1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Acad Radiol. 2008 June ; 15(6): 675-682.

The Role of Collateral Paths in Long-Range Diffusion of He in
Lungs

Mark S. Conradil’z, Dmitriy A. Yablonskiylvz, Jason C. Woods?, David S. Gieradaz, Seth-
Emil T. Bartell, Susan E. Haywoodl’z, and Christopher Menard?l

1 Washington University, Dept. Of Physics, Saint Louis MO 63130
2 Washington University, Dept, of Radiology, Saint Louis MO 63130

Abstract

Rationale and Objectives—The hyperpolarized 3He long-range diffusion coefficient (LRDC) in
lungs is sensitive to changes in lung structure due to emphysema, reflecting the increase in collateral
paths resulting from tissue destruction. However, no clear understanding of LRDC in healthy lungs
has emerged. Here we compare LRDC measured in healthy lungs with computer simulations of
diffusion along the airway tree with no collateral connections.

Materials and Methods—Computer simulations of diffusion of spatially modulated spin
magnetization were performed in computer generated, symmetric-branching models of lungs and
compared with existing LRDC measurements in canine and human lungs.

Results—The simulations predict LRDC values of order 0.001 cm?/s, approximately 20 times
smaller than the measured LRDC. We consider and rule out possible mechanisms for LRDC not
included in the simulations: incomplete breath hold, cardiac motion, and passage of dissolved 3He
through airway walls. However, a very low density of small (micron) holes in the airways is shown
to account for the observed LRDC.

Conclusion—Itis proposed that LRDC in healthy lungs is determined by small collateral pathways.
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Introduction

The advent of technology for the production of ~liter quantities of hyperpolarized 3He gas
allows imaging of the air spaces of lungs. The first use of the technology was to produce
ventilation images (1,2,3) which display the distribution of a single bolus of inhaled 3He at
breath hold. Subsequently, dynamic 3He MRI was used to show the time evolution of gas
distribution, with sub-second time resolution (4,5). A quantitative method for measurement of
the local fractional ventilation (the fraction of gas replaced with each breath) has also appeared
(6). The local oxygen concentration and its decrease during breath hold have been determined
(7,8) from the 3He T, allowing the local ventilation — perfusion ratio to be calculated (9).
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The microstructure of the lung (the acinar airways and alveolar walls) restricts the diffusion
of 3He. In emphysema, expansion of the acinar airways and tissue destruction result in less
restriction and larger apparent diffusion coefficient (ADC). Measurements of the ADC are
commonly performed (10-13) with two b-values, one of which is zero, with bipolar diffusion-
sensitizing gradient pulses of 2-5 ms duration (here b is the weighting of the diffusion-
sensitizing gradient pulses). For these times, the 3He free diffusivity Dg (in N, or air) of about
0.88 cm?/s corresponds to rms displacements of about 0.7 mm, large enough to thoroughly
explore the interior of a typical acinar airway. Measured ADC values in normal human lungs
are approximately 0.2 cm?2/s and increase in emphysema; in severely diseased lungs, 0.6 cm?/
s is common (11). Likewise, increases of ADC in rats are observed in emphysema (12,

14). 3He ADC measurements have yet to enter common clinical practice, though they are
regarded as the emerging new gold-standard for characterizing the emphysema-component of
COPD. Interest is high in using 3He ADC for early detection of the disease and for following
disease progression in drug treatment trials.

Based on existing knowledge of lung acinar structure, the acinar airways have been modeled
(15) as long cylinders covered by a sleeve of alveoli. In these structures, diffusion is
anisotropic with a large longitudinal value (D} ) and a smaller transverse value (D). The
success of the model depends on (i) the major radius of all the acinar airways being nearly
constant over the many airway-levels, and (ii) the diffusion time of the pulse sequence (~2ms)
being short enough that most gas atoms remain in the same acinar airway throughout this time.
This model has been used to analyze data to determine the mean acinar major radius in a normal
volunteer, in excellent agreement (5%) with the value accepted from post-mortem
measurements. Recent work (16) aims to obtain (primarily from D\ ) the ratio of minor to major
radii, which is a measure of the extent that alveoli enter into the acinar airways. The non-
exponential signal decay can also be treated (17) in terms of a power-law expansion of the log
of the signal in powers of b. The b2 term (the curvature) can be expressed as the dimensionless
kurtosis. The connection between the value of kurtosis and the lung microstructure is not clear,
however.

