bag and hold their 

breath to freeze lung motion during the ~15-s acquisition. Such extended breath-hold 

imaging is not possible in animal studies and moreover sufficient data for high-

resolution 3D imaging cannot be gathered within a single breath. High-resolution 

imaging requires data to be acquired over multiple breaths (Chen 1999). Additionally, to 

avoid motion artifacts, data acquisition must be gated to occur during the breath-hold 

portion of the respiratory cycle. This can be made possible by using an HP gas ventilator 

with MR triggering capability. Such a ventilator was previously developed by Nouls et 
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al. (Nouls 2011) in our laboratory, and it was used for the imaging and spectroscopy 

experiments presented in Chapter 2 and Chapter 3. 

While this HP gas ventilator was capable of precise gas-delivery for high-

resolution imaging, it was build up over many years and hard-wired to be used only on 

a single MRI scanner. It also used proprietary software and expensive physiological 

monitoring equipment which made duplication difficult. Moreover, until this point 

imaging using 129Xe MRI required sacrificing the animal upon completion of the study, 

owing to the requirement of tracheotomy to ventilate the rodent. To address these 

shortcomings, we developed a new ventilator with integrated physiological monitoring 

with a focus on portability, minimizing cost, and compatibility with peroral intubation 

for longitudinal imaging. All the animal-support capabilities required by 3D 129Xe 

preclinical MRI were integrated into two small-size enclosures. The small size and 

portability of the ventilator system not only enabled experimentation at other magnets at 

our center, but its low-cost and ease of duplication also opened opportunities to 

disseminate this technology to other centers that currently lack this expertise. It made 

possible our first dissemination of preclinical 129Xe MR technology—to Oxford 

University in the United Kingdom. The system architecture, design considerations, and 

operation of the ventilator are described in Chapter 4. 

In Chapter 5, we report on the investigation of two mouse models of lung 

disease at 2T: lung cancer, and invasive pulmonary aspergillosis. These models were 
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chosen for clinical relevance and to demonstrate the sensitivity of our 129Xe MRI protocol 

to a range of ventilation and gas-exchange abnormalities. Our work with these 

preclinical lung disease models bolsters the diagnostic value of 129Xe MRI and 

demonstrates its potential to be used to study other lung disease, which will greatly 

extend the scope of 129Xe MRI.  

Having a portable ventilator enabled experiments to be carried out at other high 

field magnets at our center, which would bring us onto a more commonly used and 

translatable preclinical research platform. Modern preclinical scanners now operate at 

field strengths of 7T or more, and therefore demonstrating the feasibility of 129Xe MRI on 

this platform would facilitate its broader dissemination. In fact, 7T is the most widely 

available preclinical imaging platform, with an installed base estimated to be over 500 

units. While higher field strength benefits 1H MRI by providing greater bulk 

magnetization, it is detrimental to 129Xe imaging owing to the significant reduction in T2* 

within the lungs at high field, which is very short even at 2T (dissolved-phase 129Xe T2* < 

2 ms). However, moving to high field would benefit spectroscopy owing to greater 

chemical shift dispersion. In Chapter 6, we report on our transition to a Bruker 7T 

preclinical imaging system. This project required a thorough characterization of the 

noise floor of the system to determine its deviation from theoretical optimal and 

identifying aspects of its architecture that prevented achieving optimal SNR. It also 

involved building new RF coils, characterizing 129Xe spectral parameters, and 
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developing several new image acquisition strategies to rapidly image short-lived 129Xe 

signal. In this transition, we also revisited rat imaging because they exhibit the unique 

129Xe chemical shift in red blood cells that is absent in mice, which opens opportunities to 

investigate models of gas-exchange that are more translatable to clinical research. Using 

a robust protocol that we developed to be identical to that used for human imaging, we 

present the first high-resolution 3D isotropic images of 129Xe gas, barrier, and RBC 

compartments in rats with sufficient SNR for a complete quantitative regional analysis 

of gas-exchange.  

Finally, in Chapter 7, we present the application of 129Xe MRI to a well-

characterized rat model of pulmonary arterial hypertension (PAH) at 7 Tesla. 

Quantitative 129Xe gas-exchange MRI has not yet been applied to the study of pulmonary 

vascular disease, which is an area where it can potentially have a big impact. In this 

study, we do a comprehensive characterization of 129Xe imaging and spectroscopic 

markers in PAH, validate results with histology, and demonstrate that 129Xe MRI has 

potential in diagnosing and monitoring the progression of pulmonary vascular disease.  

As a summary, the work in this thesis establishes a robust preclinical 129Xe MRI 

infrastructure that can be routinely used for imaging across field strengths, vender 

platforms, rodent species, be translated/reverse-translated to/from our clinical program 

and be disseminated to other centers.  
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2. Establishing a robust protocol for high-resolution 
129Xe in mice MRI at 2T 

 

2.1 Introduction 

Unlike clinical 129Xe MRI studies where imaging is done over a single extended 

breath-hold, high resolution preclinical HP gas imaging requires data to be acquired 

over multiple breaths in order to sufficiently sample k-space. This is enabled by 

constant-volume ventilation with HP gas, and respiratory-gated data acquisition over 

multiple breaths. Using a constant-volume ventilator developed at our center (Nouls 

2011), we have successfully implemented routine 3D 3He MRI in mice (Thomas 

2009,Virgincar 2013,House 2017), and modest resolution 3D 129Xe MRI in rats. 3D 129Xe 

MRI of ventilation and gas-exchange in mice has been performed in only limited 

instances (Freeman 2013). However, lung diseases have most extensively been studied in 

mice because of the availability of a large number of strains, the similarity of their 

genome to humans, and the availability of a large number of genetically modified 

models (Barrios 2008). Therefore, to extend the scope of preclinical 129Xe MRI research, 

routine high-resolution 3D 129Xe MRI must be established in mice. 

In this chapter, we present technical advancements and imaging considerations 

that have enabled the development of a robust and comprehensive 3D 129Xe lung 

function exam for mice.  
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2.2 The imaging platform 

Imaging was done on a horizontal, 30-cm bore, 2T magnet (Oxford Instruments, 

Oxford, UK) equipped with 180-mT/m shielded gradients and a GE Excite 12.0 console 

(GE Healthcare, Milwaukee, WI). This console was interfaced with a dual-tuned 129Xe / 

1H quadrature birdcage coil with length = 4 cm and I.D. = 3 cm (m2m Imaging, 

Cleveland, OH) and operated at 23.66 / 85.54 MHz instead of its intrinsic frequency 

(63.86 MHz) using a frequency up-down converter (Cummings Electronics Labs, North 

Andover, MA). The dual-tuned coil allowed inherently registered 1H and 129Xe scans to 

be acquired without requiring significant image registration. 

 

2.3 Animal preparation and HP gas delivery 

All animal procedures were approved by the Duke University Animal Care and 

Use Committee. Mice were anesthetized with 75-mg/kg intraperitoneal dose of sodium 

pentobarbital (Nembutal, Lundbeck, Deerfield, IL, USA), tracheotomized with a 22-G 

catheter (Abbocath-T, Hospira Venisystems, Lake Forest, IL, USA), and then connected 

to the ventilator. The key components and operation of the ventilator are discussed in 

detail in Chapter 4, as well as significant upgrades that would ultimately make it more 

portable and facilitate dissemination. Briefly, the ventilator receives O2, N2 and HP 129Xe 

gas from external sources and using precisely timed valves and flow restrictors, delivers 

a well-defined tidal volume to the rodent. The tidal volume (0.1 ml/10 g body weight for 
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a mouse), comprised a mixture of 25% O2 and 75% N2, and N2 was substituted for 129Xe 

prior to imaging. The timing parameters of ventilation are listed in Chapter 4, Table 3. 

The ventilator is integrated with MR triggering capability such that the acquisition can 

be gated to occur at a user-defined point in the breathing cycle, typically over the breath-

hold to avoid motion artifacts.  

The ventilated mouse was secured on a cradle and physiological monitoring 

apparatus were connected, including limb pads for ECG (Ambu, Columbia, MD, USA), 

a rectal temperature probe, and airway pressure was monitored by a miniaturized 

pressure transducer (Fujikura AG206-025k, Servoflo Corporation, Lexington, MA, USA). 

The cradle was then inserted into the RF coil, which was positioned at the center of the 

magnet bore. Warm air was circulated in the bore to maintain the mouse at between 36-

37°C. Over the course of the imaging session, all vitals were monitored and 

supplemental doses of Nembutal (20 mg/kg IP) were administered hourly to maintain a 

stable heart rate.  

Prior to xenon imaging, isotopically enriched xenon gas (86% 129Xe; Spectra Gases 

Inc., Alpha, New Jersey, USA) was polarized to ~20% using a commercial polarizer 

(Model 9800; Polarean, Inc., Durham, North Carolina, USA). The polarization was 

higher relative to previous studies (~10%), owing to key advancements in 129Xe 

polarization technology by our research group that included the development of 
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rubidium pre-saturation and larger optical cells which used the available laser light 

more efficiently (Freeman 2014,Freeman 2015).  

Polarized gas was dispensed in 150-ml volumes into a Tedlar bag inside a 

pressurized vessel (Jensen Inert Products, Coral Springs, Florida, USA), which was 

connected to the ventilator. 

 

2.4 Image acquisition 

 

2.4.1 Imaging sequence and parameters 

129Xe MRI employ a 3D radial imaging sequence that was previously developed 

and used in our laboratory for HP gas MRI. This sequence has some key benefits that are 

ideally suited for HP gas imaging: 1) the FID acquisition has an inherently short echo 

time, necessary to image the short T2* of 129Xe in vivo; 2) the randomized, uniform 

distribution of rays in k-space make the acquisition robust against unexpected motion 

which is incoherently patterned in k-space; 3) since each ray samples DC signal at the 

center of k-space, this enables 129Xe signal T1 decay to be monitored over the course of 

the acquisition and corrected; and 4) the sequence is particularly noteworthy for being 

robust against under sampling, which allows for high-SNR and high-resolution imaging 

with a fraction of the Nyquist limit for radial rays, constrained by the limited available 

129Xe gas. 
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Figure 6: Simplified 3D radial pulse sequence (A) and end points of rays from 
a representative acquisition (B). 

 

Figure 6 shows a simplified 3D radial pulse sequence used for gas- and 

dissolved-phase MRI (A), and the end points of all projections from a representative 

acquisition showing uniform sampling of k-space. The echo time in this sequence is 

defined from the center of the RF pulse to the start of the readout. The radial projections 

are acquired in a pseudo-random order, which uniformly sample k-space over the 

course of the acquisition. 

The parameters for gas- and dissolved-phase 129Xe MRI are listed in Table 1. The 

table additionally shows parameters for 3He MRI for comparison, and anatomical 1H 

MRI which was included in the protocol for quantitative analysis. The key 
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considerations behind implementing 3D 129Xe MRI are discussed in the sections that 

follow.  

 

Table 1: Parameters for mouse imaging at 2T 

Parameters  3He gas 129Xe gas 129Xe dissolved 1H  

T2* (ms)  3.3 7 2   
RF pulse  hard hard 3-lobe sinc hard  

RF duration (µs)  132 132 1200 132  

Excitation frequency (MHz)  65.10 23.65 gas+4.66 kHz 85.54  

TE (ms)  0.384 0.384 1.232 2  

TR (ms)  8 10 50 8  

Flip angle  9-90°  30° 30° / 90° 15°  

Bandwidth (kHz)  31.25 8.06 15.63 31.25  

Data points per ray  64 64 32 128  

Matrix Size3  128 128 128 256  

Field of view (mm)  20 20 40 40  

Gating  yes yes yes yes  

Rays (total)  10001 3001 2901 51471  

Rays per breath-hold  20 5 4 20  

Breath-holds (total)  501 601 726 2574  

Scan time  6m 16s 7m 30s 8m 5s 32m 11s  

 

 

2.4.2 Laying the groundwork – Hyperpolarized 3He MRI 

Prior to discussing 3D 129Xe MRI, it will be useful to first review the acquisition 

scheme for 3He MRI, for which high-resolution imaging was routinely done. We will 

then discuss how this acquisition was modified to implement 3D 129Xe MRI.  
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Figure 7: 3D isotropic 3He MRI in a healthy BALB/c mouse 

 

Figure 7 shows HP 3He images acquired with a resolution of 156-µm isotropic. 

The duration of HP gas MRI scans is generally limited to under 10 minutes in order to 

avoid appreciable T1 decay over the course of the acquisition resulting from gradient-

induced relaxation in the fringe field of the magnet and wall relaxation in the deflating 

Tedlar bag (Möller 2011,Zheng 2011). 3He images were acquired over ~6 minutes with 

~500 breaths total breaths of 3He, and data acquisition was gated to occur during the 

breath-hold. In order to maximize k-space sampling with limited breaths of 3He, 
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multiple projections were acquired within each breath. Specifically, a total of 20 radial 

projections with TR = 8 ms were acquired at the center of each 200-ms breath-hold, 

allowing 20 ms of buffer time at the start and end of the breath-hold to avoid motion 

artifacts. Thus, a total of ~10,000 radial projections could be acquired, which corresponds 

to ~20% of the Nyquist sampling limit for a 128×128×128 matrix. A bandwidth of 31.25 

kHz (16 µs dwell time) limited the readout to ~1.1 ms, which was slightly less than the 

measured 3He T2* of ~3.3 ms, but provided high SNR.  

Finally, the fixed amount of 3He magnetization within a breath was required to 

be uniformly divided between the 20 radial projections. To accomplish this, a variable 

flip angle scheme was used, which progressively increased the flip angle (α = 9-90°) and 

maintained constant view-to-view transverse MR signal (Zhao 1996). 

Figure 7 shows that despite undersampling to 20% of the Nyquist limit, our 

protocol enabled high-resolution imaging of HP 3He. 

 

2.4.3 Acquisition of 3D 129Xe gas-phase MRI 

The 129Xe gas-phase acquisition used the same imaging protocol as 3He MRI, but 

was modified in order to compensate for some fundamental differences between these 

gases. The first consideration for imaging 129Xe is that its signal is weaker than 3He, 

because of 2 main reasons: 1) 3He can be polarized to a greater extent, typically ~3× more 

than 129Xe, owing to its simpler and established polarization technology (Chann 2003); 
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and 2) the transverse magnetization of 3He induces a stronger EMF in the RF receive coil 

because of its higher gyromagnetic ratio. Therefore, 129Xe signal can be expected to be at 

least a factor of ~10 lower than 3He signal. Second, the T2* of 129Xe is about 2× that of 3He 

in the lung (Chen 1999). Finally, xenon is 33× denser and therefore presents greater 

resistance to flow and is more restricted to larger airways, while 3He diffuses into 

alveolar airspaces relatively easily (Svenningsen 2013). As a result, 129Xe images 

generally tend to show brighter airways and lesser parenchymal signal compared to 3He 

images. 

Gas-phase 129Xe signal was excited with a non-selective 132-µs hard pulse. While 

this pulse also excited the off-resonance dissolved-phase magnetization, this signal was 

negligible relative to on-resonance signal from the 100× greater gas-phase signal. The 

variable flip angle scheme used for 3He MRI would not be appropriate for 129Xe gas-

phase MRI, because the large flip angles used by this technique would further 

emphasize the difference in signal between airways and alveolar airspaces. In order to 

obtain a more balanced distribution of 129Xe signal, we investigated fixed flip angle 

strategies and determined that a moderate flip angle of 30° provided optimal balance of 

alveolar/airway signal, and a high SNR of ~20 in alveolar airspaces. While smaller flip 

angles could also be used, the SNR of these images was lower. For instance, when the 

flip angle was reduced from 30° to 15°, with all other parameters maintained constant, 

the 129Xe SNR in alveolar airspaces reduced by 40%. 
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Next, the number of views per breath required to be adjusted in order to limit 

differences in 129Xe transverse signal from repeated excitation of limited 129Xe 

magnetization with a moderately large flip angle (Moller 1998). We determined that 5 

views per breath was optimal because it limited differences in transverse magnetization 

between the first and last view within a breath to < 50%. 

Finally, since the T2* of 129Xe is ~2× that of 3He, the readout was increased by 

decreasing the bandwidth to 8.06 kHz (dwell time = 62 µs), which also increased SNR by 

a factor of 2. 

 

2.4.4 Acquisition of 3D 129Xe dissolved-phase MRI 

Whereas 3He is insoluble in tissues, 129Xe dissolves in pulmonary barrier tissues 

and blood and exhibits large chemical shifts (~200 ppm), which enable it to be 

independently imaged in the dissolved-phase. However, 129Xe dissolved-phase MRI is 

significantly more challenging than imaging the gas-phase because of several reasons: 1) 

the lung tissue volume is ~10% that of the airspace volume (Parent 1992), and the 

solubility of 129Xe is only ~10% in lung tissues (Kitani 1972), and therefore 129Xe dissolved 

phase signal is only ~1% that of the gas phase signal; 2) the T2* of dissolved-phase xenon 

would be ~2 ms at 2T (Qing 2014), much less than that of gas-phase xenon; 3) the 

dissolved-phase signal must be selectively excited to eliminate contamination from the 
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much greater off-resonance gas-phase signal. These factors impose several constraints 

on dissolved-phase xenon imaging acquisition and must be adequately addressed. 

Another important consideration for dissolved-phase imaging in mice is that 

unlike rats and humans, mice do not exhibit unique spectroscopic resonances for barrier 

tissues and RBCs; only a single dissolved-phase resonance is observed at ~198 ppm 

(Narazaki 2011). Therefore, dissolved-phase MRI in mice will only show total dissolved 

signal, with contributions from barrier tissues, plasma, and RBCs coalesced into a single 

broad resonance. 

 

2.4.4.1 Selective excitation of the dissolved-phase 

The dissolved-phase was selectively excited by setting the transmit/receive 

frequency to +4660 Hz from gas-phase (197 ppm) and using a 3-lobe sinc pulse of 1.2-ms 

duration (excitation BW = 3 kHz). With a target flip angle to the dissolved phase of 90°, 

this pulse applied an effective flip angle of 0.1° to the off-resonance gas-phase 

magnetization; this was sufficiently small that it did not affect the quality of the 

dissolved-phase image. 

 

2.4.4.2 Managing magnetization within each breath 

Unlike gas-phase 129Xe magnetization which is depleted by repeated RF 

excitation within a breath, dissolved-phase 129Xe signal is continuously replenished by 
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diffusive transfer of fresh 129Xe magnetization from the gas-phase pool, and thus 

demonstrates a T1 recovery like effect (Cleveland 2010). This replenishment is rapid and 

complete gas-exchange is generally reported to occur on a timescale of ~100 ms. 

Therefore, the dissolved-phase 129Xe acquisition allows large flip angles to be used to 

maximize SNR, while allowing sufficient time for the signal to recover between 

excitations. The duration of the repetition time can also be used to make the acquisition 

sensitive to the degree of signal replenishment within the thoracic cavity. On short 

replenishment timescales of < 200ms, xenon diffusion is limited to the pulmonary gas-

exchange regions—barrier tissues and capillary blood (Driehuys 2006). On longer 

timescales, xenon is transported to distal organs via the vascular network, where it can 

still be detected since in vivo dissolved 129Xe magnetization T1 values of up to 30 s have 

been reported (Wagshul 1996). 

In our dissolved-phase 129Xe acquisition, we used a TR of 50 ms and flip angle of 

90°, which combined to ensure that magnetization does not reach into larger vessels 

before being destroyed, and therefore ensure that the image originates only from the gas 

exchange regions. The acquisition was also breath-hold gated to avoid motion artifacts 

and 4 projections were acquired to use the entire 200-ms breath-hold. The first projection 

in each breath was later discarded because it contains signal from replenishment over a 

timescale exceeding 50 ms. Since the projections were acquired in randomized order, 
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such discarding of rays did not affect the uniformity of k-space sampling, but only 

increased its undersampling factor. 

A second dissolved-phase 129Xe acquisition was done to image the distribution of 

129Xe in extrapulmonary tissues. The parameters for this scan were identical to the first, 

with the only difference being that the flip angle was reduced to 30° to allow a portion of 

129Xe magnetization to be carried from the gas-exchange regions to distal tissues over the 

course of the acquisition. To promote downstream signal enhancement, the first view in 

each breath was not discarded.  

 

2.4.4.3 Maximizing SNR with rapid readout and larger voxels 

To compensate for the short, ~2-ms T2* of dissolved 129Xe, a bandwidth of 15.63 

kHz and 32 points/projection were used to limit the readout to ~1 ms. To further boost 

SNR, the field of view was doubled from 2 cm to 4 cm. 

 

2.4.5 Acquisition of 1H MRI 

1H MRI was added to the lung function exam to provide anatomical context to 

129Xe MRI and facilitate quantitative analysis. This acquisition involved a total of 51471 

views with breath-hold gating, and 20 views acquired within each breath. The TR was 

set to the maximum of 10-ms to cover the entire 200-ms breath-hold, and with a 

moderately small flip angle of 15°, maintained uniform steady state signal over the 
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course of the acquisition. The TE was set to 2 ms, on the order of 1H T2* within the lung, 

to allow signal in the thoracic cavity to dephase and obtain a dark thoracic cavity for 

ease of segmentation for quantitative analysis. Other parameters are listed in Table 1. 

 

2.5 Image reconstruction 

All radial acquisitions were reconstructed using a 3D gridding reconstruction 

package developed in our laboratory by Robertson et al. (Robertson 2015) and is 

published in the article below. The subsequent images in this section are also adopted 

from this paper. 

Robertson SH, Virgincar RS, He M, Freeman MS, Kaushik SS, Driehuys B. Optimizing 3D 

noncartesian gridding reconstruction for hyperpolarized 129Xe MRI—focus on preclinical 

applications. Concepts in Magnetic Resonance Part A 2015;44(4):190:202 

 

Our reconstruction improved upon the previously used reconstruction (Glover 

1992). It optimized 4 key parameters: 1) an overgridding factor of at least 2 ensured that 

wrap around artifacts from 129Xe signal beyond the prescribed FOV (such as the trachea 

in gas-phase images) from the non-selective excitation were eliminated; 2) high-

frequency aliasing was reduced using iterative density compensation; 3) image SNR and 

sharpness were optimized by tuning kernel sharpness; and 4) computational burden 

was minimized by defining an appropriate kernel extent. More details of the 
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reconstruction method can be obtained from our paper and only key parameters are 

mentioned here. 

