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Abstract

A branched geometrical structure of the mammal lungs is known to be crucial for rapid access of oxygen to blood. But an important
pulmonary disease like emphysema results in partial destruction of the alveolar tissue and enlargement of the distal airspaces, which may
reduce the total oxygen transfer. This effect has been intensively studied during the last decade by MRI of hyperpolarized gases like heli-
um-3. The relation between geometry and signal attenuation remained obscure due to a lack of realistic geometrical model of the acinar
morphology. In this paper, we use Monte Carlo simulations of restricted diffusion in a realistic model acinus to compute the signal atten-
uation in a diffusion-weighted NMR experiment. We demonstrate that this technique should be sensitive to destruction of the branched
structure: partial removal of the interalveolar tissue creates loops in the tree-like acinar architecture that enhance diffusive motion and
the consequent signal attenuation. The role of the local geometry and related practical applications are discussed.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Nuclear magnetic resonance (NMR) of diffusive motion
in complex media is an efficient tool to probe their geomet-
rical structure [1]. This technique has been widely used to
investigate porous materials [2–6], colloidal suspensions
[7], and biological tissues [8–11]. The non-invasive charac-
ter of NMR appears to be particularly promising for med-
ical applications. For instance, the use of hyperpolarized
gases like helium-3 or xenon-129 for the study of human
lungs gives a qualitative picture of local diseases like
emphysema [12–18]. At the same time, their quantitative

understanding still presents a challenging issue since
the very complex morphology of the real acini makes
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almost unfeasible any theoretical or numerical study of
restricted diffusion. In this light, the choice of an appropri-
ate geometrical model of the pulmonary acinus becomes
important.

An interesting theoretical discussion was proposed by
Yablonskiy et al. [19]. The signal attenuation in the lungs
was approximated by an explicit relation obtained for
restricted diffusion in an ensemble of isolated infinite cylin-
ders randomly oriented in space. Strictly speaking, this was
not a geometrical model of the acinus but rather a useful
formal analogy. Actually, this ‘‘cylinder’’ model was based
on the fact that longitudinal and transverse motions inside
alveolar ducts should be significantly different. A simple
theoretical relation for the NMR signal was deduced and
compared to experimental measurements. Being sensitive
to the diameter of the alveolar ducts, this relation was used
to fit measured signals and to detect possible enlargements
of these ducts, then considered as modeling of emphysema.
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Fig. 1. Five different geometrical structures with the same surface-to-volume ratio: (a) cast of a human acinus, (b) branched Kitaoka labyrinth, (c,d) two
long channels ‘‘packed’’ in the cube, and (e) a disordered porous medium created by random ‘‘digging’’ in the cube. The first four domains satisfy the
connectivity condition (accessibility from the ‘‘entry’’, indicated by an arrow), while the last one does not. The ‘‘solid’’ channels represent the volume of the
confining medium where the gas diffuses.
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A further numerical analysis of this model was realized by
Fichele et al. [20].

Although the ‘‘cylinder’’ picture provides a simple inter-
pretation, it is not satisfactory from the geometrical point
of view. The alveolar ducts are very tortuous and densely
fulfill a compact volume of the rib cage, providing a high
surface area of the alveolar membranes within a given vol-
ume (Fig. 1a). To give a simple estimate of the surface-to-
volume ratio j, one can divide the total surface area of the
human lungs (70–100 m2) by a typical volume of around 5 l
that gives j � 14–20 mm�1 [21]. This parameter is usually
assessed by stereological measurements done on lung slices
[22].

A numerical study of acinus-like morphologies in 2D
was recently carried out by Fichele et al. [23]. The effect
of restricted diffusion was compared in three geometries:
a heterogeneous porous structure, a ‘‘grape-vine’’ model
and a ‘‘tree-like’’ model. It was shown that the first model
did not reproduce the signal attenuation observed in the
lungs. In contrast, both ‘‘grape-vine’’ and ‘‘tree-like’’ mod-
els led to similar results that could be mainly characterized
by two apparent diffusion coefficients, in qualitative
agreement with the ‘‘cylinder model’’. This work can be
considered as the first numerical study of restricted
diffusion in a more realistic geometry of the acinus than a
cylinder or a sphere. But, at the same time, the ‘‘grape-
vine’’ and ‘‘tree-like’’ models remain 2D.

The branched structure of the acinus is known to be
mandatory for rapid access of oxygen to blood [24–28].
From the geometrical point of view, a tree-like structure
(without loops) produces a maximum alveolar surface area
under the connectivity condition: any part of the acinus
should be accessible from the terminal bronchiole (i.e.,
the single ‘‘entry’’ of the acinus). Indeed, a destruction of
internal ‘‘walls’’ would obviously decrease the surface area,
while the addition of even one ‘‘wall’’ breaks the connectiv-
ity of the acinus. At the same time, there may exist many
tree-like structures with the same surface-to-volume ratio.
One example of a Kitaoka labyrinth (see below) is given
in Fig. 1b. The total surface area of this labyrinth is equal
to that of two realizations of a long channel filling the same
cube (Fig. 1c and d). The branched structure is more effi-
cient for diffusive transport when the oxygen molecules
arrive from the acinar ‘‘entry’’.
A NMR pulsed gradient technique can be applied to
monitor restricted diffusion in the human lungs in the hope
to detect partial or complete destruction of the alveolar tis-
sue. Hyperpolarized gases like helium-3 or xenon-129 are
used to obtain a sufficient signal-to-noise ratio. When a
patient inhales a hyperpolarized gas, its motion can be
encoded by a linear magnetic field gradient. The attenua-
tion of the macroscopic signal by diffusion can provide a
useful information about the confining geometry. The
aim of our work is to better understand the relation
between the NMR signal attenuation and the geometry
of healthy and emphysematous acini.

