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To introduce a method based on multivolume proton (hy-
drogen ['H]) magnetic resonance (MR) imaging for the
regional assessment of lung ventilatory function, investi-
gating its use in healthy volunteers and patients with ob-
structive lung disease and comparing the outcome with
the outcome of the research standard helium 3 (*He) MR
imaging.

The institutional review board approved the HIPAA-com-
pliant protocol, and informed written consent was ob-
tained from each subject. Twenty-six subjects, including
healthy volunteers (n = 6) and patients with severe asthma
(n = 11) and mild (n = 6) and severe (n = 3) emphysema,
were imaged with a 1.5-T whole-body MR unit at four lung
volumes (residual volume [RV], functional residual capac-
ity [FRC], 1 L above FRC [FRC+1 L], total lung capacity
[TLC]) with breath holds of 10-11 seconds, by using vol-
umetric interpolated breath-hold examination. Each pair
of volumes were registered, resulting in maps of 'H signal
change between the two lung volumes. *He MR imaging
was performed at FRC+1 L by using a two-dimensional
gradient-echo sequence. 'H signal change and *He signal
were measured and compared in corresponding regions
of interest selected in ventral, intermediate, and dorsal
areas.

In all volunteers and patients combined, proton signal dif-
ference between TLC and RV correlated positively with
3He signal (correlation coefficient R = 0.64, P < .001).
Lower (P < .001) but positive correlation results from 'H
signal difference between FRC and FRC+1 L (R? = 0.44, P
< .001). In healthy volunteers, 'H signal changes show a
higher median and interquartile range compared with pa-
tients with obstructive disease and significant differences
between nondependent and dependent regions.

Findings in this study demonstrate that multivolume '"H
MR imaging, without contrast material, can be used as a
biomarker for regional ventilation, both in healthy volun-
teers and patients with obstructive lung disease.

©RSNA, 2014
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egional quantification of pul-

monary ventilation is of critical

importance in investigating lung
function in healthy individuals and in
patients with disease progression, in
planning pulmonary interventions, and
in evaluating parenchymal alterations
induced by therapy. With these aims,
multiple imaging techniques have been
proposed in the past few decades. Nu-
clear imaging provides a direct venti-
lation measure but is limited by low
resolution, low signal-to-noise ratio,
and time-averaged acquisitions that do
not necessarily reflect tidal breathing
(1-3). Xenon-enhanced computed to-
mography (CT) provides thin-section
ventilation images, but the xenon an-
esthetic properties and the require-
ment for special equipment are chal-
lenging (4). In the past decade, newer
methods based on multivolume CT
have been proposed as surrogates for
regional ventilation in healthy individ-
uals and in patients with disease (5-
7), but the radiation exposure of the
patients limits their use for repetitive

Advances in Knowledge

® Conventional MR images
acquired at multiple volumes can
be used to regionally investigate
lung function.

B Positive correlations have been
found between proton signal dif-
ferences across different lung
volumes and *He ventilation im-
aging, in both healthy volunteers
and patients with obstructive pul-
monary disease (R?> = 0.64, P <
.001).

B Proton signal change is sensitive
to regional ventilation inhomo-
geneities caused by gravitational
dependence in the healthy lung
(25% median increase from the
most ventral to the most grav-
ity-dependent one-third of the
lung, P = .002) and to regional
abnormalities resulting from
obstructive lung disease
(median and interquartile range
decrease, P < .001 in severe
emphysema).

follow-up examinations and for acqui-
sition in young adults, children, or
pregnant women.

In contrast to nuclear medicine and
CT techniques, magnetic
(MR) imaging offers a radiation-free
imaging modality. Hyperpolarized gas
MR imaging has proven useful in im-
aging lung function and microstructure
(8-11), but high costs and the use of
non-Food and Drug Administration—
approved gaseous tracers have thus
far restricted translation to the clinic.
Other methods based on paramagnetic
T1-shortening contrast agent tracers
have been proposed (12,13), but the
long examination time impedes their
routine use and limits most of the stud-
ies to two-dimensional sections. The
use of proton MR imaging has histor-
ically been hampered by the combina-
tion of low proton density and short
T2* of lung tissue (14,15), but it has re-
gained attention with the development
of short-acquisition-time techniques
(16,17) and frequency-swept nuclear
MR (18). Enhanced techniques devel-
oped with free-breathing MR imaging
have been proposed to assess regional
ventilation by using Fourier decomposi-
tion (19,20) and by using image regis-
tration (21,22).

