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Background: MRI with inhaled hyperpolarized helium 3 (*He) allows for functional and structural imaging of the lungs.
Hyperpolarized gas diffusion-weighted (DW) MRI provides noninvasive and quantitative assessment of microstructural acinar
changes in the lungs.

Purpose: To investigate whether microstructural imaging metrics from in-vivo hyperpolarized *He DW MRI are sensitive to lon-
gitudinal changes in a cohort of participants with idiopathic pulmonary fibrosis (IPF) and to evaluate the reproducibility of these
metrics and their correlation with existing clinical measures of IPF disease severity.

Materials and Methods: In chis prospective study, 18 participants with IPF underwent *He DW MRI at 1.5 T and 11 participants
underwent an identical same-day examination for reproducibility assessment. Thirteen participants returned for 6- and 12-month
follow-up examinations. Pulmonary function tests, including diffusing capacity of the lungs for carbon monoxide and forced vital
capacity, were performed at each examination. The apparent diffusion coefficient (ADC) and stretched exponential model-derived
mean diffusive length scale (Lm,)) from DW MRI was compared with baseline CT fibrosis scores and pulmonary function tests by
using Spearman rank correlation coefficient. Longitudinal changes in DW MRI and pulmonary function test measurements were
assessed with Friedman tests and post hoc Dunn test.

Results: 3He ADC and Lm, were reproducible (mean Bland-Altman analysis bias, 0.002 cm? - sec™' and —1.5 m, respectively).
Elevated ADC and Lm, regions qualitatively corresponded to fibrotic regions at CT. ADC and Lm,, correlated with diffusing
capacity of the lungs for carbon monoxide (respectively: » = —0.56, P = .017; and » = —0.54, P = .02) and CT fibrosis score
(respectively: 7= 0.71, P = .001; and 7 = 0.65, P = .003). Lm, increased by 12 wm after 12 months (2 = .001) whereas mean ADC
(P = .17), forced vital capacity (P = .12), and diffusing capacity of the lungs for carbon monoxide (2> .99) were not statistically
different between examinations.

Conclusion: Helium 3 diffusion-weighted MRI-derived mean diffusive length scale demonstrates longitudinal changes in lungs af-
fected by idiopathic pulmonary fibrosis.
©RSNA, 2019
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Idiopathic pulmonary fibrosis (IPF) is a progressive
and usually fatal lung disease that occurs in the 6th
and 7th decades of life (1). This group of diseases is
defined by the lack of an underlying cause and the
presence of usual interstitial pneumonia, typically
identified at CT with honeycombing, reticulation, and
traction bronchiectasis (2). Usual interstitial pneumo-
nia is spatially heterogeneous, both macroscopically
and microscopically, demonstrating a peripheral and
basal predominant distribution. Despite recently avail-
able therapies that appear to slow the rate of disease
progression (3,4), current measures of disease severity
are insensitive and nonspecific, prompting searches

for clinical and imaging biomarkers of disease to assist
with phenotyping, prognostication, and the develop-
ment of therapies (5,6).

MRI with inhaled hyperpolarized helium 3 (*He) or
xenon 129 (¥Xe) allows for functional and structural
imaging of the lungs (7,8). Hyperpolarized gas diffusion-
weighted (DW) MRI enables noninvasive and quantita-
tive assessment of microstructural acinar changes (9,10).
The derived apparent diffusion coefficient (ADC) and
lung morphometry parameters from theoretical gas diffu-
sion models correlate with diffusing capacity of the lungs
for carbon monoxide and carbon monoxide transfer coeffi-
cient in diseases characterized by a loss of alveolar integrity,

This copy is for personal use only. To order printed copies, contact reprints@rsna.org



Airway Microstructure in Idiopathic Pulmonary Fibrosis

Abbreviations

ADC = apparent diffusion coefficient, DW = diffusion weighted , IPF =
idiopathic pulmonary fibrosis, Lm , = mean diffusive length scale

Summary

Hyperpolarized helium 3 diffusion-weighted MRI metrics were
elevated in lungs with idiopathic pulmonary fibrosis, and diffusion
model estimates of airway mean diffusive length scale demonstrated
sensitivity to longitudinal change.