 129Xe images were reconstructed onto a 128×128×128 matrix and 1H MRI onto a 

256×256×256 matrix. The kernel sharpness for 129Xe gas, 129Xe dissolved, and 1H MRI 

were 0.33, 0.2, and 0.25, respectively. All the reconstructions used a kernel extend of 

9×kernel sharpness, overgridding factor of 3, and iterative density compensation. 129Xe 

dissolved-phase and 1H images were then scaled and interpolated to match the FOV and 

matrix size of the gas-phase image. 

Figure 8 shows representative 129Xe gas-phase images and maximum intensity 

projections (MIP) in a healthy mouse. The images had 156-µm isotropic resolution, 

which was on par with 3He MRI. The SNR, calculated as mean(signal)/SD(noise), was 12 

in the lung parenchyma and 47 in the airways. The images show well defined-borders 

and excellent resolution of airways, attesting to the necessity for constant volume 

ventilation and respiratory-gating for high-resolution imaging.  

A user-guided segmentation of the airway tree in Avizo 8.1 (FEI Visualization 

Sciences Group, Burlington, MA), showed that airways down to the 6th order could be 

visualized (Figure 9).  
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Figure 8: 3D 129Xe gas-phase images acquired with a resolution of 156 µm 
isotropic, and maximum intensity projections (MIP). 

 

 

Figure 9: Sagittal MIP of the right lung in 129Xe gas-phase MRI and segmented 
airways. Up to the 6th order of airways (arrow) could be resolved. 
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Figure 10 shows 129Xe dissolved phase MRI with a TR of 50 ms and α = 90°, which 

limited the replenishment of 129Xe magnetization to the gas-exchange regions within the 

lung. The image shows uniform dissolved signal intensity, with lung borders well 

matched to 129Xe gas-phase MRI. The SNR of this image was 16, comparable to alveolar 

gas-phase signal. 

 

 

Figure 10: 3D 129Xe dissolved-phase MRI acquired with TR = 50 ms and a flip 
angle of 90°, to restrict 129Xe dissolved signal to the gas-exchange regions in the lung. 
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Figure 11 shows 129Xe dissolved phase MRI with a TR of 50 ms and α = 30°. The 

figure is well-matched with α = 90° image, and additionally shows enhanced signal in 

the left ventricle, the aorta, and even traces of signal in the carotid arteries. This is first 

demonstration of 129Xe dissolved-signal in extrapulmonary tissues in 3D and could 

potentially be instrumental in studying diseases affecting vasculature. 

 

 

Figure 11: 3D 129Xe dissolved-phase MRI acquired with TR = 50 ms and a flip 
angle of 30°. Dissolved 129Xe signal is observed in the lung, as well as in 

extrapulmonary regions like the heart and aorta. 
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Finally, Figure 12 shows our complete anatomical and functional lung exam, 

with slice-matched 1H, 129Xe gas-phase and 129Xe dissolved-phase MRI in all anatomical 

orientations along with their respective MIPs. Our imaging protocol was very consistent 

from animal-to-animal, and the total duration of the lung exam including animal 

preparation was ~3 hr.  

 

 

Figure 12: Complete anatomical and functional lung exam in a mouse 
comprising 1H, 129Xe gas and 129Xe dissolved-phase MRI 
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2.6 Summary 

We have successfully demonstrated the first 3D imaging of gas-phase and 

dissolved-phase 129Xe in mice at 2T. Using precise constant-volume ventilation, carefully 

designed multi-breath and respiratory-gated acquisitions and optimized 3D gridding 

reconstruction, high-resolution images were obtained. 129Xe gas-phase images show 

airways down to the 6th generation, and now rival 3He MRI. Additionally, by selectively 

exciting the dissolved-phase and exploiting the continuous replenishment of dissolved 

129Xe magnetization, high-SNR and high-resolution dissolved-phase 129Xe images were 

obtained. By controlling the flip angle in dissolved-phase MRI, 129Xe signal from 

extrapulmonary tissues could also be detected. Combined with anatomical 1H MRI, this 

robust protocol is now positioned to be deployed to investigate several different mouse 

models of lung disease characterized by a wide range of ventilation and gas-exchange 

abnormalities. 
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3. Characterizing 129Xe spectra in mice at 2T 
 

3.1 Introduction 
129Xe spectroscopy is emerging as a powerful in vivo probe of tissue composition, 

physiology, and pathology. This is enabled by three unique properties. First, 129Xe is 

metabolically inert, but readily interacts with liquids, biological membranes, proteins, 

and lipid bilayers within living systems (Miller 1981). Upon inhalation, it freely diffuses 

across the pulmonary-capillary barrier and dissolves in blood, to be transported to distal 

regions such as the heart, brain, and kidneys. Second, 129Xe exhibits a wide range of 

chemical shifts—larger than any other biologically relevant NMR-sensitive nucleus. 

Furthermore, these shifts are sensitive to physiological variations, local tissue 

microenvironments, and xenon chemical exchange between them (Wolber 2000). Lastly, 

because the 129Xe nuclear spin polarization can be enhanced by hyperpolarization, its 

frequency shifts can be detected from modest concentrations in distal tissues. 

129Xe chemical shifts have been extensively studied in vitro to examine the 

interaction of 129Xe with cells and blood. With the advent of hyperpolarization, it has 

become possible to characterize shifts in vivo, in mice, rats, and humans. Across these 

species, four 129Xe resonances have been reported within the thorax: airspaces (–5 to 10 

ppm); aqueous media (195-199 ppm); red blood cells (mouse: 199-200 ppm, rat: 210-213 

ppm, human: 216-221 ppm); and adipose tissue (189-194 ppm). Beyond the thoracic 
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cavity, dissolved 129Xe has also been detected in the heart, kidney, and brain, where 

similar chemical shifts have been reported (Swanson 1999,Rao 2016).  

Dissolved-phase 129Xe resonances exhibit interesting variations in amplitude, 

frequency, and linewidth in response to physiological and pathological changes in the 

lung. In diseases like idiopathic pulmonary fibrosis (IPF), these changes can be exploited 

to probe blood-oxygenation at the alveolar-capillary level (Kaushik 2014). Therefore, as 

we seek to identify and characterize not only new 129Xe resonances, but also the manner 

in which they shift with physiological changes, we must develop accurate methodology. 

In this work, we use our preclinical platform to comprehensively study and 

characterize in vivo 129Xe chemical shifts in mice. The results presented in this section are 

adopted from the peer-reviewed article: 

Virgincar RS, Robertson SH, Nouls J, Degan S, Schrank GM, He M, Driehuys B. Establishing 

an accurate gas phase reference frequency to quantify 129Xe chemical shifts in vivo. Magnetic 

resonance in medicine 2017;77(4):1438-1445. 

 

3.2 Establishing an accurate in vivo 129Xe gas-phase reference 
frequency 

 

3.2.1 Motivation 

Historically, 129Xe chemical shifts have been reported by phasing the 129Xe 

spectrum, identifying the frequencies at which peaks occur, and calculating shifts 
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relative to the 129Xe gas-phase resonance that arises from pulmonary airspaces. This 

standard practice has several shortcomings. First, rapid 129Xe exchange between 

compartments leads to broad, overlapping resonances, making it challenging to 

accurately isolate contributions from individual components. Second, the accurate 

measurement of the 129Xe gas-phase resonance, which is used as a reference frequency, is 

surprisingly challenging. By convention, this frequency should represent 129Xe gas at 

zero pressure (Miller 1981). Naturally, such signal is unobservable, and therefore signals 

are acquired at positive pressure and corrected using the known Xe−Xe interaction shift 

of +0.548±0.004 ppm/amagat1 (Jameson 1973). For in vivo studies, collisions of 129Xe with 

nitrogen and oxygen introduce additional shifts of +0.209±0.020 and +0.939±0.009 

ppm/amagat (Jameson 1971,Patton 2001). However, perhaps the greatest difficulty for in 

vivo studies is that the gas-phase 129Xe reference originates mostly from airspaces inside 

the body, which was recognized by Wagshul et al. (Wagshul 1996) to be shifted by as 

much as −2 to −3 ppm from the true zero frequency by bulk magnetic susceptibility 

(BMS) effects. Given these confounding effects, previous reports of particular 129Xe 

dissolved-phase chemical shifts have varied by as much as 2 to 3 ppm. 

                                                      
1An amagat is a practical unit of number density corresponding to 1 atm of ideal gas molecules at 0°C. 
Jameson expressed the 129Xe chemical shift in xenon gas in terms of a chemical shielding constant, 
σ = -0.548±0.004 ppm/amagat. This can be related to the more conventional chemical shift of ppm/amagat by 
using the expression Beff = (1- σ) B0. Thus, the negative shielding coefficient yields a positive xenon-induced 
chemical shift. 
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To minimize the variability in future reports of chemical shifts across different 

centers and between animals, we sought to introduce a robust methodology to identify 

129Xe resonances and their spectral parameters. We employ slice-selective spectroscopy 

to study the spatial variation of the gas-phase spectrum, and implement time domain-

based curve-fitting to decompose the complex gas-phase signal into its alveolar and 

airway components. Using this tool, we establish a consistent 0 ppm reference that can 

be used to accurately report on dissolved-phase chemical shifts. 

 

3.2.2 Methods 

129Xe polarization, MR hardware and animal preparation procedures were 

identical those described in Chapter 2, with the only difference being that spectroscopy 

employed natural abundance xenon gas (26% 129Xe; Spectra Gases Inc., Alpha, New 

Jersey, USA). 

 

3.2.2.1 In vitro 129Xe gas-phase spectroscopy 

129Xe spectra were acquired in two different phantoms: 1) a 20-ml tube containing 

initially pure N2 gas (0.92 amagats), which was gradually replaced by pure 129Xe (0.92 

amagats) flowing at 16 ml/min; and 2) a 200-ml sealed glass tube containing 6.48±0.92 

amagats 129Xe (thermally polarized), and 1.84±0.92 amagats O2. Spectra were acquired 

from these phantoms with the following parameters: transmit/receive frequency on the 
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gas-phase resonance; 30° flip angle; 132-µs hardpulse; TR/TE = 750/0.4 ms; receiver 

bandwidth = 8.06 kHz; 2048 points; and number of excitations (NEX) = 101. 

 

3.2.2.2 In vivo 129Xe gas-phase spectroscopy 

Five BALB/c mice underwent in vivo 129Xe spectroscopy. Prior to 129Xe 

spectroscopy, a 1H localizer scan was employed to accurately center the lungs of the 

mouse in the bore. Using this positioning reference, HP 129Xe gas-phase spectra were 

acquired from a 2-cm slice encompassing the entire thoracic cavity, as well as from 1-cm 

slices positioned sequentially from the base of the lung (+9 mm from center) to the 

trachea (−9 mm from center) in 1-mm increments. Spectra were acquired using the 

following parameters: flip angle = 90°; slice-selective 1.2-ms 3-lobe sinc pulse [3.3 kHz 

bandwidth resulting in flip angle <1° to the dissolved-phase (Leung 2015)]; TR/TE = 

750/1.2 ms; 2048 points; receiver bandwidth = 8.06 kHz; and NEX = 21. Each free 

induction decay (FID) was acquired over a single breath and gated to commence at full 

inspiration during the 200-ms breath-hold. 

An identical study was conducted using HP 3He as a control. Pure 3He gas 

(Spectra Gases Inc.) was polarized to approximately 30% using a prototype polarizer 

(IGI.9600.He, MITI, Durham, North Carolina, USA) and delivered with the ventilator as 

described for 129Xe studies. Because 3He is insoluble in tissues, any shifts detected in 3He 

spectra can be attributed entirely to BMS effects. 
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3.2.2.3 Processing of spectra 

Complex spectra were processed in MATLAB using open-source software 

developed at our center in an effort led by Scott Robertson (Robertson 2016). The 

software package is available for research use from 

www.civm.duhs.duke.edu/NmrSpectroscopy. The algorithm decomposes a FID into a 

series of additive Lorentzian components that are described by four parameters: 

amplitude (an), starting phase (φn), resonant frequency (f0-fn), and linewidth (wn): 

 𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓(𝑡𝑡) = � 𝑎𝑎𝑛𝑛𝑒𝑒𝑓𝑓𝜑𝜑𝑛𝑛𝑒𝑒2𝜋𝜋(𝑓𝑓0−𝑓𝑓𝑛𝑛)𝑓𝑓𝑒𝑒−𝜋𝜋𝑤𝑤𝑛𝑛𝑓𝑓

𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑛𝑛𝑐𝑐𝑐𝑐

𝑛𝑛=0

 [1] 

These parameters were fitted to minimize the least squares error of the complex 

data using a trust-region-reflective algorithm (Coleman 1996). Additional components 

were included until the residual error between measured and fitted data became 

unpatterned (Figure 13 1-D). Because curve fitting was performed in the time domain, 

no line-broadening or zero-padding was needed. All spectral components were 

displayed in the frequency domain with their starting phases as acquired, as well as 

shifted to zero phase (Figure 13 D, E). 
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Figure 13: Fitting the complex 129Xe spectrum to a series of additive Lorentzian 
components by minimizing the residual error between measured and fitted data (A-
D). The fitted components are displayed with native phases (D), as well as shifted to 

zero phase (E). Fitting the spectra to 7 components minimized the residual error 
relative to that obtained when fitting to only 5 components. 
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3.2.3 Results 

  

3.2.3.1 In vitro 129Xe gas-phase spectroscopy 

Figure 14A shows the change in resonant frequency of dynamic 129Xe gas-phase 

spectra recorded from a tube containing a Xe–N2 mixture transitioning from pure N2 to 

pure 129Xe, as HP 129Xe constantly flowed through the tube. The resonant frequency 

recorded at 100% 129Xe concentration—after correcting for the Xe–Xe shift of 0.548±0.004 

ppm/amagat—served as the true 0 ppm reference frequency. Using this reference, the 

chemical shift of highly diluted 129Xe in N2 gas was measured to be 0.22±0.02 ppm, which 

is consistent with the Xe–N2 shift of 0.209±0.020 ppm/amagat reported in the literature 

(Jameson 1978,Patton 2001).  

Figure 14B illustrates the additional effect of the Xe–O2 shift in the high-pressure 

thermal phantom. Using the zero reference just described, its resonant frequency was 

measured at 5.77±0.02 ppm, which is within error of the 5.3±1.4 ppm shift calculated 

using the known gas densities of 6.48±0.92 amagats of 129Xe, and 1.84±0.92 amagats of O2. 

Thus, by subtracting 5.77 ppm from the measured frequency of this phantom, the 0-ppm 

reference was calculated on a scan-by-scan basis. (This reference value is not affected by 

the uncertainty in this phantom’s internal gas densities because true zero is derived 

from the flowing atmospheric phantom.) 
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Figure 14: (A) Evolution of the 129Xe resonant frequency in a phantom 
containing a Xe-N2 mixture transitioning from highly diluted 129Xe in N2 gas to pure 
129Xe. The 0-ppm reference frequency at zero pressure was estimated from the 129Xe 

resonant frequency at 100% xenon concentration by compensating for the Xe-Xe shift 
of 0.548±0.004 ppm/amagat (arrow). This yielded a starting shift for highly diluted 

129Xe in N2 of 0.22±0.02 ppm (dotted line). (B) Phased Lorentzian fits of 129Xe spectra 
from both phantoms show that the high-density thermal phantom is shifted 

downfield from the low-density one. 
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The 129Xe frequency in the thermal phantom was measured approximately 2 

hours prior to the mouse scans, and this time difference could potentially introduce an 

error in chemical shifts depending on the stability of the 2T field. However, we 

determined that field only drifted by −5.79 Hz/day or −0.24 ppm/ day, thus introducing a 

maximum error of 0.02 ppm that, though negligible relative to the statistical errors 

across the cohort (>0.1 ppm), was incorporated. 

 

3.2.3.2 In vivo 129Xe gas-phase spectroscopy 

Figure 15B illustrates the variation of the lineshape of the in vivo gas-phase 129Xe 

spectrum at different axial positions within the thoracic cavity (Figure 15A). Spectra 

from the most inferior slices exhibited a dominant single resonance at approximately −2 

ppm. As the slice was translated toward the center of the lung, a second distinct 

resonance grew at approximately 0 ppm. At the superior-most portions of lung, where 

the trachea dominates, the resonance exhibited a frequency exceeding 0 ppm.  

These visually apparent features were assessed more quantitatively by using 

curve fitting to decompose the spectrum into individual resonances (Figure 15C). From 

the entire thoracic cavity (2-cm slice), two resonances were found: 0.3±0.5 ppm and 

−2.2±0.1 ppm. However, spectra from 1-cm slices at different axial locations (Figure 15D) 

showed differences in the relative amplitudes and frequencies of the two peaks.  
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Figure 15: (A) Slice selection. A 2-cm axial slice encompassing the entire 
thoracic cavity and 1-cm slices ranging from the base of the lung to the trachea are 
shown. (B) Magnitude 129Xe gas-phase spectra from 1-cm slices in 2-mm increments 
show the evolution of spectral structure. (C) Fitting spectra arising from the entire 
thorax revealed the presence of two resonances. (D) Comparing fits from different 

positions revealed that the upfield resonance consistently appeared at −2.2±0.1 ppm, 
whereas the downfield resonance exhibited a location-dependent frequency ranging 

from −0.6±0.2 to 1.3±0.3 ppm. 
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At the center of the lung, two approximately equal-sized resonances were seen at 

−0.6±0.2 ppm and −2.2±0.1 ppm. In superior slices, the downfield resonance dominated 

in amplitude and increased in frequency, ultimately to 1.3±0.3 ppm in the trachea. In 

contrast, near the base of the lung, only the upfield resonance remained. Its frequency 

was consistently measured at −2.2±0.1 ppm across all mice and all spatial locations. All 

measurements represent the mean ± standard error across all mice. 

 

3.2.3.3 Origins of gas-phase resonances and physiological variability 

The positional dependence of the two gas-phase peaks within the thoracic cavity 

suggests that the −2.2 ppm peak arises from 129Xe in alveolar airspaces and the variable 

downfield peak arises from 129Xe in conducting airways. This −2.2 ppm shift for alveolar 

129Xe signal is consistent with an empirical estimate of −2.46 ppm that factors in the BMS 

shift for 129Xe in a sphere and positive shifts caused by Xe–Xe and Xe–O2 interactions. 

The susceptibility shift in an alveolus—modeled as a sphere—is given by χe/3 (Springer 

1994,Wagshul 1996), where χe is external susceptibility of the lung parenchyma 

(estimated as pure water; χe = −9.06 ppm) (Chu 1990). This leads to a suggested shift of 

−3.02 ppm. However, under our experimental conditions, the alveoli contained 80% 

xenon and 20% O2 at approximately 0.9 amagats, which contributed an additional 

downfield shift of 0.39 + 0.17 = 0.56 ppm. Thus, adding the susceptibility shift and the 

shift from the gas mixture returned an empirical estimate of −3.02 + 0.56 = −2.46 ppm.  
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Alveolar 129Xe signal intensity and frequency have been reported previously to 

also be affected by inflation level (Chen 1998). To investigate this effect, gas-phase 129Xe 

spectra were acquired from the thoracic cavity (2-cm slice) at full-inspiration and at 

three different times during exhalation. The alveolar resonance was extracted from these 

spectra and its frequency was correlated with its intensity, which served as a surrogate 

for lung inflation level. As illustrated in Figure 16, the frequency of this peak decreased 

linearly from full inspiration to lower inflation levels (r = −0.99) and ultimately shifted 

by −0.09 ppm at end-expiration. This change in alveolar 129Xe frequency is smaller, but in 

the same direction as the −0.3 ppm shift between the two stages of the breathing cycle in 

the 3He spectral frequency, reported by Chen et al. in guinea pigs (Chen 1998). The 

larger shift shown by Chen may be a function of species or tidal volume. Such inflation-

dependent shifts in the gas-phase alveolar 129Xe peak were also reported by Wagshul in 

free-breathing mice to be 0 to −0.4 ppm in one mouse, whereas no inflation effects were 

noted in another mouse suspected of shallow breathing. Despite modest differences in 

the magnitude of reported shifts, all three studies suggest the alveolar 129Xe resonant 

frequency becomes more negative at end-expiration. That effect is attributable to the 

way in which lung inflation alters the volume-weighted average susceptibility of the gas 

and parenchymal tissue phases (Springer 1994). 
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Figure 16: Change in frequency of the alveolar 129Xe resonance versus its peak 
intensity shows a small linear dependence on inflation 

 

Whereas the relatively stable alveolar 129Xe resonant frequency can be explained 

by BMS effects arising from a spherical geometry, the airway resonance is somewhat 

more enigmatic. The variations in the airway peak frequency are also attributable to 

BMS effects but arise from a cylindrical geometry that depends on orientation. Such 

BMS shifts are expressed by: 

 𝛿𝛿𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐 =
(𝜒𝜒𝑓𝑓 − 𝜒𝜒𝑐𝑐)

6
(3𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃 − 1) +

𝜒𝜒𝑐𝑐
3

 [2] 

where θ is the angle between the cylinder axis and B0 direction and χi and χe represent 

the susceptibilities inside and outside it (Springer 1994). We again assume χi = 0 ppm, 

and χe = −9.06 ppm and thus, depending on the orientation of an airway relative to B0, 
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BMS shifts in cylinders range from 0 (parallel to B0) to χe/2 (orthogonal). Thus, the 

lineshape of the airway component of the gas-phase 129Xe spectrum is likely derived 

from weighted contributions of airways at various orientations. In our slice-selective 

spectra, the base of the lung did not exhibit any detectable airway 129Xe signal, which we 

attribute to this region containing acini that contribute little signal relative to alveolar 

129Xe. As the slice moves from lung base to apex, an increasingly dominant and higher-

frequency airway resonance is observed, consistent with more airway contributions and 

progressive alignment of the larger airways with B0. Ultimately, the highest frequency 

airway peak was observed in the superior-most slice containing the trachea, which was 

roughly parallel to B0. However, its resonant frequency of 1.3 ppm cannot be explained 

within the framework of cylindrical BMS shifts, which for diamagnetic tissues predicts 

only shifts ≤ 0 ppm.  

One additional mechanism that could shift the gas phase 129Xe frequency would 

be provided by the bulk magnetic moment of hyperpolarized 129Xe in airways. Such a 

shift should depend on both 129Xe polarization and the geometry in which it is confined. 

