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Abstract

A variety of pulmonary pathologies, in particular interstitial lung diseases, are characterized by 

thickening of the pulmonary blood-gas barrier tissues, and this thickening results in reduced gas 

exchange. Such diffusive impairment is challenging to quantify spatially, because the distributions 

of the metabolically relevant gases (CO2 and O2) cannot be detected directly within the lungs. 

Hyperpolarized (HP) 129Xe is a promising surrogate for these metabolic gases, because MR 

spectroscopy and imaging allow gaseous alveolar 129Xe to be detected separately from 129Xe 

dissolved in the red blood cells (RBCs) and in the adjacent barrier tissues (blood plasma and lung 

interstitium). Further, because 129Xe reaches the RBCs by diffusing across the same barrier tissues 

as O2barrier thickening will delay 129Xe transit and, thus, reduce RBC-specific 129Xe MR signal. 

Here we exploited these properties to generate 3D, MR images of 129Xe uptake by the RBCs in 

two groups of rats. In the experimental group, unilateral fibrotic injury was generated prior to 

imaging by instilling Bleomycin into one lung. In the control group, a unilateral sham instillation 

of saline was performed. Uptake of 129Xe by the RBCs, quantified as the fraction of RBC signal 

relative to total dissolved 129Xe signal, was significantly reduced (P = 0.03) in the injured lungs of 

Bleomycin-treated animals. In contrast, no significant difference (P=0.56) was observed between 

the saline-treated and untreated lungs of control animals. Together, these results indicate that 3D 

MRI of HP 129Xe dissolved in the pulmonary tissues can provide useful biomarkers of impaired 

diffusive gas exchange resulting from fibrotic thickening.
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INTRODUCTION

Under most circumstances, the exchange of metabolic gases (i.e., CO2 and O2) in the lungs 

is determined by pulmonary ventilation (V) and perfusion (Q)(1). Because both of these 

components of lung function vary spatially, it is increasingly recognized that the regional 

heterogeneity of V and Q and also the matching of the V and Q distributions must be 

characterized to fully understand pulmonary physiology in health and disease (2). To this 

end MR imaging—which is non-invasive, delivers no ionizing radiation, and benefits from 

an abundance of contrast mechanisms—has emerged as a viable modality for imaging both 

ventilation (3) and perfusion (4).

Although overall gas exchange in healthy individuals is predominantly determined by V/Q 
matching, circumstances can arise in which gas exchange is instead limited by the diffusive 

processes that couple ventilation and perfusion. In particular, gas exchange is impaired in a 

variety of pathological conditions, collectively referred to as interstitial lung disease (ILD). 

In ILD, the interstitial tissues between the alveoli and the capillary blood become thickened 

by inflammation and fibrosis, providing a physical barrier to gas diffusion (5). Moreover, 

inflammation and fibrosis can be spatially heterogeneous in these disorders (6), and like 

ventilation and perfusion abnormalities, the diffusive abnormalities resulting from ILD are 

also expected to be spatially heterogeneous. Thus, diagnosing and characterizing diffusive 

abnormalities in ILD, as well as assessing potential therapies, will likely require functional 

imaging.

Unfortunately, visualizing regional diffusion impairment is exceedingly challenging for two 

reasons: 1) interstitial thickening occurs on the scale of microns—well below the resolution 

of current, in vivo imaging modalities, and 2) CO2 and O2within the lungs cannot be imaged 

directly. It is therefore necessary to develop approaches based on non-metabolic, surrogate 

gases that are more amenable to imaging and possess physical properties that can be used to 

probe micron-scale barrier thickening. A particularly promising candidate for imaging 

impaired gas exchange is hyperpolarized (HP) 129Xe, which is well tolerated by human 

subjects (7, 8) and has already demonstrated utility for MR imaging of pulmonary 

microstructure (9–11) and ventilation (12–15).

Although chemically inert, 129Xe is soluble in tissues (16) and must traverse the same 

physical path across the pulmonary barrier tissues as O2 to reach the RBCs. Once 

inhaled, 129Xe displays three distinct resonance peaks associated with gaseous 129Xe, 129Xe 

dissolved in the RBCs, and 129Xe dissolved in the adjacent barrier tissues (i.e., interstitial 

tissues and blood plasma). Moreover, the timescale at which non-equilibrium HP 129Xe 

magnetization is detected as it dissolves into the gas-exchange tissues can be varied from 

seconds to milliseconds. Therefore, using appropriate MR techniques, the HP 129Xe signal 

can be made sensitive to either pulmonary perfusion (second-timescale dynamics) or tissue-

level diffusion (millisecond-timescale dynamics), depending on the experimental conditions.

Previously, these properties were exploited to visualize diffusive gas exchange both 

indirectly, using a technique called xenon polarization transfer contrast (XTC)(17, 18), and 

directly by imaging HP 129Xe magnetization as it dissolves into the gas-exchange tissues 
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(19–21). However, more nuanced information can be extracted by separating the total 

dissolved HP 129Xe signal into spectral components arising from 129Xe dissolved in the 

RBCs and barrier tissues. The advantage of spectrally separating the dissolved signal into 

RBC and barrier components was previously demonstrated in rats with Bleomycin-induced 

lung injury using a 2D MRI acquisition (22). Here we extend this approach to three 

dimensions using a 1-point variant of the Dixon technique (23), and thus provide a means to 

better quantify regional gas-exchange impairment. Further, we examine several quantitative 

metrics to characterize dissolved 129Xe images and demonstrate that one of these metrics is 

a promising candidate biomarker of impaired gas exchange caused by fibrotic injury.