Key Points

» The apparent diffusion coefficient (ADC) and stretched expo-
nential model derived mean diffusive length scale (Lm,)) from
diffusion-weighted MRI were reproducible (mean Bland-Altman
analysis bias, 0.002 cm? - sec™! and —1.5 pum, respectively).

= Regions with elevated ADC and Lm,, qualitatively corresponded
to fibrotic regions at CT.

m Lm increased by 12 pm after 12 months (2 = .001) whereas the
mean ADC (P = .17), forced vital capacity (P = .12), and diffus-
ing capacity of the lungs for carbon monoxide (2> .99) were not
statistically different between examinations.

such as the emphysematous component of chronic obstructive
pulmonary disease (11,12).

Previous *He and '*Xe DW MRI studies of IPF have been
predominantly restricted to the imaging of explanted lungs
affected by IPF (13,14) in which affected lungs were used
as control specimens and compared with lungs affected by
chronic obstructive pulmonary disease. Initial in vivo He
DW MRI in fibrotic lungs demonstrated elevated ADC val-
ues (15), but to our knowledge, no longitudinal studies in
individuals with IPF have been reported.

The purpose of our study was to investigate whether in
vivo hyperpolarized *He DW MRI metrics are sensitive to
longitudinal changes in a cohort of individuals with IPE In
addition, we evaluated the reproducibility of these micro-
structural imaging metrics and their correlation with existing
clinical measures of IPF disease severity.

Materials and Methods

This prospective study from February 2016 to February 2018
was approved by the Liverpool Central National Health Service
Research Ethics Committee. Written consent was obtained
from each participant.

Study Participants

Eighteen participants (15 men and three women; mean age,
71.4 years * 5.5 [standard deviation]; age range, 61-80
years) who were diagnosed with IPF were recruited by a mul-
tidisciplinary team at a single tertiary center for interstitial
lung disease. Participants were imaged at baseline, and 13 of
the participants returned for follow-up examinations after 6
and 12 months for longitudinal assessment. Four participants
died between follow-up examinations, and one participant
was too sick to return for sequential study examinations.

MRI and Analysis
All 18 participants underwent hyperpolarized *He DW MRI
at baseline, and 11 participants underwent a second identical

same-day examination for reproducibility assessment. Par-
ticipants were repositioned approximately 15 minutes after
baseline examination for the same-day repeat examination.
SHe DW MRI was performed on a 1.5-T imager (GE HDx;
GE Healthcare, Milwaukee, Wis) by using a quadrature chest
radiofrequency coil (Clinical MR Solutions, Brookfield, Wis)
with a three-dimensional multiple & value spoiled gradient—
echo sequence with compressed sensing undersampling (16).
Four DW interleaved acquisitions (& values: 0, 1.6, 4.2, and
7.2 sec/cm?; diffusion time, 1.6 msec) were acquired during
a single 15-second breath-hold examination after the inhala-
tion of a 1-L gas mixture from functional residual capacity
consisting of 250 mL of hyperpolarized *He (-25% polar-
ization) and 750 mL of nitrogen. Participants were coached
by a lung physiologist to achieve functional residual capacity
and practiced inhaling 1 L of room air before undergoing
imaging.

All MR image analyses were performed by one author
(H.EC., with 4 years of experience analyzing *He DW MRI)
using in-house software code (Matlab R2017a; Mathworks,
Natick, Mass). ADC and mean diffusive length scale (Lm,)
values were calculated for each data set on a voxel-by-voxel
basis. ADC was derived from a monoexponential fit of signal
intensities of the first two DW interleaves (4 = 0 and & =
1.6 sec/cm?). The stretched exponential function was used to
fit the signal intensities of all four DW interleaved acquisi-
tions to derive a Lm,, value, an estimate of mean alveolar di-
mension; full details are described in Chan et al (16). Global
mean values of ADC and Lm, for each darta set were obtained
from the average of all ADC and Lm,, values within the lung.