These effects can be estimated by considering the additional magnetic field provided by 

the magnetization M in the trachea, which we consider as a cylinder aligned with B0. For 

this geometry, the total field is given by: 

 𝐵𝐵 = 𝐻𝐻 + 4𝜋𝜋𝜋𝜋 [3] 

where H is the applied magnetic field and M can be expressed as: 
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 𝜋𝜋 = [129𝑋𝑋𝑒𝑒]ħ𝛾𝛾𝑋𝑋𝑐𝑐𝑃𝑃129𝑋𝑋𝑐𝑐 [4] 

where [129Xe] is the density of 129Xe atoms and P129Xe is their polarization. Assuming 

[129Xe] = 0.57 amagats and P129Xe = 20%, this creates a magnetization-related field ΔB = 

−0.179 mG, which leads to an absolute frequency shift of −0.21 Hz. Although this is 

independent of the applied field strength, at 2T it would correspond to a shift of only 

−0.009 ppm. Thus, bulk magnetization effects have a minor influence on gas-phase 129Xe 

relative to the larger BMS-induced shifts. Moreover, if such magnetization effects played 

a major role, they would be even more evident in the spectra of 3He, which has a nearly 

three-fold larger magnetic moment and is isotopically pure.  

To test this hypothesis, HP 3He spectra were recorded from identical spatial 

positions within the mouse thorax (Figure 17B). In the absence of an accurate 0-ppm 

reference 3He frequency, these spectra were displayed by aligning the most upfield 3He 

resonance with the constant −2.2 ppm alveolar peak in the 129Xe spectrum. 3He spectra 

exhibited similar location-specific frequency shifts and intensities, with no discernible 

differences caused by its larger bulk magnetic moment. Furthermore, given its 

insolubility, this confirms that for both 129Xe and 3He, the shifts are caused exclusively by 

BMS effects, and not by chemical interaction or solvent shielding effects. Although the 

magnitude of the downfield 129Xe frequency shift in major airways is unexpectedly large, 

the range of shifts found here agree with previous reports of in vivo 129Xe spectra in mice 

(Wagshul 1996), in vivo 3He spectra in guinea pigs (Chen 1998), ex vivo 1H spectra in rat 
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lungs (Christman 1996), and in vitro 23Na spectra in cylindrical phantoms aligned at 

different orientations relative to B0 (Chu 1990). 

 

 

Figure 17: Hyperpolarized 129Xe and 3He spectra (magnitude) from 1-cm slices 
at different spatial positions within the thoracic cavity (see Figure 15A for slice 

positions). 3He exhibited similar location-specific frequency shifts and intensities as 
129Xe, confirming that these shifts are caused by bulk magnetic susceptibility effects. 

 

Although we used a thermal phantom scan to calculate the frequency reference 

for each 129Xe study, our study clearly illustrates that the alveolar 129Xe peak is 

reproducibly found within mice at −2.2 ppm and is relatively insensitive to inflation. 

Thus, in the absence of a phantom measurement, this robust alveolar gas peak can serve 

as a useful in vivo reference frequency. However, to use this signal, the spectrum should 

be carefully decomposed into separate alveolar and airway components. We note that 
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our study did benefit from the highly homogeneous magnetic field over the 

approximately 2-cm extent of the mouse lung and must be validated for other species. 

In addition to evaluating gas-phase frequency shifts, Lorentzian linewidths were 

also measured in the trachea and lung compartments. For reference, the linewidth over 

the 10-cm thermal phantom was 6 Hz. However, over 1-cm slices within the lung, the 

linewidths of both the alveolar and airway peaks were 50 ± 7 Hz. This width implies a 

lower limit for T2* of 7 ± 1 ms, which is shorter than that observed in guinea pig lungs 

(Chen 1999) and human lungs (Xu 2012). This may be attributable to a denser airway 

and tissue architecture in the mouse lung. The estimated T2* in the trachea slice was 

somewhat longer at 15 ± 5 ms. These relatively short T2* values in the mouse point to the 

advantages of imaging with radial sampling (Robertson 2015). 

 

3.3 Identifying and characterizing 129Xe dissolved-phase 
resonances 

 

3.3.1 Motivation 

Preclinical 129Xe spectroscopy allows unique opportunities to acquire spectra over 

several breaths and at long timescales, which makes possible the investigation of 

dissolved-phase xenon under different induced physiological conditions and in distal 

tissues, which are not feasible to implement in human spectroscopy studies that are 

limited to a 16-s breath-hold. However, there is limited available literature reporting on 
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129Xe dissolved phase chemical shifts in rodents, and moreover, these few reports have 

been inconsistent owing to simplistic peak identification and referencing methods. With 

an accurate 0 ppm reference established, and using robust time domain-based fitting of 

the complex FID, we comprehensively investigated and characterized the numerous 

dissolved-phase 129Xe resonances in the mouse thorax.  

 

3.3.2 Methods 

Dissolved-phase 129Xe spectra were acquired from the thoracic cavity, by 

increasing the transmit/receive frequency to 194 ppm above the gas-phase frequency. 

The acquisition parameters were identical to those of the gas-phase study except that TR 

was progressively increased from 0.1 s to 8 s. This enabled studying how the spectrum 

evolved as xenon entered tissues progressively distal from the alveolar–capillary 

interface. 

 

3.3.3 Results 

Figure 18A shows 129Xe dissolved-phase spectra as a function of increasing 129Xe 

replenishment times. Individual resonances were extracted by curve fitting as shown in 

Figure 18B, and their evolution with replenishment time is shown in Figure 18C. At the 

lowest TR of 100 ms, 129Xe distribution was confined to the gas-exchange region and 

exhibited two broad resonances at 197.4±0.9 and 193.0±0.7 ppm. As TR increased, 
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additional peaks developed as 129Xe reached downstream compartments. At the longest 

TR of 8 s, five robust peaks were identified at 198.4 ± 0.4, 195.5 ± 0.4, 193.9 ± 0.2, 191.3 ± 

0.2, and 190.7 ± 0.3 ppm. 

Based on their signal dynamics, and the limited available literature, we can 

postulate the origins of these peaks. We suggest that the 198.4 ppm peak originates from 

blood (Narazaki 2011); the 195.5 and 193.9 ppm peaks from aqueous media (pulmonary–

capillary barrier tissue, plasma, and possibly the myocardium); and the remaining 

upfield peaks at <192 ppm, which only appear at long 129Xe replenishment times, arise 

from the slowly perfused and distal epicardial fat (Swanson 1999). Except for the two fat 

peaks, which could not be distinctly separated across the cohort, all the other peaks 

exhibited distinct frequencies (P<0.01 using the Tukey–Kramer test). 
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Figure 18: (A) 129Xe dissolved-phase spectra (real, phased) at different 129Xe 
replenishment times. (B, C) Fitting revealed two broad peaks at the shortest 

replenishment time, and at the longest TR of 8 s, five robust peaks were identified. 
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3.4 Summary 

We have characterized the variability of the gas-phase 129Xe frequency in mice 

using slice-selective spectroscopy and decomposition of the complex FID to establish a 

robust method for setting an accurate 0 ppm reference using in vivo data. This 

framework also enabled five dissolved-phase resonances to be identified and their 

spectral parameters to be measured accurately. Table 2 summarizes the chemical shifts, 

linewidths, and origins of all 129Xe peaks in mice. Our decomposition technique and 

accurate referencing methodology should facilitate standardized comparison across sites 

and aid in advancing the use of 129Xe spectroscopy to detect pathology. 

 

Table 2: Chemical shifts, linewidths, and postulated origins of 129Xe 
spectroscopic resonances in mice at 2T 

Phase of 129Xe Chemical Shift (ppm) Linewidth (Hz) Origin 
Gas −2.2 ± 0.1 50 ± 7 Alveoli 
Gas 0.3 ± 0.5 50 ± 7 Airways 

Dissolved 190.7 ± 0.3 52 ± 15 Adipose tissue 
Dissolved 191.3 ± 0.2 58 ± 17 Adipose tissue 
Dissolved 193.9 ± 0.2 30 ± 4 Aqueous media 
Dissolved 195.5 ± 0.4 31 ± 4 Aqueous media 
Dissolved 198.4 ± 0.4 148 ± 13 Blood 

    
All values are expressed as mean ± standard error for five healthy mice 
Spectroscopic resonances were extracted from the entire thoracic cavity (2-cm slice) and the 
dissolved-phase acquisition employed a TR of 8 s 
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4. Building a portable ventilator with integrated 
physiologic monitoring for longitudinal 129Xe MRI 

This chapter has been adapted from our recently submitted publication: 

R Virgincar, J Dahlke, S Robertson, N Morand, Y Qi, S Degan, B Driehuys, and J Nouls. A 

Portable Ventilator Integrated with Physiologic Monitoring for Pulmonary 129Xe MRI in 

Rodents. (In revision, Journal of Magnetic Resonance, 2018) 

 

4.1 Introduction 

Despite the several benefits of preclinical 129Xe MR, and its potential to accelerate 

the progress of this field, this capability has been limited to only a few centers 

worldwide (Branca 2014,Imai 2015,Doganay 2016,Ruan 2017). This stems from the 

technical challenges and animal handling requirements that are unique to 

hyperpolarized gases. These agents must be precisely administered to an uncooperative 

animal, in a way that is MR-compatible and preserves hyperpolarization. Moreover, 

rodents require very small tidal volumes (~0.2 ml for mice vs. ~500 ml for humans), 

which challenges both the precision of gas delivery and the spatial resolution that must 

be achieved to visualize regional changes in lung pathophysiology.  

The most straight-forward means to administer HP 129Xe to an animal is to 

deliver a single bolus via a gas syringe, as has been demonstrated by ex vivo 

investigations of excised rat lungs (Lilburn 2013), and in vivo imaging studies of 

anesthetized rabbits (Mata 2007). Although this method allows precise control of the 
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volume delivered and permits imaging during suspended lung motion, the relatively 

small volume of hyperpolarized xenon inherently limits the spatial resolution achievable 

(a single 2D slice in this case). This challenge becomes even more severe in rats and 

mice, where the tidal volume is smaller (~2 ml for rats, and ~0.2 ml for mice) and spatial 

resolution requirements are greater. 

In order to provide sufficient magnetization for high-resolution MRI in rodents, 

it becomes necessary to administer multiple tidal volumes of HP gas, and to acquire 

image data over multiple breathing cycles. One such approach is to deliver HP gas 

continuously to spontaneously-breathing, anesthetized mice (Imai 2011,Imai 2015). 

Although this approach has yielded important new studies, the method can be 

inefficient in its use of HP gas and be affected by irregular breathing patterns of varying 

depth that cause motion artifacts or limit resolution. Moreover, such acquisitions have 

been limited to 2D imaging with an in-plane resolution of 0.625 x 0.625 mm2 that may 

obscure some ventilation defects that can be as small as 1.4±0.3% of the lung volume 

(Thomas 2011). Resolving such lesions requires high-resolution 3D encoding. This, in 

turn, requires delivering sufficient HP gas magnetization and mitigating respiratory 

motion artifacts that would otherwise obscure subtle defects. These requirements are 

most readily met by mechanically ventilating the animal and performing full three-

dimensional encoding, incrementally, over multiple breathing cycles, while suspending 

respiratory motion. 
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The administration of HP gas to rodents adds unique design requirements that 

are not met by commercially available MR-compatible ventilators. First, HP gas must be 

handled using only materials that contain no ferrous impurities (Schmiedeskamp 2006). 

This eliminates most common gas handling materials such as brass and stainless steel. 

Second, HP gas is readily depolarized by paramagnetic oxygen (Jameson 1988), thus 

requiring that the two gases be mixed as late as possible in the gas delivery process. 

Furthermore, given the need to accurately administer very small volumes of 

compressible gas (~0.2 ml for a mouse), the internal volume of gas delivery components 

must be strictly limited. And finally, these requirements must all be met without 

occupying significant space within the close-fitting RF coil housing the animal, nor 

impairing RF loading. Thus, gas administration must be achieved using a miniaturized, 

non-conductive, integrated mixing system residing close to animal’s trachea (Black 

1996,Chen 1998). 

In addition to delivering small volumes of HP gas accurately, it is equally 

important to do so consistently over the entire course of image acquisition. This requires 

overriding spontaneous breathing by anesthetics that depress the respiratory system 

and then ventilating the animal mechanically. To perform these procedures safely and 

ensure recovery after extubation, the animal’s physiology (airway pressure, blood 

oxygen saturation, heart rate, and body temperature) must be continuously monitored 

and maintained within the desired range. This is also important for 129Xe spectroscopy, 
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where line shapes and chemical shifts are sensitive to changes in pulmonary perfusion 

and gas-exchange (Kaushik 2014). Hence, physiologic monitoring is essential for 

longitudinal imaging, robust quantification, and to reliably compare animal cohorts. 

 

 

Figure 19: Previously-used constant volume rodent ventilator (Nouls 2011) 
positioned beside the bore of the magnet 

 

Our center had previously designed and reported a rodent ventilator (Nouls 

2011) that enabled high-resolution, 3D imaging with hyperpolarized 3He and 129Xe in 

mice and rats (Figure 19). However, this system had several shortcomings. First, it 

required animals to undergo a tracheostomy to establish gas-tight connections to the 
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ventilator, thereby precluding survival studies. Second, it was operated by a stand-alone 

computer, running proprietary software (LabView, National Instruments, Austin, TX, 

USA), and relied on expensive and rapidly outdated data-acquisition boards. Third, it 

did not integrate the necessary physiological monitoring, which therefore had to be 

provided using several other systems. This not only increased the cost and complexity of 

the device, but also limited its portability and ease of dissemination to other centers. 

Here, we present a compact and portable ventilator with integrated physiologic 

monitoring designed for longitudinal, high-resolution 129Xe MRI in rodents. The system 

architecture has been simplified to operate using a microcontroller board (Arduino) for 

precise valve timing and scanner triggering, with a Python/QT user interface driven by 

an inexpensive single-board computer (Raspberry Pi). These control systems, along with 

the necessary pneumatics and electronics, are now integrated into two compact 

enclosures that carry gas to the intubated animal via a single flexible tubing bundle. 

Physiological measurements of airway pressure and heart rate are now integrated into 

the system and reported continuously to the user, in addition to the volumes of the 

gases administered to the animal. 

Using this system, we demonstrate the feasibility of longitudinal imaging in mice 

at 2T, by using peroral intubation to establish non-traumatic gas-tight seals. Then, in 

Chapter 6, we describe our efforts to exploit the portability of the ventilator system to 

transition, for the first time, to different high-field magnet at our center. 
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4.2 System architecture 

The ventilator and physiologic monitoring system consists of three primary 

subsystems: the animal bed, the life support module, and the control module (Error! 

Reference source not found.). The anesthetized rodent lies on a customized 3D-printed 

bed, such that the lungs are positioned at the magnet isocenter. The bed is equipped 

with MR-compatible physiologic monitoring sensors: a miniaturized pressure 

transducer (Fujikura AG206-025k, Servoflo Corporation, Lexington, MA, USA) to 

measure airway pressure, three pediatric electrode pads (Ambu, Columbia, MD, USA) 

to record ECG, and a rectally inserted fiber optic (Neoptix, Québec City, Canada) to 

measure body temperature. The animal is perorally intubated and ventilated through a 

flexible tubing bundle that also carries the physiologic monitoring signals. The bundle 

attaches to the life support module residing at the entry of the magnet bore, which delivers 

the prescribed mixture of gases (O2, N2, HP gas), controls the breath-hold, and enables 

passive exhalation using fast-actuating solenoid or pneumatic valves. This MR-

compatible module receives HP gas from a dose bag inside a pressurized canister 

mounted on top of the enclosure, as well as oxygen and nitrogen from supply cylinders 

housed remotely. The life support module also contains the ECG and pressure 

measurement circuitry; it is connected via a single 25-pin cable, carrying valve-actuation 

and physiologic signals, to the control module, located next to MRI console. The control 
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module, serving as the primary interface for user-interaction, provides both the ability to 

change the breathing pattern and continuously monitor physiology. 

At a more detailed level, the non-MR-compatible control module contains the 

power supplies of the system as well as two distinct micro-controllers: a Raspberry Pi 

and an Arduino. The Raspberry Pi (model B ARMv8 with 1 GB RAM, 

http://www.adafruit.com) is a single-board computer connected to a keyboard and 

monitor, running a Linux operating system. The Pi provides the interface by which 

ventilator settings are controlled and physiologic data is displayed. Because it is subject 

to real-time interrupts of its operating system, the Pi is not suitable for precise timing 

control. This task is therefore performed independently by the Arduino micro-controller 

(Mega 2560, http://www.adafruit.com), which runs without an operating system, and 

thereby can reliably generate precisely timed valve-actuation signals, while also 

triggering MR data acquisition at the desired phase of the respiratory cycle. 
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Figure 20: Primary subsystems. At the magnet center, the rodent lies on the animal bed, connected to 
physiologic monitoring sensors. The intubated animal (the intubation catheter is magnified) is linked to the life 

support module, which resides at the entry of the bore and contains the gas-delivery valves, physiologic monitoring 
circuitry, and HP gas supply. The life support module is connected via a single cable to the control module, which is 

located next to the MRI user console. 
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The user controls the following ventilation parameters: breathing rate, 

inspiration duration, breath-hold duration, and the driving pressures of oxygen, 

nitrogen and HP gas. The combination of valve timing and driving pressure determines 

the volume of each gas delivered to the animal (hence, the composition and amount of 

the tidal volume) and fully defines the breathing cycle. 

Detailed schematics, model files for 3D printing, and a bill of materials will be 

provided upon request.  

 

4.3 Gas delivery and volume control 

The essential principle of the ventilator is to deliver precise volumes of O2, N2 

and HP gas by using carefully timed bursts of flow controlled by fast-actuating valves 

(Nouls 2011). A schematic of this approach, implemented in the life support module, is 

showed in Error! Reference source not found.. 
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Figure 21: Schematic showing the primary gas-delivery components within and connected to the life support module. 
The user interface and the control module are also depicted (bottom right). 
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Oxygen and nitrogen are each supplied from remote cylinders at high pressure 

(100 psi) to the life support module, where they are regulated (model R-7010, Air Logic, 

Racine, WI, USA) to a precise driving pressure. Each gas is then directed through a high-

impedance brass restrictor (O’keefe Controls Co., Trumbull, CT, USA) attached to the 

inlet of a fast-switching solenoid-actuated valve (model EC-2-12, Clippard, Cincinnati, 

OH, USA). This generates a well-defined gas flow rate, which delivers the desired bolus 

of gas depending on how long the valve remains open. The exact volumes delivered are 

calibrated based on the driving pressure and inspiration duration.  

In order to acquire HP 129Xe MRI, the ventilator is designed to switch from normal 

mode, which delivers a mixture of nitrogen and oxygen, to HP mode, wherein nitrogen is 

replaced with an identical volume of HP gas. The hyperpolarized gas bolus is controlled 

differently than N2 or O2 in order to avoid depolarizing interactions with ferrous 

materials. First, HP gas is contained within a perfluoropolymer dose bag (Tedlar, Jensen 

Inert Products, Coral Springs, Florida) that is housed within a pressurized canister. It 

flows through a sapphire restrictor (O’keefe Controls Co., Trumbull, CT, USA) and a 

polytetrafluoroethylene (PTFE) pneumatically-actuated valve (model PV-1-1134, Parker 

Hannifin, Tucson, AZ, USA). Switching between modes is initiated manually by flipping 

a switch on the control module. 

Gas is transported between the life support module and the rodent by three 

separate, parallel, 1200-mm-long lines that merge within a low-dead-volume mouthpiece, 
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which attaches to the endotracheal catheter. During inspiration, O2 flows in the 

dedicated oxygen line while either nitrogen or HP gas is transported via the inert gas line. 

To initiate a breath-hold, all valves are closed, during which time the ventilator can 

trigger motion-free image acquisition. Following the breath-hold, the exhale valve is 

opened, allowing the animal to breathe out passively through the exhale line. This 

breathing cycle is illustrated in Figure 22, which also shows the changes in pulmonary 

airway pressure displayed by the ventilator, the valve actuation pattern, and the dead 

volume affecting ventilation. 

 



 

66 

 

 

Figure 22: a) Tapered intubation catheters for mice (22G, blue) and rats (14G, 
orange).  b) Display of the ventilator while ventilating a rat, showing real-time airway 
pressure (black), the MR trigger (pink), ECG (blue) with automatic r-wave detection. 
The evolution of the peak inspiratory and expiratory pressures (green), and heart rate 
(red) over the duration of the study are also shown. The top right corner of the display 

shows the current heart rate, ventilation mode, airway pressures, gas-delivery 
pressures and associated tidal volumes. c) Cross-sectional view of the intubation 

catheter connected to the mouthpiece, showing the merging gas lines, and the dead 
volume. d) Actuation pattern of the gas delivery valves (drawn in synchrony with the 

airway pressure trace on the monitor). 
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A major challenge in rodent ventilation is that each gas bolus is significantly 

smaller than the internal volume of the gas-delivery components. This can alter the tidal 

volume and its oxygen content, due to the effects of gas compressibility and dead 

volumes. This is illustrated for the most stringent case of ventilating a 20-g mouse 

during HP 129Xe MRI, where the oxygen and inert gas boluses account for 50 µl and 150 

µl, respectively. During inspiration, O2 and HP gas are delivered by gas lines reaching a 

peak-inspiratory pressure of ~12 cmH2O above end-expiratory pressure. After 

inspiration, this excess pressure will be vented during expiration, accounting for a 

volume loss of 1.2% of the inner volume of each line. Thus, the oxygen and inert gas lines 

(540-µl inner volume) each waste 6 µl of their prescribed bolus. Furthermore, the 

mouthpiece contains a dead volume of 20 µl between the inspiratory gases and the lungs. 

Exhaled gas within that dead volume will be re-administered to the animal, which also 

changes the composition of the tidal volume. To compensate for all these losses, the tidal 

volume is prescribed at 25% O2, such that the altered tidal volume entering the animal's 

trachea still contains at least 20% O2. Table 3 shows the bolus volume, gas constituents, 

and gas-delivery timing, along with the choice of restrictors, valves, and tubing 

diameters for mice and rats.
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Table 3: Gas-delivery parameters and components for a 20-g mouse and 200-g rat 
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A key design consideration for the inert gas line is to minimize surface-induced 

129Xe relaxation during transit. The 129Xe relaxation time T1,s in tubing is given by T1 = 

V/(Κ·A) = D/4Κ, where D is the inner diameter of the gas-delivery line, and Κ is the 

relaxivity constant. This constant can be estimated for high-purity polymers (Möller 

2011) to be ~9⋅10-4 mm/s, which for a line of 0.76-mm inner-diameter delivers T1 ≈ 210 s. 

