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To quantify regional gas trapping in the lung by using
computed tomographic (CT)-determined specific gas vol-
ume and hyperpolarized helium 3 (*He) magnetic reso-
nance (MR) imaging in a porcine model of airway obstruc-
tion.

Four porcine lungs were removed after sacrifice for unre-
lated cardiac experiments, for which animal studies ap-
proval was obtained. Dynamic expiratory thin-section CT
and *He MR imaging were performed during passive defla-
tion from total lung capacity after obstructions were cre-
ated with inverted one-way endobronchial exit valves in
segmental or lobar bronchi to produce identifiable regions
of trapped gas. Changes in specific gas volume were as-
sessed from CT data for defined regions of interest within
and outside of obstructed segments and for entire lobes.
Helium 3 data were analyzed according to the correspond-
ing regional signal reduction during expiration, compared
with the total magnetic moment at each time point.

In 4.5 seconds of free collapse, volume decreased by 6% =
2 (standard error) and 53% = 3, respectively, in trapped-
gas lobes and in unobstructed regions (P < .0001). Specific
gas volume changed by 6% = 2 in areas of trapped gas and
decreased by 56% * 3 in unobstructed regions, from 3.4
mlL/g + 0.2 to 1.5 mL/g = 0.1 (P < .0001). The *He signal
intensity decreased by 25% * 6 and 71% = 3, respec-
tively, in trapped-gas and normal regions (P = .0008). In
unobstructed regions, the percentage decreases in specific
gas volume and *He signal intensity were not statistically
different from one another (P = .89).

The results obtained from the model of gas trapping dem-
onstrate that CT-determined specific gas volume and *He
MR imaging can help identify and quantify the extent of
regional trapped gas in explanted porcine lungs.

© RSNA, 2009
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hronic obstructive pulmonary dis-

ease is usually regarded as a pro-

gressively accelerating decline in
the ability to expire air rapidly from the
lung as measured by the forced expira-
tory volume in one second (FEV,) (1);
however, the earliest functional abnor-
mality in smokers is an increase in re-
sidual volume, which occurs before
FEV, declines (2-4). The increase in
residual volume results from gas trap-
ping, which increases progressively dur-
ing the natural history of chronic ob-
structive pulmonary disease. Gas trap-
ping causes an increase in the ratio of
residual volume to total lung capacity
from normal values of 0.20-0.25 to
0.70 or greater in severe emphysema.
The fact that gas trapping precedes and
causes FEV, to decline suggests that
therapy should be aimed more at re-
moving the trapped gas rather than in-
creasing FEV,. Airway bypass is a new
experimental treatment for emphysema
that attempts to do this. Stent-sup-
ported fenestrations are made through
the bronchial wall directly into regions
of gas trapping, which allows the gas to
escape. In emphysematous lungs ex-
planted at transplantation surgery, this
procedure results in improvements in
the mechanical properties of these end-
stage emphysematous lungs that exceed
the benefits of any other therapeutic in-
tervention except lung transplantation
(5). The procedure is presently the sub-
ject of a randomized controlled multi-
center clinical trial. Imaging procedures
to identify regions of trapped gas should
improve the chance of benefit from air-
way bypass.

Advances in Knowledge

m CT-determined regional specific
gas volume, within dynamic imag-
ing conditions, was sensitive to
the extent of regional trapped gas.

B Regional changes in specific gas
volume during lung deflation were
sensitive to the extent of local
trapped gas.

m Quantitative dynamic *He MR im-
aging appeared to be reasonably
sensitive to the extent of regional
trapped gas.

To utilize thin-section computed to-
mographic (CT) scanning and helium 3
(*He) magnetic resonance (MR) imag-
ing and apply them to the regional quan-
tification of trapped gas as a way to test
the techniques, we developed a model
of airway obstruction and trapped gas in
explanted porcine lungs, which lack col-
lateral ventilation between lung lobules
(6,7). By partially or completely obstruct-
ing isolated segments and/or lobes in
lungs and inflating those segments and/or
lobes, we were able to study regional dif-
ferences in gas trapping with specific gas
volume (at CT) and relative gas signal
decay (at MR imaging) during expiration.

