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Interstitial lung diseases (ILDs) share many clinical, 
genetic, and biologic features but can display widely 

variable progression, often resulting in irreversible scar-
ring of the lung parenchyma (1). Idiopathic pulmonary 
fibrosis (IPF) is the most common and most lethal ILD, 
the prototype of progressive fibrotic lung disease. How-
ever, this is not the only type of ILD. Despite generally 
being considered less lethal than IPF, other ILDs, such 
as nonspecific interstitial pneumonia (NSIP), are also 
associated with substantial morbidity and mortality (2). 
An NSIP radiographic pattern is observed when there is 

evidence of diffuse ground-glass opacities with reticula-
tion that spares the immediate pleural space (3,4). NSIP 
is often seen in patients with an underlying diagnosis of 
a collagen vascular disease, but it can also be observed in 
cases without a clear association to autoimmunity (5). 
Historically, separating NSIP from IPF has been impor-
tant, as NSIP has been more responsive to immunosup-
pression, which is largely avoided in IPF. However, it 
is becoming increasingly clear that progressive subtypes 
of non-IPF ILDs can have similar morbid outcomes 
to IPF (6,7), which raises the possibility of common 

Background:  Recent studies demonstrate that antifibrotic drugs previously reserved for idiopathic pulmonary fibrosis (IPF) may slow 
progression in other interstitial lung diseases (ILDs), creating an urgent need for tools that can sensitively assess disease activity, 
progression, and therapy response across ILDs. Hyperpolarized xenon 129 (129Xe) MRI and spectroscopy have provided noninvasive 
measurements of regional gas-exchange abnormalities in IPF.

Purpose:  To assess gas exchange function using 129Xe MRI in a group of study participants with nonspecific interstitial pneumonia 
(NSIP) compared with healthy control participants.

Materials and Methods:  In this prospective study, participants with NSIP and healthy control participants were enrolled  
between November 2017 and February 2020 and underwent 129Xe MRI and spectroscopy. Quantitative imaging provided 
three-dimensional maps of ventilation, interstitial barrier uptake, and transfer into the red blood cell (RBC) compartment. 
Spectroscopy provided parameters of the static RBC and barrier uptake compartments, as well as cardiogenic oscillations in 
RBC signal amplitude and chemical shift. Differences between NSIP and healthy control participants were assessed using the 
Wilcoxon rank-sum test.

Results:  Thirty-six participants with NSIP (mean age, 57 years 6 11 [standard deviation]; 27 women) and 15 healthy control par-
ticipants (mean age, 39 years 6 18; two women) were evaluated. Participants with NSIP had no difference in ventilation compared 
with healthy control participants (median, 4.4% [first quartile, 1.5%; third quartile, 8.7%] vs 6.0% [first quartile, 2.8%; third 
quartile, 6.9%]; P = .91), but they had a higher barrier uptake (median, 6.2% [first quartile, 1.8%; third quartile, 23.9%] vs 0.53% 
[first quartile, 0.33%; third quartile, 2.9%]; P = .003) and an increased RBC transfer defect (median, 20.6% [first quartile, 11.6%; 
third quartile, 27.8%] vs 2.8% [first quartile, 2.3%; third quartile, 4.9%]; P , .001). NSIP participants also had a reduced ratio of 
RBC-to-barrier peaks (median, 0.24 [first quartile, 0.19; third quartile, 0.31] vs 0.57 [first quartile, 0.52; third quartile, 0.67]; P , 
.001) and a reduced RBC chemical shift (median, 217.5 ppm [first quartile, 217.0 ppm; third quartile, 218.0 ppm] vs 218.2 ppm 
[first quartile, 217.9 ppm; third quartile, 218.6 ppm]; P = .001).

Conclusion:  Participants with nonspecific interstitial pneumonia had increased barrier uptake and decreased red blood cell (RBC) 
transfer compared with healthy controls measured using xenon 129 gas-exchange MRI and reduced RBC-to-barrier ratio and RBC 
chemical shift measured using spectroscopy.
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The purpose of our study was to characterize 129Xe MRI and 
spectroscopy in patients with a diagnosis of NSIP, an ILD dis-
tinct from IPF, and to compare the results with measurements 
obtained in healthy control participants. We hypothesized that 
NSIP would be associated with significant gas-exchange abnor-
malities relative to our healthy control population.