The probability distribution of displacements, P( Ax), can be obtained as the Fourier transform
of the signal amplitude with respect to the gradient amplitude. In lung, P(Ax) has been reported
(18) to be approximately the sum of two Gaussians, one narrow and one wide. This is equivalent
to writing the signal amplitude S(b) as the sum of two decaying exponentials (19).

Long-Range Diffusion

The ADC measurements discussed above use short diffusion times (milliseconds) and so allow
the 3He to explore individual acinar airways. Longer diffusion times (seconds) are required for
the 3He to explore longer distances, to reveal the connectivity of the airways and acini.
Measurements of the long-range diffusion coefficient (LRDC) have appeared, using sinusoidal
spatial modulation (20) of the 3He spin magnetization, with modulation wavelengths A of
typically 2-3 cm (21-23). Diffusion occurring after the initial modulation (or tagging, or
striping) reduces the amplitude of the modulation; small-angle (FLASH) imaging can follow
the decaying amplitude and allow a LRDC value to be determined. By using the longitudinal
spin magnetization, the decay due to diffusion can be followed to times of order T+, the longest
relaxation time in the spin system. Specifically, the modulated magnetization amplitude S will
decay exponentially as (22)

S ~ exp(—Rt),where [1]

R=(LRDC)k?, [2]
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and k = 2zt/A. The relevant diffusion distance is of order A/2. The LRDC can also be measured
with stimulated echo methods (24). The underlying physics is the same as the spatially
modulated magnetization method, with the initial spin position encoded in the longitudinal
magnetization. The primary difference between the methods is whether the modulation is done
in the imaging plane or perpendicular to it. The stimulated echo method allows a wide range
of modulation wavelengths and diffusion times to be explored (25).

The LRDC in healthy human volunteers (24,25) and healthy canines (22) has been measured
to be about 0.02 cm?/s using A = 2 cm, approximately 10 times smaller than the 2 ms
measurements of ADC. Similar values have been obtained (23) in explanted normal donor
lungs (Figure 1). In emphysematous lungs, the LRDC increases substantially, by as much as
a factor of 20 (Figure 2). There is evidence (23,26) that the ratiometric increase in LRDC (that
is, the measured value divided by the normal value in health) is greater than the ratiometric
increase of ADC (ms time scale). A very simplistic view is that restricted diffusivities cannot
exceed the free diffusivity, Dy; as the normal LRDC is about D,/50 and the normal ADC is
about D,/5, the LRDC has substantially “more room to grow”, compared to the ADC.

In emphysema, the diffusion D_ along the acinar airways is likely to increase, because the
interior of the expanded airways becomes smoother in relative terms (15); the alveolar walls
no longer extend so far into the acinar airways. But this increase in D_is limited to a factor of
2, since Dy_in healthy lungs is approximately Dg/2 (15). So only a small part of the very large
measured increases in LRDC can arise from the increased diffusivity along the airways. The
diffusion transverse to the airways is completely unimportant as the acinar airway radii are
much smaller than the relevant distance of A/2. Thus, it is believed (22,23) that the measured
increases in LRDC are due to increased collateral paths. Here, collateral paths are defined as
all paths other than the canonical airway tree (27,28). The tissue destruction in emphysema
increases the size and number of holes in the airway walls. These collateral paths represent
short-circuits, allowing gas to diffuse between points which are nearby in space but are
nevertheless quite distant along the airway tree (29). Thus, our current understanding is that
LRDC is small in health because to travel between two points 1 cm apart (at least to another
acinus), the gas must traverse the tortuous network of airways, finding the node on the airway
tree which is common to the two points. With tissue destruction, this condition is greatly
relaxed; there are many new, collateral routes between the two points.

But is it so? Is the LRDC in healthy lungs determined by gas diffusing only along the airway
tree? Here, we report the results of computer simulations that indicate that LRDC in healthy
lungs should be much smaller, if only paths along the airways proper are considered.