The aim of this study was to quantify
regional gas trapping in the lung by us-
ing CT-determined specific gas volume
and hyperpolarized *He MR imaging in a
porcine model of airway obstruction.

Materials and Methods

Lung Specimens and Preparation
Four lungs were surgically extracted
from Yorkshire pigs (weight, approxi-
mately 25 kg) immediately after sacri-
fice for unrelated cardiac experiments,
for which approval was obtained from
the Animal Studies Committee of Wash-
ington University in St Louis. Each main
stem bronchus was securely fitted with
a cannula, and any minor leaks were
repaired with focal ligation or tissue ce-
ment. The lung was inflated to 25 cm H,O
by using a compressible respiratory bag;
gentle massage helped achieve the first
full inflation after removal. When the lung
was considered fully inflated, the bron-
chial cannula was opened and the lung
was allowed to deflate passively through
the airways.

To create isolated airway obstruc-

Implication for Patient Care

® Both dynamic CT and *He MR
imaging can help identify regional
trapped gas, which could be a
measure for future image guid-
ance and for regional efficacy pre-
diction of minimally invasive in-
terventions for trapped-gas reduc-
tion in a patient with emphysema.

tion, one-way endobronchial exit valves
(Emphasys, Redwood City, Calif) in-
tended for bronchoscopic lung volume
reduction were inverted and broncho-
scopically placed in a lobar bronchus
(and in one case in a segmental bron-
chus) so that the valve closed during
expiration in each of the four lungs. The
specific, obstructed lobar bronchus was
noted for later correlation to images,
although in most cases trapping was
macroscopically evident by eye. Before
transportation to the imaging suite and
just before CT and MR imaging, the
lungs were inflated to 25 cm H,O at
least five times to ensure a constant vol-
ume history and to minimize atelectasis.
Imaging was performed during passive
deflation from full inflation for 4.5-6
seconds before and after the creation of
the obstruction.

CT Imaging

Dynamic CT was performed by using a
scanner (SOMATOM Definition Dual
Source CT; Siemens, Forchheim, Ger-
many). Scanner settings were as fol-
lows: tube voltage, 120 kV; tube cur-
rent, 110 mA; matrix, 512 X 512; sec-
tion thickness, 1.2 mm; and cycle time,
0.75 second. One longitudinal slab (27
mm thick) across the valve position
was acquired during passive expira-
tion from 25 to 2.5 em H,O airway
pressure. Each dynamic sequence was
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performed as a 4.5-second cine acqui-
sition reconstructed at a 0.75-second
interval. Thus, the dynamic scanning
series consisted of a seven image set.

The valve was clearly visible on CT
images and served as an unambiguous
landmark of the obstruction, because it

Figure 1

C.
Figure 1:

did not move within the airway during
lung deflation.

CT Image Analysis

CT images were first segmented to sepa-
rate lung tissue from the surrounding con-
tainer by using custom software written

in Matlab (MathWorks, Natick, Mass) on
the basis of the iterative algorithm pro-
posed by Hu et al (8). The algorithm pro-
vided a threshold that averaged ap-
proximately —300 HU. Images were then
processed by using software (Medical Im-
age Processing, Analysis and Visualiza-
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(a—c) Dynamic CT images of a longitudinal section during 4.5 seconds of exhalation in pig 2 (b at 2.25 seconds, ¢ at 4.5 seconds). The presence of trapped
gasis clearly visible and stable in the upper lobe (UL), in which obstruction was created by inserting a one-way endobronchial exit valve (clearly visible in the upper lobar
bronchus). (d) Graph of time-evolving average specific gas volume (S, V) of upper (red circles) and lower (teal circles) lobes calculated from a—c. (e) Graph of time-
evolving specific gas volume of small ROI 1 (upper lobe, red circles) and 2 (lower lobe, teal circles) ina. LL = lower lobe.

