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Abstract

Long-range diffusivity of hyperpolarized 3He gas was measured from the decay rate of sinusoidally
modulated longitudinal nuclear magnetization in three normal donor and nine severely
emphysematous explanted human lungs. This (long-range) diffusivity, which we call Dggg, is
measured over seconds and centimeters and is ~10 times smaller in healthy lungs (0.022 cm?/s) than
the more traditionally measured Dysec, Which is measured over milliseconds and submillimeters.
The increased restriction of Dgg reflects the complex, tortuous paths required to navigate long
distances through the maze of branching peripheral airways. In emphysematous lungs, Dggc iS
substantially increased, with some regions showing nearly the unrestricted value of the self-diffusion
coefficient (0.88 cm?/s for dilute 3He in air, a 40-fold increase). This suggests the presence of large
collateral pathways opened by alveolar destruction that bypass the airways proper. This destruction
was confirmed by comparison with histology in seven lungs and by removal of trapped gas via holes
in the pleural surface in five lungs.
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In recent years, 3He magnetic resonance imaging has been shown to be an effective tool for
characterizing lung ventilation and microstructure. Maps of 3He spin density have been used
to identify ventilation defects in a variety of lung diseases (11,15), and measurements of
restricted diffusion over millisecond time scales have been a powerful probe of emphysema
(3,4,20,21,29). Air space expansion and tissue destruction due to emphysema result in fewer
and larger air spaces; alveolar walls, which normally restrict gas diffusion, are absent, giving
rise to an increase in gas diffusivity (19,25). During a typical experimental diffusion time of 2
ms, most 3He atoms cannot diffuse from one acinar airway (e.g., an alveolar duct) to its
neighbor; thus the results are sensitive only to the size and geometry of alveoli and individual
alveolar-lined airways within the acinus (8,29).
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Measurements of 3He diffusion over longer times and distances are possible with spatially
modulated longitudinal magnetization, because the time constant for relaxation of longitudinal

magnetization (T1) is much longer than the time constant for transverse magnetization ( Tz):

in humans at 1.5 T, Ty of 3He in lung is >20 s and T} is 20 ms (11). Spatial modulation of

longitudinal magnetization has been used to monitor cardiac or thoracic motion (1,7,17); in
the air spaces of lungs as used here, the motion of 3He is stochastic (diffusive) and results in
attenuation of the spatial modulation (16). Diffusion averages across the spatially modulated
magnetization, so the diffusivity may be determined from the decay rate of the amplitude of
the modulation. Recently, experiments of 3He diffusion over seconds and centimeters via
magnetization tagging have shown that the long-range diffusivity (Dsec) iS Very restricted in
healthy human and canine lungs: 0.015-0.02 cm?/s (16,28). These values of D¢ are ~10 times
smaller than diffusivity measured over 2-5 ms and over submillimeter length scales (Dpsec)
via a variation of the Stejskal-Tanner experiment (20,22). In addition, the average two- to
threefold increase of D that has been shown in elastase-induced emphysema in dogs is
somewhat larger than the increase than Dpgec in the same animals (28).

Human lungs have, on average, ~24-25 levels of bifurcating airways (8,26). At the tracheal
end and extending ~16 branching points into the lung, gas transport is primarily by convection.
Atthe acinar end, from respiratory bronchioles to alveolar ducts and sacs, transport is primarily
by diffusive mixing (modified by cardiogenic mixing). At the “diffusion front,” diffusion,
convection, and cardiogenic mixing play a role, with the importance of convection
progressively diminishing and diffusion increasing with increasing branching number (18).
We are concerned only with diffusion in the gas spaces, not diffusion across alveolar-capillary
membranes, as is most often discussed. All gases within this diffusive (respiratory) zone are
transported to and from alveolar boundaries according to their respective free diffusion
coefficients (D) (18).

All these bifurcating pathways are singly connected; i.e., there is only one route between any
two points in a healthy lung. Collateral ventilatory pathways, consisting of canals of Lambert
and collateral alveolar ducts (12,13), provide an alternate route for some gas atoms to travel
from alveoli in one acinus to another, but in a healthy lung they are relatively unimportant
physiologically (23). Because the alveoli and acinar airways, which occupy most of the lung
volume and, therefore, are responsible for nearly all the 3He magnetic resonance signal, are no
more than only a few millimeters long, diffusion over >1 cm (from one acinus to its neighbor)
requires that the gas negotiate the mazelike airway network, likely going up and down several
levels of branching. Because of the tortuous nature of the airway paths over these distances,
Dgec is substantially smaller than diffusion measured while atoms are confined to single small
airways, i.e., Dmsec (16,28). (Because 3He is virtually insoluble in tissue, diffusion across
barriers is not considered.)