BACKGROUND

Diffusing capacity of the lung

From the standpoint of classical pulmonary physiology, it may be surprising that a 

chemically inert gas such as HP 129Xe could be sensitive to impaired gas exchange, because 

it is uniformly taught that the conventional metric of gas uptake, the diffusing capacity of 

the lung (DL) can only be measured by reactive gases such as CO (1, 24). More specifically, 

the amount of gas taken up by the pulmonary tissues—conventionally given in terms of gas 

volume at standard temperature and pressure per unit time (V̇)—is typically expressed as

(1)

where PA is the alveolar partial pressure of the gas, and PC is the corresponding partial 

pressure in the capillary blood. Because reactive gases bind strongly to hemoglobin, the 

capillary RBCs serves as a nearly infinite “sink” for mass transport, and a high partial 

pressure gradient (i.e., PA ≫ PC) is maintained throughout the transit time of blood through 

the pulmonary capillaries. Thus, gas uptake is limited only by the rate at which diffusive 

mass transport occurs across the alveolar membrane.

In contrast to these “diffusion limited” gases, inert gases rapidly saturate the gas-exchange 

membrane and, thus, cannot maintain significant partial pressure gradients. Rather, inert gas 

uptake is determined by blood flow away from the gas-exchange tissues, making inert gases 

“perfusion limited”. To reconcile this apparent discrepancy between physiological theory 

and empirical results demonstrating HP 129Xe’s sensitivity to pathological conditions 

causing impaired diffusion (22, 25–27), it is instructive to consider the physical origins of 

DL.

According to the classic Roughton and Forster model (28), DL (conventional units of 

ml/min/mm Hg) consists of two serially ordered components and is defined by

(2)

where DM is the diffusing capacity of the gas-exchange membrane; θ is the reaction rate of 

the gas with the blood; and Vc is the capillary blood volume. DMwhich will be of interest for 

this discussion, can be defined in terms of the physical membrane properties as (29

Cleveland et al. Page 3

NMR Biomed. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(3)

where τ is the membrane thickness, D is the gas diffusion coefficient in the membrane, λ is 

the Bunsen solubility coefficient of the gas, and A is the membrane surface area. Assuming 

D = 3.3×10−6 cm2/s (30), λ = 1.24×10−4 ml/ml/mm Hg [calculated from the Ostwald 

solubility of xenon in blood plasma (16)], A = 2933 cm2 (31), and τ = 3.7 × 10−5 cm 

[harmonic mean thickness of the alveolar membrane in rats (32)], the expected membrane 

diffusing capacity for xenon in rats is DMXe ≈ 2 ml/min/mm Hg. (Note, the diffusing 

capacity of the lung for xenon, DLXe, will be less than 2 ml/min/mm Hg because the reactive 

component in Eq. 2 would be replaced with a second diffusive term similar to Eq. 3.

A small value for DLXe coupled with the vanishingly small partial pressure gradient 

indicates that net mass transfer into the capillary blood will be quite small. Alternately gas 

transfer can be considered using a more kinetic approach by calculating an approximate 

membrane transit time of xenon to be τ2/2D ≈ 2 ms—far less than the ~3-secondtransit time 

of blood through the gas-exchange region in rats (33). Together, both lines of argument 

suggest that HP 129Xe will saturate the capillary blood almost instantaneously—exactly as 

expected from classical physiology.

Uptake of non-equilibrium magnetization by the pulmonary tissues

However, it must be remembered that detecting dissolved HP 129Xe magnetization via MR 

methods is radically different from conventional measurements of reactive gases. That is, 

DL is measured at the mouth as a difference in the gas content of inspired versus expired 

gas. Further, it is measured on a timescale of a breath hold (~10 s). In contrast, HP 129Xe 

uptake is detected within the gas-exchange tissues, and this measurement can readily be 

performed on a timescale less than the ~100 ms needed for xenon to saturate the gas-

exchange tissues (22). More importantly, whereas traditional DL measurements involve 

detecting partial-pressure-driven changes in gas volume, MR detects changes in the 

HP 129Xe magnetic moment within the gas-exchange tissues. Therefore, the relevant uptake 

is not driven by partial pressure gradients, but rather, by gradients in HP 129Xe 

magnetization. Furthermore, because of the highly non-equilibrium state of HP 129Xe, RF 

pulses can be exploited to maintain large magnetization gradients, even when the partial 

pressure of alveolar xenon has equilibrated with the blood.

As an analogy to more classical notions of gas exchange, RF excitation can be used to 

generate a magnetization “sink” for HP 129Xe, in a manner analogous to the sink provided 

by hemoglobin for reactive gases. Specifically, when using large flip angles and rapid TRs, 

HP 129Xe magnetization will be confined to, but never fully saturate, the gas-exchange 

tissues. Conversely, when using small flip angles and long TRs, sufficient HP 129Xe 

magnetization remains such that blood flow will have sufficient time to carry it away from 

the gas-exchange region. Thus, the rate at which HP 129Xe magnetization is eliminated and 

detected is—aside from minor hardware limitations and the physiological constraints of 

interest—entirely within experimental control and can act as either a perfusion limited or a 

diffusion limited probe depending on experimental conditions.
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EXPERIMENTAL