Pulmonary Function Tests

Same-day pulmonary function tests were performed during
each examination, including forced vital capacity, diffusing
capacity of the lungs for carbon monoxide, and carbon mon-
oxide transfer coefficient. Percentage predicted values for age
and sex were calculated by using the Global Lung Initiative
reference values (17).

CT Imaging and Analysis

Multi—detector row CT of the thorax was performed as close
as was practical to the baseline MRI (mean, 55.7 days *
61.7). Sixteen participants underwent noncontrast multi—de-
tector row CT at one tertiary center on a 64-section scan-
ner (Light-Speed; GE Medical) during a single full inspira-
tion breath hold; the remaining two participants underwent
multi-detector row CT at a separate referring hospital. CT
images were reconstructed to 1.25-mm-thick sections, and
the mean dose-length product for all participants was 313
mGy - cm (range, 101-743 mGy - cm).

CT images were visually assessed for interstitial lung dis-
case severity by using a semiquantitative Likert scoring scale
(18) by a single trained thoracic radiologist (C.S.]., with 6
years of experience) who was blinded to all clinical informa-
tion. Each lobe, considering the lingula as a lobe, was scored
from 0 to 4 (0, no fibrosis; 1, 1%—25% fibrosis; 2, 26%—50%
fibrosis; 3, 51%—75% fibrosis; and 4, 76%—100% fibrosis).

radiology.rsna.org = Radiology: Volume 00: Number 0— 2019
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Table 1: Participant Demographics, Baseline, and Same-Day Repeat Baseline Metrics
from Pulmonary Function Tests, *He Diffusion-weighted MRI, and CT Imaging
Parameter Baseline Same-Day Baseline Repeat
No. of participants 18 11
Age (y) 71.4 =55 70.8 = 5.5
Sex

No. of men 15 9

No. of women 3 2
FVC (% predicted) 80.3 +17.4 84.5 + 20.3

I(,() (% predicted) 46.7 = 18.8 50.9 = 18.9

K., (% predicted) 72.6 = 21.2 68.6 + 14.4
*He SNR 23+ 9 21 =9
Baseline repeat *He SNR 20+ 7
*He ADC (cm? - sec™') 0.33 £ 0.07 0.32 £ 0.06
Baseline repeat *He ADC (cm? - sec™) 0.32 = 0.05
’He Lm, (um) 272 = 22 266 *= 16
Baseline repeat °He Lm,, (um) 268 + 13
Likert CT fibrosis score 10.2 = 5.3
Note.—Data are mean * standard deviation unless otherwise indicated. Helium 3 (*He) signal-to-noise ratio
(SNR) was calculated from the diffusion interleave without diffusion weighting (& = 0 sec/cm?) and is cor-
rected for Rician distribution bias. The Likert CT fibrosis score is a range of 0-24. ADC = apparent diffusion
coefficient, D, = diffused capacity of the lungs for carbon monoxide, FVC = forced vital capacity, K =
carbon monoxide transfer coefficient, Lm,, = mean diffusive length scale.

»
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Figure 1: CT images and helum 3 (*He) diffusion-weighted MR images acquired at baseline in

a 74-year-old male study participant with idiopathic pulmonary fibrosis. Coronal CT images (top;
section thickness, 1.25 mm) show fibrotic regions of the lung. Corresponding coronal *He apparent
diffusion coefficient (ADC) and mean diffusive length scale (Lm,) maps (middle and bottom; section
thickness, 12 mm) show areas of elevated values that are spatially correlated to the fibrotic regions at
CT.

The score for each lung lobe was summed to provide a fibrosis
score (out of 24) for the whole lung.