Emphysema is defined as ‘‘abnormal permanent enlarge-
ment of the airspaces distal to the terminal bronchioles,
accompanied by destruction of their walls and without
obvious fibrosis’’ [29]. From stereological measurements
done at autopsy, a systematic decrease of the surface-to-
volume ratio j with increasing percent emphysema has
been reported, with no noticeable differences between dif-
ferent forms of emphysema (centrilobular, panlobular, or
mixed) [30]; for patients who died of lung failure due to
emphysema, j has been estimated to 67% of its value from
a control group [31], with a mean j of 14.9 mm�1 for the
control group, and of 10.4 mm�1 for the emphysema
patient group (with standard deviations of about 1 mm�1).

In this paper, we present NMR signal attenuation com-
puted from numerical simulations of the diffusive motion
within a Kitaoka model of the acinus geometry [32]. A
healthy acinus is represented as a 3D labyrinth with a
dichotomic structure and non-symmetric branches of ran-
dom lengths filling densely a cube as shown in Fig. 1b.
Monte Carlo simulations of the translational diffusive
motion have been performed to investigate how the geo-
metrical architecture of the acinus influences the NMR sig-
nal. Partial destruction of the internal structure is also used
as a model of early emphysema stages, and its effect on
NMR signal attenuation is considered.

2. Physical background

Hyperpolarized gases like helium-3 or xenon-129 (with
spin 1/2) have been used for MRI of the human lungs since
1990s [12–15]. After the inhalation of about 300 ml of
hyperpolarized gas, the patient holds its breath for several
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Fig. 2. Illustration of the Kitaoka model: eight alveoli form a ‘‘basic cell’’
of cubic shape (a); a healthy (sub)acinus is represented as 3D labyrinth
composed of these ‘‘basic cells’’ (b).
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seconds during the NMR measurement. At ambient pres-
sure and temperature, the gas mean free path is much
shorter than the smallest geometrical feature of the acinus,
so that translational motion is diffusive. Since helium
atoms are almost insoluble in the blood, they do not pene-
trate across the alveolar membranes that can thus be seen
as perfectly reflecting. In mathematical language, the trans-
lational motion of these spin-bearing particles is known as
reflected Brownian motion [33,34]. The free diffusion coef-
ficient D of helium-3 atoms is large (D � 1 cm2/s for heli-
um-3 in nitrogen [35]), therefore their spatial distribution
becomes uniform inside the lungs at the beginning of the
NMR experiment.

An application of a radio-frequency pulse flips the spin
magnetizations into the transverse plane. The use of a lin-
ear magnetic field gradient in a chosen direction e and of
effective temporal profile gf(t) encodes the nuclei positions.
The total phase accumulated along a trajectory r(t) of a dif-
fusing nucleus until time T can be written as

u ¼ cg/e where /e ¼
Z T

0

dt f ðtÞ ðe � rðtÞÞ

where c is the nuclear gyromagnetic ratio (e.g.,
c = 2.037894 · 108 s�1 T�1 for helium-3), and g the maxi-
mum intensity of the gradient. In this paper, we consider
a steady gradient of bipolar waveform, for which the effec-
tive profile is

f ðtÞ ¼
1; 0 < t < T=2

�1; T =2 < t < T

�
ð1Þ

The transverse magnetization at time T can be conveniently
written in a complex form as eiu. The macroscopic NMR
signal is then proportional to the average of eiu over the
whole ensemble of nuclei. Since the number of nuclei is
extremely large, this average can be replaced by the expec-
tation E over all possible trajectories of the reflected
Brownian motion started from a randomly chosen point:

SeðgÞ ¼ Efexp½icg/e�g ð2Þ

(the signal is normalized in such a way that Se(0) = 1). As a
function of cg, the macroscopic signal Se(g) appears as a
characteristic function of the random variable /e [36]. If
the confining domain is not isotropic, the signal Se(g) does
depend on the orientation e of the applied gradient. The
variation of the gradient direction may thus be useful to
study the medium anisotropy. In some cases, however, it
is convenient to average the signal over all possible gradi-
ent directions in space. If the distribution of these orienta-
tions is random, one obtains the directionally averaged

signal as

SavðgÞ ¼
Z
jej¼1

de

4p
Efexp½icg/e�g ¼ E

sinðcg/Þ
cg/

� �
ð3Þ

where / ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2

x þ /2
y þ /2

z

q
.

In the case of a free unbounded diffusive motion, the
signal does not depend on the gradient orientation:
SðgÞ ¼ exp½�Dc2g2T 3=12� ð4Þ
This signal would be negligible for T and g values typically
used in MRI of the lungs with hyperpolarized gases
(T � 10 ms, g � 10 mT/m). The presence of reflecting
boundaries drastically changes the situation. Being con-
fined by the geometry, the nuclei have to diffuse slower
so that the signal decrease is not so rapid. In general, the
signal is less attenuated in a smaller restrictive domain.
The internal geometry also plays an important role. For
two domains of the same size, a larger signal would be ob-
served in a domain with a lower connectivity. In this light,
one may expect to distinguish a healthy acinus (branched
structure) and an emphysematous acinus (partially de-
stroyed branched structure). Our aim in this paper is to
understand this behavior in a quantitative way by numeri-
cal simulations.