Animal preparation

Two groups (Bleomycin-treated group, N = 5; saline-control group N = 4) of female Fisher 

rats (average weight = 170±8 g, Charles River, Wilmington, MA) were prepared for 

experiments following procedures approved by the Duke University Institutional Animal 

Care and Use Committee. Animals were first anesthetized with 55-mg/kg ketamine, 

positioned supine on a 45° slant board, and perorally intubated with an 18-G catheter 

(Abbocath-T, Hospira Venisystems, Lake Forest, IL). Through this endotracheal catheter, a 

PE50 catheter was placed in the right pulmonary main bronchus. Animals in the treatment 

group received a unilateral right lung instillation of a 0.20-ml solution of Bleomycin (3.0 

units/kg body weight, Hospira, Inc. Lake Forest, IL) followed by 0.30 ml room air over a 

period of ~10 sec. Animals in the control group were prepared identically except that they 

received a 0.20 ml sham instillation of normal saline.

MR experiments were performed 25± 2 days (range 22–28 days) after treatment. Prior to 

MR experiments, animals were anesthetized by intraperitoneal (IP) injection of 55-mg/kg 

sodium pentobarbital (Nembutal, Lundbeck, Inc., Deerfield, IL), and anesthesia was 

maintained with periodic injections of Nembutal (15 mg/kg) administered via a 23-G IP 

catheter. To deliver HP 129Xe, rats were intubated with an 18-G catheter (Abbocath) to 

provide an airtight seal for mechanical ventilation. Animals were ventilated (75% N2 and 

25% O2) at a rate of 1 breath/s on an HP-gas compatible, constant-volume, mechanical 

ventilator (34) with a tidal volume of 1.0 ml/100 g body mass. During 129Xe MR imaging 

and spectroscopy, O2 concentration in the breathing gas mixture was kept constant, but N2 

was replaced with an equivalent volume of HP 129Xe. Each breath cycle comprised a 250-

ms inhalation, a 50-ms breath-hold, and 750-ms of passive exhalation.

While animals were in the MR magnet, their body temperature was monitored via a rectal 

thermistor and maintained at ~37°C by warm air flowing through the magnet bore. Airway 

pressure was monitored by a pressure transducer attached to the ventilation tube. Heart rate 

was monitored via electrocardiogram (ECG) readings using custom Lab VIEW 8.1 software 

(National Instruments Corporation, Austin, TX, USA). This software also controlled the 

timing of the ventilator and MR acquisition.

Lung histology and analysis

After imaging, rats were exsanguinated by opening the abdominal cavity and severing the 

abdominal aorta and inferior vena cava. Lungs were fixed within the thoracic cavity, by 

instilling 10% buffered formalin at a pressure of 25-cm H2O via the endotracheal tube for 30 

minutes. Trachea, lungs, and heart were then excised en-block and stored in 10% formalin 

for at least 24 hours. Following fixation, lungs were cut into 5--µm thick slices, and adjacent 

slices were processed for hematoxylin-eosin (H&E) and Masson’s trichrome staining. Both 

sets of stained slides were qualitatively assessed by an expert observer (S.D.), who was 

blinded to treatment group. Additionally, Masson’s trichrome-stained slides were used to 

quantitatively assess collagen content as a metric of fibrotic injury, using an approach 

similar to that described previously (35, 36).
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Briefly, 15 non-overlapping photomicrographs were obtained from each animal using a 20X 

objective to cover the maximum area of each lung section. Regions containing tissue at the 

edge of the pulmonary parenchyma, including the pleura, were excluded from selection. The 

level of fibrosis was calculated by applying a color threshold in ImageJ (Version 1.47t, 

National Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij/) to determine the 

collagen tissue area and the total tissue area in each photomicrograph. To avoid 

quantification bias, these areas were calculated by two automated macros that were applied 

identically to all photomicrographs. Collagen content was then expressed as a percent of the 

total tissue area. Collagen area percentages from the Bleomycin- and saline-treated groups 

where tested for statistical significance using a single-sided, Wilcoxon rank-sum test.

MR and polarization hardware

Isotopically enriched xenon (83% 129Xe, in a 1% Xe, 10% N289% He mixture, Spectra 

Gases Inc., Alpha, NJ) was hyperpolarized by spin exchange optical pumping (37) using a 

prototype commercial polarizer (model 9800, MITI, Durham, NC). Following cryogenic 

accumulation (37), HP 129Xe (polarization~10%) was thawed into 300-ml Tedlar bags 

(Jensen Inert Products, Coral Springs, FL) and placed inside a Plexiglas cylinder. From this 

cylinder, HP 129Xe was then delivered to rats as described previously (34).

MR spectroscopy and imaging was performed at 2.0 T using a horizontal, 30-cm bore 

magnet (Oxford Instruments, Oxford, UK) equipped with 180-mT/m shielded gradients. 

This magnet was operated with a GE EXCITE 12.0 console (GE Healthcare, Milwaukee, 

WI) that was modified to operate at 2 T using a frequency up/down converter as described 

previously (38).