Similar to multivolume CT-based
studies (5-7), we hypothesize that pro-
ton signal change within the lung among
different lung volumes (23) can be used
to regionally investigate lung function.
Therefore, the purpose of this study
was to introduce a method based on
multivolume proton ('H) MR imaging
for the regional assessment of lung ven-
tilatory function, investigating its use
in healthy volunteers and patients with

Implication for Patient Care

B The study demonstrates that, in
healthy subjects and patients
with obstructive pulmonary
disease, multivolume MR imaging
can be used as an alternative to
current ventilation imaging tech-
niques by using straightforward
pulse sequences and hardware
with no requirement for contrast
agents or ionizing radiation

resonance

obstructive lung disease and comparing
the outcome with the outcome of the
research standard *He MR imaging.

Materials and Methods

Study Subjects

The Institutional Review Board of
Washington University in St Louis, Mo,
approved the Health Insurance Porta-
bility and Accountability Act—compliant
protocol, and informed written consent
was obtained from each subject. In a
total of 26 subjects, six were healthy
volunteers, 11 were patients with severe
asthma, six were patients with mild em-
physema, and three were patients with
severe emphysema. The subjects’ de-
tails are reported in Table 1.

'H image acquisition.—Subjects
were imaged with a 1.5-T whole-body
MR unit (Avanto; Siemens, Erlangen,
Germany) at four lung volumes (re-
sidual volume [RV], functional resid-
ual capacity [FRC], 1 L above FRC
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Abbreviations:

FEV, = forced expiratory volume in the first second of
expiration

FRC = functional residual capacity

FRC+1 L =1L above FRC

10R = interquartile range

ROI = region of interest

RV = residual volume

TLC = total lung capacity
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Table 1

Characteristics of 26 Healthy Volunteers and Patients with Disease

Healthy Volunteers Patients with Mild Patients with Severe Patients with Severe
Characteristic (n=16) Emphysema (n = 6) Emphysema (1= 3) Asthma (7= 11)
Age (y) 33(32.2-54.7) 66 (63.7-66.0) 50 (49.0-59.5) 45 (43.5-46.0)
Sex
No. male 3 2 4
No. female 3 4 7
FEV, (percent predicted) 99 (98.0-103.0) 92 (73.2-95.7) 22 (20.5-25.5) 62 (56.0-73.5)
FVC (percent predicted) 104 (100.0-106.0) 102 (81.5-109.7) 67 (75.0-95.5) 78 (74.0-84.0)

FEV,/FVC (percent predicted)

81 (80.0-83.0)

69 (65.0-70.7)

23 (22.5-24.5)

75 (71.5-88.5)

Note.—Data are medians, and numbers in parentheses are interquartile ranges (IQRs). FEV1 = forced expiratory volume in the first second of expiration, FVC = forced vital capacity.

'H MR Imaging Parameters

Parameter Value
Repetition time (msec) 3.1
Echo time (msec) 0.8
Section thickness (mm) 5
In-plane resolution (mm?) 23x23
Field of view (mm?) 450 X 270
Flip angle (degrees) 10

3He MR Imaging Parameters

Healthy Patients with Mild Patients with Severe Patients with
Paramete Volunteers Emphysema Emphysema Severe Asthma
Repetition time (msec) 22 22 5.6 5.6
Echo time (msec) 2 2 2.8 2.8
Section thickness (mm) 10 10 10 10
In-plane resolution (mm?  7.03 X 7.03  7.03 X 7.03 3.52 X 3.52 3.12 %X 3.12
Flip angle (degrees) 6 3.5 9 9

[FRC+1 L], total lung capacity [TLC])
with breath holds of 10-11 seconds by
using volumetric interpolated breath-
hold examination with the integrated
body coil. Inflation volumes were de-
termined by coaching the volunteers
to TLC and RV. FRC was achieved
by the end of expiration during tidal
breathing, and FRC+1 L was achieved
by inhalation of a 1-L gas mixture from
FRC. Imaging parameters are listed in
Table 2.