Collateral ventilation paths, which are relatively unimportant in health but are very significant
in emphysema (9,12,23), are defined as all pathways other than the airways proper. The tissue
destruction that characterizes emphysema creates new collateral channels that become
important, low-resistance ventilatory pathways (13,23). Emphysematous destruction of acinar
parenchyma opens direct pathways between points in the parenchyma that were previously
connected only by long tortuous channels, which should result in marked increases in Dggc.
Moreover, the ratio of D, (0.88 cm?/s for dilute 3He in air or N») to restricted diffusivity in
healthy lungs is ~10 times larger for Dggc than for Dpygec: 0.88:0.02 vs. 0.88:0.20. Thus the
possible fractional increase is 10 times larger in Dgec than in Dpygec, Which could make Dgec @
more sensitive probe of emphysema than Dy gec.
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In this study, we test the hypothesis that the alveolar destruction that characterizes emphysema
allows more rapid long-range diffusion between acini and lobules than in normal lungs.
Although parenchymal destruction presumably also creates the low-resistance collateral
pathways that were described over a quarter of a century ago in emphysema (9), we made no
attempt to prove that the pathways for long-range diffusion were identical to collateral
ventilation conduits. To test our hypothesis, we measured spatially resolved long-range 3He
diffusion via the decay of spatially modulated longitudinal 3He magnetization in normal lungs
rejected for transplantation because of recipient mismatch and explanted emphysematous
human lungs removed at transplant surgery. We also correlated the restricted Dgee With
quantitative histological measurements of surface area-to-volume ratios (SA/V) in individual
samples of lung tissue.

Previous studies of the mechanical and diffusive properties of excised and intact, living animal
lungs (5,27) suggest that they should be similar to lungs in living humans in our experiments,
except for the absence of cardiogenic mixing, which tends to accelerate diffusive mixing.
Because we report abnormally rapid long-range diffusive mixing in the absence of convection
in emphysematous lungs, the effect of the heart and convection through collateral channels
with breathing would be to magnify this abnormality even further.

All the present experiments are possible in vivo and have been successfully conducted in dogs
(28). We used explanted lungs, which enabled us to determine whether alveolar destruction
correlated with the rapid long-range diffusion we found in emphysematous lungs. The normal
lungs served as controls. Furthermore, by studying lungs with the real anatomic pathology of
emphysema, rather than an animal or structural model, we approached conditions similar to
those in living patients with chronic obstructive pulmonary disease. Explanted lungs also have
advantages for the study of disease: regions that would not be well ventilated within a single
breath can be fully ventilated by repeated breaths, and the depolarizing effects of O, can be
avoided (19). We show here that Dy in three normal human donor lungs is very restricted, in
agreement with previous measurements, and that Dgg is very significantly increased in severely
emphysematous lungs removed at transplant surgery.

MATERIALS AND METHODS

Nine severely emphysematous lungs were removed at transplant surgery and stored loosely
wrapped in a towel moistened with saline at 40°F for 2-5 days before imaging. Three normal
donor lungs that were rejected for transplantation because of recipient mismatch were stored
similarly and used as controls; one donor (40-yr-old Control 2R in Table 1) had a smoking
history of 20 pack - yr. Storage of the lungs for this period of time did not affect their quality
for quantitative histology. These studies were performed with the approval of the Institutional
Review Board.