Materials and Methods

Participant Recruitment and Characteristics
This prospective cross-sectional study was approved by the 
Duke institutional review board (approval no. Pro00025110) 
and was compliant with the Health Insurance Portability and 
Accountability Act. Hyperpolarized 129Xe is treated as a drug 
by the U.S. Food and Drug Administration and is covered for 
this study under an investigational new drug approval (ap-
proval no. 109,490). Written informed consent was obtained 
from each participant before recruitment. Patients with a clini-
cal and radiographic diagnosis of NSIP and healthy control 
participants were recruited consecutively and underwent 129Xe 
MRI between 2017 and 2020. All participants were at least 18 
years old and had no history of cardiac arrhythmia. Our NSIP 
population was derived from patients with a past diagnosis of 
NSIP by means of surgical pathologic results or CT with clini-
cal collaboration and with concurrent provider appointments 
at our center during the study period. Patients recruited ac-
cording to pathologic findings were excluded if they did not 
undergo CT. All participants underwent baseline pulmonary 
function tests to obtain forced vital capacity with spirometry 
and diffusing capacity of the lung for carbon monoxide with 
the single-breath method. CT scans were evaluated by cardio-
thoracic radiologists (J.G.M., with 7 years of experience, and 
H.P.M., with 30 years of experience) according to published 
criteria to confirm evidence of pulmonary fibrosis, absence 
of a usual interstitial pneumonia pattern, and no evidence of 
clinically significant air trapping (21). To identify participants 
likely to have an NSIP pathologic pattern, specific criteria 
included basilar-predominant findings of bronchiectasis and 
ground-glass opacity with subpleural sparing. CT was further 
used to assess pulmonary artery diameter measured on axial 
images at the level of its bifurcation, orthogonal to the long 
axis. Pulmonary function tests and demographic data gathered 
at the MRI visit were used to calculate an ILD–Gender-Age-
Physiology score (22).

129Xe Polarization and Dose Administration
129Xe was hyperpolarized by means of continuous-flow spin-
exchange optical pumping and cryogenic accumulation using 
commercially available hyperpolarized systems (Models 9820 
and 9810, Polarean) and dispensed into a Tedlar dose delivery 
bag (Jensen Inert Products), as previously described (23). Hy-
perpolarized 129Xe MRI and spectroscopy were performed with 
a 3.0-T scanner (Magnetom Trio, Siemens) during two separate 
breath holds of 129Xe using a quadrature transmit-receive flexible 
vest coil (Clinical MR Solutions). Participants received a small 
dose for calibration and spectroscopy (target dose equivalent ≥50 
mL; actual dose: mean, 63.6 mL 6 17.1 [standard deviation], 

mechanisms driving disease progression that could be evalu-
ated using diagnosis-agnostic biomarkers.

IPF treatment in the United States was greatly advanced 
in 2014 after the U.S. Food and Drug Administration  
approval of pirfenidone and nintedanib, two antifibrotic drugs 
that considerably slowed disease progression (8,9). Although 
these drugs have generally been reserved for use in IPF, recent 
studies have provided compelling evidence that nintedanib is 
also effective in other progressive fibrotic lung diseases (10,11). 
Today, treatment efficacy is largely evaluated with relatively in-
sensitive tools such as pulmonary function tests and 6-minute 
walk assessments. These measurements can characterize gross 
manifestations of fibrotic lung disease (6), but more refined 
methods are required to isolate and directly assess subtle bio-
logic changes in pulmonary function, thereby improving clinical 
management of targeted ILD therapies.

Although CT is a diagnostic mainstay in ILDs, structural fea-
tures observed therein are of limited value in assessing progression 
of fibrosis because they do not directly reflect lung function, which 
is correlated to disease progression (12). Further, the standard 
measures of lung function used in conventional pulmonary func-
tion testing cannot detect the regional differences in pathologic 
findings that are a hallmark of ILDs.

The use of MRI and spectroscopy with inhaled hyperpolarized 
xenon 129 (129Xe) gas is rapid and well tolerated, and it enables 
regional assessment of pulmonary gas exchange (13). Inhaled 129Xe 
diffuses from the alveoli into the alveolar-capillary interstitium (ie, 
interstitial barrier tissue) and then transiently binds with capillary 
red blood cells (RBCs) in the bloodstream (ie, RBC transfer) (14). 
The 129Xe signals from each of these three compartments are re-
solved by means of distinct MR chemical shifts that allow them 
to be individually characterized with imaging (15) and with static 
and dynamic spectroscopy (14,16). 129Xe MRI and spectroscopy 
studies in IPF have previously observed increases in barrier tis-
sue uptake and decreased RBC transfer, as well as alterations in 
spectroscopic measures (16–20). However, understanding of 129Xe 
MRI gas-exchange patterns in ILDs beyond IPF is lacking.

Abbreviations
H95% = observed 95th-percentile value in healthy control participants, 
ILD = interstitial lung disease, IPF = idiopathic pulmonary fibrosis, 
NSIP = nonspecific interstitial pneumonia, RBC = red blood cell, RDP 
= red blood cell defect percentage, VDP = ventilation defect percentage

Summary
Hyperpolarized xenon 129 MRI and spectroscopy are sensitive to 
abnormal interstitial barrier uptake and red blood cell transfer in 
participants with nonspecific interstitial pneumonia.