Time (sec)

382

radiology.rsna.org = Radiology: \'olume 253: Number 2—November 2009



>
2
S
=
&
o

EXPERIMENTAL STUDIES: Quantification of Trapped Gas

Salitoetal

tion, a freely available medical image pro-
cessing software package from the Na-
tional Institutes of Health [9]) to isolate
the obstructed lobe or segment. For each
imaging voxel, the volume of gas per gram
of tissue (specific gas volume [S,V]) was
calculated according to the equation (10):
S,V = 8V,, = SV, where SV, is the spe-
cific volume of tissue and gas, SV, is the
specific volume of tissue, and specific vol-
ume (in milliliters per gram) is simply the
inverse of density (in grams per millili-
ter). The specific volume of the lung (tis-
sue and gas) was measured from CT find-
ings as follows: SV,, (in mlL/g) = 1000/
[HU (in mg/mL) + 1000], where HU is
Hounsfield units. The specific volume of
tissue was calculated as SV, = 1/1.065
g/mL (11).

Dynamic CT images were analyzed
to calculate the changes in the specific
gas volume in the entire lobes and
within a region of interest (ROI) dur-

ing 4.5 seconds of free collapse. ROIs
were chosen by authors (C.S.,
J.C.W.) as 15-mm-diameter circles
clearly within each obstructed lobe
and in an adjacent unobstructed lobe.
Regions were drawn randomly within
the two lobes by using software (Med-
ical Image Processing, Analysis and
Visualization), although large blood
vessels and airways were avoided.
Distinct anatomic markings on the im-
ages, such as airway or vessel branch
points, were used to match the same
lung ROIs on images at different time
points. For each ROI, the average of
the specific gas volumes of the voxels
(in milliliters per gram) was calculated
for each time point, and these were
used to plot time-specific volume
curves. This allowed determination of
the maximum and minimum specific
gas volume during passive deflation in
regions with trapped gas and in unob-

Table 1

Measurements in Obstructed and Unobstructed Lobes at 4.5 Seconds of Passive

Deflation after Valve Insertion

Parameter Pig1 Pig2 Pig3 Pig4 Mean = Standard Error P Valug*
Variation in volume (%) <.0001
Obstructed lobe 8 4 1 1 6=+2
Unobstructed lobe 52 62 49 49 53 £3
Variation in specific gas volume (mL/g) <.0001
Obstructed lobe 02 04 05 006 03=*01
Unobstructed lobe 19 21 16 21 1.9+ 041
Peak flow (mL/sec) .029
Obstructed lobe 18 39 42 22 3.0+06
Unobstructed lobe 322 572 616 387 474=x741

* P values refer to paired comparison of data between obstructed and unobstructed lobes.

Table 2

Measurements in ROIs in Obstructed and Unobstructed Lobes at 4.5 Seconds of
Passive Deflation after Valve Insertion

Parameter Pig1 Pig2 Pig3 Pig4 Mean =+ Standard Error P Valug*
Variation in specific gas volume
(mL/g) .0011
Obstructed ROI -04 03 0.3 03 01+02
Unobstructed ROI 1.7 21 1.8 31 20=x03
Variation in *He signal intensity (%) .0008
Obstructed ROI 26 17 13 43 25+ 6
Unobstructed ROI 74 78 62 72 71x3

* P values refer to paired comparison of data between obstructed and unobstructed ROIs.

Radiology: \/olume 253: Number 2—November 2009 = radiology.rsna.org

structed regions. All measurements
were done before and after the cre-
ation of the obstruction.