Computer Simulations

Healthy lungs were simulated according to the symmetric branching model of Weibel (29,
27); thismodel has 23 bifurcating levels of airways. In the model, airways are singly-connected,
meaning any two points in the airway tree are linked by an unique path. The lengths and radii
of the airways were taken from Table 1 of reference 29. Each parent airway gave birth to two
daughters, at branching half-angle 40°. At each branch point, the plane of the daughters was
rotated by a randomly chosen angle about the axis of the parent airway. The diffusion equation
(30) in discrete form (not continuous) was solved for 32 random realizations of the structure,
with randomly selected direction and phase of magnetization modulation. The modulation
time-decay was fitted to the exponential decay of eqn. [1] and the decay rate constant R was
used to determine the LRDC using egn. [2]. The wavelength A was set to 2 ¢cm, in agreement
with most existing experimental data; this is larger than the mean acinar linear dimension of 6
mm.
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Details of the simulation are described elsewhere (31). Here we focus on the implications of
the results.

The simulated modulated magnetization decays (31) to nearly zero over a time interval of
several hundred seconds. The decay is only approximately exponential; if one fits the time
where the modulation has decayed by 1/e, one obtains a decay time constant (1/R) of about
115 s for A = 2 cm. Using eqn [2], the LRDC in the simulation is thus about 0.001 cm?/s. The
32 random versions of the simulated lung have similar time constants, with a 7% standard
deviation. Variation of the branching half-angle from 35 to 45 degrees caused only = 12%
variation in the LRDC.

Discussion

The discrepancy between the simulated and measured LRDC values is extreme, with the
measured LRDC 20 times larger. After the earliest measurements of LRDC, the question
seemed to be “why is the LRDC so small compared to the ADC measured over milliseconds?”
Now the question is “why is the measured LRDC so large?” We note that any routes additional
to the airways proper, and so not taken into account in the simulations, could cause the observed
discrepancy. We consider several possibilities below.

Lack of breath hold and cardiogenic mixing

Random (diffusive) rms displacements increase roughly as vt while constant velocity motion
results in displacement proportional to the diffusion time t (30). Thus, constant velocity motion,
compared to diffusive motion, plays a relatively larger role at long diffusion times and long
diffusion distances. Hence, motion of the heart and incomplete breath holds must be considered
as potential sources of error for LRDC measurements. However, these sources cannot be
present in the explanted lungs; we recall that LRDC measured ex vivo is also much larger than
the simulation predictions (23). It is possible, of course, that these artifacts are weakly present
in vivo.

Permeation through airway walls

What rate of overall, long-range diffusion results from the small permeability of 3He through
the airway walls? To estimate the diffusivity due to permeation, we model the lung in Figure
3 as a set of thin parallel membranes of thickness x and spaced by L-x; we assume L > X. The
membrane is primarily water (saline or blood), so the solubility of helium in water is used in

the form of the Ostwald partition coefficient, s. That is, s is the ratio of 3He concentration in

the liquid to that in the gas at equilibrium. Using the same units for the two concentrations, the
solubility s is dimensionless. For helium in water, the solubility s (32) is approximately 0.96

x1072. The 3He residing in the membrane diffuses more slowly than in the gas; its diffusivity
Dy in water may be estimated (33) as several times larger than the self-diffusion of water, thus
no larger than 1074 cm?/s. The overall diffusivity LRDC can be derived by using Fick’s law

of diffusive flux,

J=—-DVC. [3]

Here the flux is measured in particles (or spins) per time per area and C is in particles (or spins)
per volume.

We consider the concentrations C at the specified points in Figure 3, over the length L of one
period. The simple geometry of Figure 3 does not capture the details of the airway tree; this is
of no concern, as the diffusion along the airways has already been considered in the simulations
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and found to result in much smaller LRDC than the measured values. We assume that
concentration equilibrium occurs along each gas-membrane interface and that the gas phase
diffusion is infinitely rapid (more precisely, the diffusive bottleneck occurs in the membranes).
Thus, the concentration variation across each gas-phase region is negligible. At steady-state,
the flux from left to right in Figure 3 is the same across each membrane and airspace. Examining
just the membrane, we write egn. [3] above as

SCQ - .S'Cl
' X ’ [4]

J=-D

W

In terms of the structure of length L, we express the overall diffusivity LRDC using eqgn. [3]
in the same way,

Cr,—-C
J=— (LRDC)%. 5

Equating the two expression for the flux J, we obtain

LRDC=D,,sL/x. [6]