Key Results
	N Thirty-six participants with nonspecific interstitial pneumonia 

(NSIP) who underwent xenon 129 MRI gas-exchange imaging 
had no difference in ventilation defect percentage compared with 
15 healthy control participants (median, 4% vs 6.0%; P = .91).

	N The same participants, however, had an increased high barrier 
uptake percentage (median, 6.2% vs 0.53%; P = .003) and an 
increased red blood cell transfer defect percentage (median, 20.6% 
vs 2.8%; P , .001).
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where the dose equivalent is the hypothetical volume of pure, 
100% hyperpolarized 129Xe that would produce the same net 
magnetization as the dose being sampled) and a larger dose for 
the imaging scan (target dose equivalent ≥150 mL; actual dose: 
mean, 175.6 mL 6 31.9). These doses required xenon volumes 
(86% enriched in 129Xe), which ranged 210–720 mL depend-
ing on the type of acquisition, and which were expanded with 
a nonpolarized 129Xe blend to achieve a net 1-L dose delivery 
bag volume. The bag was then inhaled from functional residual 
capacity. Supplementary oxygen was administered as needed by 
means of a nasal cannula that was removed two breaths (approxi-
mately 10–12 seconds) before 129Xe inhalation. Heart rate and 
oxygen saturation were continuously monitored with an MRI-
compatible monitoring system (Model 7500, Nonin).

The combined calibration and spectroscopy scan was per-
formed during a 16-second breath hold and acquired 600 
129Xe free-induction decays at 20-msec intervals (echo time, 
0.45 msec; target flip angle, 20°; dwell time, 37 msec; 512 
points) (24). Three-dimensional images were obtained during 
a 15-second breath hold using an interleaved radial acquisi-
tion of gas- and dissolved-phase (ie, barrier uptake and RBC) 
signals. Dissolved-phase images were obtained with an effec-
tive repetition time of 15 msec and flip angle of 20° and an 
echo time that allowed the dissolved-phase compartments to 
be decomposed using the one-point Dixon method (25). This 
process generated three-dimensional images of the gas, barrier 
uptake, and RBC components with a nominal isotropic resolu-
tion of 6.3 mm.

Image Processing and Analysis
Quantification of 129Xe MRI scans was performed according 
to previously published methods (26). Gas phase 129Xe MRI 
scans were rendered into quantitative maps by normalizing 
to the top intensity percentile and assigning each voxel into 
one of six classification “bins” using pre-existing thresholds 
previously derived from a healthy reference population (26). 

Barrier uptake and RBC images were divided by gas-phase 
intensities on a voxel-by-voxel basis to create maps relative to 
the gas signal, which were also cast into bins (six for RBC and 
eight for barrier uptake due to its greater dynamic range) as 
described previously (26). All measurements of barrier uptake 
and RBC transfer were calculated relative to the gas phase 
signal. Ventilation was quantified by using the ventilation de-
fect percentage (VDP), corresponding to the signal at least 2 
standard deviations below the healthy reference mean (ie, the 
lowest bin). Barrier uptake was quantified by using the high 
barrier uptake percentage, corresponding to the signal at least 
2 standard deviations above the healthy reference mean (ie, 
the three highest bins). RBC transfer was quantified using the 
RBC defect percentage (RDP), corresponding to the signal at 
least 2 standard deviations below the reference mean (ie, the 
lowest bin) (26,27).

Healthy 95th-Percentile Calculation
For each of these metrics—VDP, high barrier uptake percentage, 
and RDP—we calculated the observed 95th-percentile value 

Figure 1:  Flowchart of participant population. Our population with nonspecific 
interstitial pneumonia (NSIP) was derived from patients diagnosed with NSIP who 
had a provider appointment at our center between 2017 and 2020. Diagnosis 
(dx) was made by means of surgical pathologic findings or CT with clinical cor-
roboration. Patients recruited according to pathologic results were excluded if 
they did not undergo CT, but patients diagnosed after undergoing CT were not 
required to have pathologic results.

Table 1: Participant Characteristics at Imaging

Characteristic

Healthy Control  
Participants  
(n = 15)

Participants  
with NSIP  
(n = 36)