For mice, the typical 0.15-ml bolus of HP gas requires 3.6 breathing cycles to flow 

through the inert gas line, which takes 2.7 s and results in a surface-induced polarization 

loss of ~1%. In addition to this relaxation mechanism, exposure to 25% paramagnetic 

oxygen at atmospheric pressure provides a more potent mechanism, resulting in T1, oxygen 

= 8.9 s (Jameson 1988,Zheng 2011). For this reason, HP gas is not mixed with O2 until 

both gases enter the mouthpiece. Thus, the contact is limited to the 140-ms inspiration 

period, yielding oxygen-induced depolarization of ~1.6 %. To limit other practical causes 

of depolarization, 129Xe flow is kept away from the airway pressure transducer by 

attaching it on the exhale line, 5-cm distal to the mouthpiece.   

Ventilating mice versus rats require different tidal volumes, restrictors, and gas 

lines as seen in Table 3. Thus, in its practical implementation, the life support module 

contains two different sets of valves and gas lines (one for each rodent species). 

Ventilation of mice or rats is selected by an electrical switch directing the actuation 

signals to the desired set of valves and the appropriate tubing bundle. 

 



 

70 

4.4 Longitudinal 129Xe MRI 

In order to demonstrate the capability of the ventilator system to acquire high-

resolution images longitudinally, 129Xe images were acquired at 2T in the same BALB/c 

mouse 2 weeks apart. Prior to imaging, the rodent was anesthetized (pentobarbital 70 

mg/kg IP, then hourly with ~30% of the initial dose IP), perorally intubated with the 

tapered 22G catheter shown in Figure 22. The custom tapered catheter was used for 

intubation rather than a standard catheter in order that the narrow end may be easily 

inserted into the trachea, while the broad end forms a tight seal between the larynx and 

the trachea at the level of the circoid cartilage. The seal ensured a stable leak-tight 

breath-hold for multi-breath imaging. The animal was then placed on the bed and 

mechanically ventilated in normal mode using the breathing parameters in Table 3. 

Physiological monitoring sensors were installed and the animal bed was inserted into 

the magnet, where a flow of warm air regulated body temperature between 36 and 37°C.  

Xenon, isotopically enriched to 85% (Linde AG, Munich, Germany), was 

polarized to ~20% (Model 9810, Polarean Inc., Durham, NC, USA) and dispensed into 

the dose bag inside the canister, which was then pressurized to provide the driving 

pressure for HP gas administration. HP 129Xe gas-phase MRI was done using the 

parameters from Table 1. Following imaging, the rodent was monitored for signs of an 

elevated heart rate and spontaneous breathing, at which time they were extubated, 

maintained on a warming recovery pad, and returned to the cage when mobile. The 
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rodents were allowed to recover from any minor intubation trauma for at least 7 days 

before the next scan. 

Figure 23 shows images from the mouse scanned 2-weeks apart. The images, 

acquired at a resolution of 156 µm, appear free of motion artifacts and demonstrate that 

intubation permitted repeatable ventilation and data acquisition over the administration 

of 600 tidal volumes during image acquisition. These images also show identical features 

and therefore high reproducibility across timepoints. With this animal preparation and 

imaging protocol, we have had 100% survival, and have successfully scanned mice at up 

to 3 time points. We have also successfully used longitudinal 129Xe MRI to investigate a 

mouse model of lung cancer, which is presented in Chapter 5. 

 

 

Figure 23: 129Xe gas-phase images from a healthy mouse scanned two weeks 
apart 
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4.5 Portable ventilator enables dissemination of HP 129Xe MRI 

In September 2016, a duplicate of the ventilator was shipped and installed at the 

Radiobiology Research Institute at the University of Oxford in the United Kingdom. The 

ventilator, along with our imaging protocols and reconstruction package, were used to 

successfully conduct ex vivo and in vivo hyperpolarized 129Xe MRI in mice. 

 

 

Figure 24: 129Xe gas-phase MRI at the University of Oxford using the Duke 
ventilator and imaging protocol. 

 

Although the image quality remains to be optimized, this effort marks our first 

successfully dissemination of preclinical hyperpolarized 129Xe MRI to another center.  
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4.6 Limitations 

Although, this ventilator and physiologic monitoring system enables high-

resolution 129Xe MRI, it presents several opportunities for further improvement. Firstly, 

the electrical lines connecting the ECG and airway pressure signals from the bore center 

to the life support module can act as antennas, transmitting ambient electrical noise into 

the coil, thereby degrading signal-to-noise ratio. To avoid such phenomena, the lines 

must be shielded and grounded to the life support module, which, in turn, must be 

grounded to the magnet chassis. A future preferred solution may be to convey these 

signals via non-conductive fiber optics. Secondly, the system does not currently 

accommodate inhaled anesthetics. Instead, animals must be anesthetized by injectable 

agents, such as pentobarbital, which are more difficult to administer and maintain in 

challenged animals over relatively long scan sessions (Lovell 1986). 

 

4.7 Summary 

We have developed a ventilator with integrated physiological monitoring that 

has all the capabilities required for high-resolution 129Xe MRI in rodents. A particularly 

critical feature of the ventilator is its ability to preserve HP 129Xe polarization while 

precisely delivering accurately-timed, identical tidal volumes, and triggering MR data 

acquisition at any phase of the respiratory cycle. Moreover, the system can be used with 

perorally intubated animals, and in mice as well as rats, opening the way to longitudinal 
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studies of disease progression and therapy response in a wide range of disease models. 

The compact and portable design now enables experiments to be carried out at multiple 

magnets at our center and made it possible to establish preclinical 129Xe MRI at the 

University of Oxford. We expect that the low cost and simple design of the ventilator 

will help many more centers that are keen on establishing up preclinical 129Xe MRI but 

lack the resources and expertise for it.  
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5. 129Xe MRI in mouse models of lung disease at 2T 
 

5.1 Introduction 
129Xe MRI surpasses 3He as a lung function diagnostic tool owing to its ability to 

be imaged in both the gas-and dissolved-phases, which enables direct regional 

assessment of gas-exchange. Whereas 3He MRI has been limited to models of ventilation 

impairment such as asthma, 129Xe can be deployed to investigate several new models 

characterized by both ventilation and gas-exchange impairment.  

In this chapter, we demonstrate the sensitivity of 129Xe MRI to different natures of 

lung function impairment in diseases of high clinical relevance which have not yet been 

studied with this technique. First, we investigated gas-exchange defects and 129Xe 

spectroscopic signatures in a mouse model of lung cancer. This was our first 

longitudinal study and involved scans at up to 2 times points followed by histological 

validation of disease. Next, we investigated gas-exchange impairment in a mouse model 

of invasive pulmonary aspergillosis to gain better insights into the prognosis of this 

infectious and fatal disease. 
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5.2 Lung cancer 

  

5.2.1 Motivation 

The goal of this study was to demonstrate the sensitivity of 129Xe dissolved-phase 

MRI to gas-transfer defects and identify spectroscopic signatures associated with tumor 

formation and progression in the lung. Lung function defects were compared with 

metastases observed on 1H MRI and histology. Although 129Xe MRI has not previously 

been applied to study lung cancer, a previous study reported an incidental finding of 

increase uptake of 129Xe by a pulmonary nodule in clinical 129Xe dissolved-phase MRI 

(Mugler 2010). Unique spectroscopic resonances have also been observed in in vitro in 

cancerous tissue samples (Il'yasov 1999).   

 

5.2.2 Methods 

6-week-old male BALB/c mice (n = 11, ~18 g) were intravenously injected with 

~50,000 4T1-GFP breast cancer cells known to create lung tumors over a period of 2-6 

weeks. Prior to MRI, mice were anesthetized, per-orally intubated, and ventilated 

according to the procedures described in Chapter 4. Respiratory-gated 129Xe gas- and 

dissolved-phase MRI, and 1H MRI was conducted using the parameters in Table 1. 129Xe 

dissolved-phase spectra were acquired with the following parameters: excitation 

frequency and RF pulse same as dissolved phase MRI, BW = 8.06 kHz, 2048 points, α = 

90°, and TR = 6 s. Spectra were acquired directly from the FID (TE = 1.2 ms), and after 
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spin echo refocusing (TE = 41 ms). Spectra acquired after a spin-echo enabled the echo 

time to be extended long enough to eliminate 129Xe signal from fast-exchanging 

compartments within the alveolar septum, while highlighting 129Xe signal from distal, 

slowly exchanging compartments. Spectra were curve fit to identify underlying peak. 

Mice were scanned over a period of 2-6 weeks post-injection of cells. At least 2 

animals were scanned each week; one survived for longitudinal imaging, and the other 

was sacrificed for H&E histology to estimate tumor burden. Survived animals were 

monitored for signs of recovery from anesthesia, weaned off the ventilator and returned 

to the cage. 

 

5.2.3 Results 

Figure 25 shows representative images from a control animal and one scanned 6 

weeks post instillation of cancer cells. The control mouse exhibited a normal, featureless 

thoracic cavity, and homogeneous ventilation and gas-transfer to pulmonary tissues and 

blood. 
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Figure 25: 1H MRI and HP 129Xe gas- and dissolved-phase MRI (α = 30°) images 
of a healthy mouse and a and cancel model. The cancer mouse showed ventilation and 

gas-transfer defects that closely corresponded to tumors on 1H MRI. 129Xe dissolved-
phase images also showed some regions of hyper intensity that could point to regions 

of increased uptake of 129Xe by the tumor. 
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The cancer mouse showed extensive tumors on 1H MRI, and correlated 

ventilation and gas-transfer defects on 129Xe MRI (red arrows), which matched well with 

tumor location. 129Xe dissolved phase MRI also showed some hyperintense regions 

(green arrows) but these could not always be definitively associated with tumor 

presence. In some regions, this enhancement was near tumors, which possibly suggested 

an enhanced uptake of 129Xe by the tumor vascular supply. In regions where the 

enhancement did not correspond to a tumor or ventilation defect, it could point to a 

cluster of small metastases taking up xenon, but too small to be picked up on 1H or 129Xe 

ventilation MRI. The ring-shaped enhancement marked by the green arrow in the 

central slice points to such a feature. 

Figure 26 shows a lung cancel model scanned at 3 time points: weeks 3, 5 and 6. 

Up to week 5, this animal only showed minor ventilation defects (white arrows), which 

was in contrast with time-matched mice showing severe tumors. However, at week 6, 1H 

MRI showed a large tumor in the posterior right lung (yellow arrow). Ventilation and 

gas-uptake was diminished at this location, and additional ventilation defects were also 

observed (white arrows). Another interesting observation was the loss of signal in the 

left ventricle (red arrow), indicating significantly reduced gas-transfer to blood. 
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Figure 26: Anatomical overlay of axial gas-phase 129Xe (top) and dissolved-
phase 129Xe (bottom) in the same tumor-bearing mouse 3, 5, and 6 weeks post 

inoculation. Key features include ventilation defects at week 5 and 6 (white arrows), 
and a large tumor in the posterior right lung at week 6 accompanied by matched 

ventilation and gas-exchange defects (yellow arrow) and a loss of 129Xe signal in the 
left ventricle (red arrow) 

 

Figure 27 shows 129Xe FID and spin echo spectra in a healthy mouse.  129Xe 

dissolved-phase FID spectroscopy at TR = 6 s (A) revealed the presence of 4 peaks 

assigned to adipose tissue (192.6 ppm), aqueous media (195.1, 196.2 ppm), and blood 

(199.9 ppm). 129Xe dissolved-phase spectroscopy after a spin echo showed two surviving 

peaks: a small peak from aqueous media (192.4 ppm), and larger peak from the slowly 

perfused and distal adipose tissue compartment (196.3 ppm). 
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Figure 27: 129Xe FID and spin echo spectroscopy in a healthy mouse 

 

129Xe spectra in the cancer models showed interesting differences form controls. 

The most striking finding was that the 129Xe resonance from adipose tissue diminished 

and spectral width broadened with increasing tumor burden, estimated from H&E 

histology. Spin echo spectra from cancer mice more readily revealed the reduced 129Xe 

fat uptake and broadening with increasing tumor burden (Figure 28).  

The diminished 129Xe uptake in fat preceded any measurable weight loss. We 

believe that it and could be attributed to white adipose tissue atrophy (WAT) and 

browning, which has been reported to be a hallmark of cachexia, a muscle and adipose 

tissue wasting syndrome accompanying cancer (Petruzzelli 2014). 
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Figure 28: 129Xe dissolved-phase spin-echo spectra in a representative control 
mouse and mice with lung metastases. Note the significant change in the 192-ppm 

adipose tissue peak with increase in metastatic burden. 
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5.2.4 Conclusion 

This pilot study showed that 129Xe imaging and spectroscopy is dramatically 

altered in progressing lung cancer. Ventilation defects seen on 129Xe gas-phase MRI 

closely matched with tumors seen on 1H MRI. 129Xe dissolved-phase defects were 

generally closely matched with ventilation defects, but in some animals, hyperintense 

signal was observed near tumors which could point to clusters of metastases taking up 

129Xe. 129Xe spectroscopy showed a striking reduction of the 194-ppm adipose tissue 

signal, which may be associated with WAT browning in cachexia.  

Follow-up studies could investigate this fat uptake signature and the 

involvement of brown adipose in progressing cancer cachexia. 129Xe has been shown to 

have a strong affinity for BAT during stimulation of BAT thermogenesis (Branca 2014), 

which could be exploited to study BAT activity in cachexia-inducing and non-cachexia-

inducing cancer cell lines in mice. These results could be validated with histological BAT 

maps using uncoupling protein 1 (UCP1) staining. Monitoring the fat peak signature, 

weight loss, and BAT distribution with progressing cancer will provide novel insights 

into the pathogenesis and progression of cachexia. 
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5.3 Invasive pulmonary aspergillosis 

 

5.3.1 Motivation 

Invasive pulmonary aspergillosis (IPA) is an understudied infectious and fatal 

lung disease of growing significance caused by the fungus Aspergillus Fumigatus (Brown 

2012). Currently, the diagnosis of IPA relies on lung biopsy and detection of diagnostic 

biomarkers in serum, or in bronchoalveolar lavage fluids (Rolle 2016), and the 

understanding of the mechanisms utilized by this fungus to cause disease is limited. 

Gaining insights into these mechanisms will provide novel avenues for improving IPA 

patient outcomes. However, doing so will require imaging and spectroscopic tools to 

identify functional changes at the site of infection. To date, MRI has not been applied to 

the study of IPA. Through this study, we sought to establish the signatures of IPA 

distinguishable by 129Xe and 1H MRI and set the stage for its clinical translation.  

 

5.3.2 Methods 

This study employed a clinically-relevant murine model of IPA prepared by the 

laboratory of Dr. William Steinbach at Duke University. Five BALB/c mice were 

immunosuppressed with triamcinolone (day −1), and intranasally infected with A. 

fumigatus conidia (spores) (day 0). Control mice (n = 3) were age-matched, 

immunosuppressed and underwent intranasal inoculation of sterile water. Mice were 
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imaged on days on days 3-6. Each study was terminal, since the IPA models were not 

expected to survive beyond one-week post-infection. 

Mice were prepared for MRI using standard procedures, and in vivo 1H, 129Xe 

gas, and 129Xe dissolved-phase MRI were performed using the parameters in Table 1. 

129Xe dissolved-phase FID spectroscopy (TR/TE = 6000/1.2 ms) and spin-echo 

spectroscopy (TR/TE = 6000/41 ms) were also done.  

 

5.3.3 Results 

Figure 30 shows a central coronal slice of 1H MRI and 3D rendered volumes for 

129Xe MRI for a representative control mouse and 4 IPA models at various time points. 

Controls exhibited a featureless thoracic cavity, homogenous ventilation, and efficient 

gas-transfer to tissues and blood that can be well appreciated with the high signal 

intensity in the heart and aorta in the 3D rendered dissolved-phase images. In contrast 

IPA models showed ventilation and gas-transfer defects which, in some cases, were 

accompanied by signal enhancement in 1H MRI, likely indicating regions of edema. 
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Figure 29: 1H MRI (coronal slice) and 129Xe gas and dissolved-phase MRI (3D 
rendered volumes) from a control and 4 IPA models. 
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Functional and structural abnormalities, while significant and extensive, did not 

show any consistent patterns within the mouse cohort:  

1. one mouse (Figure 29, IPA-day 3) showed a featureless thoracic cavity on 1H 

MRI, but 129Xe images revealed a medially-shifted right middle lobe, and reduced 129Xe 

dissolved signal in the left heart;  

2. two mice (Figure 29, IPA-days 4, 6) showed focal lobar ventilation defects and 

edema on 1H MRI;  

3. one mouse (Figure 29, IPA-day 5) showed distended airways, heterogeneous 

ventilation and dissolved 129Xe signal, and scattered edema on 1H MRI;  

4. the last mouse, (IPA-day 6, not shown) did not show any impairment at all. 

Figure 30 shows 129Xe FID and spin echo spectra from a control and two IPA 

models. Spectra from controls were consistent with previous data. In IPA animals, 

spectroscopy did show deviations from controls, but like imaging, the results were not 

consistent. However, some general trends were observed. In IPA models, FID spectra 

showed considerably broadened aqueous and blood peaks suggesting increased 

heterogeneity in the gas-exchange region. Spin echo spectra in IPA models showed a 

reduction in the downstream 192-ppm fat resonance relative to controls, which 

corroborates the impaired gas-transfer observed in 129Xe dissolved-phase images of these 

mice. This finding was also bolstered by relatively normal spectra from aspergillosis 

mice that showed unimpaired gas exchange in imaging.  
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Figure 30: 129Xe spectra in a control mouse and two IPA models. IPA models 
showed broadened peaks in FID spectroscopy and spin-echo spectra showed a 

reduction of the 192-ppm adipose tissue resonance. 
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5.3.4 Conclusion 

Our preliminary study demonstrates that 1H and HP 129Xe MRI are sensitive to 

structural and functional impairment in mouse models of IPA. However, from the 

inconsistent trends observed in imaging and spectroscopy, it is apparent that IPA 

manifestation and progression is complex and that a single mouse per time point is not 

representative of disease progression. Follow-up studies would befit from longitudinal 

imaging at least two time points (Day 0, Day 7), along with histological validation of 

disease. This richer dataset will help identify consistent imaging and spectroscopic 

signatures accompanying the progression of IPA.  
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6. Transitioning preclinical 129Xe MRI from 2T to 7T 
 

6.1 Introduction 

Currently, both clinical and preclinical MR research is transitioning to high 

fields, and in preclinical imaging field strengths of 7T or more have become standard. 

These high fields are detrimental to 129Xe gas-exchange MRI owing to a very short T2* of 

129Xe at these high fields. Clinical 129Xe MRI at 1.5T revealed a T2* of ~2 ms for the 

dissolved-phase resonances (Qing 2014), which at 7T, would be <0.5 ms. This imposes 

significant constraints on imaging, and while reports on preclinical 129Xe MRI at field 

strengths up to 9.4T have emerged (Iguchi 2013), these have been limited to 2D, and 

could not separate the short-lived dissolved-phase signal into RBC and barrier 

compartments. There have been no literature reports on 3D 129Xe gas-exchange MRI at 

field strengths greater than our custom 2T scanner. Currently, ~500 7T preclinical 

magnets are installed worldwide—more than any other field strength—and therefore 

this represents the platform on which fully-integrated 3D 129Xe gas exchange MRI must 

be developed to permit its broader dissemination. 

Here we present our efforts to establish preclinical 129Xe MRI on a Bruker 7T 

magnet (BioSpec 70/20 USR magnet with 440 mT/m gradients, running Paravision 6.0.1). 

The magnet was pre-equipped with hardware capable of dealing with non-proton 

nuclei, including a dedicated broadband X-nuclei preamplifier. We performed a 
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thorough noise characterization of the system to establish an acceptable baseline noise 

level, compared SNR with 2T, and optimized all imaging and spectroscopy sequences 

for the higher field, which led us to implement the first in vivo 3D gas-exchange 129Xe 

imaging at 7T. In this transition, we also focused on imaging rats, which like humans, 

exhibit unique spectroscopic signatures of 129Xe in barrier tissues and RBCs (Driehuys 

2006). Establishing 129Xe MRI in rats at 7T would therefore enable experiments across a 

broad range of clinically-relevant disease models. 

 

6.2 Noise performance of the 7T magnet 

Imaging 129Xe dissolved in pulmonary tissues is a problem that is highly SNR 

limited. Moreover, most scanners are not designed to image 129Xe and therefore would 

likely not yield optimum SNR. A thorough noise characterization of the system at the 

Larmor frequency of 129Xe is therefore essential to identify its deviation from theoretical 

optimal and identify aspects of its architecture that prevented achieving optimal SNR 

(Driehuys 2007). 

Noise in MRI is primarily thermal in nature, and results from random 

fluctuations in the receive coil loaded by the sample, and in other electronics. The 

variance of the fluctuating noise voltage is expressed as (Brown 2014): 

 𝑣𝑣𝑎𝑎𝑣𝑣𝑣𝑣𝑎𝑎𝑣𝑣𝑐𝑐𝑒𝑒(𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛𝑛𝑛𝑓𝑓𝑛𝑛𝑐𝑐)  = 4𝑘𝑘𝑘𝑘𝑘𝑘𝐵𝐵  [5] 
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where k is the Boltzmann constant, T is temperature, R is resistance, and B is 

receiver bandwidth. Noise is additive and the total noise in the system is proportional to 

the sum of the resistances of each of its components.  

An important consideration for multinuclear imaging is that the measured noise 

might be different when operating at different frequencies. Although thermal noise is 

white, different nuclei may use different amplifiers, filters and other components for 

optimal performance at their respective frequencies. These components may have 

different individual noise characteristics, and therefore the noise performance for each 

nucleus must be evaluated separately. In this section, we established baseline noise at 1H 

and 129Xe frequencies on the 7T Bruker magnet, and compared with measurements on 

the previously used 2T magnet. 

 

6.2.1 Noise Figure of the MR system 

The 129Xe coil loaded by the sample is the primary source of noise in MRI. Prior to 

measuring the noise generated by the coil, the electrical noise contributed by the MR 

system itself was characterized, to establish a minimum noise baseline.  