3He image acquisition.—*He im-
ages were acquired at FRC+1 L of a
40% mixture of *He in nitrogen (*He
polarization, approximately 40%) by
means of a homebuilt and/or commer-
cial He polarizer (IGI.9600; GE Health-
care, Durham, NC) by using a two-
dimensional gradient-echo sequence
and eight-element receiver coil with a
separate single-channel transmit coil
(Stark Contrast MRI Coils Research,
Erlangen, Germany). Imaging parame-
ters (Table 3) were slightly different for
each group because of physical or tech-
nical limitations.

MR Image Processing

3He signal intensities were normalized
to the maximum *He pulmonary value in
each subject; no corrections for B, (rel-
atively uniform) were implemented. 'H
signal intensities were normalized to the
mean heart signal (tissue plus blood) to
eliminate the effect of sensitivity chang-
es due to volume differences and are ex-
pressed as a percentage of that signal.
'H MR images were first segmented
semiautomatically to separate lung paren-
chyma from the surrounding soft tissues
(24). To follow 'H signal change between
different inflation volumes, a deformable
image registration algorithm, based on
the Demons algorithm (25), was applied.
Deformable image registration consists
of finding the spatial mapping between
corresponding voxels in two images (ie,
the reference and the moving image)
and was applied to deform TLC to RV
and FRC+1 L to FRC, chosen arbitrarily
as reference volumes. The Demons algo-
rithm relies on the assumption that cor-
responding voxels on the images to be
registered have the same image intensity.

Thus, the input images were prepro-
cessed by using a Laplacian filter (26) to
make the registration process more sen-
sitive to structure rather than to over-
all image intensity (which changes with
lung volume).

The registered volume was sub-
tracted from the reference, resulting in
a map of 'H signal change between the
two lung volumes.

All algorithms for image process-
ing and quantitative analysis were per-
formed by using the open-source Insight
Segmentation and Registration Toolkit
of the National Library of Medicine (27).

Image Analysis

Image analysis was performed by one
author (F.P., with a PhD degree in bio-
engineering and 4 years of experience
in pulmonary imaging).

'H signal at different lung vol-
umes.—For each subject, median and
IQR of the 'H signal within the overall
lung were computed at each lung vol-
ume to evaluate the relationship be-
tween proton density and lung volume.
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Figure 1:

Representative masked original (top), registered (middle), and proton signal difference (bottom) maps at the

top diaphragm level from a healthy volunteer at RV, FRC, FRC+1 L, and TLC. Data are expressed as percentage of the
mean heart signal. Color spectra are expressed in arbitrary units (a.u.).

Lung volume was estimated by counting
the number of voxels within the seg-
mented lung.

Comparison between 'H signal
difference and *He MR imaging.—'H
signal difference and *He signal were
measured in corresponding regions of
interest (ROIs). At four lung levels, six
ROIs were chosen, by using software
(Medical Image Processing, Analysis
and Visualization; National Institutes
of Health, Bethesda, Md [28]) to uni-
formly cover the overall lung, avoiding
large blood vessels and airways. Corre-
sponding ROlIs were compared for each
patient separately, taking into account
variations in *He polarization from pa-
tient to patient; in a second approach,
corresponding ROIs in *He MR imag-
ing and 'H MR imaging were compared
in the overall population. '"H MR signal
difference was computed both for vital
capacity (ie, RV — TLC) and tidal vol-
ume (ie, FRC — FRC+1 L) to identify
the respiratory range that best corre-
lates with *He MR imaging.

Application in health and disease.—
For each subject, the median and IQR
of the '"H MR signal differences (com-
puted as RV — TLC) within the over-
all lung were calculated to evaluate
the proposed imaging technique in

discriminating between patients with
disease and healthy volunteers and in
quantifying the stage of disease.

Gravity dependence analysis.—In
each subject, the '"H MR signal differ-
ence map (computed as RV — TLC) was
partitioned in 10 regions of equal verti-
cal extent, and linear regression analysis
was performed between vertical (anteri-
or-posterior) height of the lung level (in
centimeters) and median values of the
'H signal difference. To perform statis-
tical analysis in larger lung regions, the
median values of 'H signal change were
computed within lung thirds of equal
vertical extent, namely ventral, interme-
diate, and dorsal regions.