Helium 3 Gas Preparation and Delivery

For each study, a 300-mL bolus of hyper-
polarized *He gas with 35%-50% polar-
ization was prepared by using a home-
built *He spin-exchange polarizer or a
commercial polarizer (GE Healthcare,
Princeton, NJ). To increase the *He T1,
the lung was ventilated with 100% nitro-
gen for 10 minutes by using an open cir-
cuit technique and was stored in an air-
tight plastic bag containing 100% nitro-
gen. Just before injection into the main
stem bronchus, the hyperpolarized gas
was mixed in a flexible bag with approxi-
mately 300 mL of N, to ensure sufficient
gas volume for full inflation. To homoge-
nize the gas mixture within the lung, the
lungs were inflated and deflated at least
five times by using a 1-L gas syringe.
Transpulmonary pressure was monitored
by using a beryllium-copper bourdon-
tube pressure gauge (Ashcroft, Stratford,
Conn) and was limited to be not more
than 25 em H,0.

MR Imaging

All images were obtained with a whole-
body imager (Magnetom Sonata; Sie-
mens Medical, Erlangen, Germany) at
1.5 T. A home-built solenoid coil (high
Q and field homogeneity) was used for
transmit and receive at 48.52 MHz.
First, scout images were obtained by
using conventional proton MR imaging.
These proton images were used to select
the sections and orientations for *He im-
ages and for anatomic reference to *He
images. Multisection two-dimensional
fast low-angle shot images (350-mm field
of view, 5 X 5 X 10-mm resolution) of
*He were obtained at the end of each
inflation cycle (25, 12.5, and 2.5 cm H,0)
for localization. For dynamic *He fast
low-angle shot imaging, one section was
chosen from the static-volume images
and was imaged during passive deflation
from 25 ecm H,O, with a 100-msec time
resolution. The hyperpolarized helium
gas was mixed with nitrogen and deliv-
ered to the lung through a plastic bag
connected with a mechanical piston-
cylinder ventilator.

383
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Figure2: (a) Longitudinal CT image of the lung where we isolated a basal segment and an upper lobe. ROl analysis was performed at four locations as follows: ROI 1 in

the upper lobe (where gas trapping was present due to obstruction induced unintentionally by the connecting tube), ROI 2 in the lower lobe (normal region), ROI S1inthe
lower lobe (segment where gas trapping was induced by insertion of a one-way endobronchial valve in the segmental bronchus), and ROl S2 in the lower lobe (normal
region). (b) Time course of specific gas volume (S, V) during deflation in four ROIs defined ina.
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Figure 3:  (a—f) Graphs of results of volumetric analysis of dynamic CT images of the entire lobes before (a, ¢, €) and after (b, d, f) insertion of a one-way endobron-
chial valve to create gas trapping in the upper lobes. Graphs aand b are time courses of volume variations in the upper (closed circles) and lower (open circles) lobes.
Graphs cand d are time courses of flow, obtained as variation of volume divided by the time period between two consecutive dynamic images (A V/A ) (closed circles =
upper lobe, open circles = lower lobe). Graphs e and fare time courses of specific gas volume (S, V) (closed circles = upper lobe, open circles = lower lobe). Data are
means = standard errors of the mean. * = significant difference (P < .05).
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MR Image Analysis

Semiautomated segmentation of lobes
and/or segments on *He images is much
more difficult than on CT images be-
cause of the lack of clear anatomic land-
marks and lobar boundaries; we there-
fore analyzed MR images by using ROls
only. ROIs were similarly chosen in
each obstructed lobe and in an adjacent
unobstructed lobe to encompass the
same region chosen on the correspond-
ing CT image by using anatomic land-
marks from both proton and CT images
as guides. The total ROI signal (average
over the ROI) was calculated at each
time point during passive deflation, to a
maximum of 6 seconds. Signal was cor-
rected for radiofrequency consumption
of magnetization but not for T'1, because
T1 in these deoxygenated lungs was sev-
eral minutes. While we corrected for
radiofrequency consumption of magne-
tization, we noted that the radiofre-
quency consumption was equivalent in
all ROIs, because the B, field was very
homogeneous in our solenoid coil.