The total noise contributed by the MR system was quantified by measuring its 

Noise Figure (NF), a key performance parameter in RF systems. It represents the 

degradation of signal/noise as the signal passes through a device, or in this case all the 

multi-stage components in the receive circuitry of the MR system. The noise figure was 
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measured using the Y-factor technique. Briefly, a calibrated noise source (model 346A, 

Hewlett Packard/Keysight Technologies, Santa Rosa, California, USA) was connected to 

the magnet in place of the RF coil, and the noise power was measured under two 

conditions: with the noise source OFF, where it functioned as a 50-ohm terminator; and 

with the noise source turned ON by delivering 28V DC to it which increased its noise by 

a factor determined by its excess noise ratio (ENR; a frequency-dependent value specific to 

the calibrated noise source, provided for a broad range of frequencies). For each 

condition, the noise power was measured as the variance of 1D time domain data 

recorded with the parameters: receiver bandwidth = 1 kHz, 2048 points, minimum 

possible input RF power, and maximum receiver gain. The noise figure of the system 

was then calculated using the using the expressions: 

 𝑁𝑁𝑐𝑐𝑣𝑣𝑠𝑠𝑒𝑒 𝐹𝐹𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐𝑣𝑣,𝐹𝐹 =
𝑆𝑆𝑁𝑁𝑘𝑘𝑓𝑓𝑛𝑛
𝑆𝑆𝑁𝑁𝑘𝑘𝑛𝑛𝑜𝑜𝑓𝑓

=
10

𝐸𝐸𝐸𝐸𝐸𝐸
10

10
𝑌𝑌
10 − 1

  [6] 

 

 
𝑁𝑁𝑐𝑐𝑣𝑣𝑠𝑠𝑒𝑒 𝐹𝐹𝑣𝑣𝐹𝐹𝐹𝐹𝑣𝑣𝑒𝑒,𝑁𝑁𝐹𝐹 (𝑑𝑑𝐵𝐵) = 10 × 𝑙𝑙𝑐𝑐𝐹𝐹10(𝐹𝐹) [7] 

where, ENR is the excess noise ratio (5.69 dB at 100 MHz), and Y = NON/NOFF is the Y-factor 

calculated as the ratio of the noise power with the noise source ON (NON) vs. OFF (NOFF).  

Using this technique, the noise figure was measured on the Bruker 7T magnet at 

the 83.06 MHz 129Xe frequency, and 300.30 MHz 1H frequency. The noise figure was also 

measured on the 2T magnet at the 129Xe and 1H and resonant frequencies of 23.64 MHz 

and 85.46 MHz, respectively. These measurements are listed in Table 4. 
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Table 4: Noise figures at 2T and 7T 

Magnet  Oxford Instruments 2T  Bruker 7T 
Nucleus  129Xe 1H  129Xe 1H 

Frequency (MHz)  23.64 85.46  83.06 300.30 
Noise Factor  2.4 2.3  3.3 2.7 

Noise figure (dB)  3.7 3.5  5.2 4.3 
 

At 2T, the noise figures at 23.64 MHz and 85.46 MHz were nearly the same (3.7 

vs. 3.5 dB respectively). This was expected, since both nuclei used identical pre-

amplifiers, the principle determinant of electrical noise within the MR system. At 7T, the 

noise figures at both 129Xe and 1H frequencies were greater than at 2T (5.2 dB and 4.3 dB, 

respectively). The noise figure at 7T was also 0.9 dB greater at 83.06 MHz than 300.3 

MHz. 

From these results, we can conclude that the 7T system was ~1.3× noisier than the 

2T system (calculated from the ratio of noise factors). Also, at 7T, noise at the 129Xe 

frequency was ~1.2× more than at 1H frequency, which could be attributed to 1H MRI 

using a narrow-band pre-amplifier, and 129Xe MRI using a broad-band X-nuclei 

preamplifier which would be characteristically noisier. It must be noted that the noise 

levels discussed above refer to the internal electrical noise in the MR system only, and 

do not include any environmental noise since an RF antenna was not used in this test. 
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6.2.2 Noise contributed by the RF coil 

Having established baseline noise with a 50-ohm terminator, we then measured 

the noise generated by empty RF coils, while still using the rest of the receive chain of 

the MR scanner to detect signal. Ideally, if a coil is impedance-matched to the 50-ohm 

impedance of the transmission cable and input impedance of the preamplifier, its noise 

power should be identical to that generated by a 50-ohm terminator. However, an RF 

coil being an antenna is susceptible to pick up noise from other conducting components 

within the magnet bore. Therefore, this noise measurement was necessary to identify 

and characterize any such noise sources that could potentially contaminate measured 

signal. 

Noise power measurements with an empty RF coil were made at 2T and 7T. At 

7T, we built a transmit/receive linear birdcage rat coil (70-mm inner-diameter, 100-mm 

long) to resonate at the 83.06 MHz 129Xe frequency, with grounded split shielding, Q of 

220, and a wide-range tuning and matching capabilities (Figure 31).  
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Figure 31: Custom built 83.06 MHz coil for 129Xe MRI at 7T 

 

For 1H MRI, a 300.3 MHz linear birdcage transmit/receive coil with 72-mm inner-

diameter (model 1P T10720V3, Bruker) was used. At 2T, an 85.46 MHz linear birdcage 

coil (m2m Imaging, Cleveland Ohio), and a custom 23.64 MHz linear birdcage coil were 

used. Noise power measurements were made using the same acquisition parameters as 
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in the noise figure analysis. All empty coil noise measurements were compared with 

corresponding measurements using a 50-ohm terminator. 

 

 

Figure 32: Noise power measurements (variance of 1D time data) with a 50-
ohm terminator vs. empty RF coils on the 2T and 7T magnets.  

Note: Absolute noise power measurements are reported with arbitrary units and cannot directly be 
compared between 2T and 7T 

 

Figure 32 shows noise power measurements under the conditions described 

above. At 2T, the noise power with empty coils was nearly the same as with a 50-ohm 

terminator, for both 129Xe and 1H frequencies. Moreover, the noise power between 1H vs. 

129Xe frequency was also similar. This result nicely reflects the ideal scenario where noise 

from impedance-matched coils is uniform across all frequencies, and at the level 

generated by a 50-ohm resistor. 
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At 7T, 50-ohm resistor noise was ~3× greater at 83.06 MHz compared to 300.3 

MHz, which again could be attributed to the noisier broadband preamplifier. RF coil 

noise at 300.3 MHz was at the same level as with a 50-ohm terminator, as was observed 

at 2T. However, at 83.06 MHz the RF coil noise was 11× greater than with the 50-ohm 

terminator. The significantly greater noise detected by the 129Xe RF coil suggests that 

additional spurious noise sources were present, that contaminated the broadband 129Xe 

channel, but not the 1H channel. 

 

6.2.3 Characterizing noise sources 

As a first step to characterize the high level of noise picked up by the 129Xe coil, a 

spectrum was recorded at 83.06 MHz with a wide 500-kHz bandwidth to identify any 

patterns in the noise (Figure 33A). Interestingly, this spectrum showed periodic spikes 

with 81 kHz frequency over the entire 500-kHz range. In order to investigate the 

proximity of the noise spikes to the 129Xe resonant frequency, another spectrum was 

acquired at a lower bandwidth of 10 kHz. This spectrum (Figure 33B) showed a noise 

spike -900 Hz from the excitation frequency.  
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Figure 33: Spectra at 83.06 MHz with an empty RF coil. A. Spectrum with a 
wide 500 kHz bandwidth showed periodic spike noise harmonics with 81-kHz 

frequency. B. Spectrum with BW = 10 kHz showed a noise harmonic -900 Hz from the 
excitation frequency. C. When the gradient power supply was turned off, the periodic 
noise spikes ceased to exist, and the noise was unpatterned. GPSCU – gradient power 

supply control unit 

 

The 81-kHz frequency of the noise spikes was determined to be the same as the 

clock frequency of the switching power supply of the three Copley 265P gradient 



 

100 

amplifiers. Based on this discovery, it was hypothesized that the gradient cables could 

be bringing in the 81 kHz noise harmonics. To test this, a spectrum (identical to Figure 

33B) was acquired after shutting down the gradient power supply control unit (GPSCU). 

Interestingly, this eliminated all noise spikes and the noise in the spectrum was 

unpatterned (Figure 33C). The noise power from this spectrum was measured to be close 

to 50-ohm terminator level (Figure 35A). 

Upon further investigation, it was determined that the cables carrying the 

gradient currents required additional filtration, which is normally installed in most MR 

scanners. All the cables exiting the electronics cabinet (besides RF cables), use low pass 

filters (DC to ~1 MHz) to reject RF interference. Normally, all the gradient and shim 

cables pass through a filter panel mounted at the entrance of a Faraday box mounted at 

the back of the magnet (CCM box). In fact, in addition to the gradient cables, the 

unshielded shim cables were also found to bring noise into the 129Xe spectrum, and also 

required to be shielded.  

The absence of these filters in our system had not been found to adversely affect 

the SNR of conventional proton MRI for which this system had been used to date. 

However, the 3.6× lower frequency of 129Xe potentially makes it more susceptible to 

noise sources that may be more naturally shielded by skin depth effects at higher 

frequency. 
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6.2.4 Eliminating noise sources 

Spike noise in the frequency domain can introduce stripe artifacts in the image, 

with the width and orientation of the stripes determined by the location of the noise 

spike in k-space. It was therefore critical to eliminate any noise spikes within the 

imaging bandwidth of interest. 

First, we shifted the position of the -900 Hz noise spike by changing the 

master/slave configuration of the gradient amplifiers. The crystal oscillators within each 

gradient amplifier produce a slightly different clock frequency, and therefore changing 

their master/slave configuration can potentially shift the position of the noise spike 

within the spectrum. We discovered that changing clock-master from the X-gradient 

amplifier the to the Y-amplifier moved the spike farther away to -2000 Hz, and with the 

Z-amplifier as the clock-master, it moved to -3300 Hz. Thus, the spike could not be 

entirely offset out of the 10-kHz gas-phase imaging bandwidth (±5 kHz in frequency 

space), but moving it farther away by 2.4 kHz would in theory generate artifacts of 

higher frequency, which would be less apparent in the reconstructed image. 

Next, we installed pi-filters on all the gradient and shim cables to eliminate noise 

from these sources altogether. For each of the high current carrying gradient cables (6 in 

total: +X, −X, +Y, -Y, +Z, −Z), low-pass filters (600V~ 300A, 2 × 250 nF, Tesch, Wuppertal, 

Germany) were installed on top of the CCM box (Figure 34). These filters have a cut-off 
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frequency of ~1 MHz and provide a noise rejection of ~40dB. For the shim cables (24 

total), smaller pi-filters were installed (440V~ 16A, 2 × 100 nF, Tesch). 

 

 

Figure 34: Tesch low-pass filters for gradient cables installed on top of the 
CCM box (a Faraday box mounted at the back of the magnet) 

 

Figure 35A shows the spectroscopic noise power with a 50-ohm terminator vs. 

the empty 129Xe RF under 3 conditions: before installing filters, with the gradient power 

supply switched off, and after installing filters on the gradient and shim cables. After 

installing filters, the noise reduced to the ideal level of a 50-ohm terminator, indicating 
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that the filters had successfully suppressed the excess noise carried in by the gradient 

and shim cables. 

As a final test, a spectrum was acquired with the 129Xe Boltzmann phantom to 

examine any surviving noise patterns post-filtering, and their intensity relative to 129Xe 

thermal signal. The parameters of this acquisition were: BW = 10 kHz, 2048 points, NEX 

= 4, and TR = 10 s. The spectrum (Figure 35B) showed a trace of the noise spike at -3100 

Hz, but it was negligible relative to the significantly greater 129Xe thermal signal, and 

was not found to adversely affect the in vitro and in vivo 129Xe MR acquisitions that 

followed. 
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Figure 35: A. Noise power (variance of 1D time data) at 83.06 MHz with a 50-
ohm terminator vs. empty 129Xe coil under different conditions. A high level of noise 

was detected by the RF coil, which nearly reduced to baseline when the gradient 
power supply was shut down. Subsequently, filters were installed on the gradient 

and shim cables which reduced the noise to 50-ohm terminator level. B. Spectrum of 
the 129Xe Boltzmann phantom with filters installed shows an insignificant trace of the 

noise spike at -3.1 kHz, dwarfed by the significantly larger 129Xe thermal signal. 
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6.3 In vitro 129Xe MRI 

 

6.3.1 Comparison of 129Xe SNR at 2T and 7T 

Having established a minimum noise baseline, the system could now be 

deployed to reliably characterize signal to noise performance for 129Xe MRI. The first step 

was to compare 129Xe SNR at 2T and 7T. For this purpose, the thermal 129Xe phantom was 

used. Since the phantom is thermally polarized, in theory the signal at 7T would be 

expected to increase in proportion with the field strength from greater bulk 

magnetization, i.e. by a factor of 3.5. Another factor of 3.5 in signal would be gained 

from Faraday’s law of induction: the higher Larmor frequency of 129Xe at 7T would 

induce a stronger EMF in the RF coil. While theory predicts an aggregate 12× boost in 

SNR, realistically this may be less owing to differences in noise levels, coil sensitivity, 

and other factors between the two systems. 

Shims were adjusted on the Boltzmann phantom using a spectroscopy 

acquisition with the following parameters: 0.1-ms hard pulse, BW = 4000 Hz, α = 90°, TR 

= 5000 ms. The 1st order X, Y and Z shims were manually adjusted until the linewidth of 

the 129Xe resonance from the phantom was < 10Hz. The transmit power for the thermal 

phantom was calibrated using a custom spectroscopy sequence, using the same 

parameters as before, but with the reference power (power required for a 1-ms block 

pulse to generate a 90° flip angle) varied from 0.1 W - 40 W. The reference power was 

calculated as a quarter of the power at which the first signal minimum (α = 180°) was 
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observed in the series of spectra. Using this method, the reference power was measured 

to be 1.25 W. 

For SNR measurement, a 2D GRE image of the thermal phantom was acquired 

using the following parameters: 0.132-µs hard pulse, BW = 3.21 kHz, α = 80°, FOV = 12 

cm, matrix = 64 × 64, TE/TR = 21.1/2000 ms, and NEX = 8. These were standard QA 

parameters for SNR measurement at 2T and were also adopted at 7T to facilitate a direct 

head-to-head comparison of SNR between the two magnets. SNR was calculated as: 

 𝑆𝑆𝑁𝑁𝑘𝑘 =
𝑒𝑒𝑒𝑒𝑎𝑎𝑣𝑣(𝑠𝑠𝑣𝑣𝐹𝐹𝑣𝑣𝑎𝑎𝑙𝑙)

𝑠𝑠𝑡𝑡𝑑𝑑 (𝑏𝑏𝑎𝑎𝑐𝑐𝑘𝑘𝐹𝐹𝑣𝑣𝑐𝑐𝐹𝐹𝑣𝑣𝑑𝑑)/0.66
 [8] 

where signal and background were manually defined with rectangular regions of interest. 

The noise, calculated as std(background), was divided by 0.66 to convert the measured 

Rician noise in the magnitude image to the true underlying complex Gaussian noise 

(Gudbjartsson 1995). 

Figure 36 shows 2D GRE images of the thermal phantom (containing 6.48±0.92 

amagats of 129Xe, and 1.84±0.92 amagats of O2) at 2T and 7T. The SNR at 7T was 3× 

greater than at 2T, which although encouraging is less than the theoretical factor of 12. 

This is partly attributed to the Bruker 7T being 1.4× noisier than the 2T system as 

discussed in the noise figure analysis. Also, at the long TE of 21 ms in this acquisition, 

the faster T2* decay at 7T could also result in the measured signal being lower than 

expected. Some difference in SNR may also be attributed to differences in the quality 

factor and filling factor of the RF coils, and differences in the on-board reconstruction on 
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the two scanners. A boost in SNR can be gained in the future if a dedicated narrow 

banded 129Xe preamplifier is used, which would reduce the noise level further. 

 

 

Figure 36: 2D GRE of the 129Xe thermally polarized phantom shows 3x higher 
SNR at 7T. 

 

From the noise and SNR analysis in this section, we can conclude that 129Xe MRI 

on our 7T system should provide equivalent performance to 2T, with the possibilities for 

additional gains. Finally, although in vivo imaging would use hyperpolarized 129Xe, 

which would have several orders of magnitude greater signal than thermally polarized 

129Xe, the SNR analysis presented here was essential, because the task we ultimately seek 

to perform—MRI of dissolved 129Xe—is severely SNR limited, and therefore every 

incremental gain in SNR can noticeable improve image quality. 
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6.3.2 Spectroscopic determination of optimal RF pulse for selective 
excitation of dissolved-phase 129Xe 

The ~200 ppm chemical shift between gas- and dissolved-phase 129Xe allows 

independent imaging of these compartments in the thoracic cavity, which enables 

regional analysis of gas-exchange. Selective imaging is accomplished by centering the 

transmit/receive frequency on the gas- or dissolved-phase signal, and using an 

appropriate RF pulse that only excites the signal of interest. Selective excitation is 

particularly important for dissolved-phase 129Xe MRI since the volume of dissolved 129Xe 

is only ~1% that of the gas-phase, owing to tissue volume and solubility constraints. 

Therefore, if the dissolved-phase 129Xe acquisition does not use an appropriately 

bandlimited RF pulse, even a small flip angle to the gas-phase can cause severe off-

resonance signal contamination and introduce artifacts.  

Typically, frequency selective excitation is achieved by increasing the length of 

the RF pulse in the time domain, but the extent to which the pulse length can be 

increased is constrained by the short T2* of dissolved-phase 129Xe (~0.5 ms at 7T). At 2T, 

a 1.2-ms 3-lobe sinc pulse had provided optimum suppression of the gas-phase (Chapter 

2). At 7T, since the separation between the compartments is 3.5× greater, a shorter pulse 

of length ~0.35 ms would theoretically be appropriate. However, since the prescribed RF 

pulse profile is invariably distorted by the RF amplifier, the optimum pulse length 

cannot be accurately predicted, and must be calibrated experimentally. 
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The dissolved-phase RF pulse was calibrated using 100-ml natural abundance 

129Xe gas, polarized to ~20%, and dispensed into a Tedlar bag. The bag was positioned at 

the center of the birdcage 129Xe coil. Spectra were acquired with the transmit/receive 

frequency set to +17500 Hz (210 ppm-the estimated chemical shift of the in vivo RBC 

resonance in rats) from the gas frequency in the bag, a 20° flip angle, and a 3-lobe sinc 

pulse whose duration was varied between 0.2-0.6 ms in increments of 0.01 ms. Since 

129Xe in the Tedlar bag does not exhibit a dissolved-phase, the only signal observed 

would represent off-resonance gas-phase excitation. Moreover, since the effective flip 

angle experienced by the gas-phase magnetization from off-resonance excitation would 

be very small, the entire experiment of 40 excitations could be conducted with a single 

bag of 129Xe without concern for depolarization from repeated excitation.  

Finally, a spectrum was acquired on-resonance with the same 20° flip angle, 

which made it possible to express the off-resonance signal excitation relative to its on-

resonance intensity and thus measuring the degree of suppression. The signal intensity 

of gas-phase signal from each spectrum was obtained through fitting. 

Figure 37 shows RF pulse duration vs. the resulting off-resonance 129Xe signal 

intensity. As expected, the off-resonance signal rapidly attenuates as the pulse-width 

increases, but it also oscillates owing to using a truncated sinc pulse and from distortion 

of the pulse profile by the RF amplifier. Of the several minima observed, the third 

minimum (RF pulse width = 0.31 ms) exhibited only 0.3% of on-resonance signal. This 
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point was selected as optimal, since the minima that immediately followed did not 

exhibit greater reduction in off-resonance signal. Application of a 0.31-ms RF pulse 

enabled achieving a minimum echo time of 0.161 ms (half the pulse duration + 6 µs dead 

time), which is well within the 0.5-ms in vivo T2* of dissolved-phase 129Xe. 

 

6.4 Animal preparation for in vivo 129Xe MRI 

10 healthy, male, Sprague Dawley rats weighing ~200 g were prepared for MRI 

with procedures in compliance with the Duke University Animal Care and Use 

Committee. The rats were induced with 2% isoflurane followed by a dose of 50 mg/kg 

Nembutal IP. They were then intubated with a custom tapered 14G catheter, placed on 

the bed and ventilated with the parameters in Table 3 airway pressure and ECG were 

monitored via the physiological monitoring system integrated within the ventilator and 

temperature and SPO2 was monitored using external modules. Warm air was circulated 

through the bore to maintain body temperature at 37°C. Supplemental doses of 

Nembutal (30% of the initial dose IP) were administered hourly to maintain anesthesia. 

For accurate positioning of animals within the coil inside the bore, a cantilevered bed 

was used which allowed single-tuned 129Xe and 1H coils to be swapped without moving 

the specimen. 
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Figure 37: Gas signal in a Tedlar bag vs. duration of the RF pulse positioned 
+17506 Hz from resonance. The optimum pulse was of 0.31-ms duration, which excited 

a minimum 0.3% of on-resonance 129Xe gas signal 
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6.5 In vivo 129Xe spectroscopy 

 

6.5.1 129Xe gas-phase spectroscopy  

Prior to 129Xe spectroscopy, a 1H localizer scan was done to center the lungs of the 

rat within the RF coil. The shims from the 1H scan were saved and applied to all 

subsequent scans in the study, including 129Xe acquisitions. 

129Xe gas-phase spectra were acquired to determine the resonant frequency and 

transmit power. Transmit power calibration was necessary since the different weights of 

the rats scanned invariably altered the impedance-match with the RF coil and thus the 

required transmit power. The spectroscopy acquisition used the following parameters: 

transmit/receive frequency on gas-phase resonance, 0.1-ms hard pulse, BW = 50 kHz, 512 

points, α = 20°, TE/TR = 0.056/20 ms, and 10 repetitions acquired continuously with a 

single breath-hold. Figure 38 shows the series of 10 gas-phase FIDS.  