MR spectroscopy

To prepare for HP129Xe studies, rats were first ventilated with a mixture of 1% HP 129Xe 

flowing directly from the polarizer (39). This direct-flow 129Xe was used to localize the 

lungs within the field-of-view (FOV); determine the frequencies of the RBC, barrier, and 

gaseous 129Xe resonances; set the RF flip angle; and perform in vivo shimming. Direct-flow 

spectroscopy was also used to: 1) determine global phase offset between the RBC peak and 

the in-phase receiver channel and 2) the nominal echo time (TE)—defined here as the time 

between the end of the RF pulse and the beginning of data acquisition—required for the 

dissolved resonances to accumulate the 90° phase difference (TE90) necessary for 1-point 

Dixon separation (22). This was accomplished by acquiring 129Xe spectra at end expiration 

using varying TEs [TE = 250–700 µs, 8 spectra/breath, 500 spectra total, repetition time 

(TR) = 75 ms, bandwidth (BW) = 8 kHz] with a selective, 1200 µs, 3-lobe sinc pulse.

Spectral data at each TE were averaged, and complex spectra were fit as a linear 

combination of two Lorentzians using routines written in MATLAB (Math Works, Inc., 

Natick, MA). The phase difference between the two dissolved 129Xe peaks was fit as 

function of TE, and TE90 was determined by linear regression (see Fig. 1).
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MR imaging

Ventilation images were acquired over multiple breaths at end-expiration using a 3D radial 

sequence. Axial slab excitation matching the 50-mm field-of-view (FOV) was performed to 

avoid wraparound artifacts from HP 129Xe in the trachea. HP 129Xe was excited using a 

variable flip angle scheme (40) that provided constant, view-to-view MR signal intensity 

and consumed all available magnetization. Additional parameters included: radial views = 

4291, views/breath = 20, points per view = 64, BW = 8 kHz, TR = 10 ms, and TE = 860 µs. 

Dissolved 129Xe images were also acquired at end-expiration using the same 3D radial 

sequence. Both the receiver and excitation frequencies were set on-resonance with the 129Xe 

RBC peak, and TE was set to the spectroscopically determined TE90 (additional parameters: 

NEX = 4, FOV = 50 mm, radial views = 1073, views/breath = 8, points per view = 32, BW 

= 15.6 kHz, TR = 75 ms, and flip angle = 90°).

Images were reconstructed using a conjugate phase approach with the open source 

MATLAB toolbox of Fessler and coworkers (41). Radial k-space data was transformed into 

Cartesian images by a non-uniform fast Fourier transform with Min-Max interpolation (42), 

and each k-space data point was weighted by density compensation factors calculated via the 

iterative method of Pipe et al.(43). HP 129Xe ventilation data were reconstructed with a 

64×64×64 matrix as conventional magnitude images. Dissolved 129Xe data reconstructed as 

magnitude images (matrix = 32×32×32) represent the total129Xe signal originating from the 

gas-exchange tissues, and are referred to as ‘dissolved’ 129Xe images. Images obtained from 

only the real component of the dissolved 129Xe data are referred to as red blood cell (RBC) 

images. Similarly, images obtained from imaginary data are referred to as barrier tissue 

images.

Image analysis

Image analysis was performed using routines written in MATLAB. Analysis was confined 

to the ventilated positions of the lung by manually segmenting the gas-phase images to 

create masks of the right and left lungs. Manual segmentation was also used to create masks 

of the trachea and other visible major airways, and these regions were omitted from further 

analysis. Prior to airway removal and subsequent analysis, complex dissolved 129Xe images 

were linearly interpolated to match the matrix size of the ventilation images. Maps of the 

RBC-to-barrier tissue and RBC-to-total dissolved signal distributions were generated by 

dividing the relevant images on a voxel-by-voxel basis. Because gas-phase and 

dissolved 129Xe differ substantially in T2* values and potentially polarization, the ratios of 

the gas- and dissolved-phase signals could not be compared directly. Therefore, the total 

dissolved-phase images and the gas-phase images were first normalized by the sum of their 

respective voxel intensities before generating ‘gas-transfer’ maps of the dissolved-to-

ventilation ratio distribution (19).

Differences between the Bleomycin- and saline-treated groups in the whole-lung metrics 

were assessed for statistical significance of using a single-sided, Wilcoxon rank-sum test. 

Within experimental groups, differences between the treated and untreated lungs of 

individual animals were assessed using one-sided, signed Wilcoxon rank-sum test. Finally, 
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differences between the RBC-to-barrier ratios obtained from spectroscopy and imaging were 

evaluated using a two-sided, signed Wilcoxon rank-sum test.

RESULTS

Validation of fibrotic injury

Using blinded, qualitative examination of the histology slides, all animals were correctly 

classified into the saline-treated or Bleomycin-treated groups. Furthermore, within the 

Bleomycin-treated animals, treated and untreated lungs were also correctly identified by 

qualitative examination. When the tissue was quantitatively assessed with Masson’s 

Trichrome staining (see Table 1 and Fig. 2), a significantly higher percentage of collagen-

containing tissue (P = 0.008) was observed in the Bleomycin-treated animals. These results 

indicate that unilateral fibrotic injury was successfully generated in all Bleomycin-treated 

animals, but not in saline-treated control animals.

Spectroscopic determination of dissolved 129Xe phase evolution

In all animals, the phase difference between the RBC and barrier tissues peaks (Δφ) evolved 

linearly with nominal echo time (e.g., see Fig. 1). Furthermore, the average slope derived 

from linear, least squares fitting of these data was 0.123±0.003°µs—in good agreement with 

the 0.118±0.003°µs expected from the frequency differences (Δf = 328±9 Hz) observed 

between the two peaks. However, as can be seen in Fig. 1, linear fits of phase evolution as a 

function of TE are also characterized by pronounced, non-zero y-intercepts that differed 

between animals (mean: 43±5°; range: 32–48°). Fortunately, the highly linear phase 

evolution of the dissolved129Xe signal allowed the time needed to achieve the 1-point Dixon 

imaging condition (i.e., TE = TE90) to be determined empirically.