P 
Value

Sex
  M 13 9 NA
  F 2 27 NA
Mean age (y)* 39 6 18 57 6 11 ,.001
Lung function  

at imaging
  FVC%† 92.0 (87.3, 105.3) 63.5 (52.0, 75.3) ,.001
  DLCO%† 85.5 (80.3, 90.8) 53.5 (40.8, 75.0) ,.001
  ILD-GAP score
    ,0 NA 7 (19) NA
    0–1 NA 22 (61) NA
    .1 NA 7 (19) NA
Pulmonary artery  

diameter (cm)†
NA 3.0 (2.8, 3.3) NA

Therapy at imaging
  None NA 6 (17) NA
  Prednisone alone NA 4 (11) NA
  Advanced therapy  

with or without  
prednisone

NA 25 (71) NA

Note.—Except where indicated, data are numbers of participants, 
with percentages in parentheses. Healthy control participants 
were not required to undergo CT and thus do not have 
pulmonary artery measurements. DLCO% = percentage of 
predicted diffusing capacity of the lung for carbon monoxide, 
FVC% = percentage of predicted forced vital capacity, ILD-GAP 
= Interstitial Lung Disease–Gender-Age-Physiology, NA = not 
applicable, NSIP = nonspecific interstitial pneumonia.
* Numbers are means 6 standard deviations.
† Numbers are medians. The first number in parentheses is the 
first quartile, and the second number in parentheses is the third 
quartile.
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in healthy control participants (H95%) as 2 standard devia-
tions above the corresponding mean value of that metric in our 
healthy control population.

Spectroscopy Processing and Analysis
Dynamically acquired free-induction decays were fit to three 
peaks (ie, gas, barrier uptake, and RBC transfer) in the time 
domain with each peak described by an amplitude, chemical 
shift, phase, and either one (gas and RBC) or two (barrier 
uptake) full widths at half maximum (24). Spectroscopy in-
dexes included the RBC-to-barrier ratio, RBC static chemical 
shift, and cardiogenic oscillations of the RBC signal ampli-
tude and chemical shift, which were quantified with peak-
to-peak value relative to the mean (24). For participants who 
underwent dynamic spectroscopy scanning twice in the same 
imaging session as part of a concurrent study to assess repeat-
ability of spectroscopy measurements, the mean of the mea-
surements was used for analysis.

Statistical Analysis
Differences between the healthy group and participants with 
NSIP were assessed using the Wilcoxon rank-sum test. To 
account for multiple comparisons when testing our primary 

hypothesis, we applied a Bonferroni correction with m = 7 
corresponding to the three imaging-based and four spectros-
copy-based tests, yielding a significance threshold of P , 
.05/7 = .0071. All other rank-sum tests were evaluated with 
a statistical significance of P , .05. Correlations with clini-
cal metrics were assessed using the Spearman correlation with 
a statistical significance of P , .05. Statistical analysis was 
performed with R software (version 3.6.0, R Foundation for 
Statistical Computing) (28).

Results

Participant Characteristics
Thirty-six participants with NSIP (mean age, 57 years 6 11; 
27 women) and 15 healthy control participants (mean age, 
39 years 6 18; two women) were enrolled between Novem-
ber 2017 and February 2020 (Fig 1). Surgical lung biopsies 
obtained from 13 participants had a confirmed NSIP pat-
tern identified at pathologic examination. Six participants 
had inconclusive pathologic findings, and the remaining 17 
did not undergo a biopsy. The CT scans used for screening 
occurred at a mean of 597 days 6 529 before the study 
visit. Basic demographic, clinical, and treatment character-

Figure 2:  Representative CT scans, xenon 129 (129Xe) MRI ventilation scans, barrier scans, and red blood cell (RBC) scans in healthy control participant 
and three participants with nonspecific interstitial pneumonia (NSIP) and range of findings (from left to right: man, age 24 years; woman, age 46 years; 
woman, age 55 years; and woman, age 57 years). Orange and red indicate reduced signal in ventilation and RBC components, indicating abnormalities. 
Purple indicates increased signal in barrier component, possibly indicating thickened barrier and/or fibrosis. The first and third scans in participants with NSIP 
(second and fourth columns in figure) show common pattern of basilar-predominant RBC transfer defects. Note that although these RBC transfer defects are 
ubiquitous features in participants with NSIP, some participants with NSIP have preserved, normal-looking barrier uptake and/or ventilation. Regional cor-
respondence is visible between CT and 129Xe MRI abnormalities. Notably, regions of high barrier measured using 129Xe MRI are also associated with normal 
CT findings, suggesting early-stage microstructural disease activity not yet visible on CT scan. Barhigh = high barrier percentage, Ref. = reference, RDP = red 
blood cell defect percentage, SD = standard deviation, VDP = ventilation defect percentage.
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istics of our population are shown in Table 1. Participants 
with NSIP had a lower percentage of predicted forced vital 
capacity and percentage of predicted diffusing capacity of 
the lung for carbon monoxide versus healthy control par-
ticipants (median, 63.5% [first quartile, 52.0%; third quar-
tile, 75.3%] vs 92% [first quartile, 87.3%; third quartile, 
105.3%] and median, 53.5% [first quartile, 40.8%; third 
quartile, 75.0%] vs 85.5% [first quartile, 80.3%; third quar-
tile, 90.3%], respectively; P , .001 for both). Seven of the 

36 participants with NSIP (19%) had an ILD–Gender-Age-
Physiology score lower than 0, 22 (61%) had a score of 0 or 
1, and seven (19%) had a score higher than 1. Participants 
with NSIP had a median pulmonary artery diameter of 3.0 
cm (first quartile, 2.8 cm; third quartile, 3.3 cm) measured 
using CT and a resting peripheral capillary oxygen satura-
tion of 98% (first quartile, 96%; third quartile, 99%), with 
four participants requiring supplementary oxygen at rates 
of 2–6 L/min.