The amplitude of each consecutive FID decreases owing to successive RF 

excitation of the fixed gas-phase magnetization pool within a single breath-hold, and can 

be expressed by the equation: 

 𝐴𝐴𝑒𝑒𝐴𝐴𝑙𝑙𝑣𝑣𝑡𝑡𝐹𝐹𝑑𝑑𝑒𝑒 𝑐𝑐𝑒𝑒 𝑣𝑣𝑓𝑓ℎ 𝐹𝐹𝐹𝐹𝐹𝐹 = 𝜋𝜋0 × sin𝛼𝛼 × (cos𝛼𝛼)𝑛𝑛−1 [9] 

where α is the flip angle, and M0 × sin α is the amplitude of the first FID in the 

series. Using this equation, the observed flip angle was calculated and the transmit 

power was adjusted to compensate for the difference between the target and observed 

flip angles. 
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To determine the exact frequency of the gas-phase resonance for imaging, all 20 

breath-hold gated FIDS were averaged, and fit to obtain the frequency and other 

parameters of the gas resonance. The linewidth of this resonance was 161 ± 22 Hz for all 

10 healthy rats, which yields a T2* of 2.0 ± 0.3 ms. 

 

 

Figure 38: 10 consecutive FIDs acquired over a single breath-hold for 
calibration of transmit power. The intensity of FIDS decays due to repeated excitation 

of the finite gas-phase magnetization in the lung within a breath-hold. 
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6.5.2 129Xe dissolved-phase spectroscopy 

 

6.5.2.1 Acquisition of steady-state spectra 

129Xe dissolved-phase spectroscopy employed the optimum 0.31-ms RF pulse 

discussed previously, to minimize off-resonance gas-phase excitation. The frequency for 

dissolved-phase spectroscopy was set to +17506 Hz (210 ppm) from the gas-frequency, 

which corresponds to the chemical shift of the RBC resonance. Other acquisition 

parameters were: BW=50 kHz, 512 points, α=20°, TE/TR = 0.161/20 ms, 300 repetitions, 

and non-gated. A combination of a moderate flip angle, short TR, and multiple 

repetitions was used in order to achieve continuous steady-state replenishment of 

dissolved-phase 129Xe magnetization from the gas-phase. 

Figure 39 shows a representative dissolved-phase spectroscopy acquisition in a 

healthy rat. Figure 39A shows all the 300 FIDS in the acquisition. The signal amplitude 

was seen to reduce over the first ~100 FIDS as it enters steady state. Also evident is the 

oscillation of the amplitude of steady-state FIDS in synchrony with ventilation. The first 

100 FIDS were discarded to exclude non-steady state signal, and the remaining 200 FIDS 

were averaged (Figure 39B), Fourier-transformed, and fit to 3 Lorentzian peaks to extract 

the RBC, barrier, and gas resonances and their parameters (Figure 39C, D). 
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Figure 39: 129Xe dissolved-phase spectroscopy in the rat thorax. 300 total FIDS 
were acquired (A), of which 200 steady state FIDS were averaged (B), and fit (C) to 
extract the 3 main spectroscopic resonances of 129Xe: gas, barrier, and RBCs (D). 
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6.5.2.2 Estimation of optimum echo time for 1-point Dixon decomposition 

The 1-point Dixon method, initially developed for fat-water separation in 1H MRI 

(Dixon 1984), can also be exploited to separate 129Xe dissolved-phase MRI intro its barrier 

and RBC compartments (Driehuys 2006). This method requires the dissolved-phase 

image to be acquired at the echo time at which the barrier and RBC resonances have a 

phase separation of 90° (TE90); at this echo time, signal from these resonances can be 

separated by casting into the real and imaging channels of the receiver by applying a 

global phase shift. 

TE90 can empirically be estimated as: 

  𝑘𝑘𝑇𝑇90 =
1

4 × ∆𝑒𝑒
 [10] 

where Δf (Hz) is the difference in frequency between the two resonances. This 

expression predicts TE90 to be 221 µs. However, previous reports have shown a 

substantial mismatch between empirically and practically obtained TE90 (Cleveland 

2014), owing to phase evolution occurring not only during TE, but also during the long 

selective RF pulse. Therefore, we estimated TE90 using the spectroscopic acquisition 

described in the previous section. The dissolved phase spectrum was acquired at the 

minimum TE of 0.161 ms, at which the phase difference between the barrier and RBC 

resonances was 55 ± 2°. The additional time required to extend this phase difference to 

90° was then calculated as: 
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 ∆𝑘𝑘𝑇𝑇 =
∆𝜑𝜑

360 × ∆𝑒𝑒
 [11] 

where ΔTE (s) is the incremental time required to increase the phase difference 

by Δφ (°), when the frequency between the two resonances is Δf (Hz). Using this 

expression, the TE90 was calculated to be 248 ± 5 µs. This experimentally determined 

phase difference was 27 µs greater than the empirical value, but this difference between 

empirical and practical values was much less than the ~2× difference reported at 2T 

(Cleveland 2014). This could be attributed to the shorter selective pulse used at 7T vs. 2T 

(0.31 ms vs. 1.2 ms), which would induce less phase distortion. 

 

6.2.2.3 Lineshapes of 129Xe dissolved phase resonances 

The frequency-selective excitation of the dissolved-phase suppressed the gas-

phase resonance to 11 ± 2% of the total dissolved-phase intensity. This level of off-

resonance signal was less than the 20% excitation reported in clinical 129Xe MRI at 1.5T 

(Kaushik 2013), and therefore expected to be sufficient.   

Table 5 shows average 129Xe spectroscopy parameters for 10 healthy rats at 7T, 

and representative parameters from a rat at 2T for comparison. Chemical shifts of the 

dissolved-phase resonances were reported relative to the gas-phase resonance. Absolute 

referencing using the thermal phantom (Chapter 3) was not done because the shims 

used for in vivo acquisitions invariably distorted the lineshape of the thermal phantom 

resonance, which made it difficult to extract a reliable reference frequency.  
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Table 5: 129Xe dissolved-phase spectroscopy parameters for 10 healthy rats at 
7T, and one representative rat at 2T 

  Bruker 7T 
 Oxford Instruments 

2T 

Resonance  
Intensity 

ratio 
Chemical 

shift (ppm) 
FWHM  

(Hz) 
Phase 

difference (°) 
 Chemical 

shift (ppm) 
FWHM  
(Hz) 

RBC  0.48 ± 0.03 210.6 ± 0.2 437 ± 19 0  211.0 221 
Barrier  1.00 196.9 ± 0.2 564 ± 20 97 ± 3  197.3 200 

Gas  0.16 ± 0.03  0.0 161 ± 22  -  0.0 50 
 

The chemical shifts of the dissolved-phase resonances were on par with those 

observed at 2T, as well as with other literature reports on 129Xe spectroscopy in rats. The 

linewidths of the gas and barrier peaks were ~3× wider at 7T, and that of the RBC peak 

was 2× wider at 7T. This broadening is less than what would be predicted by the 3.5× 

higher field strength at 7T, and could be attributed to less gas-exchange occurring 

during the short echo time of this acquisition. The linewidths at 7T implies a lower limit 

for T2* of 0.54 ms for the dissolved-phase resonances. Although very short, this T2* is 

nearly twice as much as the TE90, which demonstrates that the 129Xe spectral structure is 

capable of Dixon decomposition at 7T. 

The RBC/barrier ratio in healthy rats at 7T was 0.48 ± 0.03, which is within the 

range of 0.4-0.6 reported in healthy rats at 2T (Cleveland 2014). 
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6.6 In vivo MRI 

 

6.6.1 Imaging parameters 

129Xe gas- and dissolved-phase MR images were acquired with separate, ~400-ml 

bags of HP 129Xe gas using 3D radial encoding. 1H MRI was also acquired to delineate 

the thoracic cavity for 129Xe image quantification. Table 6 shows the imaging parameters 

for these acquisitions, and parameters at 2T are also reiterated from Chapter 2 for 

comparison. Key aspects of these acquisitions are discussed in the following sections. 

 

Table 6: 3D-radial MRI parameters for 129Xe gas, 129Xe dissolved, and 1H MRI in 
mice at 2T, and rats at 7T 

    Mouse – 2T   Rat – 7T 

Parameters   
129Xe 
gas 

129Xe 
dissolved 

1H    
129Xe 
gas 

129Xe 
dissolved 

1H 

T2* (ms)  7 2   2.2 0.5  
RF pulse   hard 3-lobe sinc hard   hard 3-lobe sinc hard 

RF duration (µs)   132 1200 132   100 310 100 
Excitation frequency (MHz)   23.647 gas+4.66 kHz 85.54   83.06 gas+17.51 kHz 300.3 

TE (ms)   0.384 1.232 2   TE90 TE90 0.4 
TR (ms)   10 50 8   10 15 10 

Flip angle   30° 30° 15°   15° 20° 5° 
Bandwidth (kHz)   8.06 15.63 31.25   10 100 100 

NEX   1 1 1   1 7 1 
Data points per ray   64 32 128   64 64 64 

Matrix Size3   128 128 256   128 128 128 
Field of view (mm)   20 40 40   50 100 50 

Gating   yes yes yes   yes no yes 
Rays (total)   3001 2901 51471   3582 2073 14328 

Rays per breath-hold   5 4 20   20 - 20 
Breath-holds (total)   601 726 2574   180 218 717 

Scan time   7m 30s 8m 5s 32m 11s   3 m 3m 38s 11m 57s 
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6.6.2 Key adjustments: Trajectory measurement, view randomization, 
and unidirectional crushers 

In order to accurately map MR signal to k-space, the k-space trajectory generated 

by the actual gradient shapes must be measured and used for reconstruction. This 

measurement accounts for initial delays during the ramp time of the trapezoidal 

gradients, which if not compensated for, can introduce significant image artifacts. The 

Bruker imaging software, Paravision, requires a new trajectory measurement for every 

unique combination of nucleus, receiver bandwidth, matrix size, and field of view. Since 

the 129Xe and 1H scans had different combinations of these parameters, separate 

trajectory measurements were made for each case.  

The trajectory measurement involved acquiring signal from off- centered spins 

while playing out the gradient shape separately in all orthogonal directions: +X, −X, +Y, 

−Y, +Z, −Z. From the phase difference of the measured signals, the k-space trajectory can 

then be calculated, and the effect of different gradient delays can be detected (Zhang 

1998). For the trajectory measurement to be successful, it must be done in a material with 

high SNR and long T2 components. It would therefore be difficult to perform in vivo in 

the lungs owing low 1H density and short T2* in the lungs, motion from ventilation, and 

the 129Xe measurements would consume considerable amounts of hyperpolarized gas. 

Therefore, all trajectories were measured in a homogeneous ball of water of diameter 5-

cm. In order to measure 129Xe trajectories with the 1H phantom, the field of view was 

scaled by the ratio of gyromagnetic ratios of 129Xe and 1H, so that the correct gradient 
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amplitudes were played out. The trajectory measurements were performed only once, 

and could be saved and automatically recalled for all future scans. 

Figure 40 shows a simplified pulse sequence for 3D radial MRI and the first 60 

radial rays from a representative acquisition. Each readout was followed by fixed-

intensity unidirectional crushers for all gradients in order to dephase any residual 

transverse magnetization (Figure 40A). To ensure uniform coverage of k-space with 

limited views, they were acquired in randomized order by re-ordering the original 

Archimedean spiral distribution by its polar angle according to a Halton random 

sequence (Kuipers 1968,Lerner 2015). This randomization of views samples k-space 

uniformly over time, as is shown in Figure 40B with the first 20 views highlighted in red.  

 

 

Figure 40: A) Schematic of the 3D radial imaging sequence at 7T. B) 
Representative 60 radial rays acquired in randomized order, to sample k-space 

uniformly over time (illustrated by the first 20 rays being shown in red). 
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6.6.3 Acquisition of 129Xe gas-phase MRI 

129Xe gas-phase MRI was acquired with breath-hold gating and a total of 180 

breaths (360 ml) of HP 129Xe gas. In order to maximize k-space sampling with the limited 

number of breaths of HP gas, 20 radial projections with TR = 10 ms were acquired within 

each 250-ms breath-hold. A 10-kHz bandwidth was used to fit the readout within the 10-

ms TR. Figure 41 shows raw FIDs from a representative 129Xe gas-phase MR acquisition. 

Figure 41A illustrates that 129Xe magnetization is depleted by the multiple RF excitations 

applied during a breath-hold, but over multiple breaths, remains relatively stable by 

virtue of repeated replenishment of new 129Xe delivered by the ventilator Figure 41B.  

 

 

Figure 41: A) Raw FIDs (magnitude) from the first three breath-holds of a 
representative 129Xe gas-phase MRI scan. Within each breath-hold, 20 FIDS are 

acquired, with the amplitude of each subsequent FID decreasing due to RF-induced 
loss of magnetization. However, this is replenished by continued ventilation, and the 

resulting 129Xe signal intensity remains stable over the course of the 3-minute 
acquisition, with only a slow decrease due to T1 relaxation in the dose bag (B). 
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6.6.4 Acquisition of 129Xe dissolved phase MRI 

In order to extract sufficient SNR from the 100× smaller dissolved-phase 129Xe, 

this acquisition was done with 2× lower target resolution obtained by doubling the FOV, 

without gating, and with 7 averages. As with 129Xe dissolved-phase spectroscopy, the 

imaging acquisition also used the optimum 0.31-ms sinc pulse to suppress off-resonance 

129Xe gas signal, and a short TR of 15-ms with flip angle of 20° to established steady state 

129Xe replenishment in the dissolved-phase compartments. Since the T2* of the dissolved 

129Xe is very short at 7T (~0.5-ms), a high receiver bandwidth of 100-kHz was used to 

limit the readout time to 0.64 ms, which was close to the filter-matched condition 

(readout = T2*). Finally, the TE for the acquisition was set to the spectroscopically-

determined TE90 for 1-point Dixon-decomposition. The rapid readout was also beneficial 

in limiting the continued phase-evolution between the RBC and barrier resonances from 

TE90 to the end of the readout to <100°, a threshold that previously allowed reliable 1-

point Dixon decomposition in our clinical 129Xe MRI work at 1.5T and 3T (Wang 2018). 

Figure 42 shows raw FIDs (magnitude) from a representative the dissolved-

phase 129Xe acquisition. The magnetization rapidly enters steady state and remains 

consistent over the duration of the acquisition (Figure 42A). Unlike the gas-phase 129Xe 

scan, where the fixed amount of magnetization within a breath progressively reduces 

from repeated RF excitation, dissolved-phase 129Xe is continuously replenished from the 

gas-phase pool and view-to-view signal is consistent (Figure 42B). However, a gradual 
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ripple in the magnetization is observed in synchrony with ventilation, since this scan 

was non-gated. 

 

 

Figure 42: Raw FIDs (magnitude) from a representative 129Xe dissolved-phase 
MRI scan. The signal rapidly enters steady state and stays consistent over the course 
of the entire acquisition. Gradual oscillation in signal is observed in synchrony with 

ventilation. 

 

The dissolved-phase 129Xe MR acquisition was followed by a spectroscopy 

acquisition with the goal of reproducing the same steady-state magnetization as in the 

imaging acquisition, and calculating the steady-state RBC/barrier ratio; this ratio is used 

to separate the dissolved-phase image into its two compartments. This acquisition was 

similar to the previously described spectroscopy acquisition, but with the TE, BW, flip 

angle and TR set to be identical to the imaging acquisition. 



 

125 

6.6.5 Acquisition of 1H MRI 

1H MRI was breath-hold gated and acquired with the same 5-cm field of view as 

129Xe gas-phase MRI. The TE was extended from the minimum 0.056 ms to 0.4 ms in 

order to dephase the short T2* 1H signal in the lung, and thus obtain a dark thoracic 

cavity that would facilitate segmentation for quantitative analysis. 

 

6.6.6 Image reconstruction 

All 3D radial images were reconstructed using optimized 3D gridding 

(Robertson 2015) onto a matrix of 128×128×128. 129Xe gas and dissolved-phase MRI used 

the same gridding kernel (sharpness = 0.25; extent = 9 × sharpness) and overgridding 

factor of 2, in order to match resolution for quantitative analysis.  

The dissolved-phase image was cropped and extrapolated to match its resolution 

and field of view to that of the gas-phase. In order to accurately align the RBC and 

barrier components of dissolved 129Xe MRI into the real and imaginary channels, a global 

phase shift applied incrementally to the two images, until the ratio of image intensities 

matched the spectroscopically determined RBC/barrier ratio. 

Figure 43 shows representative 129Xe gas, barrier and rbc images in a rat. The gas-

phase image has a resolution of 0.39-mm and an SNR of 19.0 ± 1.6. The barrier and RBC 

images have a resolution of 0.78 mm, and SNRs of 13.3 ± 2.9 and 6.5 ± 1.5, respectively. 



 

126 

These images demonstrate that despite the short T2* at 7T, high-resolution and high-

SNR MRI of gas-exchange is feasible. 

 

 

Figure 43: 3D isotropic MRI in a healthy rat at 7T. Coronal slices of 129Xe and 
1H MRI, and 129Xe maximum intensity projections (right) are shown. The resolution of 

1H and 129Xe gas MRI is 0.39 mm and that of 129Xe dissolved MRI is 0.78 mm. SNR of 
129Xe gas, barrier and RBC images was 19.0 ± 1.6, 13.3 ± 2.9, and 6.5 ± 1.5, respectively. 
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6.6.7 Image quantification 

129Xe images were quantified by adapting a binning analysis pipeline that was 

initially developed at our center by Wang et al. for clinical 129Xe MRI (Wang 2017). 

Details of the analysis can be obtained from our article: 

Wang Z, Robertson SH, Wang J, He M, Virgincar RS, Schrank GM, Bier EA, 

Rajagopal S, Huang YC, O'Riordan TG. Quantitative Analysis of Hyperpolarized 129Xe Gas 

Transfer MRI. Medical Physics 2017;44(6):2475-2428 

Key analysis steps and refinements for rat images are briefly discussed here. 

 

6.6.7.1 Segmenting the thoracic cavity 

First, the thoracic cavity was segmented from 1H MRI with region-growing using 

ITK-SNAP (Yushkevich 2006). This procedure was straightforward owing to the high 

SNR of the image combined with the dark thoracic cavity, and required minimal user 

intervention. The thoracic cavity mask was then registered to the 129Xe gas-phase image 

by affine transformation (ANTS, http://picsl.upenn.edu/ ANTS/), which was also 

straightforward owing to both these images being acquired with well-controlled 

ventilation. The gas-phase image was then segmented to refine the thoracic cavity mask 

in two ways: 1) conducting airways were segmented from 129Xe gas-phase MRI via 

simple thresholding in ImageJ (NIH, Bethesda, MD, USA), and subtracted from the 

thoracic cavity mask, to eliminate regions not involved in gas-exchange; and 2) pixels 
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where the signal in the gas-phase image was 2 standard deviations lower than the mean 

were also removed from the thoracic cavity mask. The final, refined, thoracic cavity 

mask was used to confine gas-exchange analysis within the lung.  

 

6.6.7.2 Normalizing images 

Normalization of gas- and dissolved-phase images was necessary in order to 

compare quantitative metrics of lung function between rats. The dissolved-phase images 

were corrected for different levels of T2* decay resulting from small differences in TE90 

between animals (TE90 = 248 ± 5 µs in the healthy rat cohort). For each rat, this correction 

was done by back extrapolating the signal intensity of the RBC and barrier images to 

time = 0 according to the TE90 for that specific scan, and the average T2* of the 

resonances, calculated from their average linewidths in Table 5. The gas-phase intensity 

was also similarly corrected for T2* decay, and to account for the difference in flip angle 

between the gas- and dissolved-phase images. Finally, the corrected dissolved-phase 

images were divided on a pixel-by-pixel basis by the corrected gas images, which 

normalizes any differences in in signal intensity across animals that might result from 

differences in 129Xe polarization. The result is a quantitative map of 129Xe-barrier uptake 

and 129Xe-RBC transfer. The gas-images were normalized by its top percentile values in 

order to re-scale its intensities to a range of 0 to 1 for dedicated mapping of ventilation 

(He 2014).  
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6.6.7.3 Establishing a healthy reference distribution and binning analysis 

 Binning analysis relied on healthy reference distributions for each of the three 

129Xe compartments. These reference distributions are presumable expected to be 

different from human distributions owing to differences in gas-exchange surface area, 

vasculatures and effects of gravity. Reference distributions were created by generating 

aggregate histograms from (normalized) images of all 10 control rats. The histograms 

were then fit to normal distributions, and binning thresholds were defined based on the 

mean and multiples of the standard deviation of the normal distribution fit.  

Figure 44 shows the reference distributions for all 129Xe compartments, along 

with the positions of the thresholds, and colors of the bins. The gas and RBC:gas 

distributions used 6 bins: the first (red) bin shows regions of defects, the second (orange) 

bin shows low intensity regions, the next two bins (green) show intensities close to the 

mean of the distribution, and the final two bins (blue) show regions of high intensity 

signal. The barrier:gas distribution used 8 bins to capture its broader dynamic range, 

and the last 3 bins used shades of purple to highlight regions of elevated barrier signal, a 

hallmark of interstitial lung disease (Wang 2018). Our binning analysis for rats resulted 

in a color display that was consistent with our standard analysis of clinical images 

(Wang 2017). 

While the distributions in healthy humans were largely Gaussian for all 

compartments, those in rats tended to be slightly skewed. The ventilation distribution 
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for rats was slightly left skewed, and the RBC distribution was right skewed, while the 

barrier distribution resembled a Gaussian. For simplicity and consistency with clinical 

analysis, all the reference distributions for rats were modeled as Gaussians. Future work 

will benefit by better modeling these distributions to more accurately fit the aggregate 

histograms. For instance, the skewed distributions could be better modeled using the 

median of the distribution as the center and using thresholds based on percentiles. 

Even though, the model distributions may not be perfect, the ratio of the mean of 

the RBC reference distribution to that of the barrier distribution returns an RBC:barrier 

of 0.48 that is identical the value of 0.48 ± 0.03 obtained through spectroscopy, which 

indicates that the model distributions are fairly representative of the aggregate 

histograms. 
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Figure 44: Reference distributions for 129Xe gas, barrier, and rbc images, 
derived by fitting normal distributions to the aggregate histograms from 10 healthy 

rats. Thresholds were determined from the mean and standard deviation of the 
distributions and are indicated on the x-axes. Shaded areas indicate bins 
corresponding to defects, low signal intensity, and high signal intensity. 
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6.6.7.4 Gas-exchange maps in a healthy rat 

Figure 45 shows a complete report of gas-exchange mapping in a healthy rat. The 

normalized distributions are shown on the left along with the reference distributions 

annotated by dotted lines, maps are shown in the middle in coronal orientation, and the 

key metrics from binning analysis are shown on the right along with reference values 

(mean ± SD) form the healthy reference population of 10 rats. 