Statistical Analysis
Statistical analysis was performed by
using software (SigmaStat version 11.0;
Systat Software, San Jose, Calif).
One-way analysis of variance was
applied to separately compare 'H sig-
nal median and IQR and signal change
across inflation volumes (RV, FRC,
FRC+1 L, TLC), disease states (healthy
volunteers and patients with asthma and
mild and severe emphysema) and verti-
cal lung third. The Spearman correlation
coefficient was used to correlate median
'H density to lung volume.

In cases in which the equal variance
test and/or the normality test failed, the
nonparametric Kruskal-Wallis analysis
of variance on ranks was applied. Post
hoc tests were based on Holm-Sidak
and Dunn methods for parametric and
nonparametric analysis of variance
tests, respectively.

Values in the main body and tables
are reported as medians (25th-75th per-
centiles). Significance was determined
by using a difference with P < .03.

The correlation coefficients (R?) be-
tween 'H signal change and *He MR im-
aging within corresponding ROls were
calculated by using linear regression for
each subject, and the median (25th-75th
percentiles) value for the overall popula-
tion was reported. In the second analysis,
the R? between 'H signal change and *He
signal within corresponding ROIs was
computed for the overall population, but
excluding two subjects whose *He signal
intensity data were severely clipped by
the digital buffer.

Figure 1 shows representative images at
the top diaphragm level of a healthy vol-
unteer. At the top, images at RV, FRC,
FRC+1 L, and TLC show that proton
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signal and gravity-dependent differences
decrease with increasing lung inflation.
In the middle, the registered images
demonstrate minimal change in the
distribution of the signal with registra-
tion. At the bottom, the proton signal
difference maps show increasing average
value and gravity-dependence heteroge-
neity with the respiratory range. Within

vital capacity, the proton signal changes
from 20% of the mean heart signal up
to 40% of the mean heart signal in the
gravity-dependent regions.

'H Signal at Different Lung Volumes

Table 4 reports the 'H signal median
and IQR in the different groups at all
the acquired volumes. The Spearman

Table 4

Proton Signal at Four Lung Volumes in Healthy Volunteers and Patients with Disease

Group RV FRC FRC+1 L TLC
Healthy volunteers
Median 35.1(29.4-38.1)  29.9(23.0-34.1)  21.9(17.1-23.5) 16.4 (14.0-18.5)
I0R 20.1(18.8-21.5)  17.5(15.4-18.7)  14.3(13.8-15.1) 12.4 (11.7-13.7)
Patients with mild
emphysema
Median 32.4(28.0-38.1)  26.4(24.5-31.5)  23.1(19.9-26.1) 18.6 (15.5-21.3)
IR 246 (18.6-25.7) 19.4(17.8-22.6)  17.9(14.3-18.3) 14.5(11.9-15.9)
Patients with severe
emphysema
Median 13.5(13.0-14.7)  122(11.2-13.0) 11.5(10.6-12.1) 11.2(10.6-11.3)
I0R 13.3(12.5-13.4)  10.6 (10.3-11.0)  10.2 (9.4-10.9) 9.6 (8.8-9.8)
Patients with severe
asthma
Median 29.8 (28.0-32.3)  25.8(23.3-27.4)  18.0(16.9-20.5) 15.6 (14.8-17.5)
1QR 19.3(18.5-20.4) 17.5(16.4-18.3)  13.3(12.1-15.3) 11.5(11.1-13.2)

Note.—Data are medians, and numbers in parentheses are IQRs.

correlation coefficient between median
'H density and segmented lung volume
is R of —0.81. In healthy volunteers
and patients with mild emphysema
and severe asthma, the median value
decreases from RV to TLC (respec-
tively, P < .01). In patients with severe
emphysema, there is no significant dif-
ference with lung volumes. At all lung
volumes, median values in healthy vol-
unteers and patients with mild emphy-
sema are significantly different from
those in patients with severe emphy-
sema (P < .05). No significant dif-
ference is present at TLC among the
different groups. In healthy volunteers
and patients with mild emphysema and
severe asthma, but not in patients with
severe emphysema, IQR decreases
from RV to TLC (P < .001). At RV and
FRC, but not at FRC+1 L. and TLC, IQRs
in healthy volunteers and patients with
mild emphysema and severe asthma
are significantly different from the IQR
in patients with severe emphysema
(P < .05).