Of the 29 participants receiving treat-
ment for NSIP at imaging, four (14%) 
were receiving prednisone alone, and the 
remaining 25 (86%) were receiving a more 
advanced therapy with or without predni-
sone, including mycophenolate, rituximab, 
azathioprine, pirfenidone, and/or myco-
phenolic acid. Medical history was unavail-
able for one participant who received care 
outside our health system.

Representative 129Xe MRI Findings
Figure 2 shows representative CT and 129Xe 
MRI scans from a healthy control par-
ticipant and three participants with NSIP. 
Typical spectroscopic findings from a par-
ticipant with NSIP and a healthy control 
participant are shown in Figure 3. Imaging 
and spectroscopy metrics for participants 
with NSIP and healthy control participants 
are presented in Table 2. The mean VDP in 
the healthy control participants was 5.5% 
6 4.2, resulting in a H95% of 13.8%. The 
high barrier uptake percentage was 2.8% 6 
5.2, resulting in a H95% of 13.1%, and the 
RDP was 4.4% 6 4.2, resulting in a H95% 
of 12.8%. The healthy control participants 
and participants with NSIP were directly 
compared using box plots for each metric  
(Fig 4) and the Wilcoxon rank-sum test. 
The VDP did not differ between the par-
ticipants with NSIP and the healthy control 
participants (median, 4.4% [first quartile,  

Figure 3:  Graphs of xenon 129 MR spectroscopy results in participant with nonspecific interstitial 
pneumonia (NSIP) (woman, age 67 years; dashed orange line) and healthy control participant (man, age 
63 years; solid orange line). Difference in red blood cell (RBC) and barrier peaks leading to reduced RBC-
to-barrier ratio is clearly visible in participant with NSIP. Also note reduced chemical (Chem.) shift in RBC 
peak and increased RBC amplitude and chemical shift oscillations (Osc.) associated with cardiac cycle in 
participant with NSIP.

Table 2: Xenon 129 MRI and Spectroscopy Metrics for Healthy Control Participants and Participants with NSIP

Metric Healthy Control Participants (n = 15) Participants with NSIP (n = 36) P Value
VDP (%) 6.0 (2.8, 6.9) 4.4 (1.5, 8.7) .91
High barrier percentage (%) 0.53 (0.33, 2.9) 6.2 (1.8, 23.9) .003
RDP (%) 2.8 (2.3, 4.9) 20.6 (11.6, 27.8) ,.001
RBC-to-barrier ratio 0.57 (0.52, 0.67) 0.24 (0.19, 0.31) ,.001
RBC static chemical shift (ppm) 218.2 (217.9, 218.6) 217.5 (217.0, 218.0) .001
RBC amplitude oscillations (%) 8.1 (7.6, 9.4) 15.4 (12.6, 19.3) ,.001
RBC chemical shift oscillations (ppm) 0.04 (0.04, 0.06) 0.11 (0.06, 0.14) ,.001

Note.—Data are medians. The first number in parentheses is the first quartile, and the second number in parentheses is the third quartile. 
Two healthy control participants and four participants with nonspecific interstitial pneumonia (NSIP) did not have usable spectroscopy 
results and are omitted from spectroscopic measurements. RBC = red blood cell, RDP = red blood cell defect percentage, VDP = ventilation 
defect percentage.
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Figure 4:  Box plots show ventilation defect percentage, high barrier uptake percentage, and red blood cell defect percentage in healthy control participants and par-
ticipants with nonspecific interstitial pneumonia (NSIP). Horizontal dashed lines indicate observed 95th-percentile values in healthy control participants as determined using 
mean + 2 standard deviations in healthy control participants. Each black dot is an individual study participant. Horizontal solid lines are first quartile, median, and third quar-
tile. Both high barrier uptake percentage and red blood cell defect percentage were higher in participants with NSIP than in healthy control participants (median, 6.2% [first 
quartile, 1.8%; third quartile, 23.9%] vs 0.53% [first quartile, 0.33%; third quartile, 2.9%]; P = .003 and median, 20.6% [first quartile, 11.6%; third quartile, 27.8%] vs 2.8% 
[first quartile, 2.3%; third quartile, 4.9%]; P , .001, respectively). Ventilation defect percentage did not differ between the two groups (median, 4.4% [first quartile, 1.5%; 
third quartile, 8.7%] vs 6.0% [first quartile, 2.8%; third quartile, 6.9%]; P = .91).