The ventilation maps show homogeneous signal with a low VDP of 5 ± 3%. The 

barrier and RBC maps also show homogeneous signal across most the lung, but also 

show some baseline defects. The barrier maps show some baseline defects (VDP = 15 ± 

4%) in posterior slices and at the base of the lung, and the RBC maps show some defects 

(VDP = 13 ± 3%) mostly in the posterior lung, the anterior lung, and the base of the lung 

inferior to the heart. 
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Figure 45: Gas-exchange mapping in a healthy rat. The complete report shows normalized histograms with 
dotted reference distributions (left), gas-exchange maps from binning analysis (middle), and values for all metrics 

with reference values reported as the average ± SD from 10 healthy rats (right).  
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The origins of these baseline defects in the dissolved-phase images of healthy 

rats remain unclear. Perhaps some defects could be attributed to gas-transfer tending to 

be concentrated in the gravitationally dependent lung, as is reported in humans 

(Kaushik 2013). While some defects were indeed observed in the anterior lung of the 

supine rat, they were not limited to this region and no significant gravitational 

dependence was apparent. Unfortunately, since our work on regional gas-exchange 

mapping in a rat is unprecedented, this cannot be verified. Since this effect has 

important implications in lung disease, it is worth investigating in the future by 

scanning rats supine and then prone within the same examination.  

While the defects are assumed to reflect physiology, it is also possible that some 

defects might be artificially introduced from minor mis-registration or from imperfect 

Dixon decomposition of the barrier and RBC images. Another potential source of error 

was that the gas-phase images were gated but the dissolved-phase images were not. The 

motion of the diaphragm during ventilation can introduce errors in gas-exchange 

mapping near the base of the lung, which might be responsible for some of the RBC 

defects observed near the heart. Future work will focus on minimizing this effect by 

implementing dissolved-phase MRI with breath-hold gating and shorter readouts. 

Lastly, it must be noted that the thresholds were determined based on the mean 

and standard deviation of a Gaussian fit, which does not accurately reflect the skewed 

distributions in rats. These thresholds could be refined based on the median and 
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percentiles of the distribution, which would return more meaningful reference values 

for the healthy population. 

 

6.7 Summary 

We have demonstrated that in vivo 3D 129Xe MRI of gas-exchange is feasible at 

7T. A thorough noise characterization of the system was instrumental in reducing 

baseline noise and maximizing SNR, and the characterization of 129Xe spectral 

parameters and spectroscopic calibration was essential for successful gas-exchange 

imaging. Selective excitation of dissolved-phase 129Xe is possible with a sinc pulse of 310 

µs, enabling dissolved imaging at TE = 248 µs, well within the 0.5-ms T2* of the shortest-

lived resonance. Using protocols shared with clinical 129Xe MRI, high-resolution 3D 

isotropic images of 129Xe gas, barrier, and RBC compartments were obtained, with 

sufficient SNR for a complete quantitative regional analysis of gas-exchange. This work 

has brought preclinical 129Xe MRI to a modern imaging platform, and our work with rats 

has opened up opportunities to investigate new models of complex vascular diseases 

that are gaining importance in clinical research.  
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7. 129Xe MRI in a rat model of pulmonary arterial 
hypertension at 7T 

 

7.1 Motivation 

Pulmonary arterial hypertension (PAH) is a rare and particularly severe form of 

pulmonary hypertension (WHO Group 1) characterized histopathologically by 

endothelial cell apoptosis, smooth-muscle proliferation, and obliteration of pulmonary 

arterioles. These pathological changes result in progressive increases the pulmonary 

arterial pressure and pulmonary vascular resistance which eventually leads to right 

heart failure and premature death (Farber 2004,Voelkel 2006,Schannwell 2007,Chan 

2008,Naeije 2014). Despite the development of new pharmacotherapies, the treatment of 

PAH is limited, and morbidity and mortality associated with it is substantial with a 5-

year survival rate of only ~50% (Benza 2010,Benza 2012). 

The diagnosis of PAH is challenging because patients with early stage disease 

often present with non-specific signs of increasing dyspnea and fatigue (Schannwell 

2007). The clinical diagnosis of PAH relies on meeting hemodynamic criteria of mean 

pulmonary arterial pressure (PAP) of ≥25 mmHg at rest and a pulmonary arterial 

occlusion pressure of ≤15 mmHg, that can only be determined by invasive right heart 

catherization (Hoeper 2013). Besides this procedure being invasive, these strict criteria 

are not always met by patients having the pathology of the pulmonary vascular disease 

(PVD), sometimes owing to the coexistence of left heart disease. Moreover, even if the 
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criteria are met, it is difficult to determine if elevated PAP is due to pre- or post-capillary 

obstruction. This decision has significant implications on the type of treatment. Other 

non-invasive methods to diagnose and monitor the progression of PAH are also limited 

in that they either provide surrogate measures of PAP (echocardiography), involve 

ionizing radiation (radiography, CT, ventilation and perfusion scan), or provided global 

measures of heart and lung function that are non-specific to PVD (DLCO, arterial blood 

gas, exercise assessment). 

To this end, hyperpolarized 129Xe MRI has emerged as a powerful technique for 

high-resolution 3D imaging of lung structure and function, and is a viable candidate to 

non-invasively diagnose and monitor PAH. 129Xe gas-exchange MRI and spectroscopy 

directly probe gas-exchange at the pulmonary-capillary level and are shown to be highly 

sensitive to ventilation, diffusion, and perfusion limitation associated with a wide range 

of pulmonary disorders such as asthma, COPD, IPF, and radiation induced lung disease 

(Svenningsen 2013,Wang 2018,Wang 2018). The high-sensitivity of 129Xe signal to 

hemodynamics and regional changes in physiology and pathology make it a promising 

tool to elucidate the pathobiology and monitor the progression of PAH. 

Currently, there is only one report on the use of 129Xe MRI in PAH in the 

literature (Dahhan 2016). This case report presents two patients who were clinical 

suspected of pulmonary vascular or interstitial disease, but showed no significant 

abnormalities on echocardiography, CT, ventilation-perfusion scan, and right heart 
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catheterization. 129Xe MRI in these two subjects indicated severely diminished 129Xe 

transfer to RBCs in spectroscopy and imaging, with patterns distinct from those 

observed in obstructive lung disease. These findings were later found to be consistent 

with pathology: one patient was revealed to have severe PVOD and received a lung 

transplant; and the other had severe focal arteriopathy and received treatment with 

tadalafil. This study demonstrated that 129Xe has the potential to be useful to manage 

PVD, and has set the stage for larger studies. However, the ventilation, gas-exchange 

and spectroscopic signatures of PAH remain to be fully characterized not only in 

patients, but also in well-established animal models where imaging can be validated 

against ground truth histology. 

In this study, we sought to use high-resolution 129Xe gas-exchange MRI and 

spectroscopy to comprehensively characterize markers of PAH in a rat model. Rats have 

been used for decades to study PAH, particularly the chronic hypoxia and 

monocrotaline (MCT) models (Colvin 2014). Of these, the MCT model was used in this 

study because of its technical simplicity, reproducibility, and the development of 

obliterative lesions similar to human PAH (Gomez-Arroyo 2012). MCT is a toxic 

pyrrolizidine alcoloid, which is given as a single subcutaneous injection at a dose of 40-

100 mg/kg in rats, resulting in the development of severe and permanent pulmonary 

hypertension. It causes widespread pneumotoxicity, resulting from cell proliferation that 
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increases in time and space among vascular and airway structures, from alveolar regions 

to larger bronchovascular structures (Meyrick 1982,Wilson 1989). 

This in vivo study was of cross-sectional design and groups of rats injected with 

MCT were imaged at 2 time points and then sacrificed for histological validation of 

disease. Although the rats were not scanned longitudinally in this pilot study, the 

inclusion of multiple time points was intended to provide preliminary insight into the 

progression of the disease. Each imaging session included anatomical 1H MRI, 129Xe 

spectroscopy and high-resolution 129Xe MRI of ventilation, barrier-tissue uptake, and 

RBC-transfer. The images were then analyzed to obtain quantitative maps of regional 

gas-transfer using protocols from clinical 129Xe MR research that were adapted to be 

used for rat imaging at 7T (Wang 2017). We expected to see significant reduction in 129Xe 

transfer to RBCs as was observed in humans, although additional structural and 

functional defects might be introduced because of the high pneumotoxicity of MCT. 

This study represents the first application of 3D quantitative 129Xe gas-exchange 

MRI to the study of PAH.  
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7.2 Methods 

 

7.2.1 Animal preparation 

The study involved two groups of male Sprague Dawley rats (Charles River, 

Wilmington, MA, USA). The control group (N = 8, weight = 178 ± 29 g) did not receive 

any treatment. The PAH group (N = 9) received a subcutaneous injection of 

monocrotaline (MCT) (Sigma-Aldrich, St. Louis, MO, USA), diluted to 60 mg/kg in 

isotonic normal saline, and sterile filtered through a 0.2 um filter prior to administration. 

The weight of the rats at the time of injection was 155 ± 8 g. Only male rats were used in 

this study as there are known to be significant sex differences and variability in the 

response of female rodents (Austin 2013,Dempsie 2013). The injected rats were scanned 

1-week (PAH-week1; N = 4) and 2 weeks (PAH-week2; N = 5) post-injection. 

Immediately after imaging, the rats were euthanized, and their lungs extracted for 

histology. 

Prior to MRI, the animals were induced with 2.5% isoflurane, followed by an 

intraperitoneal 50 mg/kg dose of pentobarbital (Nembutal, Lundbeck, Inc., Deerfield, IL, 

USA). The rats were then intubated with a custom, tapered 12G/14G catheter (Figure 

22A), positioned on the MR cradle, and connected to the constant-volume ventilator 

described in Chapter 4. The rats were ventilated with a 2-ml tidal volume comprising 

25% O2 and 75% N2, and N2 was substituted by HP 129Xe prior to MRI. Physiological 

monitoring sensors were then connected to the rat, after which the animal cradle was 
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positioned at the center of the magnet bore for imaging. Each imaging session lasted ~2.5 

hours and during this time airway pressure was continuously monitored via a pressure 

sensor integrated into the ventilator, ECG and SPO2 via a pulse oximeter clipped to a 

hind limb (Kent Scientific Corporation, Torrington, CT, USA), and temperature via a 

rectally-inserted fiber optic probe. Body temperature of the rodent was maintained 

between 36-37°C by circulating warm air through the bore. Supplemental doses of 

pentobarbital (30% of the initial dose, IP) were administered every ~45 minutes to 

maintain a stable heart rate. 

 

7.2.2 Collection of lung samples and histology 

The lung extraction, inflation, and fixation procedures are detailed in the paper 

by Ma et al. (Ma 2016). Briefly, the lungs were flushed while in the thoracic cavity with 

phosphate buffered saline by stabbing the right ventricular free wall with a syringe and 

injecting toward the pulmonary artery. They were then inflated with 10% buffered-

neutral formalin for 5 min with a pressure of 20 cmH2O. The lungs were then dissected 

out of the thorax and fixed with 10% buffered-neutral formalin. Following fixation, the 

right-upper lobe of the lung was sliced and processed for hematoxylin-eosin staining to 

assess remodeling of the arterioles. 
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7.2.3 MR imaging and spectroscopy 

MRI was conducted on the Bruker 7T magnet using the 129Xe spectroscopy and 

imaging protocol presented in Chapter 6. The protocol is briefly summarized here. 

Prior to 129Xe MRI, 1H localizer scans were done to center the lungs of the rat 

within the RF coil. 1H localizers were followed by respiratory-gated 3D radial 1H MRI 

acquired with a 5-cm FOV and reconstructed onto a 128×128×128 matrix. Next, 129Xe 

spectroscopic calibration scans were done to calibrate the 129Xe gas- and dissolved-phase 

excitation frequency, RF transmit power, and optimal echo time (TE90) for 1-point Dixon 

separation of 129Xe dissolved-phase MRI into barrier and RBC compartments. 

The spectroscopic calibration scan was followed by respiratory-gated 3D radial 

129Xe gas-phase MRI acquired with the same FOV and resolution (0.39 mm isotropic) as 

1H MRI. Finally, 3D radial 129Xe dissolved-phase MRI was done using the 

spectroscopically determined TE90, without respiratory gating, 7 averages, 10-cm FOV, 

and reconstructed onto a 128×128×128 matrix which resulted in a resolution of 0.78 mm. 

129Xe dissolved-phase MRI was immediately followed by a spectroscopy acquisition 

using parameters identical to imaging in order to obtain the RBC:barrier ratio under the 

same steady-state 129Xe replenishment condition. The dissolved-phase image was 

separated into barrier and RBC images by applying a global phase shift to the real and 

imaginary components of the complex dissolved-phase image until the ratio of their 

image intensities matched the spectroscopically determined RBC:barrier. 
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7.2.4 Processing of spectra and images 

Complex 129Xe dissolved-phase spectra were fit to a combination of 3 Lorentzians 

in order to extract the main in vivo resonances of 129Xe: gas-phase, barrier tissue, and 

RBCs. Fitting extracted all the parameters of these resonances (amplitude, frequency, 

FWHM, phase). 

129Xe gas- and dissolved-phase images were processed to create gas-exchange 

maps. First, the 1H image was segmented to obtain a mask to confine image analysis to 

the lung. The 1H image and its mask were then registered to the 129Xe gas-phase image. 

The thoracic cavity mask was further refined by removing conducting airways 

(segmented from 129Xe gas-phase MRI), to eliminate regions that do not participate in 

gas-exchange. Next, the RBC and barrier images were normalized by diving by the gas-

phase image to generate quantitative maps of 129Xe barrier uptake and 129Xe RBC-

transfer. Finally, 129Xe gas, barrier:gas, and RBC:gas images underwent binning analysis, 

and 3D gas-exchange color maps were generated based on thresholds determined from 

a healthy reference rat population.  

 

7.2.5 Statistics 

Statistical analysis was performed using JMP Pro 13.1 (SAS Institute Inc., Cary, 

NC, USA). Since the sample size was small, non-parametric tests were used. Five metrics 
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of lung function were compared between the control and PAH groups using the Mann-

Whitney U test: the chemical shifts of the RBC and barrier resonances, spectroscopic 

RBC:barrier, ventilation defect percentage (VDP), percentage of RBC defects (RBCdefect 

%), and percentage of hyperintense barrier signal (barrierhigh%). These metrics were 

selected because of their relevance in identifying ventilation and gas-exchange 

abnormalities in various lung diseases in humans (Dahhan 2016,Wang 2018,Wang 2018). 

Next, the PAH group was split into PAH-1week and PAH-2week groups, and 

these two groups along with the control group were tested for differences using the 

Kruskal-Wallis Test, which if significant, was followed by post-hoc comparisons using 

Mann-Whitney U tests.  

The first test, with all the PAH rats pooled together, was strengthened by a larger 

sample size and would also represent a realistic scenario analogous to a clinical study 

where patients within a disease group present with different levels of disease 

progression. The second test, with the PAH rats separate by time-point, would identify 

trends in the progression of the disease, at the cost of being underpowered and 

susceptible to outliers. 

Lastly, the spectroscopically determined RBC:barrier was correlated with the 

RBCdefect% using linear regression analysis and the Pearson’s correlation coefficient (r). 

All tests were considered significant if the p-value was < 0.05. The p-value was 

not corrected for multiple comparisons because the tests were inherently underpowered 
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because of the small sample size, and more importantly because it was imperative to be 

sensitive to small differences and avoid possibilities for type-II errors caused by a 

conservative significant level. The results of this first of its kind study will guide 

preclinical and clinical studies in the future involving larger populations. 

 

7.3 Results 

 

7.3.1 Histological validation of PAH 

Figure 46 shows H&E stained histology slides from a healthy control and a rat 2 

weeks after treatment with MCT. The PAH rat showed moderate remodeling of the 

small arterioles (vessels that are 50-100 microns in diameter) compared to untreated 

animals. This is noted with mild thickening of the endothelial layer, and moderate 

smooth muscle proliferation. 
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Figure 46: H&E stained histology slides obtained from a representative healthy 
control (A), and a rat 2 weeks post-injection of MCT (B). The disease model showed 
mild thickening of the endothelial layer, and moderate smooth muscle proliferation. 
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7.3.2 129Xe spectroscopy 

Figure 47A shows a representative dissolved-phase 129Xespectrum in a healthy 

rat, which was decomposed into its gas, barrier, and RBC resonances (Figure 47B). With 

reference to the gas-phase resonance, the barrier and RBC resonances had chemical 

shifts of 196.9 ± 0.2 ppm and 210.5 ± 0.1 ppm in the control group, and 196.9 ± 0.2 ppm 

and 210.7 ± 0.2, in the PAH group. The 0.2-ppm higher RBC chemical shift in PAH, 

although seemingly within error of the shift in controls, was found to be statistically 

significant (p = 0.034). Comparison between chemical shifts in PAH-week1 and PAH-

week2 rats showed that the increase in RBC chemical shift was greatest at week 2. 

Moreover, PAH-week2 rats additionally showed a significant increase in the barrier 

chemical shift, although only by 0.2 ppm relative to controls and week-1 rats (p = 0.033 

vs. controls; p = 0.02 vs. PAH-week1). These small but significant downfield shifts in 

both resonances could result from increased pulmonary vascular pressure, or a 

marginally higher blood oxygenation level in the PAH rats owing to blood flowing more 

slowly through the gas-exchange region (Norquay 2017). 

Figure 47C shows the extracted barrier and RBC peaks of a PAH rat (red) 

overlaid onto a control (blue). The PAH rat showed diminished 129Xe signal from RBCs 

relative to barrier tissue. The average RBC:barrier in the control group was 0.47 ± 0.03, 

whereas that in the PAH group was 0.40 ± 0.06, significantly lower than the control 

group (p = 0.014). In one rat it reduced to as low as 0.29, which was 60% of the average 
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RBC:barrier in the control group. This reduction in RBC:barrier in the PAH group was 

observed as early as week-1 post MCT-injection (Figure 47D), and no significant 

difference in RBC:barrier was observed between week-1 and week-2. 

 

7.3.3 3D Gas-exchange mapping 

Figure 48 shows the complete gas-exchange mapping report in a representative 

healthy rat. On the left, distributions for ventilation, barrier:gas, and RBC:gas are shown 

with the healthy reference distribution displayed as dotted. The middle panels show the 

linear binning color maps with color bars showing the order of bins, and the table on the 

right shows all lung function metrics for the specific animal, as well as reference values 

determined from healthy rats. 

Rats from the control group showed homogeneous ventilation, barrier-uptake, 

and RBC-transfer. The ventilation image is devoid of defects, but the barrier and RBC 

images showed a few baseline defects, mostly near the base of the lungs for barrier 

images, and below the heart in RBC images. The origin of these defects is not certain, but 

they could result from susceptibility variations during the acquisition due to the rapidly 

beating heart, or from the motion of the diaphragm, since the dissolved-phase image 

was acquired without gating, unlike ventilation MRI which was used to normalize it. 
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Figure 47: The 129Xe dissolved-phase spectrum (A) was fit to extract the gas, 
barrier and RBC resonances (B). In PAH rats, the 129Xe signal from RBCs was found to 

be significant reduced relative to signal from barrier tissues (C, D) (p = 0.014).  
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Figure 48: Gas-exchange mapping report in a representative healthy rat 
showing image histograms (left), binning maps with color bars (middle panels), and 

lung function metrics along with reference values from a healthy rat population 
(right). The rat shows homogeneous ventilation, barrier uptake, and RBC-transfer 

signal with a few baseline defects in barrier and RBC signal, mostly confined to the 
base of the lung.  

(Note: This figure is the same as Figure 45 in Chapter 6. The healthy rats from this study were used to 
generate the reference distribution and determine reference values) 

 

Figure 49 shows gas-exchange mapping reports in representative PAH rats, and 

Figure 50 shows box-and-whisker plots comparing the VDP, barrierhigh% and RBCdefect% 

between the control and PAH rats. Differences between PAH rats and controls are 

discussed for each 129Xe compartment separately in the following sections. 
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7.3.3.1 Ventilation 

The average VDP for the PAH rats was not significantly different than controls, 

although a few animals did show elevated VDP. Comparison between PAH-week1 and 

PAH-week2 rats revealed that ventilation defects were absent at week-1, but more than 

doubled at week-2 (p = 0.019), albeit only to a modest level of 9 ± 5%. The increase in 

ventilation defects at week-2 is apparent in Figure 50, where the highest VDP values 

belong to PAH-2week rats. The ventilation defects were mostly located at the periphery 

of the lungs, as is observed in the maps of the PAH-week2 rat in Figure 49B.  

 

7.3.3.2 Barrier:gas 

In most PAH rats, the distribution of barrier-uptake was not significantly 

different from controls. Similar to the baseline defects in barrier-uptake in controls, PAH 

rats also showed a few defects at the base of the lungs. The most striking feature in the 

barrier:gas maps was that 4/9 PAH rats showed regions of very high barrier-uptake, 

with barrierhigh% up to 4× greater than in controls (~29% of the lung) (Figure 50). 

Moreover, this effect was more prominent at week-2 (3/4 rats with high barrier signal). 

Such regions of high barrier-uptake are shown to a small extent by the PAH-week1 rat in 

Figure 49A, and to a larger extent by the PAH-week2 rats in Figure 49B,C (purple 

arrows). 
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7.3.3.3 RBC:gas 

The RBC:gas maps showed a significant increase in RBC-transfer defects in the 

PAH group (p = 0.049) (Figure 50). Increased RBC defects were observed as early as 

week-1 (p = 0.067), often in the absence of any abnormalities in ventilation or barrier-

uptake, the latter being mostly observed at week-2. The PAH-week1 rat in Figure 49A 

nicely demonstrates this effect: a large RBC-transfer defect is seen in the left-lower lobe 

of this rat (red arrows), whereas ventilation and barrier-uptake appear normal in this 

region. On average, RBC-defects in the PAH group were 5% more than the control 

group with a maximum RBCdefect% of 26% demonstrated by two PAH rats, one of which 

is shown in Figure 49C. These defects were also mostly confined to anterior slices (red 

arrows). Such anterior-lung RBC-defects are observed all 3 PAH rats in Figure 49. No 

significant difference in RBCdefect% was observed between PAH-week1 and PAH-week2 

rats. 
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Figure 49: Gas-exchange maps in PAH rats. Reduced 129Xe uptake in RBCs was 
observed as early as week 1. Additionally, enhanced barrier signal and a modest 

increase in ventilation defects were also observed, mostly at week 2. 
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Figure 50: Box-and-whisker plots for VDP, barrierhigh%, and RBCdefect%. 
Individual values for all rats are also plotted as circles. 
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7.3.4 Interpretation of gas-exchange maps and spectra 

 

7.3.4.1 Reduced 129Xe transfer to RBCs 

Both 129Xe spectroscopy and RBC:gas maps revealed significantly reduced RBC 

transfer in PAH rats. In this group, the spectroscopic RBC:barrier exhibited a strong 

correlation with imaging-derived RBCdefect% (r = −0.72, p = 0.028). However, in the 

control group, the correlation was poor (r = 0.02, p = 0.88). This shows that the baseline 

defects observed in RBC maps of healthy rats likely do not have physiological 

significance and might result from systematics errors from registration or susceptibility 

effects from diaphragm motion. This reasoning most likely also applies to the barrier 

images, where baseline defects are normally observed only in patients with emphysema. 