In one control and five emphysematous lungs, tubes glued to the visceral pleura communicated
directly with the lung parenchyma via an incision in the pleural surface; this subset of lungs
was part of a much larger study of transpleural ventilation, a therapeutic approach originally
suggested by Macklem (13). The tubes did not affect the diffusion measurements, because
these measurements were not made in close proximity to the tubes (which were closed during
imaging experiments) and because most of the parenchyma was unaffected. We did, however,
assess passive gas expiration and trapped gas removal through the transpleural conduits via a
pneumotachometer and by water displacement, respectively, in this subset of lungs. After the
lungs passively deflated through the bronchus from 10 cmH,0 transpleural pressure, we
measured the volume of total gas expiration through the pleural tube when it was open via a
pneumotachometer. We also measured the volume of water displaced by the lungs after passive
deflation before and after the pleural tube was open for 15 s.
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Before imaging, leaks in the lungs were sealed and the lungs were purged with 100% N>, via
an open-circuit technique. The lungs were placed in the magnetic resonance scanner, inflated
to approximately functional residual capacity with N, and then ventilated using a syringe
containing ~300 ml of 3He. After at least three 300-ml rebreathing strokes with the syringe to
mix 3He with N, in the lung, imaging with magnetization tagging was performed at end
inspiration. By using very small flip angles, substantial 3He magnetization remained for the
magnetization-tagged, Dgsec measurements reported here.

Hyperpolarized 3He of 40% absolute polarization was prepared with one commercial (General
Electric) and two home-built polarizers to allow as many as six separate 300-ml boli of gas for
an imaging session. A home-built, solenoid-like radio frequency (rf) coil took advantage of
the lack of tissue around the lungs, resulting in low rf loss (Q = 80) and correspondingly high
signal-to-noise ratio (SNR). A Siemens Magnetom Vision whole body imager was used at
48.47 MHz. The high-Q coil required retuning before each experiment but provided high SNR
and a homogeneous rf field.

Sinusoidal modulation of 3He magnetization with wavelength /. was achieved after the final
ventilation cycle by two 45° rf pulses separated by a gradient pulse of amplitude G and effective
duration t, such that yGAt = 2z, where y is the gyromagnetic ratio of the 3He nucleus. The
resulting longitudinal magnetization is modulated as follows: M(x) = [1 — cos(yGtx)]/2 (28).
The use of 45° pulses yields 100% modulation while avoiding negative magnetization, which
would be misreported in the magnitude value, gradient-echo images used here. The
magnetization tagging had wavelengths of 2.0 and 3.0 cm, which were chosen to yield a
significant, but not complete, decay of the modulation after several seconds. In normal donor
lungs, where much less diffusion and modulation decay were expected, the smaller wavelength
was used. After tagging, 4-15 subsequent FLASH image sets (3° flip angle) in approximately
axial or sagittal planes (defined by the lung’s normal orientation in the body) inspected the
decaying modulation. Fewer FLASH images were used per slice if more slices were acquired.
The 20-mm-thick slices were 320-mm field of view, with 5 x 2.5 mm pixels; better resolution
was in the read-out direction, normal to the tagging planes, and in the direction along which
diffusion is probed. In three cases, measurements were made in multiple diffusion directions:
anterior—posterior and medial<—lateral. As many as nine total slices were imaged, although
higher time resolution with fewer slices was needed when the decay was particularly fast; six
of the emphysematous lungs necessitated imaging of only one slice at a time. For comparison,
maps of the short-range 3He diffusivity (Dysec) Were generated by the ratio of two interleaved,
gradient-echo FLASH images, with b = 0 and 1.375 s/cm? (b is a measure of gradient strength
and duration; diffusion time = 1.8 ms) (20), using the same field of view as for Dgec, but with
5 x 5-mm resolution.

Dgec Was measured for each pixel from the decay rate constant (R) of the fractional sinusoidal
modulation FM(x), which is defined below as a discrete Fourier sum involving only
neighboring pixels over one tagging wavelength in the read-out direction. Cosine and sine
components [C(x) and S(x), respectively] of the image intensity data [1(x)], in addition to the
average [a(x)], were calculated for each image as follows (28)

a(x)= ) lx+Ax) (1)
Ax

2m(x + Ax)}

1 (2)

C(x)= 2 Ix+Ax) cos [
Ax

S(x) = X I(x+ Ax) sin {M]

£ 1 3)
x
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NC(x)2 +S(x)2

FM(x) = )

(4)