3. Geometrical model of the acinus

The acinus as a physiological unit is not very appropri-
ate for our study since oxygen can still be partially trans-
ported by convection at its entry. Moreover, this entry
contains only a few alveoli. For this reason, it is more con-
venient to speak about a ‘‘sub-acinus’’, a 1/8 part of the
acinus, where oxygen transport is purely diffusive at rest
[21,24]. Throughout this paper, we shall discuss restricted
diffusion in healthy or emphysematous sub-acini (and not
the acinus itself). For sake of simplicity, the prefix ‘‘sub’’
will be generally omitted. Note that anyway the essential
fraction of the gas volume lies in the very last generations
of the acinar tree.

A simple model for the internal geometrical structure of
the pulmonary acinus has been proposed by Kitaoka et al.
[32]. The acinus is represented as a 3D labyrinth of chan-
nels with square profile (Fig. 1b). In this section, we shall
describe two acinar morphologies that will be referred to
as ‘‘model I’’ and ‘‘model II’’. Although their topological
structures are identical as being generated by the same Kit-
aoka algorithm, local geometries are slightly different. We
shall use this difference to check how our numerical results
can be influenced, or not, by subtle geometrical details.

To illustrate the idea of the Kitaoka algorithm, let us
consider an ‘‘acinus’’ of cubic shape that is divided into
n3 ‘‘basic cubic cells’’ (Fig. 2). For humans, typical dimen-



Fig. 3. Modeling of the progressive destruction of the internal alveolar tissue by emphysema. The destruction factor m is varied from 0 (healthy acinus)
to 1.
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sions for the acinus and alveolar ducts are L . 3 mm and
‘ . 0.5 mm, respectively, whence n = 6. At the beginning,
all basic cells are isolated from each other by intercellular
walls. The Kitaoka algorithm is then used to construct
the acinar labyrinth by successively destroying a part of
the internal walls starting from the entry [32]. As a result,
the acinus is modeled as a dichotomic branched structure
filling densely the volume of the initial cubic domain
(Fig. 1b). Being well appropriate for numerical simulations,
this simplified geometry captures the essential features of
the pulmonary acinus: a dichotomic tree with non-symmet-
ric branches of random lengths filling the whole volume.
Moreover, the total surface area and the average length
of the branches correspond to those of real acini. In the
two next subsections, we shall describe some geometrical
features that make the Kitaoka model still more realistic.
At the same time, the Kitaoka acinus remains an idealized
model as compared to the real acini. In particular, the
pores of Kohn between adjacent alveoli are not taken into
account.

The total number of intercellular walls separating two
adjacent cells is equal to 2n(n�1) in 2D and to 3n2(n�1)
in 3D. The number of intercellular walls that have been
suppressed to obtain a labyrinth is equal to the number
of basic cells (small cubes) minus one, that is n2�1 in 2D
and to n3�1 in 3D. Indeed, since there is no loop in the
branched structure of the labyrinth, each cell (except the
‘‘main entry’’) has precisely one ‘‘entry’’ face that has been
suppressed to connect it with its adjacent cell. The number
of suppressed internal walls is the same for different topo-
logical realizations of the acinus (of the same size n).

Emphysema alters the geometrical structure of the aci-
nus. Among various pathologies [37], it can lead to a par-
tial destruction of some intercellular walls breaking the
branched structure of the pulmonary acinus. We suggest
to represent emphysema in the Kitaoka model by deleting
a number of randomly chosen intercellular walls. Let m
denote the ‘‘destruction factor’’, i.e., the proportion of addi-
tionally destroyed walls with respect to 3n2(n�1)�(n3�1).
This number ranges from 0 for a healthy acinus to 1 for
the most destroyed structure (Fig. 3). The total number
of destroyed walls (i.e., the number of connections between
adjacent cells) is

Nd ¼ ðn3 � 1Þ þ mð2n3 � 3n2 þ 1Þ ð5Þ
The number of remaining intercellular walls is then

N r ¼ ð1� mÞð2n3 � 3n2 þ 1Þ ð6Þ
In our model, the external walls forming the boundary of
the acinus cannot be destroyed so that their number Ne is
always 6n2.

3.1. Model I

The geometry of the real acini is more complicated. In
particular, the alveolar ducts are decorated by small and
very thin alveolar membranes (septa) in order to increase
the total surface area and, consequently, the efficiency of
the lungs. The presence of these ‘‘obstacles’’ should certain-
ly influence diffusive motion.

In the original Kitaoka model [32], the septa are repre-
sented by empty corner-like shapes with very thin barriers
(Fig. 4a). The combination of eight such alveoli form a
basic cell (Fig. 5 illustrates their spatial arrangement).
When an intercellular wall between two adjacent cells
should be destroyed to create a branched structure, only
the internal square is deleted, while the septum membranes
at borders are kept. Following the values suggested by Kit-
aoka [32], the height ‘s of the alveolar septum was taken of
0.1 mm. Its width (around 10 lm) is negligible with respect
to other length scales of the acinus [38,39].

The Kitaoka model may seem an artificial simplification
of the true acinar geometry. However, it is worth to stress
that computations of the oxygen flux in that geometry has
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Fig. 4. The alveolus is modeled by two corner-like shapes: empty (model I,
a) and thick (model II, b). In the first case, the gas can diffuse inside the
corner-like shape bounded by alveolar tissue. In the second case, the
corner-like shape is considered as filled by alveolar tissue forming a thick
wall. If the height ‘s of the septum membrane was equal to 0, the two
shapes would be equivalent.