Distribution of dissolved 129Xe signal

3D images of both gaseous and dissolved 129Xe were successfully obtained from all animals 

(e.g., see Fig. 3). In control animals, the total dissolved129Xe signal (i.e., intensity of the 

dissolved 129Xe magnitude image) within both right and left lungs tended to be higher in 

central regions and decreased in both the cranial and caudal directions. A similar signal 

intensity pattern was also observed in the corresponding ventilation images, indicating that, 

despite regional heterogeneity, significant matching existed between the gaseous and 

dissolved 129Xe signal distributions. When this relationship was examined quantitatively 

using the 129Xe gas-transfer ratio—defined as the normalized dissolved to normalized gas-

phase signal intensity ratio (19)—a relatively narrow distribution was observed that was 

centered around a value of 1 (e.g., see Fig. 4a). In fact, the mean gas-transfer ratio was ~1 

for all animals (see Table 1), similar to the gas-transfer values recently observed in humans 

(19). Further, no significant difference in mean 129Xe gas transfer was observed between the 

saline- and Bleomycin-treated groups (P = 0.73).

In fibrotic injury, the total uptake of gases by the pulmonary tissues is less straightforward to 

interpret than the transfer of gases from the alveolar spaces to the RBCs. Thus, the most 

interesting aspect of dissolved 129Xe MR is the ability to separate the total dissolved 129Xe 

signal into its RBC and barrier tissue components. An example of this separation, achieved 
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using 1-point Dixon imaging in a control animal, is shown in Fig.3c and 3d. As expected for 

an animal without interstitial thickening (22), 129Xe signal is observed from both the RBC 

and barrier tissue images throughout the ventilated region of the lungs (green outline).

A more interesting example of the transit of 129Xe gas from the alveolar spaces to the RBCs 

can be observed in Fig. 5, which displays the ventilation, total dissolved, RBC, and barrier 

tissues images from a Bleomycin-treated animal. As was seen for the control animal, there is 

qualitative agreement between the location of the gas-phase signal in the ventilation image 

and total dissolved-phase signal. However, unlike in the control animal, the central portions 

of the lungs do not display noticeably elevated dissolved signal relative to the lung 

periphery. Moreover, the 129Xe signal from the barrier is substantially mismatched with that 

observed from the RBC compartment, largely due to reduced RBC signal in the Bleomycin-

treated, right lung.

Comparison of HP 129Xe uptake from spectroscopy and imaging

HP129Xe transfer metrics obtained from imaging were well correlated with their 

spectroscopic counterparts for all animals. That is, the image-derived, global RBC-to-barrier 

signal ratio (the voxel-by-voxel sum of the RBC signal divided by the voxel-by-voxel sum 

of the barrier tissue signal) correlated strongly with the spectroscopic RBC-to-barrier ratio 

(R2 = 0.82, see Fig. 6). Moreover the slope of the best-fit line correlating these two metrics 

was near unity (1.1±0.1), and the intercept was near zero (−0.007±0.04). Together these 

results argue that the 1-point Dixon approach correctly captured the global signal 

characteristics provided by spectroscopy, while adding more nuanced, regional information.

Regional 129Xe uptake

Somewhat surprisingly, whole-lung metrics of gas uptake, whether dissolved-to-ventilation, 

RBC-to-barrier, or RBC-to-dissolved, did not differentiate the saline- and Bleomycin-treated 

groups (see Table 1). However, examining spatial variations in the RBC-to-dissolved 

distribution reveals obvious differences between the saline- and Bleomycin-treated animals. 

For instance, Fig.7 displays representative slices from the RBC-to-dissolved maps of a 

saline-control (Fig. 7a) and a Bleomycin-treated animal (Fig. 7b). Specifically, the control 

animal displays a relatively homogeneous RBC-to-dissolved distribution in both lungs, with 

most values falling in the range of 0.4–0.6 and extreme values near either 0 or 1 being 

located primarily near the lung periphery. A similar pattern is also observed in the untreated 

lung of the Bleomycin-injured animal.

In contrast, substantially reduced RBC-to-dissolved values are observed throughout much of 

the injured, right lung. Moreover, the regional trends displayed in the RBC-to-dissolved 

maps are reflected in the histograms of the whole-lung, RBC-to-dissolved distributions (Fig. 

7c and 7d). That is, while the control animal displays a relatively symmetric whole-lung 

RBC-to-dissolved distribution similar to the one seen in Fig. 4c, the Bleomycin-treated 

animal displays a left-skewed distribution, indicating that regions of the lung experienced 

reduced 129Xe transfer to the RBCs on the TR = 75-ms timescale.

In Bleomycin-treated animals, the average RBC-to-dissolved ratio was significantly reduced 

in the treated versus untreated lung (P = 0.03, see Fig. 8a). Moreover, in no instance was the 
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opposite pattern observed within the injured lung (i.e., higher mean RBC-to-dissolved ratio 

relative to the untreated lung) for any of the Bleomycin-treated animals. In contrast, the 

saline-treated animals displayed no significant difference in RBC-to-dissolved distribution 

between the saline-treated and untreated lungs (P = 0.31, Fig. 8a). Together, these results are 

in excellent agreement with the expectation that exposing a lung to Bleomycin would 

generate fibrotic thickening, resulting in reduced gas transport to the RBCs.