All sums are over Ax, from —A/2 to A/2, with no end-point redundancy. Because FM is defined
asthe ratio in Eq. 4, it is unaffected by uniform T, decay and consumption of the magnetization
by rf pulses (see Fig. 1 in Ref. 28) but is sensitive to the apparent diffusivity of the gas. If we
consider a simplified situation where the longitudinal magnetization [M(x)] att >0 is
characterized purely by the cosine function, then at t = 0, M(x,0) = %2[1 — cos(kx)], where k =
2n/).. The pertinent solution to the diffusion equation, with T4 relaxation included, is M(x,t) =
e UT1[1 + e Ricos(kx)], where R is given by 4n?Dge./A2 (14). The fractional modulation then
decays with time according to Eq. 4: FM(x,t) = ¥%e Rt Maps of D are generated from the
exponential decay rate constant R of the fractional modulation FM(x,t) at each pixel as follows:
R = 4n2Dge/42 (14); in practice, this is achieved by fitting FM at each pixel to an exponential
decay with time. Even though Egs. 1-4 provide data for each Ax and give a smooth presentation
of the maps of Dgg, the true resolution of the maps is closer to A/2.

We froze, sampled, and preserved tissue from one normal and six diseased lungs for
quantitative histological studies. After imaging, these lungs were inflated to 10 cmH,0
pressure and frozen in cold (77-100 K) N vapor. The entire frozen specimen was then cut into
2-cm-thick transverse slices, placed on dry ice, and randomly sampled using a cork borer, with
15-20 samples per lung, at recorded locations. These samples were fixed in 70% alcohol at
—40°C and then shipped to the iICAPTURE Center, where they were processed into paraffin
blocks. Sections (4 — 6 um thick) were cut from these paraffin blocks and stained with
hematoxylin and eosin. Each section was randomly sampled with at least five microscope fields
using a ~10 objective lens. Point and intercept counts were collected using the “multipurpose
test system” proposed by Weibel (24). The surface density and SA/V were calculated first
manually and later using Image Pro Plus (Media Cybernetics) image analysis software, which
was validated against the manual method. We were able to approximately match 59 individual
histological samples to image regions in maps of Dge. for comparison and validation. Image
slices of Dgec and physical cutting of the frozen lungs were in different orientations, so the
matching of image positions to the sampled tissue has an approximate uncertainty of +1 cm.

N purge removed almost all the O,, so the T, of 3He was much longer than the total experiment
time, which is on the order of 100 s. If the lung contained 1% air (0.2% O5), T1 of 3He due to
O, alone would be ~17 min (19). In two cases, T1 was measured directly to be 7-9 min,
suggesting that a small amount of air had entered through leaks or that there was significant
wall relaxation. Virtually all areas in each lung received enough gas for the diffusion
measurements after repeated breaths. SNR in the images was as high as 150 and never <10.
Ex vivo improvements in SNR are ~12 dB over those in vivo because of the increased Q and
superior filling factor (28). Near-complete tagging modulation (with minima <10% of maxima)
was realized in all cases.

In the three normal lungs, Deec Was very restricted (Dgee = 0.022 cm?/s) in nearly all parts of
the multiple slices imaged, which together cover most of each lung (Fig. 1). After ~3 s of decay,
only small changes in the sinusoidal modulation are evident; the resultant map of long-range
diffusivity reports low and generally uniform values. In all three control lungs, there were
regions of slightly enhanced Dgg; Without accompanying enhancement of Dpy,gec in the same
regions.

A wide distribution of Dge. was measured in the severely emphysematous lungs. The average
Dsec across these lungs was 0.24 cm?/s, an 10-fold increase compared with the control lungs.

J Appl Physiol. Author manuscript; available in PMC 2007 December 19.
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In every case, there was marked heterogeneity of Dge; compared with the control lungs (Fig.
2), with many regions of greatly enhanced diffusion (e.g., Dsec >0.4 cm?/s), particularly in the
upper lobes. Data from all lungs are summarized in Table 1.

Diffusion was often so rapid that decay of spatially modulated magnetization was obvious in
the raw images (Figs. 2 and 3). Some regions with D near the unrestricted value were
detected, representing an ~40-fold increase in diffusivity compared with normal lung (Fig. 3).
Comparison of the maps of D With the maps of Dpy,¢ec Shows distinct qualitative differences.
Examples include the regions of enhanced D, Whereas Dypsec is comparatively uniform, in
the normal lungs in Fig. 1. In Fig. 3, the map of Dg.. shows substantial variation across the
lung, with some restriction to diffusion in the upper lobe, in contrast to the uniform and nearly
unrestricted values of Dygec (Dmsec has saturated near the value of D, = 0.88 cm?/s).