Statistical Analysis

Two-way analysis of variance was used
to analyze changes in specific gas vol-
ume within lobes during 4.5 seconds of
passive deflation before and after the
insertion of the valve and to compare
specific gas volume data before and af-
ter valve insertion. Volume and flow
variations within the two different lobes
before and after the insertion of the

valve were tested by using a paired t
test.

An unpaired t test was used to ana-
lyze the difference of *He signal during
passive collapse between the regions
with trapped gas and the normal re-
gions and to evaluate the percentage of
decrease in specific gas volume and *He
signal intensity in unobstructed regions.
Statistical analysis was performed by
using software (SigmaStat, version 9.1;
Systat Software, San Jose, Calif). P val-
ues less than .05 were considered to
indicate significant differences.

Model of Isolated Trapped Gas

Our model of segmental and/or lobar
obstruction was able to show trapped
gas visually up to an hour after obstruc-
tion.

Figure la shows a representative
example of a series dynamic CT im-
age, while the corresponding specific
gas volume variations in the upper and
lower lobes, calculated both in the en-
tire lobes and in selected ROls, are
shown in Figure 1d and le. In each
case, the trapped lobe remained
nearly completely inflated during pas-
sive deflation (Table 1) through the
main stem bronchus over 5 seconds, and
in most cases, the trapped lobe remained
inflated over many minutes. In the one
case where we isolated a basal segment

71 7
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54 ¥ 5]+ + + + . + 4
g 4 i\{»\“'& + ;; 4 3
o] i e = S [

4 w ~
= - \Q\Q—__
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o , 0
0 1 2 3 4 5 0 1 2 3 4 5
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a. b.
Figure4: (a, b) Graphs of results of ROl analysis of dynamic CT images (a) before and (b) after insertion of
aone-way endobronchial valve to create gas trapping. Closed circles = ROl in the upper lobes (where gas
trapping was induced by insertion of a one-way endobronchial valve in the segmental bronchus). Open cir-
cles = ROlinthe lower lobes (normal regions). Data are means == standard errors of the mean.

and an upper lobe (Fig 2), the lobe re-
mained entirely obstructed after sev-
eral minutes, whereas the trapped
segment deflated with a much shorter
time constant than the trapped lobe
but with a much longer time constant
than the surrounding segments in the
lower lobe.

CT Imaging

Multiple measures of trapped gas were ev-
ident on CT images as follows: lobar and/or
segmental volume changes after segmenta-
tion (Table 1), specific gas volume differ-
ences averaged over trapped and normal
lobes (Table 1), and specific gas volume
changes in ROIs (Table 2). Control data
(before insertion of the valve) showed that,
on average, overall total volume variation at
the end of 4.5 seconds of passive deflation
in the lower lobes was larger than in the
obstructed upper lobes (P = .026) (Fig 3a
and 3b). Flow, obtained as variation of vol-
ume divided by the time period between
two consecutive dynamic images, tended to
be higher in the unobstructed lower lobes,
even if the difference did not reach statisti-
cal significance (P = .084) (Fig 3c). Specific
gas volume in the two lobes during exhala-
tion followed two parallel time courses with
higher values in the upper lobes (P = .003)
(Fig 3e).