Statistical Analysis

Spearman rank correlation coefficient determined strength of
correlation between pulmonary function tests and imaging
metrics. Reproducibility of DW MRI metrics was assessed

Radiology: Volume 00: Number O— 2019 = radiology.rsna.org

by using Bland-Altman analysis. Longitudinal differences in
DW MRI and pulmonary function test measurements were
assessed with Friedman tests and post hoc Dunn tests. All
statistical analyses were performed by using software (SPSS
version 23.0, IBM, Armonk, NY; and Prism version 7.04,
GraphPad, La Jolla, Calif), and a P value of less than .05

indicated statistical significance.
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Figure 2: Scatter plots demonstrate the relationship between helium 3 diffusion-
weighted MRI-derived apparent diffusion coefficient (ADC) and mean diffusive
length scale (Lm) values, and percentage predicted (% predicted) diffused capacity
of the lungs for carbon monoxide (D), carbon monoxide transfer coefficient (K_),
and semiquantitative CT fibrosis Likert score Both global mean ADC and Lmj values
show linear correlations with percentage predicted D, ., Ko, and CT fibrosis Likert

score.
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Figure 3: Bland-Altman comparison of global mean apparent diffusion coefficient (ADC) and mean diffusive
length scale (Lm) values for 11 participants with idiopathic pulmonary fibrosis (IPF) who underwent both imaging
at baseline and same-day repeat baseline examinations.

Results ADC and Lm,; values for this cohort were 0.33 cm* - sec™

+ 0.07 and 272 pm * 22, respectively. Regions of relatively
Baseline and Reproducibility Results high ADC and elevated Lm, values appear to spatially cor-
A summary of participant demographics and baseline mea-  relate with fibrotic regions on the accompanying CT sections
surements for our cohort of participants with IPF are shown  (Fig 1). Both percentage predicted carbon monoxide trans-

in Table 1 and Table El1 (online). The global mean *He  fer coefficient and diffusing capacity of the lungs for carbon

4 radiology.rsna.org = Radiology: Volume 00: Number 0— 2019
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Table 2: Summary of Pulmonary Function Tests and *He Diffusion-weighted MRI Metrics in
Study Participants with Idiopathic Pulmonary Fibrosis

6-month 12-month Friedman Test
Parameter Baseline Examination Examination P Value
EVC (% predicted) 83.9 = 18.7 80.2 = 18.9 79.9 £ 19.5 .12
D, ., (% predicted) 58.3 = 18.1 57.8 = 19.7 58.2 = 20.6 .9
K (% predicted) 76.4 * 16.5 75.3 = 15.8 75.4 = 16.6 .34
SHe SNR (4 = 0 sec/cm?) 23 + 11 32+ 13 37+ 11 .009
*He ADC (cm? - sec™?) 0.31 £ 0.07 0.32 £ 0.06 0.32 £ 0.07 .17
’He Lm, (m) 266 = 20 275 = 21 279 + 24 .002

Note.—Data are mean = standard deviation. Thirteen study participants were included; however, longi-
tudinal diffused capacity of the lungs for carbon monoxide and carbon monoxide transfer coefficient tests
were available in 12 study participants only. *He = helium 3, ADC = apparent diffusion coefficient, D
diffused capacity of the lungs for carbon monoxide, FVC = forced vital capacity, K, = carbon monoxide
transfer coefficient, Lm = mean diffusive length scale, SNR = signal-to-noise ratio.
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Figure 4: Pointto-point plots of global mean diffusive length scale (Lm,), mean ap-
parent diffusion coefficient (ADC), forced vital capacity (FVC), and diffused capacity
of the lungs for carbon monoxide (D) for baseline and 6- and 12-month follow-up
examinations in 13 participants with IPF.