Fig. 5. Illustration of the Kitaoka basic cell formed by eight alveoli within
model I. For the sake of clarity, the internal septum membranes are shown
in dark gray, while the external faces are transparent (although they are
formed by the same alveolar tissue). Depending on the connectivity with
adjacent cells, any of the six exterior plates of the basic cell can be full
(forming intercellular wall) or partially empty, with only septum at
borders (allowing diffusion between adjacent cells). In the present
example, the cell is connected to two adjacent cells in the direction shown
by an arrow. For humans, ‘ = 0.5 mm and ‘s = 0.1 mm.
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been shown to give the same results that those obtained
from a renormalization technique on a real acinus [26–28].

As suggested above, emphysematous acini are modeled
by a random destruction of the intercellular walls of the
above healthy acinus. Wall destruction in our model would
correspond to the case of panacinar emphysema. In real
pathology, it is also highly probable that emphysema does
create or enlarge connections between nearby acini. Since
our model is limited to one sub-acinus, such complications
are not taken into account. The destruction factor m, count-
ing the proportion of destroyed walls, is directly related to
the surface-to-volume ratio j. The total surface area is

Stot ¼ 2 � 3 � 4 � ‘2
s � n3 þ 2N rð‘2 þ 4‘sð‘� 2‘sÞÞ

þ 2Nd � 4‘sð‘� ‘sÞ þ ‘2N e

The first term corresponds to internal septa, while the last
term accounts the external walls. The volume is simply
n3‘3, whence one gets

j‘ � ‘Stot

V tot

¼ 24ð‘s=‘Þ2 þ 2ð1þ 4‘s=‘� 8ð‘s=‘Þ2Þ
N r

n3

þ 8ð‘s=‘� ð‘s=‘Þ2Þ
Nd

n3
þ 6

n
ð7Þ
Since the volume does not depend on m, the normalized sur-
face-to-volume ratio j is a linear function of the destruc-
tion factor m. In the case of human lungs, one has
‘ . 0.5 mm, ‘s . 0.1 mm and n = 6 that leads to

j‘ ’ 7:69� 2:53m ð8Þ

The ratio j varies from 7.69/‘ . 15.4 mm�1 for a healthy
acinus to 5.16/‘ . 10.3 mm�1 for the most destroyed struc-
ture. The last value is still relatively high due to presence of
septa. If there was no septa (‘s = 0), one would get

j‘ ¼ 2N r

n3
þ 6

n
’ 4:01� 3:01m

In this case, the limiting value j‘ = 1 (m = 1) represents the
surface-to-volume ratio for a cube of length L = n‘ with
n = 6.
3.2. Model II

The presence of thin septum membranes (of order of
10 lm) makes difficult or even unfeasible a practical reali-
zation of the Kitaoka acinus for experimental study. One
may wonder, however, whether such subtle geometrical
details would be significant or not. For instance, the
numerical investigation of oxygen transfer in the Kitaoka
acinus showed that septa could be taken into account
by using an effective surface area [25–27]. Of course, this
would be a considerable simplification of the acinar
morphology for numerical and especially experimental
study.

In particular, the ‘‘model II’’ defined below can be real-
ized in order to build a structure constituting an experi-
mental phantom of the Kitaoka geometry. We consider
then another model of the acinus, still based on the Kit-
aoka labyrinth algorithm, but with ‘‘smooth’’ narrowed
channels. The effective width a is taken to be a = ‘�2‘s that
gives a = 0.3 mm for humans. In other words, the alveolus
with septa is considered as a thick corner-like shape
(Fig. 4b). Such representation will be referred to as ‘‘model
II’’. Note that all pictures of the Kitaoka acini in this paper
are presented in this simplified way, without drawing septa
on the alveolar ducts. Differences between the two models
(with the same topological structure) will be examined
below, in order to clarify whether specific geometrical
details are significant or not.

As previously, one can calculate the surface-to-volume
ratio for model II. The total surface area is given as

Stot ¼ 2a2N r þ 8a‘sNd þ 6n2a2

where the first term brings the contribution of remained
intercellular walls, while the second term accounts for
‘‘passages’’ between connected basic cells (the last term cor-
responds to external walls). The total volume is

V ¼ n3a3 þ Nda22‘s
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Using the expressions (5) and (6) for Nd and Nr, one gets
after a few simplifications:

ja¼ 4� 4mð1�3=ð2nÞÞ�2ð1� mÞ=n3

1þð2‘s=aÞ�ð2‘s=aÞ=n3þ2mð2‘s=aÞ½1�3=ð2nÞþ1=ð2n3Þ�

For n = 6 and ‘s/a = 1/3, one has ja . 4–3m/(5/3 + m),
whence j . 4/a . 13 mm�1 for a healthy acinus (m = 0),
and j . 2.88/a . 9.6 mm�1 in the opposite limit m = 1.
While the surface-to-volume ratio j sensitively depends
on the thickness 2‘s of intercellular walls (effect of septa),
its topological analogue m does not. For this reason, we pre-
fer to use this last one in order to characterize a deviation
from the branched structure of the acinus.

4. Numerical technique

Translational diffusive motion of nuclei was studied here
with the help of Monte Carlo simulations by home-made
code implemented in C++ [40]. Once being generated by
the Kitaoka algorithm, a cubic labyrinth was used to model
the geometrical structure of healthy and emphysematous aci-
ni. This confining geometry was fixed during each series of
Monte Carlo simulations. The diffusion coefficient D, the
gyromagnetic ratio c, the effective temporal profile f(t) of
the magnetic field gradient and its duration T were also fixed.