This result is correct when the LRDC so determined is much smaller than the gas free diffusion,
Dy. Using the above values of Dyy and s and setting L = 600 pm and x = 6 um, reasonable
estimates for acinar airways (27), we obtain LRDC = 1074 cm?/s. This is much smaller than
the observed values of LRDC and even much smaller than the computer simulated results. We
note that the gas-phase diffusivity is not infinite, which will make the overall diffusivity LRDC
only (slightly) smaller. In the same way, lack of equilibrium of the concentration at the gas-
liquid surfaces will also reduce LRDC. Overall, the diffusion through the structure of Figure
3 can be regarded as several processes in series, so the overall diffusivity is no larger than the
result of egn. [6]. We conclude that this mechanism is negligible, as a result of the low solubility
of 3He in water and its slow diffusion in water. We note that eqn. [6] was derived using a linear
concentration (or spin magnetization) variation along x, but the result is fully general for length
scales longer than L.

The above mechanism can be enhanced by the flow of blood in the capillary bed. Thus, 3He
can dissolve through the airway walls and into the blood and then be swept to distant locations.
The process is completed by 3He returning to the air space. In any event, this mechanism is
certainly not applicable to the results for ex vivo lungs and so it can not explain the discrepancy
of measured and simulated LRDC.

Diffusion through holes

Next we consider diffusion through isolated small holes in the walls of Figure 3. Again, we
approach the problem by calculating the diffusive flux with Fick’s law, egn. [3]. As in Figure
4, consider each wall of area A to have a single hole of radius r; the concentrations on the two
sides of the wall are C; and C,, far from the hole. The concentration in each region will be
essentially constant, except within a distance of about r from the hole. Thus, the concentration
is expected to vary from C4 to C, along the dashed line path of length 2r passing through the
center of the hole in Figure 4. The diffusive flux J from eqn. [3] times the area r? is the diffusive
current I,

C-C

I=D, 7r*=D,(Cy — Cy)rr/2;

[7]
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here, Dy is the free diffusivity of the gas. This result, aside from the numerical factor (which
is only approximate), can be obtained by dimensional analysis.

A proper treatment of the problem involves the steady-state solution of the diffusion equation,
V2¢ = 0 where ¢ is concentration (spin magnetization). It turns out that this is exactly analogous
to the problem of finding the electrical conductance of the single short throat of radius r
connecting two large regions, all with conductivity o. This result is current

current
— =20T.
potential difference [8]

Conductance=

This result is obtainable from the electrostatic capacitance CA of a conducting disk relative to
a (grounded) surrounding conductor at infinity. The result is given by Smythe (34) as CA =
8egr, where g is the permittivity of free space. Thus, the capacitance to top or bottom alone is
4gqr; the electrostatic and electrical conduction equations are analogous upon substituting the
electrostatic gg for the electrical conductivity . We note that the two electrical conductances
of 4cr in series form a single, net conductance of 2or. In terms of diffusion, the diffusive
conductance of the hole is therefore correctly given by

1
=2Dyr,
= C 0 [91

conductance=
which differs numerically only slightly from the simple estimate of egn. [7]. This result has
been confirmed by numerical solution of V2c = 0. The result also appears in Berg (35).

Considering a wall with N well-separated holes per area A, the overall flux J, averaged over
the area of the wall, will be

— current N
J= A —X2I)0r(C2 = Cl)

[10]

Viewed overall, J can be expressed in terms of the overall diffusivity LRDC and the overall
concentration gradient (C,-C,)/L,

J=LRDC(C, — C)/L, [t1]
giving
LRDC=2nDyrL, [12]

where n is the number density of holes, n=N/A.

We note that a remarkably small density of small holes can account for the measured values
of LRDC. For example, for holes of radius r =5 um = 5 x 1073 mm (consistent with what is
known of pores of Kohn (28,36)) and wall spacing L=600 um, the hole density must be n=330
holes/cm? to account for the observed LRDC/Dg = 1/50. For a regular square pattern of holes,
this is a hole spacing of 0.55 mm, of order one hole in each alveolar wall. If each hole is larger,
then an even smaller density of holes is required. The fraction F of wall that must be hole to
explain the observed LRDC is surprisingly small. In the above example, the fraction is
F=nnr2=2.6x1074. We note that, because of the linear (not quadratic) dependence of LRDC
upon r, the fraction F will depend on the hole radius r, for given values of LRDC/Dg and L.