monoxide were correlated with mean ADC (respectively:
r=—0.58, P = .01; and » = —0.56, P = .02) and Lm, (re-
spectively: 7 = —0.59, P = .01; and » = —0.54, P = .02,
respectively) (Fig 2). Forced vital capacity percentage predicted
was not correlated with either the mean ADC (P = .65) or Lm|
(P = .75) value. The average CT fibrosis (ie, Likert) score was
10 £ 5 of 24 and correlated with global mean *He ADC (r =
0.70; P =.001) and Lm (» = 0.65; P = .003) values (Fig 2).
Same-day mean ADC and Lm values in the 11 partici-
pants with IPF assessed at baseline were reproducible. Mean
ADC for baseline examination 1 and baseline examination 2
was 0.32 cm? - sec? = 0.06 and 0.32 cm? - sec * 0.05, re-
spectively. Lm | for baseline examination 1 and baseline exami-
nation 2 was 266 pm * 16 and 268 pm * 13, respectively.
Bland-Altman analysis of global mean ADC and Lm,j values
between both baseline examinations resulted in a mean ADC

Radiology: Volume 00: Number O— 2019 = radiology.rsna.org

bias of —0.002 cm? - sec? (95% confidence interval: —0.043
cm? - sec?, 0.039 cm? - sec % mean percentage bias, —0.9%;
95% confidence interval: —13.1%, 11.3%) and a mean Lm,
bias of —1.5 pm (95% confidence interval: —20.0 pwm, 17.1
pm; mean percentage bias, —0.6%; 95% confidence interval:

—7.4%, 6.3%; Fig 3).

Longitudinal Results

Table 2 and Table E2 (online) summarize the longitudinal assess-
ment of DW MRI and pulmonary function test metrics in par-
ticipants with IPE A trend toward increased mean “He ADC and
Lm,, and decreased forced vital capacity was observed over 6 and
12 months. Friedman tests determined that Lm | was different be-
tween examinations (x> = 12.46; P = .002), whereas ADC (P =
.17), forced vital capacity (P = .12), diffusing capacity of the lungs

for carbon monoxide (P > .99), and carbon monoxide transfer
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inflation state at 1.5 T (16,19) and
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were reproducible in lungs affected by
IPF; same-day variability was similar
to that reported previously for ADC
(19) and lung morphometry param-
eters (22) in healthy participants and
patients with chronic obstructive
pulmonary disease. Elevated ADC,
which is reflective of higher Brown-
ian gas diffusion in the acinar airways,
is consistent with the results obtained
from explanted and in vivo lungs
with fibrosis (13,15), but is different
than the decreased ADC observed in
rats induced with bleomycin models

Figure 5: Selected coronal helium 3 (*He) mean diffusive length scale (Lmj) maps for a 71-year-
old male study participant with idiopathic pulmonary fibrosis who exhibited a 19-um increase in Lm,
after 12 months. Global Lm;, value increased between each examination and was characterized by

a higher number of elevated Lm, regions, typically in the basal and peripheral regions of the lungs.
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Figure 6: Schematic of helium 3 (*He) gas atom diffusion (white arrows) in a healthy lung and
a lung with idiopathic pulmonary fibrosis (IPF). Healthy alveolar structures restrict *He diffusion in
the healthy lung. However, in the IPF lung, fibrotic changes lead fo a loss of alveolar surface area,
the formation of honeycomb cysts, and dilation of terminal bronchi. These factors all contribute to
higher *He diffusion and elevated apparent diffusion coefficient (ADC) and mean diffusive length

of drug-induced interstitial lung dis-
ease (23). This discrepancy may be
because of pathologic and physiologic
differences between IPFE an insidious
pauci-immune idiopathic disease pre-
dominantly characterized by fibrosis,
and the bleomycin animal model that
is initially characterized by inflamma-
tion after a drug-induced organizing
pneumonia.