Beyond the mean RBC-to-dissolved values, it is interesting to investigate the heterogeneity 

of the RBC-to-dissolved distribution. Fig. 8b displays a comparison of the heterogeneity, as 

measured by the coefficient of variation (CV), in the treated versus untreated lungs for both 

the saline- and Bleomycin-treated groups. In all Bleomycin-treated animals the CV of the 

RBC-to-dissolved distribution was significantly higher in the treated versus untreated lungs 

(P = 0.03). However, in the saline control animals, no significant difference in CV was 

observed for the RBC-to-dissolved (P = 0.56) distribution between the treated and untreated 

lungs. Together, these results suggest that, compared to both untreated and saline treated 

lungs, the presence of fibrotic tissue in Bleomycin-treated lungs reduced 129Xe exchange 

and increased its spatial heterogeneity.

DISCUSSION

Implications of non-TE-dependent phase evolution

The accumulation of phase differences between the two dissolved 129Xe resonances 

increased linearly with the product of the frequency difference between the two peaks, Δf, 

and TE. This observation, despite the known rapid diffusive129Xe exchange (44), suggests 

that the pre-imaging spectroscopy protocol used in this work could be simplified by 

acquiring a single spectrum to measure Δf and, using this information, calculate TE90.

However, plots of Δφ vs. TE, while showing excellent linearity, also exhibited pronounced, 

non-zero intercepts. As a result, naively using the measured Δf to calculate TE90 will not 

yield the expected phase shift. In fact, to do so in this work would have led to phase offsets 

that exceeded 90° by 36–53% (total phase evolution 122–138°). In turn, this excess phase 

accumulation would have prevented meaningful separation of the RBC and barrier 

components of the 129Xe signal and thus, prevented the regions in which gas-exchange was 

impaired from being correctly identified.

Because the phase difference between the two dissolved 129Xe resonances cannot be 

attributed solely to TE, substantial phase evolution must also have occurred during the RF 

pulse. Furthermore, such an effect is consistent with the RF-induced phase contrast observed 

in the ultra-short echo time (UTE) imaging of connective tissues (45). However, unlike the 

case of 1H-based structural UTE imaging, RF-induced phase evolution cannot be avoided 

when exciting dissolved HP 129Xe simply by using small flip angle, hard pulses. That is, to 

generate sufficient dissolved 129Xe signal intensity and to confine its magnetization to the 

gas-exchange tissues (20, 21), large flip angle RF pulses are required. Additionally, these RF 

pulses must be relatively long (~1 ms), so that they are sufficiently selective to avoid 

exciting the 100-fold larger magnetization pool present in the gas phase. Thus, RF-induced 

phase evolution is likely an unavoidable complication when using TE-dependent phase 
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evolution to separate the RBC and barrier tissue components of the dissolved 129Xe signal. 

Note that this complication will be present regardless of whether Dixon-based (22) or 

conventional IDEAL-based (46) approaches are used to achieve this spectral separation. 

However, in future work, it may be possible to model RF-induced phase evolution using a 

rigorous treatment of the Bloch equations.

Choice of dissolved 129Xe distribution

It is not obvious a priori how best to transform the dissolved 129Xe image data into 

meaningful metrics of regional gas uptake. That is, the HP 129Xe signal originating from the 

lungs can be conceptually divided into: 1) the total dissolved-phase, which comprises 

2) 129Xe dissolved in the RBCs, and 3) 129Xe dissolved barrier tissues, and finally 4) the 

gas-phase, which serves as the magnetization source for the dissolved-phase components. 

Thus, it is ambiguous as to which of these interrelated measures of pulmonary HP 129Xe 

magnetization should be directly compared. Intuitively, regional variations in gas uptake 

could be assessed by calculating the ratio of two out of the four interrelated 129Xe 

components, for instance: the total dissolved-to-gas-phase, barrier tissue-to-gas-phase, RBC-

to-gas-phase, and RBC-to-barrier tissue ratios (46).

However, direct comparisons between the gas- and dissolved-phase signals is complicated 

by a 10-fold difference in T2* between the two phases (47) and is further complicated in this 

work, because gas- and dissolved-phase images were acquired as separate images. The 

RBC-to-barrier tissue ratio avoids both complications, because the RBC and barrier data are 

derived from the same acquisition, and because the T2* is similar for both components. 

However, as can be seen in Fig. 4b, the RBC-to-barrier distribution is highly skewed to the 

left, making it difficult to calculate meaningful summary statistics, and thus complicating 

comparisons between different animals.

One possible approach for transforming the RBC-to-barrier distribution into a more 

statistically tractable form is to use signal-intensity-based thresholding and segmentation to 

eliminate regions with low barrier tissue signal such as the heart and larger vasculature (46). 

However, if a sufficiently large flip angle RF pulse and rapid TRs are used in the image 

acquisition (e.g., the 75 ms TR and 90° pulse used in this work), HP 129Xe magnetization in 

these “down stream” regions will be eliminated by RF-induced depolarization during image 

acquisition. Therefore, the appearance of high RBC-to-barrier tissue values in Fig. 4b (and 

indeed, in the RBC-to-barrier tissue distributions of all animals studied in this work) indicate 

that at least in some instances, high RBC-to-barrier tissue ratios reflect physiologically 

meaningful data. Furthermore, the Ostwald solubility of xenon in RBCs is ~3-fold higher 

than in blood plasma (16), suggesting that regions displaying RBC-to-barrier ratios >1 are 

indeed quite plausible.