The calculated LRDC of such a small density of very small holes suggests that these collateral
paths may explain the factor of 20 discrepancy between the simulated and measured long-range

Acad Radiol. Author manuscript; available in PMC 2009 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Conradi et al.

Page 7

diffusivities. However, we do not intend the above numerical values of hole density and radius
to be taken as measurements or facts, but only as estimates that are certainly in accord with
what is known about collateral paths. That is, such a density and radius of holes is plausible.
We note that other passages, those of Lambert and Martin, have been discussed (28).

It is a well known result that the collateral airflow resistance (37-42) is much larger than the
airway resistance in normal human lungs. Thus, it is at first surprising that the long-range
diffusion through collateral paths appears to be more important than the diffusion along the
airway tree itself. However, we note two important differences. First, the collateral airflow
resistances have been measured using the wedged catheter technique, typically at the level of
individual lobes, segments, or sub-segments (28,38,42) (certainly in the conductive zone). The
diffusive paths discussed above are presumably at a level to connect one acinus to its neighbor,
so the relevant collateral paths are at a much lower level in the lung (in the diffusive zone).
Second, the measured resistances involve hydrodynamic flow; we recall that laminar flow in
a tube of radius r varies as r#, for a fixed pressure differential and length (43). By comparison,
the diffusive transport is proportional to r2 (note the difference here with the case of a hole of
no length, eqgn. [7]).

Thus, a set of very small holes may offer a high resistance to transport by flow yet serve as an
important path for diffusion. The fundamental distinction is that hydrodynamic flow resistance
occurs at the cylinder wall while diffusion encounters resistance across the entire cross-section.

A recent calculation of diffusion within single acini has appeared (44), suggesting that the
results explain the LRDC in healthy lungs. We note that the length scale is not specified, but
can be no larger than the linear size of acini, about 6 mm. Because this is smaller than the
striping wavelength, complete diffusion randomization within each acinus can only slightly
reduce the stripe amplitude, from unity to approximately 0.75 for A = 2 cm (31). Thus, intra-
acinar diffusion can not explain the decay of stripes with A = 2 cm and longer.

Conclusions

Long range diffusion (LRDC) measurements involve modulation of 3He longitudinal spin
magnetization with wavelengths of 2 or 3 cm. Values near 0.02 cm?/s have been determined
previously in vivo in normal dogs (22) and human volunteers (21) as well as ex vivo in normal
human donor lungs (23). These values are similar to those measured using the stimulated echo
method (24,25). Computer simulations of the diffusive decay of modulated magnetization have
been performed in symmetric-branching model lungs. The simulations predict LRDC values
approximately 20 times smaller than the measured values. Several possible sources of the large
discrepancy are examined and ruled out: cardiac motion, incomplete breath hold, and diffusion
of 3He through the airway walls by dissolving into the membranes. However, consideration of
the diffusion through a single hole shows it is proportional to the radius (not radius-squared).
We calculate that a remarkably small density of small holes in the airway walls can account
for the observed LRDC. For the numerical values used, n = 330 hole/cm? and r = 5 um, the
fraction of each wall that must be hole is less than 0.03%. We conclude that collateral paths
may determine the LRDC in healthy lungs, just as they are believed to be responsible for the
greatly enhanced LRDC values found in emphysematous lungs.
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Figure 1.

Modulated magnetization images in an explanted normal donor lung at times of 0, 2, and 4 s
(frames 1-3) after modulation. The long-range diffusivity LRDC appears in color. The striping
wavelength & is 2 cm in this axial, 30 mm slice with 450 mm field of view and 128 x 128 in-
plane matrix.
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Figure 2.

Modulated magnetization images of an explanted lung with COPD stage GOLD-IV. Frames

1-3 are at times of 0, 0.6, and 1.2 s. Note the much larger color scale here for LRDC than in

Figure 1. Here A is 3 cm in this approximately axial slice of 30 mm thickness, field of view of
350 mm and 128 x 128 in-plane matrix.
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Figure 3.

Periodic structure of length L of thin walls used to model effect of diffusion through lung
airway walls. The concentrations C are shown at the relevant locations, spanning one unit of
the periodic structure. The dimensionless solubility is s. The walls extend indefinitely in the
vertical direction and perpendicular to the page.
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Wall of area A with a single hole of radius r. Along the path of the dashed line, the concentration

changes by approximately C; — C, in distance 2r.
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