We hypothesized that the elevated
ADC and Lm_j values reflect loss of
acinar integrity because of microstruc-
tural changes related to fibrosis (Fig 6).
This is qualitatively substantiated by
the elevated ADC and Lm, typically
evident in peripheral and basal regions
on the DW MRI maps, congruous
with the expected distribution of fi-
brotic disease at CT. The correlation
with semiquantitative CT fibrosis
score suggests sensitivity to honey-
comb cysts and terminal bronchiolar

scale (Lm) values from healthy participants (16).

coefficient (P = .34) were not statistically different (Fig 4). Post hoc
Dunn tests conducted for Lm | value determined an increase of
12.4 pm in global Lm | value between baseline and 12 months (=
.001). However, no difference was observed between examinations
at baseline and 6 months (P = .22), and 6 months and 12 months
(P=.23). Example Lm _ maps corresponding to a participant with
IPF in which an increase in mean global Lm  was observed are
shown in Figure 5, on which more elevated Lm, regions are ob-
served in the basal and peripheral regions of the selected coronal
maps over time.

Discussion

In our cohort of participants with IPE the mean *He ADC
and Lm, derived by using DW MRI are elevated compared
with reported values in young and older healthy patients ac-

dilation, characteristic of IPF lung

disease. The correlations with carbon
monoxide transfer coefficient and diffusing capacity of the lungs
for carbon monoxide also suggests that the elevated DW MRI
metrics are consistent with deteriorating alveolar gas transfer as-
sociated with the concomitant loss of alveolar surface area.

‘The absence of a significant decrease in forced vital capacity,
diffusing capacity of the lungs for carbon monoxide, and car-
bon monoxide transfer coefficient during 12 months suggests
that our cohort with IPF was clinically stable according to cur-
rent clinical markers of IPF disease progression. However, a sig-
nificant increase in global mean *He Lm,, value after 12 months
was observed and corresponded to a larger number of elevated
Lm,, regions typically in the base and periphery of Lm _ maps.
This is consistent with the expected patterns of IPF progression
and suggests that Lm_ from DW MRI may have greater sensi-
tivity to progressive microstructural changes in lungs affected by

radiology.rsna.org = Radiology: Volume 00: Number 0— 2019



IPF compared with ADC or pulmonary function tests alone.
Lm_, value may be useful as a quantitative metric for the assess-
ment of early progressive microstructural changes in IPF that is
hidden from the current clinical measures for disease progression
that rely on pulmonary function tests.

Although it only visually showed a trend, the global mean
SHe ADC was not significantly different after 12 months. This
discrepancy may be explained by the ADC monoexponential fit
that does not account for the non-Gaussian diffusion observed
in the lungs with hyperpolarized gas DW MRI (24). However,
the multiple 4 value—stretched exponential fit to all DW data
that is used to derive Lm fits the experimental measured dif-
fusion signal decay more accurately (24), but we do not know
whether the Lm | values derived are consistent with alveolar di-
mensions observed at histologic analysis of IPE

The primary limitation of our study was that in this small
cohort of participants with IPF there were no other independent
findings that corroborated our observed longitudinal change
in Lm,, value. Longitudinal CT imaging after 12 months, in
addition to assessment by a second radiologist, would further
strengthen future comparative studies. Further work is required
to corroborate whether the longitudinal microstructural changes
observed at DW MRI coincide with structural changes observed
at CT, and how these changes relate to discrete pathologic ele-
ments of IPE Feasibility of three-dimensional whole-lung mor-
phometry measurements derived from the cheaper and more
abundant '¥Xe isotope was recently demonstrated (25) and is
promising for the clinical viability of future longitudinal studies
of IPF with DW MRI.

In conclusion, elevated apparent diffusion coefficient and
mean diffusive length scale values, suggestive of terminal bron-
chiole and acinar airway enlargement, were observed in lungs
with idiopathic pulmonary fibrosis by using in vivo hyperpo-
larized *He diffusion-weighted (DW) MRI. DW MRI metrics
correlated with clinical measures of pulmonary gas exchange
and CT fibrosis score. After 12 months, a significant increase in
mean diffusive length scale value was demonstrated, whereas no
difference in apparent diffusion coeflicient value and pulmonary
functions tests was observed.
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