The random trajectory of the reflected Brownian motion
is modeled by a sequence of n random jumps started from a
randomly chosen point inside the confining domain. The
number m of jumps has to be sufficiently large in order
to fulfill the following conditions:

• The stochastic trajectory is composed of a large number of
jumps, including a lot of reflections on the internal walls.

• The average displacement
ffiffiffiffiffiffiffiffi
2Ds
p

along each axis dur-
ing the jump duration s = T/m is small with respect
to the internal size (width) of the alveolar ducts:ffiffiffiffiffiffiffiffi

2Ds
p

� ‘.

For a typical pulse gradient of duration T � 10 ms, we
used m = 1000. This value appears large enough to model
the Brownian trajectories. In particular, a further increase
of m did not provide a noticeable improvement of the
precision.

The starting point x0 is chosen randomly with a uniform
distribution inside the domain. For each jump k, one gen-
erates independent Gaussian displacements dxi in the three
space directions (i = x,y,z) with dispersion

ffiffiffiffiffiffiffiffi
2Ds
p

, in order
to pass from the current position xk to a new position xk+1.
If the linear segment between the current position and the
new position intersects an intercellular wall or a septum
membrane, a mirror reflection is applied. 1 At each jump
1 Note that the mirror reflection implies that the incident angle is equal
to the angle of reflection. In many physical systems, however, the angle of
reflection is distributed according to the cosine law. Although this detail
could be taken into account in numerical simulations, it is not significant
here.
k, the term sf ðksÞxi
k is added to the phase counter /i for

each space direction i = x, y, z. The total phase accumulat-
ed during the whole trajectory for unit gradient is then
approximated, for each i, by the sum

/i ¼ s
Xm

k¼0

f ðksÞxi
k

If the gradient is applied along the direction e = (ex, ey, ez),
the total phase accumulated in this direction for unit gradi-
ent is

/e ¼ ex/x þ ey/y þ ez/z

If one is looking for the directionally averaged signal, the
averaged phase is

/ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2

x þ /2
y þ /2

z

q

Repeating the Monte Carlo simulation N times, one re-
cords this phase in order to obtain its probability distribu-
tion. Once the simulations are terminated, one can find the
expectations in Eqs. (2) or (3) to obtain the signal Se(g) or
the directionally averaged signal Sav(g) as a function of the
gradient amplitude g.

Since the numerical computation of the expectation is
based on the summation of a large number of independent
realizations of the random variable /, its stochastic error is
of order of 1=

ffiffiffiffi
N
p

. The choice of N = 106 provided the
results with a sufficient accuracy after 1/2 h of computation
using a 2.4 GHz Intel processor. In particular, these simu-
lations allow one to follow the signal attenuation in the
range between 1 (no gradient) and 10�3 that is typically
accessible in experiments. Being still possible, a further
increase of N presents rather academic interest since exper-
imental in vivo diffusion-weighted images are generally lim-
ited by a signal-to-noise ratio at most of 100.

Throughout this paper, we considered a steady gradient
with a bipolar temporal profile (1), with infinite slew rate.
The free diffusion coefficient D of helium-3 was fixed to
be 1 cm2/s, which corresponds to a typical helium-3/nitro-
gen gas mixture (for pure helium-3, D . 2 cm2/s). The total
gradient duration T and intensity g were varied in ranges
between 1–100 ms and 0–50 mT/m, respectively, that essen-
tially cover experimental values feasible in modern medical
MR scanners.

The Monte Carlo simulations have been tested on sever-
al cubic-like domains. For this purpose, the signal has been
independently calculated by means of the multiple correla-
tion function approach [34]. This technique issued from the
matrix formalisms [41–43] gives very accurate results for
the domains, for which the Laplace operator eigenbasis is
known explicitly (e.g., a cube). These tests showed that
the Monte Carlo simulations were accurate when the signal
amplitude was larger than 10�3 as expected.

5. Results

Before starting the numerical analysis, it is worth esti-
mating what kind of restricted diffusion can be expected.
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Fig. 7. Signal Sx(g) as a function of the gradient amplitude g for different
realizations of the healthy acinus (model I) shown in Fig 6. The gradient is
oriented along axis x. A similar large deviation was observed for model II
(not presented).
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Fig. 8. Directionally averaged signal Sav(g) as a function of the gradient
amplitude g for different realizations of the healthy acinus (model I) shown
in Fig 6. All data collapsed onto the same curve independently of a
particular realization of the healthy acinus. A similar collapse was
observed for model II (not presented).
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For a typical value T = 10 ms, the characteristic diffusion
length

ffiffiffiffiffiffiffi
DT
p

is 1 mm. That means that nuclei explore on
average one or two basic cells (of size 0.5 mm). This is an
intermediate situation between slow and fast diffusion
regimes. On the one hand, nuclei diffuse far enough to
‘‘feel’’ the presence of restrictive boundaries and to probe
a connection between adjacent basic cells. In this sense,
the branched structure of the acinus should be already rel-
evant. On the other hand, nuclei have no time to travel
over the whole acinar morphology. One should not then
expect that the whole topological branching structure can
be revealed in detail. One will see that this qualitative rea-
soning is in fact correct. The main question to be addressed
in the following subsections is to know how the geometrical
structure of the acinus does influence signal attenuation.