Figure 5:  Scatterplot shows distribution of high barrier uptake percent-
age and red blood cell defect percentage in participants with nonspecific 
interstitial pneumonia (NSIP) (triangles) and healthy control participants 
(circles). High barrier uptake percentage for the observed 95th percentile in 
healthy control participants (12.7%) and red blood cell defect percentage 
for the observed 95th percentile in healthy control participants (12.8%) are 
indicated by dashed lines.

Figure 6:  Scatterplot shows treatment at imaging in 35 participants with 
nonspecific interstitial pneumonia. Six participants (17%) were receiving 
no treatment (circles), four participants (11%) were receiving prednisone 
(Pred.) alone (triangles), and the remaining 25 (71%) were receiving more 
advanced therapy with or without prednisone (diamonds). The high barrier 
percentage for the observed 95th percentile in healthy control participants 
(13.1%) and red blood cell defect percentage for observed 95th percen-
tile in healthy control participants (12.8%) are indicated by dashed lines. 
Note that all participants who were not receiving therapy had high barrier 
uptake percentage at or below the observed 95th percentile in healthy 
control participants.
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1.5%; third quartile, 8.7%] vs 6.0% [first quartile, 2.8%; third 
quartile, 6.9%]; P = .91), although the population with NSIP 
had a wide distribution around the median, suggesting variabil-
ity in individual participants. Both high barrier uptake percent-
age and RDP were higher in the participants with NSIP com-
pared with the healthy control participants (median, 6.2% [first 
quartile, 1.8%; third quartile, 23.9%] vs 0.53% [first quartile, 
0.33%; third quartile, 2.9%]; P = .003 and median, 20.6% [first 
quartile, 11.6%; third quartile, 27.8%]% vs 2.8% [first quartile, 
2.3%; third quartile, 4.9%]; P , .001 respectively).

The scatterplot in Figure 5 illustrates the distribution of high 
barrier uptake percentage and RDP in the healthy control partici-
pants compared with that in participants with NSIP. In the partici-
pants with NSIP, high barrier uptake percentage exceeded H95% in  
13 of 36 participants (36%), whereas RDP exceeded H95% in 
25 of 36 participants (69%); both metrics exceeded their respec-
tive H95% in eight of 36 participants (22%). Conversely, for 
healthy control participants, all but two of 15 (13%) were below 
both H95% values, and none exceeded both H95% values.

In the participants with NSIP, treatment status is shown 
relative to high barrier uptake percentage and RDP in Figure 
6. All eight participants with both high barrier uptake percent-
age and RDP above their corresponding H95% (upper right 
quadrant) were receiving an advanced therapy (ie, more than 
prednisone alone). Among the participants with one or both 
metrics below the corresponding H95%, this proportion was 
reduced to 17 of 27 participants (63%).

Spectroscopy Findings
RBC amplitude oscillations and chemical shift in the healthy 
control participants and participants with NSIP are shown in 
Figure 7. An illustration of proposed physiology underlying 
RBC oscillation measurements is available in Figure E1 (online). 
Two healthy control participants and four participants with 
NSIP did not have usable spectroscopy findings and were omit-
ted. Eight healthy control participants and 25 participants with 
NSIP underwent spectroscopy scanning twice, which were aver-
aged. The remaining five healthy control participants and seven 

participants with NSIP underwent spectroscopy 
scanning once. The RBC-to-barrier ratio was lower 
in participants with NSIP than in healthy control 
participants (median, 0.24 [first quartile, 0.19; 
third quartile, 0.31] vs 0.57 [first quartile, 0.52; 
third quartile, 0.67]; P , .001) as was the RBC 
static chemical shift (median, 217.5 ppm [first 
quartile, 217.0 ppm; third quartile, 218.0 ppm] vs 
218.2 ppm [first quartile, 217.9 ppm; third quar-
tile, 218.6 ppm]; P , .001). RBC amplitude oscil-
lations were higher in participants with NSIP than 
in healthy control participants (median, 15.4% 
[first quartile, 12.6%; third quartile,19.3%] vs 
8.1% [first quartile, 7.6%; third quartile, 9.4%]; P 
= .001), as were chemical shift oscillations (median, 
0.11 ppm [first quartile, 0.06 ppm; third quartile, 
0.14 ppm] vs 0.04 ppm [first quartile, 0.04 ppm; 
third quartile, 0.06 ppm]; P , .001).

Correlations with Pulmonary Function Tests
Correlations between 129Xe MRI and spectroscopy 
measurements and percentage of predicted diffusing 
capacity of the lung for carbon monoxide and per-
centage of predicted forced vital capacity are shown 
in Tables 3  and 4. An increased high barrier uptake 
percentage was associated with reduced percentage 
of predicted forced vital capacity (r = 20.37, P = 
.03). The RBC-to-barrier ratio was associated with 
increased percentage of predicted diffusing capacity 
of the lung for carbon monoxide (r = 0.49, P = .005). 
RDP and RBC chemical shift were associated with 
reduced percentage of predicted diffusing capacity of 
the lung for carbon monoxide (r = 20.47, P , .01 
and r = 20.36, P = .043 respectively).