Figure 2 reports representative
proton signal difference images. In
the representative healthy volunteer,
proton signal change averaged 20% of
the mean heart signal, with increasing
heterogeneity from aortic arch to top

Healthy

M. Emphysema S. Emphysema

S. Asthma

¢26V¢ 5

Figure 2: Representative proton signal difference images from a healthy volunteer (never smoker) and patients with
mild emphysema (FEV, = 55% predicted), severe emphysema (FEV, = 22% predicted), and severe asthma (FEV, =
67% predicted) are shown at representative lung levels: aortic arch (A4), carina (C), and top diaphragm (7D). Color
spectra indicate the H signal difference as a percentage of the mean heart signal.
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Figure 3:  Corresponding proton

density difference maps computed as

RV minus TLC and ®He MR images in, A,

a representative healthy volunteer, B, a
representative patient with asthma (FEV, =
60% predicted), and, C, a representative
patient with severe emphysema (FEV, =
19% predicted). H signal difference is ex-
pressed as a percentage of the mean heart
signal; ®He signal intensity is expressed

as a percentage of the maximum 3He lung
value. D, Correlation analysis between 'H
signal change and ®He signal intensity in
the overall population (R? = 0.61). Data
are expressed respectively in percentage
respect to the mean heart signal and to the
maximum 3He value within the lung. Dotted
lines = 95% confidence intervals for the
regressions. Color spectra indicate the 'H
signal difference as a percentage of the
mean heart signal.

Top Diaphragm

[ee)
o

> . ' . 7z
:‘u;'; . o od® .‘:,.// with no proton signal change are pre-
% 601 .c. .‘.’* “ sent and the gravitational gradient at
< ®e : 2 S the top diaphragm level is still present,
_ ~e % e although the overall average is smaller
D g 40 0 (& ?f'.~ « Healthy than that for the healthy volunteer.
D > ‘3} * Severe Asthma
(g 201 2 g o Iémld Emlghys;ema Comparison between 'H Signal Difference
o-’;__ W '3. ¢ oevere Emphysema and 3He MR Imaging
L}
0 ///llb. . . . . ‘ Figure 3, A, shows ROI analysis in a
-10 0 10 20 30 40 50 representative healthy volunteer. 'H

MR signal difference maps, computed
as RV minus TLC, demonstrated an in-
crease of 'H signal change up to 40%
of the mean heart signal from ventral
to dorsal regions, without ventilation

TH Signal Difference

diaphragm, where a clear gravitational aortic arch and carina. In the patient

gradient is present. In the patient with
mild emphysema, the 'H signal change
decreases at all lung levels, with areas
where 'H signal does not change at the

with severe emphysema, the average
'H signal change decreases below 10%,
with a more homogeneous distribution.
In the patient with severe asthma, areas

defects. ®*He MR images are charac-
terized by a high ®*He signal through-
out the overall lung. The correlation
between the two imaging techniques
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results in R? of 0.56 (P < .001). In the
same subject, 'H MR signal difference
for tidal volume, computed as FRC mi-
nus FRC+1 L, resulted in a lower but
positive R% of 0.38 (P < .001).

Figure 3, B, shows ROI analysis in
a representative patient with asthma.
'H signal difference maps and *He MR
images show corresponding ventilation
defects as low 'H signal difference areas
(around 0% of the mean heart signal)
and low ®He signal, in addition to cor-
responding well-ventilated areas, as
'H signal change averaging 30% of the
mean heart signal and high *He signal.
Correlation analysis resulted in an R? of
0.77 (P < .001). In the same subject,
'"H MR signal difference for tidal vol-
ume, computed as FRC minus FRC+1
L, resulted in a lower but positive R* of
0.62 (P < .001).

Figure 3, C, shows the correlation
analysis in a representative patient with
severe emphysema. The overall lung is
poorly ventilated with 3He; correspond-
ing proton signal variations for vital ca-
pacity averaged below 5% of the mean
heart signal. Ventilation in the left lower
lobe is still present and visible with both
imaging modalities. Areas of disagree-
ment are present in the right lower lobe.
Correlation analysis yields a positive cor-
relation coefficient of 0.55 (P < .001).

In all volunteers and patients com-
bined, the correlation coefficient be-
tween 'H signal difference images and
3He MR images is 0.64 (IQR, 0.53-
0.68) (P < .001). Lower but always pos-
itive correlation coefficient results from
'H signal difference computed for tidal
volume due to the lower contrast when
lower volume change occurs, with R? of
0.44 (IQR, 0.24-0.54).