5.1. Different random realizations of a healthy acinus

The Kitaoka algorithm presents the advantage that dif-
ferent random structures of a healthy acinus can be gener-
ated (see Fig. 6). This feature allows one to reproduce a
physiological variety of real acini. Since each realization
of the acinus has its proper geometry, one may wonder
whether signal attenuation would be different from one
morphology to another.

To check this point, we first applied a linear magnetic
field gradient of duration T = 10 ms along the x axis. The
signal Sx(g) as a function of the gradient amplitude g is
shown in Fig. 7 for different realizations of the healthy aci-
nus. As one can expect, these curves present large devia-
tions from each other. Which curve should be taken to
be compared, for example, to experimental data? Should
one average the signal over different random realizations?
What such an average would mean? Trying to answer these
questions would lead us to a study of specific combinatorial
problems related to the Kitaoka algorithm. Even if such a
study was undertaken, its results would merely correspond
to this particular model and could be quite disconnected
from the behavior in human lungs.

Fortunately, nature provides a simple and elegant solu-
tion to this problem. It is based on the fact that the real aci-
ni are randomly oriented in the chest. Consequently, the
signal measured in the lungs with a fixed gradient direction
is already averaged over all possible orientations of the aci-
ni. This is equivalent to an abstract situation in which all
acini would be aligned along the same direction, but the
gradient orientation would be random in space. In other
Fig. 6. Five random realizat
words, experimental data for real lungs should be com-
pared to the directionally averaged signal Sav(g), and not
to the signal with a fixed gradient direction.

The situation is drastically changed when one considers
the signal averaged over all possible gradient directions in
space. As shown in Fig. 8, the signal dependences on the
gradient amplitude for all realizations of the healthy acinus
collapsed onto a single curve. It is thus sufficient to consid-
er a single realization of the healthy acinus and compute
the directionally averaged signal Sav(g) to obtain a repre-
sentative behavior. All data further presented have been
obtained in this way.
ions of a healthy acinus.
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5.2. Comparison between healthy and emphysematous acini

The signal found for a healthy acinus model was first
compared to that for an emphysematous model. As
described in Section 3, the deviation from the healthy
branched structure is characterized by the destruction fac-
tor m. To model different stages of emphysema, this factor
can be ranged from 0 (healthy acinus) to 1. Starting from
a chosen realization of the healthy acinus, one randomly
removed m[3n2(n � 1) � (n3 � 1)] intercellular walls. By
construction, the obtained geometry for the emphysema-
tous acinus was also random.

Fig. 9 shows the directionally averaged signal Sav(g) as a
function of g for emphysematous acini with different m. As
for the healthy acinus, different random realizations of the
emphysematous acinus with the same m value led to the
same signal Sav(g). In contrast, the curves corresponding
to emphysematous acini with different m were well distin-
guishable. The difference between the original branched
structure and the partially destroyed one was sharper for
higher gradient intensity g. In fact, one obtains an apparent
exponential decrease of the directionally averaged signal as
a function of the destruction factor m at fixed gradient
intensity:
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Fig. 9. Directionally averaged signal Sav(g) as a function of g for different
destruction factors m starting from 0 (healthy acinus) and ranging up to 1
to model different emphysematous acini. Note that the functional form of
these curves would depend on the timing parameters for the diffusion
sensitizing gradient profile.
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Fig. 10. Ratio Sav(g, m)/Sav(g, m = 0) as a function of the destruction factor
m and its exponential fit for two values of the gradient intensity g.
Savðg; mÞ ’ Savðg; m ¼ 0Þ exp½�AðgÞm� ð9Þ
Here the coefficient A(g) is a function of the gradient inten-
sity. Fig. 10 shows a very good agreement between the
dependence of the signal Sav(g,m) on m and its exponential
fit for g = 5 mT/m and g = 10 mT/m (here A . 1.96 and
3.46, respectively). At higher g, the coefficient A(g) was big-
ger so that partial destruction of the alveolar tissue led to
sharper attenuation of the signal. Consequently, one ex-
pects that a MRI diagnosis of emphysema would be more
sensitive at higher gradients.

The gradient intensity achievable in practical situations
is of course limited. Among different reasons, one can men-
tion hardware limitation and medical precautions. In turn,
a relatively small signal-to-noise ratio for in vivo measure-
ments makes difficult an accurate treatment of small
NMR signals obtained at high gradients. One may thus
wonder which gradient intensity would be the optimal
one. Such intensity would depend on the particular
sequence, timing parameters and experimental conditions
(e.g., signal-to-noise ratio). To get the idea of such an opti-
mal intensity, the coefficient A(g) was investigated as a
function of g. Fig. 11 shows that this coefficient grew
sharply at the beginning (g 6 10 mT/m), but then this
increase slowed down at g P 10 mT/m. Consequently,
there should be no need to use very high gradients (say,
larger than 20 mT/m in our example) to make the MRI
technique more sensitive to partial destruction of the alve-
olar tissue. This observation may be useful to improve
medical diagnosis of emphysema at early stages. We have
to stress, however, that the given gradient values are specif-
ic of our choice of sequence and timing parameters.