Such systematic errors suggest the need for faster read-outs during image acquisition. 

In the PAH group, spectroscopic RBC:barrier reduced to a minimum of 60% of 

the control group average. This decrease, although significant, was less than that 

reported by Dahhan in two patients with PVD (13% and 42% of the healthy reference) 

(Dahhan 2016). This could be attributed to several differences in the manifestation of 

PVD in the MCT rodent model vs. the two patients. For instance, the patient with 129Xe 

RBC uptake of 13% of the healthy population underwent lung transplantation, and 

pathology demonstrated pulmonary venoocclusive disease (PVOD). The second patient 

with a 129Xe update of 42% underwent lung biopsy which revealed severe arteriopathy 
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and some interstitial fibrosis. Although it is early to make conclusions with the limited 

data available for comparison, the fact that the second patient (diagnosed with PAH) as 

well as our rat model both showed comparably higher values of 129Xe RBC uptake 

relative to the PVOD patient, suggests that blood oxygenation is reduced more in PVOD 

than PAH. In this PVOD patient, the much lower 129Xe RBC uptake could be attributed 

to the added diffusion limitation from interstitial fibrosis. 

Regarding the location of RBC defects in the binning maps of the PAH models, 

these were observed to be mostly confined to the anterior lung. Moreover, the defects 

were generally not companied with any abnormality in barrier signal, which suggests 

that the RBC-transfer defects were not cause by diffusion limitation at the site of defects. 

Interestingly, the anterior lung also happens to be the gravitationally dependent lung 

region in rats, which is consistent with the fact that remodeling would be expected to be 

greatest in regions where the hemodynamic stress is highest (West 1965,Chan 2011). 

 

7.3.4.2 Increased barrier uptake  

Another striking finding in the PAH group was enhanced 129Xe uptake by barrier 

tissue. This was demonstrated by one rat at week-1 and most rats in week-2 (Figure 49). 

The barrier signal in these animals appeared to be most enhanced at the periphery of the 

lung and the signal gradually reduced to normal intensity toward the central lung. Such 

high intensity in barrier signal has been reported in patients with idiopathic pulmonary 
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fibrosis (IPF) (Wang 2018), where the enhanced barrier-uptake reflects regions of fibrosis 

and honeycombing, which in fact, are also mostly observed in the lung periphery. 

Whereas fibrotic lung regions in IPF were mostly accompanied with reduced RBC 

transfer from diffusion limitation, Wang also reported a unique case where regions of 

high barrier-uptake coexisted with normal RBC-transfer, which was speculated to 

represent early stage fibrosis, where patchy fibrotic zones and fibroblastic foci coexist 

with normal lung regions. Since the MCT model of pulmonary hypertension is also 

known to exhibit fibrosis (Vignozzi 2017), it is plausible that a similar effect is also 

manifested by this model. 

Another important factor that could explain the high 129Xe barrier signal in our 

model is that MCT not only injures pulmonary arteries, but also induces interstitial 

edema (Lee 2005) as well as alveolar edema (Kiss 2014). Uptake of 129Xe by fluid in the 

interstitial tissue and accumulated within alveoli could explain the enhanced barrier 

signal, while not restricting the diffusion of 129Xe into the blood. This hypothesis is 

corroborated by the fact that edema was observed on 1H MRI, most notably observed in 

the posterior lung. The right posterior lung of the two PAH-week2 rats in Figure 49 (B, 

C), show a large mass of 1H signal, which is presumed to be edema. Edema on 1H MRI 

and high barrier uptake on 129Xe MRI we both also mostly observed at week-2, which 

further suggests that these effects could be related. 
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7.3.4.3 Ventilation defects 

Ventilation defects were prominent in PAH-week2 rats, and like the high barrier 

uptake signal, were mostly confined to the lung periphery. VDP in the control and 

week-1 rats was ~3% on average, whereas the PAH-week2 group showed VDP of up to 

17%. Ventilation defects were also accompanied with an increase in low intensity 

ventilation regions (31% in PAH-week2) also localized to the peripheral lung. 

The observation of ventilation defects is consistent with the widespread 

pneumotoxicity of the MCT model (Bummer 1994), which includes airway and alveolar 

dysfunction (Valdivia 1967,Gillespie 1985). Moreover, the peripheral location of defects 

is a feature also noted in human PAH (Colvin ,Fernandez-Bonetti 1983,Horn 1983). 

 

7.3.4.4 Comparison of imaging and histology 

Interestingly, the abnormalities observed with quantitative 129Xe MRI were 

somewhat disproportionate to the changes seen pathologically. Imaging revealed 

significantly reduced gas-uptake by blood 1-week post MCT treatment, as well as 

regions of elevated barrier-uptake, which are suggestive of fibrosis and edema. 

However, H&E histology showed moderate remodeling of arterioles only at 2 weeks 

post-inject of MCT, characterized by mild thickening of the endothelial layer, and 

moderate smooth muscle proliferation. This difference suggests that 129Xe MRI could be 
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sensitive to the early manifestation PAH, even before it is obvious at a pathological 

level. 

 

7.4 Limitations 

This study employed the MCT model of PAH since it was technically 

straightforward, extensively studied, and exhibited important aspects of human PAH 

such as pulmonary vasoconstriction and RV hypertrophy (Gomez-Arroyo 2012). 

However, the effects of MCT are manifold as discussed in the literature, and the model 

frequently also exhibits pulmonary interstitial edema, myocarditis, hepatic 

venoocclusive disease and renal alterations that are not associated with human PAH 

(Maarman 2013). Despite the imperfections of the model, it was encouraging that 129Xe 

MRI was able to identify several of its salient characteristics including edema, and 

peripheral ventilation defects. Abnormalities observed in imaging were found to be 

more substantial than those observed with histology, but the latter is limited in that 

sections were only taken from the right-upper lung, which may not be representative of 

the magnitude of injury to the rest of the lung. 

Future studies will focus on comparing the results in this model to the popular 

SU5416-hypoxia (SuHx) model, which also exhibits pathologies similar to human PAH. 

Future preclinical studies will also significantly benefit with larger animal numbers and 

a longitudinal study design that includes response to therapy. 
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Regarding image acquisition, the dissolved-phase image was acquired without 

respiratory gating to maximize SNR but may have introduced errors in the gas-exchange 

mapping. These errors could potentially be limited by retrospective-gating of dissolved-

phase MRI, or alternatively by acquiring gas-phase MRI without gating. 

 

7.5 Summary 

We have presented the first application of quantitative 3D 129Xe gas-exchange 

MRI to the study of PAH. In the well-established monocrotaline rat model of PAH, we 

demonstrated the sensitivity of 129Xe spectroscopy and imaging to detect several salient 

characteristics of PAH, even before the injury fully manifested in histology. Particularly 

interesting was a significant reduction in 129Xe transfer to RBCs, which was significantly 

correlated in imaging and spectroscopy, and observed early in the progression of 

disease before other structural abnormalities manifested. Our findings are consistent 

with a previous case report on 129Xe MRI in two patients with PVD, and demonstrate the 

strong potential of HP 129Xe MRI in the non-invasive management of human PAH.  
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8. Conclusions 
The work in this thesis has demonstrated routine high-resolution 3D 129Xe MRI 

on a GE 2 Tesla as well as a Bruker 7 Tesla platform. We have additionally demonstrated 

the sensitivity of 129Xe to a range of abnormalities in clinically relevant disease models 

and established the means to disseminate this technology to other centers to broaden the 

reach of preclinical 129Xe MRI. 

Future work will focus on improving the workflow of the preclinical lung 

imaging exam and increasing its throughput such that animal preparation time and the 

duration of the imaging session are minimized to increase the success of survival studies 

in animals with severe disease. Currently the total duration of a survival study—

including animal preparation, imaging, and anesthesia recovery—is ~4 hours, which 

limits our throughput to 2 rodents/day. The ability to scan more animals within a short 

time frame is crucial in order to get sufficient temporal data in time-sensitive 

longitudinal studies. With the improvements in image acquisition and animal handling 

procedures discussed in the following sections, we believe the duration of the study can 

be reduced to ~2 hours, which will significantly increase our throughput and reduce the 

time for which each rodent remains under anesthesia, all without compromising data 

acquisition. 

Additionally, our robust platform has the potential of being applied to study a 

wide range of new models of not only lung disease, but even beyond to other organ 
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systems. This chapter lists some key future directions which will further streamline the 

preclinical MRI protocol and expand its scope.  

 

8.1 Improving the imaging and spectroscopy protocol 

 

8.1.1 Simultaneous 129Xe gas-and dissolved-phase MRI with gated 
imaging at 7T 

At 7T, the 129Xe dissolved-phase acquisition was done with a single bag of gas 

and was acquired without respiratory gating to maximize SNR. Whereas this acquisition 

scheme returned high SNR images, the motion of the diaphragm may have introduced 

errors in quantitative analysis. Since our rapid acquisition has demonstrated to be robust 

against the short T2* of dissolved 129Xe at 7T, we can compromise on SNR by reducing 

the generous number of averages currently prescribed, and using the time gained to 

acquire data with respiratory gating. Alternately, both the gas- and dissolved-phase 

images can be acquired without any gating, and the intensity of k = 0 (center of k-space 

recorded by every radial projection) from the gas-phase acquisition, which is 

proportional to lung inflation, could be used to retrospectively retain data only from 

regions of end-expiration. In order to maximize the data window, the breath-hold pause 

could be eliminated. 

Second, the imaging exam can be considerably shortened by the simultaneous 

acquisition of gas- and dissolved-phase MRI with a single bag of gas. This technique is 
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currently being used by our clinical 129Xe MRI program (Kaushik 2016), but it is yet to be 

implemented on the 7T preclinical platform. Essentially, this technique involves 

acquiring alternate and identical gas- and dissolved-phase radial views by continuously 

switching between the transmit/receive frequencies and transmit power unique to these 

two compartments. Simultaneous acquisition also benefits quantitative analysis by 

enabling a more reliable normalization of the dissolved-phase images by the gas-phase 

imaging, and resolves any potential registration concerns because the alternate views 

will be acquired with milliseconds of each other. 

 

8.1.2 Dynamic 129Xe spectroscopy 

The lineshapes of 129Xe spectroscopic resonances are highly sensitive to 

physiological variations. Particularly interesting is the 129Xe resonance in RBCs which is 

sensitive to hemodynamics, and its amplitude and chemical shifts demonstrate 

cardiogenic oscillations in spectra continuously acquired over an extended breath-hold 

in humans (Norquay 2017,Bier 2018). Such oscillations can potentially carry valuable 

information regarding blood pressure, blood oxygenation, and pathology. However 

dynamic 129Xe spectroscopy is yet to be applied to study of pulmonary disease. 

We are currently in the process of developing a dynamic 129Xe spectroscopy 

acquisition for our 7T preclinical protocol, and preliminary results in a rat are shown in 

Figure 51. The 129Xe spectroscopy dynamics revealed temporally repeating patterns of 
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each resonance. Most notable was the change in signal intensities in synchrony with 

ventilation. The intensity of the gas-phase resonance nearly doubled from end-

expiration to full-inspiration. The intensities of the barrier and RBC resonances also 

followed the ventilation cycle, but with smaller changes of 10% and 15% respectively. 

This difference between the dissolved vs. gas-phase 129Xe signal dynamics may be 

attributable to lower capillary blood volumes at peak inspiration. In addition to affecting 

intensity, the ventilation cycle also caused subtle variation in the chemical shifts of each 

resonance. Notably, the gas-phase frequency shifted upward by 0.3 ppm at full-

inspiration relative to end-expiration. Perhaps more surprisingly, the dissolved phase 

resonances exhibited small oscillations in both intensity and chemical shift that were 

significantly faster than the ventilation rate. In this example, the oscillations occur at a 

frequency of ~5 Hz (corresponding to the animal’s heart rate) and are most notable in 

the chemical shifts of the dissolved-phase resonances, and to a lesser extent in their 

amplitudes.  

Although much work is needed to understand these dynamics in detail, these 

data illustrate that a potentially new realm of interesting subtle spectroscopic 

fluctuations can be detected. Ultimately, these may represent additional interesting 

markers that change with pathophysiological state. 
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Figure 51: a) Representative 129Xe dissolved-phase spectrum in the rat thorax at 
7T (left), and fitting results (right) showing its 3 components (gas, barrier tissue, and 

RBC) b) The temporal evolution of the intensity and chemical shift of the 3 
resonances over 5 representative breaths. 

 

8.2 Improving animal handling 

A limitation of our animal handling procedure is that the constant volume 

ventilator does not currently accommodate inhaled anesthetics. Instead, animals must be 

anesthetized by injectable agents, such as pentobarbital, which are more difficult to 

administer and maintain in challenged animals over relatively long scan sessions (Lovell 

1986).  
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This problem can be resolved by developing a mechanism to deliver isoflurane, 

the most commonly used inhaled anesthetic, via the gas-delivery manifold of the 

ventilator. The rapid induction and recovery time with isoflurane, firm control over its 

concentration, and its better maintenance of cardiac function compared to injectable 

agents, will significantly increase throughput as well as help in survival studies 

(Flecknell 2016). Isoflurane may be incorporated into the oxygen line of the ventilator 

which constantly delivers gas to the rodent in both Normal mode and HP gas mode. 

However, O2 comprises only 25% of the tidal volume which, even when saturated with a 

maximum 5% isoflurane using a standard vaporizer, can only deliver 1.25% isoflurane 

to the rodent. This would be insufficient since isoflurane is usually delivered at 3.5% to 

4.5% concentration to induce anesthesia, and maintained with a concentration of 1.5% to 

3% (Hildebrandt 2008). Therefore, in order to deliver a sufficient concentration of 

isoflurane the vaporizer would be required to be modified to obtain a target 

concentration of up to 20%, accompanied with a sensor to measure the output 

concentration before delivery. 

We anticipate the shorter imaging session combined with reduced induction and 

recovery time with isoflurane to reduce our total study duration to the target 2 hr, which 

would double our throughput from 2 to 4 rats per day.  
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8.3 Discovering new applications in animal models 

 

8.3.1 Pulmonary vascular disease 

We have demonstrated 129Xe MRI in the monocrotaline rat model of PAH and 

obtained promising results. If we undertake an analogous study in the SU5416-hypoxia 

model (Voelkel 2000), we will have characterized the two most extensively studied and 

clinically relevant rat models of PAH, which will also give us the opportunity to 

compare and contrast their differential manifestations of gas-exchange impairment. 

Future studies can also include response to therapeutic drugs, which will have a 

significant impact on understanding the pathobiology of this complex disease, and aid 

in its management. 

Besides PAH (Group 1 PH), preclinical studies can also investigate rodent 

models of Group 2 PH (due to left heart disease) and Group 3 PH (due to chronic lung 

disease/hypoxemia), for which rodent models, although uncommonly used, are 

available (Ryan 2012,Maarman 2013). These models exhibit different histological 

features (Stenmark 2009), and characterization of 129Xe spectroscopic signatures and gas-

exchange mapping will help determine differences in their disease manifestation. These 

findings will greater benefit the clinical management of these different forms of PH, 

which are difficult to specifically diagnose (Dahhan 2016). 
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Another important avenue is to compare rodent models of pre-capillary vs. post-

capillary vascular disease. Rodent models of pulmonary venoocclusive disease have 

been reported (Perros 2015). If 129Xe MRI and spectroscopy can be applied to characterize 

and differentiate signatures of pre-capillary vs. postcapillary disease, it would have a big 

impact clinically. 

 

8.3.2 Radiation induced lung injury (RILI) 

Radiation treatment for cancers of the thorax causes some damage to healthy 

lung tissue owing to its high radio sensitivity (Coggle 1986). Early injury, referred to as 

radiation pneumonitis (RP), is characterized by damage to the alveolar wall, 

inflammation of the interstitium, alveolar edema, and vascular remodeling (Gross 1981), 

all of which adversely affect gas-exchange. Unfortunately, the symptoms of RP are non-

specific and present as dyspnea and dry coughing, which makes it difficult to diagnose 

early (Ghafoori 2008). If detected early, RP can be treated before it progresses to 

permanent radiation fibrosis (RF), which leads to organ failure and death (Westbury 

2012). 

To this end, 129Xe MRI is ideally suited to detect early defects in gas-exchange in 

RP. It has previously been applied to rodent models of RILI, and we also are beginning 

to do so clinically. In rat models of radiation injury, 129Xe MRI has been reported to show 

enhanced barrier uptake and reduced RBC signal at the site of damage, accompanied 
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with increased heterogeneity in both compartments, as early as 2-weeks post irradiation 

(Fox 2014,Doganay 2016,Zanette 2017). However, studies characterizing these markers 

longitudinally as lung injury progresses have not yet been done. It is critical to be able to 

not only detect radiation injury early, but to also predict its progression and the 

outcome, particularly differentiating between injury that resolves spontaneously (Fox 

2014) vs. that which aggravates. Moreover, the animal studies to date have only 

employed 129Xe spectroscopy or 2D projection imaging (Zanette 2017), which is not 

sufficient to fully characterize the heterogeneity and extent of RILI relative to the site of 

irradiation. 

Our 3D 129Xe gas-exchange MRI protocol is well-suited to undertake a 

longitudinal study in rat models of RILI. Baseline 3D gas-exchange mapping can be used 

to identify regions with the best lung function, which can be avoided in radiation 

treatment planning. Following radiation treatment, 129Xe gas-exchange maps and spectra 

can be characterized at multiple timepoints, and features of early disease that predict the 

later development of severe injury can be identified. This study would be instrumental 

in guiding clinical trials to determining early signatures of disease and predicting 

outcomes. 
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8.3.3 Guinea pig models 

Guinea pigs are widely used as models of lung diseases such as asthma, COPD, 

tuberculosis, and pneumonia (Karol 1994,Baldwin 1998,Edelstein 1999,Shapiro 2000). 

Guinea pig models of respiratory disease have been used for over 90 years (Ratner 1928), 

are well-characterized, and their lungs are most susceptible to these disease relative to 

other rodents, and in some models even more so than humans (Shapiro 2000,McMurray 

2001). Expanding our preclinical 129Xe MRI platform to include guinea pig models will 

therefore enable the investigation of several models that are better established in this 

species. The COPD model would particularly be interesting because 129Xe MRI is 

extensively being applied to the study of COPD in the clinic. Whereas ventilation defects 

exhibited by this disease are well-characterized in humans, the gas-exchange limitation 

cause by inflammatory wall thickening in the presence of emphysematous lesions 

remains to be fully understood (Vlahovic 1999,Qing 2014). 

Interestingly, the early development of HP gas MRI involved several 

experiments in guinea pigs (Hunter 1995,Chen 1999,Deninger 2002) using 3He and 129Xe. 

However, these early studies primarily served to establish HP gas MRI as a novel tool 

for lung ventilation imaging and characterize gas-distribution in the lungs. HP gas MRI 

is yet to be applied to guinea pig models of disease.  

Fortunately, our preclinical 129Xe MRI platform can be used to imaging guinea 

pigs with little modification of our rat imaging protocol. We are therefore positioned to 
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do a complete characterization of the spectral features, ventilation, and gas-exchange 

distribution in the guinea pig lung, and then deploy our quantitative imaging protocol 

to study clinically-relevant models.  

An critical question in this regard is whether the guinea pigs exhibit the unique 

129Xe resonance in RBCs, which has been reported to show a species dependence even 

among rodents (Freeman 2013). This question remains unanswered because to date HP 

gas MRI in guinea pigs was limited to ventilation imaging. Our characterization of this 

species will reveal its spectral structure, which will determine whether decomposition of 

129Xe signal into barrier and RBC compartments will be possible.  This in turn would 

open up capabilities to characterize complex models of gas-exchange limitation in 

addition to ventilation abnormalities.  

 

8.4 129Xe MRI beyond the lung 

The relatively long in vivo 129Xe T1 of ~13 s in oxygenated blood (Norquay 2015) 

enables it to be detected in distal extrapulmonary tissues. There have been several 

reports demonstrating traces of 129Xe signal in distal locations like epicardial fat, kidneys, 

and the brain (Swanson 1999,Hong 2001). For instance, Branca et al., exploited the high 

affinity of 129Xe to adipose tissue to image interscapular brown adipose tissue following 

stimulation of brown adipose tissue thermogenesis (Branca 2014). Rao et al. 
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demonstrated 129Xe spectroscopy and modest resolution chemical shift imaging of the 

human brain (Rao 2016).  

Although the resolution in these studies has been modest, it demonstrates 

opportunities for preclinical 129Xe MRI to be used to discover new applications in other 

organs. The biggest strength of the preclinical imaging platform is that it does not share 

the constraints of single-breath clinical imaging, and offers several experimental tools 

and techniques at our disposal. For instance, 129Xe imaging of the brain is highly SNR-

limited because inhaled 129Xe undergoes significant T1 decay during its transport to the 

brain. Instead, 129Xe can be delivered to the brain almost continuously and over several 

minutes through extracorporeal infusion via a vascular point proximal to it (Cleveland 

2012), which would significantly increase SNR and permit higher-resolution imaging. 

 

8.5 Conclusion 

As promised, our work has successfully driven the transition from 3He to 129Xe in 

the preclinical setting, and established high-resolution 129Xe MRI on a modern preclinical 

system. We now have the ability to do longitudinal imaging of gas-exchange in a variety 

of rodent disease models, and also investigate applications beyond the lung. We will 

continue to do rigorous work to understand the behavior and chemical shifts of 129Xe 

under different physiological conditions, expand the reach and scope of preclinical 129Xe 
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MRI, and supplement clinical 129Xe MRI research in diseases of growing significance to 

accurately guide clinical decisions and predict outcomes. 
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