Figure 3, D, shows the correlation
analysis between the normalized *He
signal and the '"H MR signal difference,
computed as RV minus TLC, in the
overall population, resulting in R? of
0.61 (P < .001). Per group, correlation
coefficients are R? of 0.64 in healthy
subjects, R? of 0.55 in asthmatic pa-
tients, R®> of 0.58 in patients with
mild emphysema, and R? of 0.62 in
patients with severe emphysema. *He
and 'H signal difference of patients
with severe emphysema are lower with

Proton Signal Differences in Healthy Volunteers and Patients with Disease Computed
during Different Phases of the Respiratory Cycle

Group RV —TLC FRC — TLC FRC — (FRC+1 L)
Healthy volunteers
Median 14.9 (13.4-17.4) 10.4 (9.0-11.5) 7.8 (4.9-8.6)
IR 18.2 (17.2-18.4) 13.7 (12.6-15.2) 16.1(13.3-17.4)

Patients with mild emphysema

Median 12.8 (10.4-16.7) 9.8 (7.2-12.1) 5.9 (4.6-8.0)

IGR 19.6 (16.4-20.1) 12.4 (10.5-12.9) 13.9(13.4-15.8)
Patients with severe emphysema

Median 2.5(2.2-2.9* 1.1(0.7-1.7) 1.0 (0.7-1.1)t

IR 8.4 (8.4-9.7)* 5.6 (5.4-7.3)* 6.2 (5.6-7.4)*
Patients with severe asthma

Analysis 1 13.3(10.0-15.2) 9.5 (6.1-10.6) 5.8 (4.8-7.3)

Analysis 2 16.6 (15.9-17.0) 12.3 (11.7-12.7) 13.4 (12.1-13.8)

Note.—Data are medians, and numbers in parentheses are IQRs. Values are expressed as the percentage of the mean heart

signal.
* P < .001 versus healthy volunteers.
TP<.05.

respect to the other groups. ROIs from
healthy volunteers are distributed to-
ward higher values with respect to ob-
structive diseases. Patients with mild
emphysema and patients with asthma
cover the entire range from those
with severe disease to those who are
healthy.

Application in Healthy Individuals and
Patients with Disease

Table 5 reports the median and IQR of
whole-lung "H signal change in healthy
volunteers and patients in three differ-
ent respiratory ranges. In patients with
severe emphysema, 'H signal difference
is lower than in healthy volunteers in
both median (P < .05, in all the respi-
ratory ranges) and IQR (P < .001 in
all the respiratory ranges). In patients
with asthma, IQR results are signifi-
cantly lower between FRC and TLC.

Gravity-dependence Analysis

The results of gravity-dependence
analysis are reported in Figure 4
. The individual variations of 'H MR
signal difference (computed as RV —
TLC) (Fig 4, left) along the vertical
(ie, anterior-posterior) direction dem-
onstrate an increase in all the healthy
volunteers—from nondependent to

dependent levels. This behavior is not
present in patients. The results of the
linear regression analysis between
vertical height of the levels (in centi-
meters) and median values of proton
difference results in a linear regression
coefficient of 0.86 (25th-75th percen-
tiles, 0.79-0.95) in healthy volunteers
and of 0.68 (25th-75th percentiles,
0.61-0.78), 0.38 (25th-75th percen-
tiles, 0.38-0.45), and 0.71 (25th-75th
percentiles, 0.63-0.91), respectively,
in patients with mild emphysema, se-
vere emphysema, and asthma. Images
demonstrate a median increase of 'H
signal difference equal to 1.1, 0.7,
0.1, and 0.8 au/cm of gravitational
height, respectively, in healthy volun-
teers, patients with mild and severe
emphysema, and patients with asthma.
The lung-thirds analysis (Fig 4, right)
in healthy volunteers demonstrates a
strong dependence on gravity for pro-
ton signal difference, which is signifi-
cantly higher in the most gravity-de-
pendent one-third of the lung (dorsal
region), compared with the ventral (P
= .002) and intermediate (P = .02) re-
gions. In patients with severe asthma,
the results in the dorsal and the ven-
tral regions are significantly different
(P = .008). Conversely, no significant
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Figure 4:  Top to bottom: Gravity dependence analysis in healthy volunteer and patients with mild em-
physema, severe emphysema, and severe asthma, respectively. Left: Individual variations of median values

of proton signal difference along ventrodorsal direction (vertical axis) from the least (one) to the most (10)
gravity-dependent levels. Each piecewise line represents a single subject. Right: Proton signal difference
values in ventral, intermediate, and dorsal regions for all subjects. Bottom to top: Boxes indicate 25th percen-
tile, median, and 75th percentile of the values calculated in all subjects. * = P < .05; #* = P < .01.

differences are present in patients with
mild and severe emphysema.