The signal decrease as a function of m is not surprising. It
is simply related to the fact that diffusion becomes more
rapid in a partially destroyed structure that leads to faster
dephasing. In particular, the presence of the pores of Kohn
between alveoli in real acini may lead to a slightly stronger
signal attenuation. In contrast, the exponential decrease
appears as an intriguing empirical result. It means that
the logarithm of the directionally averaged signal is a linear
function of the destruction factor m and, using (8), of the
surface-to-volume ratio j. The signal attenuation can thus
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Fig. 11. Coefficient A as a function of g. The increase of the gradient
intensity g led to a sharper dependence of the signal Sav(g, m) as a function
of m. However, a saturation effect was present at relatively high gradients.
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be seen as a linear measure of the partial destruction of the
alveolar tissue. It is worth to note that a linear dependence
of ln S(g) on the surface-to-volume ratio j is known to be a
characteristic feature of slow diffusion in porous media [3].
Our case is rather different since the diffusion lengthffiffiffiffiffiffiffi

DT
p

’ 1 mm is larger than the inner diameter of the alve-
olar ducts (0.3 mm). In the next subsection, the role of the
surface-to-volume ratio will be investigated from another
point of view.

5.3. Destruction of septum membranes

The essential advantage of the Kitaoka labyrinths with
respect to other geometrical models is that they reflect
the branched structure of the acinus. In previous subsec-
tion, we have seen how a partial destruction of this struc-
ture could influence signal attenuation. However,
emphysema can damage not only the intercellular walls
but also the septum membranes inside each basic cell.
One may thus wonder how this particular destruction
would change the signal. Fig. 12 presents signal attenuation
for model healthy acini with different septum heights:
‘s = 0.1 mm (normal septa), ‘s = 0.05 mm (reduced septa)
and ‘s = 0 (no septa). Results for model emphysematous
acini with normal septa are also shown for comparison.
Results with reduced septa were close to those of the
healthy acinus with normal septa. With no septum at all,
the deviation became more pronounced. But note that
the destruction of all septum membranes had a much weak-
er impact on restricted diffusion and the consequent signal
attenuation than a partial destruction of the branched
structure with m = 2/3.

To complete this analysis, let us compare the surface-
to-volume ratios j for different cases. Using relation (7),
one finds 15.4, 11.9, and 8.0 mm�1 for ‘s = 0.1 mm (nor-
mal septa), ‘s = 0.05 mm (reduced septa) and ‘s = 0 (no
septa), respectively. These ratios for m = 1/6 and 4/6
are 14.5 and 12.1 mm�1, respectively. Such changes of
j are representative of changes found in patients who
died due to emphysema as compared to controls [31],
except for the very small j value found for model I with-
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Fig. 12. Role of the septum membrane on signal attenuation. Partial (‘s = 0.05
Total destruction of septa had a stronger impact than a partial destruction of t
m = 4/6.
out septa. The knowledge of j makes the above observa-
tion more striking. Indeed, decreasing the septum height
by one half reduced the surface-to-volume ratio (from
15.4 to 11.9 mm�1), while the signal attenuation was
almost not changed. On the contrary, a similar decrease
of the surface-to-volume ratio by destruction of the
branched structure (from m = 0 to 4/6) led to a consider-
able signal attenuation. Such an effect should be detect-
able in the hardware conditions of medical MR
scanners. The above comparative analysis of signal atten-
uation between structures of similar j values but with
different topological architectures clearly reveals the sig-
nificance of the acinar branched structure and its impact
on restricted diffusion.

5.4. Apparent diffusion coefficient

Signal attenuation by restricted diffusion in porous
media is frequently characterized by an apparent diffusion
coefficient (ADC). And this notion is widely used in diffu-
sion-weighted MRI of the lungs with hyperpolarized gases.
Multiple reflections from the alveolar tissue slow down the
diffusive propagation of nuclei. Under certain conditions,
this motion can be approximated as free diffusion with a
smaller diffusion coefficient (ADC). In this case, the expres-
sion (4) for signal attenuation can be written in a simple
form

S ¼ exp½�b ADC� ð10Þ
where the coefficient

b ¼ c2g2T 3=12 ð11Þ
combines different characteristics of the applied gradient
(intensity, duration and effective temporal profile). This
relation suggests that ln S plotted against b should appear
as a straight line. An ADC measure can then be obtained
from a standard non linear fit of experimental data to
Eq. (10). For unrestricted diffusion, one gets ADC = D.

In spite of its common applications, Eq. (10) remains an
approximation which may or may not be valid. It is always
applicable for small b, but is known to be invalid, at least in
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mm) or total (‘s = 0) destruction of septa led to faster signal attenuation.
he branched structure with m = 1/6 but a much weaker one than that with
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Fig. 13. Apparent diffusion coefficients for healthy and emphysematous acini. Most experimental measurements of the ADC in the lungs were realized for
relatively small b. Left: T = 10 ms; right: T = 3 ms.
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certain cases, for relatively large b. The related discussion is
out of the scope of the present paper (for further informa-
tion, see [34] and references therein).

To check the validity of relation (10) for our data on
model healthy and emphysematous acini, one can plot
ADC = �ln S/b as a function of b. If this coefficient was
a characteristic of the alveolar tissue, it should not depend
on b. Fig. 13 reveals a very different behavior. For all stud-
ied acinar structures, ADC decreased with b (or g). Strictly
speaking, these ADCs have no meaning as diffusion coeffi-

cients, and can only be used as a notation for the ratio
�ln S/b. The ADC dependence on b is a sign of a non-
Gaussian behavior. However, the related signal attenuation
is still dominated by an exponential g2 dependence, with a
certain prefactor depending on g. Moreover, the depen-
dence of the ADC on b (or g) can be formally interpreted
as a transition between two Gaussian regimes, as suggested
by Yablonskiy et al. within the ‘‘cylinder model’’ [19]. This
observation is related to the fact that the spins diffusing
during time T (here 10 ms) explore distances of order of
the size of the alveolar ducts. In other words, these spins
behave as if they could mainly ‘‘feel’’ the presence of the
ducts, but not their branching structure. Note, however,
that the ‘‘cylinder model’’ contains three fitting parameters
that makes it automatically more adjustable than a simple
Gaussian form. When this model was used to fit our
numerical data for a healthy acinus at T = 10 ms, the lon-
gitudinal and transverse diffusion coefficients DL and DT