To retain gas-exchange information from regions with reduced barrier signal, we 

examined129Xe gas uptake via the RBC-to-total dissolved ratio. This metric ultimately 

contains the same information as the RBC-to-barrier ratio, but the resulting distributions are 

much less skewed (e.g., see Fig. 4c) and innately constrained to values ranging from 0–1. 

This makes the RBC-to-dissolved ratio more amenable to statistical analysis. Moreover, this 

metric should also be more robust against imperfect separation of the RBC and barrier 
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signals than the RBC-barrier-ratio, where experimental errors are present with opposite sign 

in both the numerator and denominator, thus compounding experimental error. In contrast, 

separation error is only present in the numerator of the RBC-to-dissolved ratio. Together, 

these features make the RBC-to-dissolved ratio a more promising candidate for being a 

useful biomarker of impaired gas exchange than the RBC-barrier-ratio.

Global imaging metrics and regional injury

Previous spectroscopic studies demonstrated diminished RBC relative to barrier tissue signal 

in rats subjected to pulmonary injury with lipopolysaccharide (LPS) (26), infected with 

Stachybotrys chartarum (27), and exposed to Bleomycin (22). Thus, it is interesting to note 

that the whole-lung metrics obtained in this work, whether derived from spectroscopy or 

imaging (see Table 1), did not statistically differentiate the Bleomycin and saline treated 

groups. However, both the fungal infection and the LPS were acute insults that elicit 

substantial, and ongoing, inflammatory responses. Similarly, the Bleomycin-injured animals 

reported previously (22) were imaged much sooner (10.6±4.0 days) after injury compared to 

our current work, in which animals were imaged ~1 month after injury. This timing is 

relevant, because Bleomycin injury involves an initial inflammatory stage that, in rats, does 

not fully subside into the fibrotic stage until after approximately 21 days after injury (48, 

49). Thus, it likely that the earlier 129Xe/Bleomycin study was conducted during a primarily 

inflammatory stage, whereas our current study assessed the fibrotic phase of injury.

Together, these observations suggest a possible origin for the apparent discrepancy between 

the whole-lung data of this and earlier works. Previous studies of pulmonary perfusion using 

computed tomography (CT) have demonstrated that blood flow is preferentially 

redistributed to inflamed regions within the lungs (50). However, these inflamed regions are 

expected to display the more pronounced gas exchange impairment relative to non-inflamed 

regions. Thus, this combination of increased blood flow and impaired gas exchange within 

the inflamed regions likely reduced the RBC-to-barrier tissue ratio in the injured animals. 

Regardless of the mechanism causing the discrepancy between whole-lung observations in 

this and previous studies, Figs. 5, 7, and 8 clearly indicate that 3D, 1-point Dixon imaging of 

dissolved 129Xe can correctly identify fibrotic regions of the lungs where gas exchange is 

impaired. Moreover, this discrepancy between regional and global information clearly 

highlights the need to resolve gas exchange regionally when quantifying diffusion 

impairment in these models.

Study limitations

Ventilation images were manually segmented, which may have introduced subjectivity into 

the image analysis. Furthermore, restricting analysis to only the ventilated regions made the 

approach insensitive to injury-induced ventilation defects, which will also play a role in 

overall gas exchange. Fortunately, both issues could be avoided in future work using a dual-

tuned 1H/129Xe coil to acquire 1H images of the thoracic cavities, and then using these 

anatomic images to define regions of interest for quantitative analysis (51).

Additionally, several assumptions were made in applying 1-point Dixon imaging: 1) B0is 

homogeneous across the lungs, 2) chemical shift-induced phase evolution during acquisition 
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is negligible, and 3) differential, off-resonance phase evolution under magnetic field 

gradients is also negligible. Assumption 1 is likely valid, because the short TEs used will 

have made the imaging relatively robust to the minor B0 variation expected in a preclinical 

magnet. The 2ndand 3rdassumptions are more problematic, because some degree of phase 

evolution must occur during the ~1-ms data acquisition period, and gradient-induced, off-

resonance dephasing is known to contribute to the phase contrast observed in UTE imaging 

(45). However, RBC signal was only reduced in the injured lungs, suggesting that this 3D, 

1-point Dixon approach captured the key features of diffusive exchange and any additional 

phase evolution contributed only secondary blurring effects.

Perhaps the greatest limitation of the methods presented in the current study, and indeed 

virtually all HP gas-derived metrics reported to date, is that that they yield only semi-

quantitative information about pulmonary function. That is, while the ratios reported in this 

here enable statistical comparisons to be made between individuals and between the lungs of 

a given subject, these metrics lack the conventional units (e.g., ml/min/g or ml/min/mm Hg) 

used in the physiological literature. Fortunately, several quantitative models that account for 

both blood flow and diffusion have been developed to describe HP 129Xe uptake by the gas-

exchange tissues (22, 25, 52). With proper development, it should be possible to adapt these 

models such that they can provide regional metrics of both normal and pathological 

pulmonary gas exchange.