Discussion
Participants with nonspecific interstitial pneumo-
nia (NSIP) had no difference in ventilation com-

Figure 7:  Top row: Box plots show that static xenon 129 MR spectroscopy measurements of 
red blood cell (RBC)–to-barrier ratio and RBC static chemical (Chem.) shift are lower in partici-
pants with nonspecific interstitial pneumonia (NSIP) than in healthy control participants (P , .001 
and P = .001 respectively). Bottom row: Box plots of dynamic spectroscopy measurements show 
that RBC amplitude oscillations (Osc.) and RBC chemical shift oscillations are higher in participants 
with NSIP than in healthy control participants (P , .001 for both). Each black dot is an individual 
study participant. Horizontal solid lines are the first quartile, median, and third quartile.
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pared with healthy control participants observed with 129Xe 
gas-exchange MRI, but they had a higher barrier uptake and 
reduced red blood cell (RBC) transfer. Spectroscopy showed 
that participants with NSIP had a reduced RBC-to-barrier ra-
tio, reduced RBC chemical shift, increased RBC amplitude 
oscillations, and increased RBC chemical shift oscillations.  
Percentage of predicted diffusing capacity of the lung for carbon 
monoxide in our population with NSIP was positively correlated 
with RBC-to-barrier ratio and negatively correlated with RDP and 
RBC chemical shift. Percentage of predicted forced vital capacity 
was negatively correlated with high barrier uptake percentage.

We observed consistent RBC transfer impairment in partici-
pants with NSIP, often exhibiting a basilar predominant pattern. 
More than two-thirds of the participants with NSIP had a RDP 
above the corresponding H95% value, and it was above the third 
quartile of healthy control participants in every participant with 
NSIP. Conversely, although the high barrier uptake percentage 
was significantly increased relative to the healthy control par-
ticipants, it only exceeded the corresponding H95% value in 
13 of 36 NSIP participants (36%). One possible explanation 
lies in the fact that the majority of participants were receiving a 
range of therapies known to effectively treat NSIP, as preliminary 
studies in IPF have suggested that effective therapy reduces bar-
rier uptake while minimally affecting RBC transfer (29). There-
fore, we speculate that the relatively normalized barrier in many 
participants with NSIP may reflect slowed disease progression 
because of effective therapy, whereas the persistently increased 
RDP reflects lasting and irreversible damage caused by fibrosis. 
Similar patterns of increased 129Xe barrier tissue uptake and sub-
sequent reduction in transfer to RBCs have been observed in 
IPF (17). Interestingly, although the overall VDP distribution 
in the population with NSIP was no different from the healthy 
control participants, two of the three participants with NSIP 
with VDP over the corresponding H95% value had a very high 
VDP (34.4% and 22.3%), suggesting the possibility of airway 
obstruction in a subset of patients with NSIP.

Static and dynamic spectroscopy measurements further 
suggest that underlying alterations in gas exchange are similar 
between patients with NSIP and those with IPF. Most fun-
damentally, the reduction in RBC-to-barrier ratio reflects the 
concomitant increase in barrier uptake and a decrease in RBC 
transfer seen when measured using 129Xe MRI in our study. 
This measurement also appears to be more sensitive to disease 
progression in patients with IPF than conventional clinical 
metrics (18). This is also consistent with the ubiquitous RBC 
transfer defects observed on images in our participants with 
NSIP and the significantly reduced percentage of predicted dif-
fusing capacity of the lung for carbon monoxide. The reduced 
RBC chemical shift and its oscillatory behavior suggests lower 
and more delayed oxygenation in the pulmonary capillary bed, 
as RBC chemical shift is known to be dependent on oxygen 
saturation level (30).

Increased RBC amplitude oscillations have previously been 
observed in patients with IPF (17,20) and were hypothesized 
to be the result of increased impedance to blood flow because 
of a partially destroyed capillary bed (17). In this scenario, a 
preserved cardiac stroke volume is forced through a reduced 
amount of pulmonary vasculature, thus provoking larger signal 
oscillations (16). This observation in conjunction with RBC 
defects on images suggests that a similar phenomenon may 
take place in patients with NSIP. Further, the increased RBC 
chemical shift oscillations seen in patients with NSIP were 
also observed in patients with IPF but not in those with other 
cardiovascular diseases. The clinical significance of this find-
ing is not yet clear but was hypothesized to be related to large 
excursions in blood oxygenation as capillary blood volume is 
replenished in a thickened or otherwise diffusively impaired 
interstitium during the cardiac cycle (16). That this finding is 
also demonstrated in patients with NSIP further suggests that 
it is a feature common to ILD-related fibrosis.