A large difference in the lung volume
change between obstructed regions and
normal regions was seen. In trapped-gas
lobes, the volume decreased by 6% = 2
(standard error) in 4.5 seconds of passive
deflation; in normal regions, it decreased by
33% = 3in the same time (P < .0001) (Fig
3b). Flow progressively decreased in unob-
structed lower lobes during passive defla-
tion from a peak of 38 mL - sec”' = 7 at the
beginning to 12 mL - sec”! *+ 5 at the end.
On the contrary, in the upper lobes, in
which there was trapped gas, the flow was
low (P = .029) (Fig 3d). Specific gas volume
decreased by a factor of two in unob-
structed areas and decreased by only 6% *=
2 in 4.5 seconds in areas of trapped gas.
During 4.5 seconds of exhalation, specific
gas volume decreased from 4.9 ml/g = 0.3
to 4.6 mlL/g = 0.3 in trapped gas regions
and from 3.4 ml/g = 0.2t0 1.5 mlL/g = 0.1
in unobstructed ones (P < .0001) (Fig 3f).

The specific gas volume variations at
the end of 4.5 seconds of passive defla-

Radiology: \/olume 253: Number 2—November 2009 = radiology.rsna.org
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Figure 5
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Figure 5:

(a—c) Dynamic ®He fast low-angle shot MR images of a section dur-
ing 6 seconds of exhalation (b at 4 seconds, ¢ at 6 seconds) in pig 2 after bronchial
obstruction. (d) Graph of signal intensity calculated from a—c. Data are percent-
ages of signal intensity at the beginning of 6 seconds of deflation in ROI 1 (closed
circles)and 2 (opencircles)ina.
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tion were larger in the lower lobes after
valve insertion than before valve inser-
tion (P = .0015). Conversely, specific
gas volume variations were similar in
the upper lobes (P = .084).

Similar results were seen with the
ROI analysis: specific gas volume re-
mained nearly constant in ROIs with
trapped gas, decreasing from 4.9 mlL/
g £ 0.9 to 4.8 ml./g = 1.0 during 4.5
seconds of exhalation. On the contrary,
in unobstructed ROls, specific gas vol-
ume decreased by 65% * 3, from 3.3
mlL/g £ 0.6 to 1.1 mL/g £ 0.1 (P =
.0011) (Fig 4). In the one case of the
isolated segment (Fig 2a), the results
showed that specific gas volume de-
creased by 5%, from 5.6 to 5.3 mL/g in
ROI 1, which was placed in the ob-
structed area of the upper lobe; by 73%,
from 4.3 to 1.2 mL/g in ROI 2, which
was placed in an unobstructed area in
the lower lobe; by 22%, from 3.7 to 2.9
ml/g in the isolated segment in the
lower lobe; and by 68%, from 3.9to 1.3

ml/g in another segment in the lower
lobe (Fig 2b).

The specific gas volume variations at
the end of 4.5 seconds of passive defla-
tion in the ROIs in the upper lobes,
where gas trapping was induced by in-
sertion of a one-way endobronchial
valve in the segmental bronchus, were
lower than in control lobes (P = .0054).
On the contrary, specific gas volume
variations were not significantly differ-
ent in the lower lobes (P = .08).

Helium 3 MR Imaging

MR images did not demonstrate the
same visual differences between normal
lobes and those with trapped gas as was
seen at CT, although some differences
were visually apparent. In lobes with
trapped gas, the initial *He signal was
much lower (around 45% of the signal
from normal regions) because of incom-
plete deflation in those areas before initial
inspiration. Quantitative analysis of signal
decay during passive collapse, however,

distinguished the two regions (P = .0008)
(Table 2). Figure 5a and Sb is an example
of analysis of one of the four cases (pig 2).
In normal ROIs, *He signal intensity de-
creased by an average of 71% = 3 after 6
seconds, compared with a 25% * 6 re-
duction in ROIs with trapped gas (Fig 6).
This contrast compares well to the con-
trast in specific gas volume at CT analysis.
In normal ROlIs, the percentage decreases
in *He signal intensity and specific gas
volume were not statistically different
from each other (P = .89).