Even though image sets of Dgec did not cover the entire lung, we matched regions in these
images to samples for which quantitative histology had been performed (Fig. 4, with averages
in Table 1). Despite the imprecision (+1 cm) in matching regions of Dgec maps with those where
SA/V was measured, the correlation (Fig. 4) between SA/V and Dg in the samples for which
we were able to match the two measures shows a significant, nonlinear, inverse relation. An
equation of reasonable fit is presented in Fig. 4.

Trapped gas volume was four times greater in explanted emphysematous lungs than in control
lungs: 2.0 + 1.1 vs. 0.5 + 0.2 liter. We recovered 60 = 42% of the trapped gas volume via the
transpleural conduits. There was a rough, linear correlation between the percentage of trapped
gas removed and the average Dggc (2 = 0.77) for the five emphysematous lungs.

DISCUSSION

The 3He closed-circuit rebreathing procedure (after open-circuit purging of O, by 100% N,)
described here results in reasonably uniform gas distribution, even in portions of
emphysematous lungs that do not receive much gas during single inspirations. This technique
distributes 3He throughout the lung with little or no depolarization by O,. This ensures that
images of the decay of modulated magnetization completely cover the lung, allowing
diffusivity to be measured under static conditions even in the most diseased regions.
Previous 3He magnetic resonance images in vivo typically show one or more regions of
inadequate ventilation where the diffusivity cannot be determined (20). Although repetitive
rebreathing of an anoxic gas mixture (as used here) cannot be repeated in vivo, a more modest
rebreathing procedure (i.e., the rebreathing method used to measure functional residual
capacity by He dilution) could be effective at obtaining better results in humans with abnormal
ventilation distributions.

The result of Dgee = 0.022 cm?/s in the control lungs is consistent with results from a previous
study of in vivo human lungs (15,16) and a study of healthy dog lungs (28) in which similar
values of Dgg, i.e., ~1/40th of Dy, were found. By contrast, in several of the explanted
emphysematous lungs examined here, regions of very large D¢ Were present, with 25- to 40-
fold increases relative to the 0.022 cm?/s average of the normal donor lungs. This is consistent
with our calculation (see above) that the possible fractional increase in Dy is an order of
magnitude greater than that for Dpgec.

The correlation of Dge; With SA/V (Fig. 4) strongly suggests that the areas of unrestricted
Dgec are indeed regions of extreme tissue destruction. In all likelihood, these are the trapped
gas regions that communicated with the transpleural conduits but not with the tracheobronchial
tree. In smoking-induced emphysema, the worst disease is commonly found in the upper lobes
(25), in agreement with the location of the areas of largest Dgec in Figs. 2 and 3, and in five of
the other seven emphysematous lungs. However, SA/V and Dge. measure very distinct aspects
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of the lung: SA/V is determined from a 10-um histological section of a 2-cm-long core of
tissue, and Dy is determined from a volume-averaged image of regional acinar connectivity.
Long-range diffusion seems particularly sensitive for lungs with SA/V <120 cm™1, where tissue
sampling and morphometry become difficult for practical reasons. Therefore, for us, the
immediate utility of Dge; appears to be in quantifying advanced emphysema.

To execute a net displacement of approximately A/2 (here 1.0-1.5 cm) and with the assumption
that 3He cannot penetrate the airway and alveolar walls (He is only very slightly soluble), the
tortuous nature of the branching airways requires a 3He atom to diffuse a much longer path
than 4/2 (2). Thus one expects Do to be much smaller than D, or even Dpygec, in agreement
with the present results in normal lungs. In healthy lungs, as discussed above, diffusion of gas
from one acinus to another involves the gas moving up and then down several airway
generations, including branches within the acinus (8,23,26). In emphysema, collateral
pathways resulting from alveolar destruction allow gas to flow more easily through the
parenchyma than through the tracheobronchial tree (9,13). Thus the presence of collateral
pathways offers a larger number of more direct diffusion paths, so D, is increased (23). We
note that different tagging wavelengths may lead to different apparent diffusivities in the same
lung, because the length scale and tortuosity of lung architecture will be different. Thus, for
increasing wavelengths in healthy lungs, we expect Dgg. to decrease, because atoms must
negotiate a more tortuous path, but this decrease has not been observed in the length-scale
studies by us and others (16). In emphysematous lungs, the relation between Dgg and A will
depend on the extent of the collateral pathways.