Our study had limitations. First among these was the con-
founding effect of therapy. Given the availability of efficacious 
treatment for patients with NSIP, it was not possible to recruit 

Table 3: Spearman Rho Correlations of DLCO% with Xenon 
129 MRI and Spectroscopy Measurements

Metric

Healthy  
Control  
Participants  
(n = 15)

Participants  
with NSIP  
(n = 35)

VDP (%) 0.19 (.51) 20.09 (.62)
High barrier uptake percentage (%) 20.14 (.63) 20.20 (.25)
RDP (%) 20.01 (.97) 20.47 (.004)
RBC-to-barrier ratio 0.01 (.96) 0.49 (.005)
RBC static chemical shift (ppm) 20.04 (.89) 0.31 (.09)
RBC amplitude oscillations (%) 0.22 (.47) 20.04 (.83)
RBC chemical shift  

oscillations (ppm)
20.08 (.80) 20.36 (.043)

Note.—Numbers in parentheses are P values. DLCO% = 
percentage of predicted diffusing capacity of the lung for carbon 
monoxide, NSIP = nonspecific interstitial pneumonia, RBC = 
red blood cell, RDP = red blood cell defect percentage, VDP = 
ventilation defect percentage.

Table 4: Spearman Rho Correlations of FVC% with Xenon 
129 MRI and Spectroscopy Measurements

Metric

Healthy  
Control  
Participants  
(n = 15)

Participants  
with NSIP  
(n = 35)

VDP (%) 0.01 (.98) 20.02 (.92)
High barrier uptake percentage (%) 20.05 (.86) 20.37 (.03)
RDP (%) 0.05 (.88) 20.08 (.63)
RBC-to-barrier ratio 0.08 (.79) 0.06 (.75)
RBC static chemical shift (ppm) 0.03 (.93) 0.21 (.25)
RBC amplitude oscillations (%) 0.32 (.28) 0.02 (.93)
RBC chemical shift  

oscillations (ppm)
0.29 (.33) 20.03 (.86)

Note.—Numbers in parentheses are P values. FVC% = percentage 
of predicted forced vital capacity, NSIP = nonspecific interstitial 
pneumonia, RBC = red blood cell, RDP = red blood cell defect 
percentage, VDP = ventilation defect percentage.
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a treatment-naive population. Although participants with NSIP 
who were above the H95% for both the high barrier uptake per-
centage and RDP were uniformly receiving advanced therapy, 
some participants below one or both of these H95% values were 
also undergoing advanced therapy. Although this is consistent 
with the hypothesis that effective treatment may reduce abnor-
malities detected using 129Xe MRI, we could not assess any causal 
relationship between therapy and 129Xe MRI findings. Second, 
our group of healthy control participants was younger than our 
population with NSIP and was predominantly composed of 
men. Because more women show NSIP patterns and are known 
to have an altered immune response, and age is a factor in lung 
function decline, we acknowledge that an age- and sex-matched 
control population would result in a more specific comparison. 
However, this does not affect the variation in measurements be-
tween individual ILD patients. Further, the observed differences 
in gas-exchange function between healthy control participants 
and participants with NSIP are far starker in pattern and degree 
than would be expected of ordinary age and/or sex differences. 
Third, although preliminary studies have shown that dissolved-
phase MRI has good repeatability in a cohort of healthy patients 
(31), neither the repeatability nor the minimal clinically impor-
tant difference of these measurements in fibrotic lung disease 
have been characterized. Fourth, the average time between the 
screening CT examination and the 129Xe MRI examination was 
almost 2 years. To ensure the availability of contemporaneous 
clinical findings, it would be preferable to recruit patients im-
mediately after they undergo clinical CT and are examined by 
a pulmonologist. Finally, our study did not attempt to establish 
correlations between 129Xe MRI and other aspects of a multi-
disciplinary ILD diagnosis such as pathologic findings and CT. 
Nonetheless, our results are a necessary first step for character-
izing the presentation of patients with NSIP assessed with 129Xe 
gas-exchange MRI and for determining possible markers of ther-
apy response in patients with ILD in a broader way.

In conclusion, these preliminary results suggest that hyper-
polarized xenon-129 (129Xe) MRI and spectroscopy may illu-
minate the fundamental abnormalities and regional severity of 
gas exchange that occur in patients with nonspecific interstitial 
pneumonia and in those with potentially other non–idiopathic 
pulmonary fibrosis interstitial lung diseases. Future studies  
focused on 129Xe MRI characteristics early in the disease course 
and in response to therapies will advance this work and will fur-
ther explore its potential clinical impact. This new modality may 
serve to identify “treatable traits,” (32) monitor therapy response, 
and personalize treatment in this disorder.
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