Previous studies (10,12-14) have estab-
lished that measurements of lung tissue
density correlate well with lung disease
and tissue destruction. For example,
Miiller (15) studied several attenuation
thresholds for defining emphysema on
contrast material-enhanced 10-mm-
thick inspiratory CT images and deter-
mined that the percentage of voxels less

386
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than —910 HU correlated best with the
emphysema pathology score, allowing ob-
jective quantification of emphysema.
Gevenois et al (16) found that expiratory
CT studies were less accurate than in-
spiratory CT studies for quantifying em-
physema and were thought to reflect air
trapping more than loss of surface area.
More recently, Coxson et al (10,17) used
CT to measure specific volume, the in-
verse of lung density, to quantify regional
lung expansion, total lung volume, and
lung weight. Fuld et al (18) recently es-
tablished a relationship between the CT-
determined specific volume and specific
ventilation.

Helium 3 MR imaging is a technique
well suited for the quantification of
trapped gas, because it has been suc-
cessful at demonstrating high-resolution
ventilation and tissue microstructure
(19-26). For purposes of quantification,
the hyperpolarized *He signal is propor-
tional to the total gas magnetic moment
(a product of the nuclear-spin polariza-
tion and the partial pressure of *He) and
decays with time constant T1 (around
25 seconds in lungs in vivo). The re-
gional gas volume can be quantified as a
function of time after the initial magne-
tization is established during single-bo-
lus injection and after correcting for the
depletion of magnetization by radiofre-
quency pulses and T1 decay.

In our study, both CT and MR im-
ages provided good quantitative con-
trast between normal regions and those

Signal intensity %

Time (sec)

a.

Figure6: (a, b) Graphs of results of dynamic *He fast low-angle shot MR imaging (a) before and (b) after
insertion of a one-way endobronchial valve to create gas trapping in upper lobes. Data are percentages of
signal intensity at the beginning of 6 seconds of deflation in ROI 1 (upper lobes, closed circles) and 2 (lower
lobes, open circles) in Figure 5a. Error bars = standard errors of the mean.

regions with trapped gas. While CT im-
ages provide more visual contrast and
can be segmented more easily than MR
ventilation images, both modalities pro-
vided measures of the change in gas vol-
ume with time in selected regions. Nota-
bly in gas-trapped lobes, initial specific
gas volume was higher, which demon-
strates that specific gas volume itself
may be a measure of increased gas vol-
ume relative to normal lung, assuming
no significant differences in regional
blood flow. Similarly, low *He signal in-
tensity was seen in isolated lobes; this
may also be used itself in the future as a
simplified measure of trapped gas.

Specific gas volume analysis in small
regions of the obstructed and unob-
structed lobes (or ROIs) allowed us to
establish that the variations in specific
gas volume in a small region of the lung
reflect the variations in specific gas vol-
ume in the whole lobe. Moreover, in our
study, ROI analysis was necessary to
compare specific gas volume variation
obtained from CT images with the cor-
responding variations of the intensity of
*He signal obtained from MR images,
because MR images were near impossi-
ble to separate along segmental and/or
lobar fissures. An additional reason for
assessing changes in ROls is that ROI
analysis will likely be necessary in apply-
ing the technique to human lungs, be-
cause of the expected heterogeneity in
intralobar gas trapping in lungs with se-
vere emphysema.

120
100

80

Signal intensity %
2]

Time (sec)

In the context of our study, the ex
vivo porcine model provided particular
advantages. It was easy to isolate the
trapped gas spatially from unobstructed
regions, and the small collateral ventila-
tion allowed effective and long-lived
trapped gas. In fact, the trapped gas
created in these porcine lungs was simi-
lar to isolated regions of trapped gas we
have seen in explanted human lungs
with severe emphysema (27). In the one
case where we isolated a basal segment
and an upper lobe (Fig 2a, 2b), the lobe
remained entirely obstructed after sev-
eral minutes, whereas the trapped seg-
ment deflated with a much shorter time
constant than the trapped lobe but with
a much longer time constant than the
surrounding segments in the lower lobe;
this was due to a small amount of collat-
eral ventilation in the lower lobe, an
incomplete seal by the valve, or both.
This demonstrated the ability of dy-
namic imaging to not only help identify
trapped gas but to help quantify the
time constant of regional emptying.