In this study, we propose a method
based on multivolume MR imaging
for nonenhanced assessment of re-
gional lung function. The results dem-
onstrated that proton signal changes
between different lung volumes are
in good agreement with the results
of 3He ventilation imaging and can be
successfully applied in both healthy in-
dividuals and patients with obstructive
lung disease.

When comparing proton images at
different lung volumes in healthy indi-
viduals, a measurable signal decrease
with increasing inspired gas is present,
observable within all the respiratory
ranges. Positive correlations are found
between *He ventilation images and 'H
signal difference among different lung
volumes, with higher correlation for vi-
tal capacity; we attribute much of the
less-than-perfect correlation (r> = 0.6)
to the low signal-to-noise ratio of the 'H
images (between two and five), which
also causes the regression analysis
reported in Figure 3, D, to not pass
through the origin. At 1.5 T, lung T2*
ranges from 0.89 to 2.18 msec (29);
therefore, acquisitions with echo time
of 0.8 msec probably suffered nontriv-
ial signal loss. We expect that T2* may
vary slightly with increasing lung vol-
ume (30), which will also contribute to
imperfect correlation.

In the healthy lung, proton signal
change was higher in median and IQR,
respectively, related to higher gas vol-
ume variation and gravity-dependent
regional differences (31,32). In the case
of disease, the compliance of lung pa-
renchyma can be altered, resulting in
areas of gas trapping or obstructions.
These regional alterations, where no
gas volume change occurs, were iden-
tified by signal voids on *He MR images
and by areas of lower proton signal
change. In patients with emphysema,
proton signal difference was lower than
in healthy volunteers, both in median
and IQR, becoming significantly dif-
ferent from that in healthy volunteers
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with increasing severity of the disease,
reflecting homogeneous tissue destruc-
tion throughout the overall lung. The
IQR decrease from healthy volunteers
is strictly related to the decrease or
loss of gravity dependence with disease.
These results are consistent with data
in recent studies on apparent diffusion
coefficient, reporting a gradient in al-
veolar expansion in the direction of
gravity in healthy subjects (33-36) and
the near absence of anterior-posterior
apparent diffusion coefficient gradient
in patients with emphysema, to be at-
tributed to the presence of tissue loss
in diseased lung parenchyma (34,35)
or to the decreased compressibility of
the lung tissue due to air trapping (36).
In patients with severe asthma, pro-
ton signal difference decreased from
healthy volunteers with larger spatial
variation in relation to the simulta-
neous presence of obstructed and well-
ventilated regions. The significant dif-
ferences between the most dependent
and nondependent region in asthma
are in agreement with Harris et al (37),
who reported a vertical gradient of lung
inflation. Because the method depends
on proton density changes between dif-
ferent lung inflation volumes, asthma,
characterized by a significant inflam-
matory component, may differ from
emphysema, where lung tissue density
loss is explicit. Ederle et al (38) demon-
strated dependencies between central
and peripheral airway dimensions and
lung parenchyma in healthy individuals
and those with disease by using thin-
section CT. Nevertheless, the complex
interaction between the disease pro-
cesses with lung volume and proton
density due to ventilation, inflamma-
tion, and blood volume would require
a multi-imaging approach to precisely
characterize these interactions. We
note that the functional effects of gas
trapping due to airway obstruction and
emphysema will both result in low or
no change in proton signal with volume
and low to no 3He ventilation.

3He MR imaging has been success-
ful at demonstrating high-resolution
ventilation imaging in obstructive pul-
monary diseases (39,40), but high
costs and the non-Food and Drug

Administration-approved gas tracers
have restricted its translation to the
clinic. On the contrary, we propose a
method based on straightforward pulse
sequences and hardware that simply
measures the regional amplitude of
proton signal change between differ-
ent lung volumes with no requirement
for any gaseous tracers. As no ionizing
radiation is associated with MR imag-
ing, the method would be particularly
attractive for examinations in children
and pregnant women and when repet-
itive examinations are required. To in-
troduce the method into clinical prac-
tice, the methodology of volume control
becomes pivotal and would require
standardization, as significant differ-
ences in lung microstructure with lung
inflation level have been observed (41).