The increased collateral communication is directly evidenced in this study by the increased
expiratory flow and trapped gas removal via transpleural conduits compared with the airways
in the subset of lungs with external tubes through the pleural surface. The trapped gas that
could be removed via these conduits showed that collateral channels communicated with a
larger volume of the lung parenchyma than did the tracheobronchial tree. For relief of lung
mechanical abnormalities and gas trapping in emphysematous lungs, surgical construction of
artificial airways directly through the rib cage and visceral pleura into the lung parenchyma,
bypassing obstructed airways, has been proposed (13). A better approach might be construction
of fenestrations through the bronchial wall into the lung parenchyma (10). All such new
therapeutic approaches will depend on good collateral ventilation, so that large volumes of
lung benefit from a small number of these fenestrations. That is, these methods rely on collateral
ventilation to remove trapped gas from a substantial volume of hyperinflated lung tissue.
Measurement of Dggc may be important in determining the extent of tissue destruction, resulting
in new collateral pathways and the likelihood of success of the newly proposed remedies in
individual patients.

In conclusion, we have taken advantage of the high spin sensitivity in excised lungs and the
reasonably uniform gas distribution that can be produced by rebreathing, even in the most
diseased regions of lung, in our report of hyperpolarized 3He magnetic resonance imaging in
three control and nine severely emphysematous explanted human lungs. Dgg; Was measured
by monitoring the decay of sinusoidally modulated longitudinal magnetization. Normal human
donor lungs show very restricted D¢, ~1/40th of the free gas diffusivity, reflecting the long
and indirect paths along the tortuous airway network between distant points. There was a
significant correlation between histological quantification of parenchymal tissue destruction
as assessed by SA/V and Dggc. Thus we provide strong evidence in favor of our hypothesis that
emphysematous alveolar destruction allows more rapid long-range diffusion between acini and
lobules than in normal lungs. The measurements of D¢ provide very large contrast between
normal and severely emphysematous lungs, with increases that are as large as a factor of 40.
In addition, Dgg reveals significant regional differences in some lungs with nearly uniform,
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unrestricted Dypsec. Measurements of Dgec may be particularly useful for characterizing the
collateral ventilation pathways that become important in severe emphysema.
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Fig. 1.

Sequence of time-evolving, modulated 3He magnetization in approximately transverse slices
(lateral is at right of both images) from 2 normal human donor lungs. Gray-scale images 1-3
advance 2.9 s per frame; tagging wavelength is 2 cm. Images of long-range diffusion (Dgec)
were calculated from gray-scale images; short-range diffusion (Dmgec) is shown for
comparison. Dgg. is substantially different from Dpysec, With Dgec lower than Dpygec by a factor
0f ~10: Dgee = 0.021 cm?/s and Dpgec = 0.21 cm?/s. Scales for Dgee and Dy differ by a factor
of 8.8.
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Fig. 2.

Gray-scale images 1-4 advance in time by 1.96 s per frame for an emphysematous left lung
removed at transplant. Images are approximately sagittal, with a 3-cm tagging wavelength.
Diffusion map calculated from decay of sinusoidal modulation is displayed in color (right); a
large region in the upper lobe (left) reaches >0.4 cm?/s. Attenuation of the modulation is
obvious in image 2 and is faster in the upper lobe. Note different scale from Fig. 1.
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Fig. 3.

Sequence of approximately sagittal images 1-4 from a severely emphysematous explanted left
lung; each frame advances only 0.4 s. Washout of the modulation is particularly rapid and is
apparent in the later images. Upper lobe (left and top of images) has regions of nearly
unrestricted diffusion in the map of Dgg, yet it still shows some regional variation. Dpygec Mmap,
calculated from a different image set, is nearly saturated at D in the upper lobe.
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Fig. 4.

Comparison of morphometry [ratio of surface area to volume (SA/V)] and Dgg for 59
individually matched samples from 1 control and 6 emphysematous lungs. Relation is inverse
and nonlinear. Empirical fitting is as follows: SA/V = 98 + 131 exp(—9 Dgec), with r2 = 0.67
(unitsincm - g - s). COPD, chronic obstructive pulmonary disease.
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