In our study, the use of inverted en-
dobronchial one-way valves was suc-
cessful in creating altered regions either
in entire lobes or in bronchopulmonary
segments. While in control conditions
the exhalation is shared between upper
and lower lobes (with predominant flow
rates in the latter), the creation of com-
pletely trapped gas in the upper lobe
causes expiratory flow to be uniquely
due to the volume change in unob-
structed regions. Interestingly, in this
condition, the average flow rates in
these regions increased (measured with
CT-determined variation of volume di-
vided by the time period between two
consecutive dynamic images). While
differences in mean attenuation or spe-
cific gas volume between this ex vivo
study and human lungs in vivo are near
certain, we expect that similar differ-
ences in specific gas volume and *He
signal intensity will be seen between
lung regions communicating with the
airway opening and those with signifi-
cant trapped gas. The isolated segments
(Fig 2) demonstrated what would be
seen when trapped areas empty with a
time constant roughly twice that of nor-
mal segments.
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The primary limitation of the present
study was that we used a model based on
porcine lungs, which are anatomically dif-
ferent from human lungs: There are
more lobes, airway branching is differ-
ent, alveoli are smaller, and lobules
are fully septated, with negligible
interlobular collateral ventilation
(28,29). Another limitation was our
inability to fully segment the *He MR
images in the ex vivo images; this was
due to the lack of anatomic landmarks
and the lack of in vivo proton images
for colocalization. We expect that in
vivo MR imaging studies will actually
make segmentation easier, because of
accompanying proton images that show
anatomic landmarks and the chest wall.
Two other concerns should also be men-
tioned: a potential increase in radiation
dose from dynamic CT imaging and the
availability of *He gas. In our study, fast
dynamic acquisition allowed a cine-type
visualization of the lung deflation pro-
cess to help identify and quantify the
trapped gas. The addition of dynamic
expiratory CT acquisitions to a standard
inspiratory volumetric scan of the entire
chest necessarily involves more radia-
tion exposure. However, if this is re-
stricted to only a few single-level acqui-
sitions, the incremental increase in total
radiation exposure will be very small
and may be further limited by using low-
radiation-dose scanning techniques. A
previous study on humans (30) showed
that a dose of 47 mGy for a 10-second
dynamic CT measurement is compara-
ble with a dose of approximately 30-40
mGy when undergoing CT examination
of the thorax.

There is currently a shortage of
3He gas; we expect that this shortage
will either be reduced in the future or
that perfluorinated hydrocarbons or
hyperpolarized xenon will be substi-
tuted (31-33).

In summary, we built a model of
regional airway obstruction and trapped
gas in explanted lungs and employed
two imaging modalities to help quantify
regional differences in lung emptying.
While we used animal lungs to facilitate
the model and experiments, the pur-
pose of this study was to provide a foun-
dation for the use of dynamic CT and

3He MR imaging to help identify regions
of trapped gas in the lungs of patients.

Practical applications: Because our
purpose was to provide a framework for
identifying and quantifying the extent and
severity of trapped gas, we foresee direct
applications in human subjects undergo-
ing evaluation for lung volume reduction
surgery or for either of the two mini-
mally invasive interventions currently
the subject of clinical trials (transhron-
chial stents or one-way bronchial exit
valves). Furthermore, we foresee the
use of trapped-gas quantification and of
dynamic CT and concomitant regional
flow measurements as a potential clini-
cal end point for future studies. This is
because a change in the distribution of
ventilation has the potential to reduce
dyspnea while not greatly affecting bulk
flow.

Acknowledgments: We acknowledge Empha-
sys Medical for the donation of the endobron-
chial valves used in the study and GE Healthcare
for the use of a gas polarizer.
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