Swift et al (42) evaluated the poten-
tial of dynamic proton MR imaging to
obtain lung volumetric measurements
by sampling a forced vital capacity
maneuver, Bauman et al (19,20) re-
cently proposed a noninvasive method
for ventilation and perfusion imaging
based on Fourier decomposition MR
imaging in free breathing, thus requir-
ing stability of breathing and heart rate
during the measurement. We propose
an alternative approach, based on the
registration of breath-hold multivolume
MR images averaged over many heart-
beats. Because of the 10-second breath-
hold requirement, it cannot be easily
applied in infants and very young chil-
dren. While the breath hold was well
tolerated in all of our subjects, it could
be problematic in some patients with
very severe disease.

One concern of this study relates to
data normalization. Proton MR images
were normalized to the mean heart
signal, to account for coil-sensitivity
changes due to lung volume differences.
The heart was chosen as the normal-
izing factor due to its central location
compared with more superficial mus-
cles, which could see more significant
coil variation across the chest. *He MR
images were normalized to the maxi-
mum lung *He value, to make the sub-
jects comparable. Excluding the two pa-
tients with severely clipped values, the
appropriateness of the normalization is

confirmed by an overall correlation co-
efficient of 0.6 between 'H differences
and ®*He images and by the relative dif-
ferences between the different groups.
Healthy volunteers have higher differ-
ence values compared with patients;
in patients with mild emphysema and
asthma, the diseases are characterized
by both healthy and obstructed areas
(high and low difference values, respec-
tively), and in patients with severe em-
physema, the disease is characterized
by very low difference values, with ROls
averaging zero both in ®He signal and
'H signal difference.

The main limitation of the present
study is the indirect assessment of re-
gional ventilation, imaged by using pro-
ton signal change. However, if paren-
chymal tissue expands and becomes less
dense, the near incompressibility of gas
at physiologic pressures necessitates
that air enter the less dense spaces.
Another important point is related to
possible motion artifacts, especially
at RV, which may be difficult to hold
for subjects with lung disease, causing
quantitative values of proton density to
be shifted high or low. While no signif-
icant motion artifacts were present in
our patients at RV, they can be easily
detected during the imaging session,
and the patient can undergo repeat im-
aging or the resulting ventilation maps
can be appropriately interpreted. In
addition, the use of deformable image
registration is challenging, as registra-
tion accuracy is difficult to quantify on
an individual basis. Nevertheless, the
use of the Laplacian filter to enhance
lung structures prior to registration
assures the alignment of the main pul-
monary structures and, thus, the align-
ment of the corresponding regions. In
the present work, registration accuracy
has been visually assessed. Another
slight limitation, due to the data avail-
able from the patients with disease and
healthy subjects, is the slightly different
SHe MR imaging parameters. Neverthe-
less, clear contrast between well-venti-
lated and obstructed areas is present
in all the subjects. Finally, pulmonary
blood volume and T2* vary with inspi-
ration and expiration as the capillary
bed expands and declines; thus, further

588

radiology.rsna.org = Radiology: \olume 273: Number 2—November 2014



Radiology

THORACIC IMAGING: Multivolume 'H MR Assessment of Regional Lung Function

Pennati et al

studies investigating normalization for
pulmonary perfusion are required to
make quantitation more precise.

We note that 'H MR imaging used
has a short echo time (0.8 msec) but
is not ultrashort echo time (generally
less than 0.5 msec) (43,44). While we
expect an improvement with the imple-
mentation of ultrashort echo time tech-
niques, the imaging reported here is
immediately translatable to the clinic
(available on nearly any commercial
MR imaging unit) and robust with re-
gard to the lack of image artifacts that
would complicate quantitative analysis.

In summary, our results suggest
that this straightforward method with
multivolume MR imaging is quite sen-
sitive to ventilation nonhomogeneities
due to gravitational dependence and
regional abnormalities resulting from
obstructive lung disease. We think pro-
ton MR imaging is likely to emerge as a
clinical and research tool to identify re-
gional structure-function relationships
with no need for special equipment and
with no ionizing radiation.
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