CONCLUSIONS

We have described a 3DMR imaging approach that allows HP 129Xe in the alveolar spaces 

to be detected separately from 129Xe dissolved in both the red blood cells and the barrier 

tissues of the lungs of small animals. By applying RF pulses with sufficiently large flip 

angle and short repetition time, the dissolved signal can be almost exclusively confined to 

the gas-exchange tissues, making this imaging approach sensitive to diffusive impairment 

caused by fibrotic thickening of the barrier tissues. Additionally, we have demonstrated that 

regional differences in diffusive 129Xe exchange are readily detected by the RBC-to-total 

dissolved signal ratio, a metric that is readily amenable to statistical analysis. If implemented 

in transgenic mice that exclusively express human hemoglobin (53), this approach can be 

extended to a wide variety of preclinical models of human disease. Moreover, a single 

breath variant of this technique could enable clinical investigations of gas-exchange 

impairment in patients, providing a unique method to evaluate the efficacy of therapeutic 

agents in human diseases that involve impaired gas diffusion, such as idiopathic pulmonary 

fibrosis.
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Non-standard Abbreviations

CV Coefficient of variation

DL Diffusing capacity of the lung

DM Membrane diffusing capacity of the lung

Δf Frequency difference between red blood cell and barrier tissue resonances of 

dissolved 129Xe

Δφ Phase difference between red blood cell and barrier tissue resonances of 129Xe

HP Hyperpolarized

ILD Interstitial lung disease

RBC Red blood cell

TE90 Nominal echo time needed for RBC and barrier tissue resonances to achieve a 90° 

phase separation

UTE Ultra-short echo time
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Figure 1. 
Empirical determination of the nominal echo time required to accumulate a 90° phase 

difference (TE90) between 129Xe dissolved in the red bloods cells (RBC) and the barrier 

tissues (blood plasma and lung parenchyma). a) Dissolved 129Xe spectrum at TE =250 µs. 

b) Dissolved 129Xe spectrum processed identically, but at TE = 700 µs. c) Dissolved129Xe 

phase evolution as a function of time. Linear regression (black line) shows that 90° phase 

difference is achieved at TE = 373 µs rather than the ~730 µs expected fromTE90 = 1/(4ΔF.
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Figure 2. 
Histological assessment of fibrotic injury. (a) Masson’s Trichrome stained lung tissue from 

a saline-treated control rat. Alveolar walls are thin and intact; little collagen (blue-stained 

tissue) is present. (b) Identically stained tissue from a Bleomycin-treated rat. Thickened 

alveolar walls and collagen accumulation indicate fibrotic injury. (c) Image from (a) color 

thresholded such than only collagen containing areas are retained. (d) Color-thresholded 

image displaying the collagen-containing area from (b). (e) Comparison of percent average 

collagen-containing area from saline- and Bleomycin-treated groups. The percentage of 
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collagen-containing area was significantly greater in the Bleomycin-treated group relative to 

the saline control group (P = 0.008).
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Figure 3. 
Axial slices from3D HP 129Xe MR images of a control rat, which received a saline treatment 

in the right lung. (a) Ventilation image. Arrows indicate the location of the larger airways. 

The corresponding slices from the total dissolved 129Xe image (b), barrier tissue image, (c) 

and RBC image (d) are also shown. The green outlines depict the edges of the mask used to 

confine data analysis to the ventilated regions of the lung parenchyma.
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Figure 4. 
Histograms displaying the distributions of dissolved 129Xe signal from a saline-treated 

control rat. (a) Dissolved-to-ventilation (i.e., gas-transfer) ratio distribution, showing a mean 

near 1. (b) RBC-to-barrier ratio, displaying a highly left-skewed distribution. (c) RBC-to-

dissolved ratio, displaying a relatively uniform distribution, with values arranging from 0 to 

1.
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Figure 5. 
Axial slices from a 3D HP 129Xe MR images of a Bleomycin-treated rat. (a) Ventilation 

image. Again, the lung parenchyma is reasonably well ventilated. Also shown are the 

corresponding slices from the (b) total dissolved 129Xe image, (c) barrier tissue image, and 

(d) RBC image. Outlines depict the edges of the mask used to confine data analysis to the 

injured (right, red) and uninjured (left, blue) lung. Arrows indicate regions of reduced RBC 

signal within the injured lung.
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Figure 6. 
Correlation of total RBC to total barrier tissue ratio. Data are the RBC-to-barrier tissue 

signal ratios obtained via whole-lung spectroscopy (x-axis) and 1-point Dixon imaging (y-

axis). The solid line is a linear, least squares fit of the data, and indicates that the two metric 

of total gas uptake are well correlated (R2 = 0.82).
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Figure 7. 
(a), (b) Axial slices from the RBC-to-dissolved maps of a saline control animal (a) and a 

bleomycin-treated animal (b). (c), (d) Corresponding whole lung, RBC-to-dissolved 129Xe 

histograms from the saline control animal (c) and bleomycin-treated animal (d) shown in (a) 

and (b), respectively. The distribution displayed by the control animal is quantitatively 

similar to that displayed in Figure 4c). The distributions from the bleomycin-treated animals, 

however, display markedly different character, reflecting reduced 129Xe transfer to RBCs 

and substantial regional variability.

Cleveland et al. Page 25

NMR Biomed. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 8. 
Dissolved signal distribution in treated versus untreated lungs. (a) Mean RBC-to-dissolved 

ratio. In the Bleomycin-treated group, the mean RBC-to-dissolved ratio was significantly 

lower than in the untreated lung (P = 0.03), but no significant difference was observed in the 

saline-treated control group between the treated and untreated lung (P = 0.31). (b) 

Coefficient of variation (CV) for the RBC-to-dissolved ratio shown in (a). A significantly 
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higher treated-lung CV was observed in the Bleomycin group (P = 0.03), but not in the 

saline control group (P = 0.56).
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