took values 0.39 and 0.014 cm2/s, respectively. The first
value is in agreement with experimental data reported in
[19]. The second value is one order of magnitude smaller.
This can be attributed to the motional averaging character
of restricted diffusion. Indeed, in this regime, the signal
attenuation and the transverse diffusion coefficient are very
sensitive to the characteristic size of the confining domain:
DT � a4 [44,45]. In our simulation, the alveolar size a was
taken of 0.5 mm, while its value was of about 0.75 mm in
[19], whence one gets (0.75/0.5)4 . 5.06, which explains
the difference. Note also that modeling of the alveolar duct
geometry by cylinders or by square profile channels is
another source of difference. We conclude that the ‘‘cylin-
der model’’ seems to be applicable to fit our numerical data
for model I, at least for moderate b-values. Another empir-
ical fitting function might be a linear combination of two or
more Gaussians as suggested in a recent experimental study
by Shanbhag et al. [17].

It is worth to remind that most ADC measurements in
the lungs were realized for relatively small b-values. In this
case, the approximation (10) may still be valid, giving a
more or less constant ADC value (see narrow plateau for
small b in Fig. 13). However, even in this case, it may be
difficult to know whether a large dispersion of the mea-
sured ADC values results from geometrical features of
the lungs or from non-Gaussian attenuation of the signal.
In any case, the ADC determination as the ratio �ln S/b
within a single measurement of the signal at one b-value
may be misleading. At least a few measurements with dif-
ferent b-values are required to check that the Gaussian
relation (10) holds. If this is the case, ADC can be found
from S(b) by standard nonlinear fit.

Finally, we outline a progressive increase of ADC (at
small b) with the destruction factor m, as expected. The
ADC values shown in Fig. 13 are in a good qualitative
agreement with experimental findings reported in the liter-
ature [13–19] for healthy non smoking subjects, healthy
smoking subjects or emphysematous patients.

5.5. Comparison between model I and model II

The numerical results presented in the previous subsec-
tions were obtained for model I. We also checked how
the above results would be influenced by specific geometri-
cal details of the basic cell. To this purpose, signal attenu-
ations were compared between model I and model II. We
remind that these models exhibit the same topological
(branched) structure but different local geometries of the
basic cell. Fig. 14 shows the directionally averaged signal
as a function of g for both cases. When the gradient
intensity was relatively small (g 6 10 mT/m), signal
attenuation for both models was essentially the same. In
fact, the characteristic dephasing length can be estimated
for g = 10 mT/m and T = 10 ms as 2p/(cg T) . 0.3 mm
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Fig. 14. Comparison between model I and model II. For a small gradient
intensity (g 6 10 mT/m), signal attenuation for both models was
essentially the same. When g exceeds 10 mT/m, one can see a drastic
deviation: data for model I still followed a Gaussian-like g2-dependence,
while data for model II exhibited a strongly non-Gaussian behavior,
known as the localization regime. A Gaussian signal attenuation with
ADC = 0.16 cm2/s is also shown for comparison.
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that corresponds to the inner diameter of the alveolar
ducts. It is then expected that for smaller gradients one
examines larger distances. However, when g exceeded
10 mT/m, the details of the basic cell became significant,
and a drastic deviation appeared between the two models.
As we have already seen, signal attenuation within model I
was mainly determined by a g2-dependence, with some gra-
dient-dependent prefactors. In contrast, model II exhibited
a strongly non-Gaussian behavior. A more careful analysis
of the solid curve in Fig. 14 revealed a g2/3-dependence of
ln S as a function of g. This is a characteristic feature of
the localization regime [47–49]. When the gradient intensity
is relatively high, nuclei diffusing in the bulk are completely
dephased so that their contributions to the signal become
negligible. However, nuclei diffusing near boundaries are
more confined and less mobile. Consequently, their dephas-
ing is not as pronounced, and the signal decreases slower
than for nuclei in the bulk, producing a g2/3 dependence
instead of a g2 one. The localization regime was first
theoretically predicted by Stoller et al. [47] and then
experimentally observed by Hürlimann et al. [49]. Using
the b-coefficient defined in (11), the signal attenuation can
be written as

S ’ ðbDÞ�1=6 exp½�aðbDÞ1=3 � b� ð12Þ
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Fig. 15. Comparison of signal attenuation in branched (B) and disord
where a and b are numerical coefficients, and D is the free
diffusion coefficient. This theoretical relation was obtained
by Stoller et al. for 1D restricted diffusion and then ar-
gued by de Swiet and Sen to be applicable to describe
the localization regime in any geometry [48]. This relation
was applied to fit the signal attenuation of our numerical
results with model II. As seen in Fig. 14, a good agree-
ment was obtained for g P 15 mT/m with a = 0.385 and
b = 0.2 [46].

We conclude that the model II, introduced as a potential
simplification of the acinar morphology with septa (model
I), can be effectively used only for relatively small gradients
(in the above example, for g 6 10 mT/m). For higher
intensities, however, both models lead to very different
behaviors.

Note that model II can be used to build an experimental
phantom with which a more complete set of experiments
could be realized in various types of NMR scanners allow-
ing to explore a wide range of time and gradient scales.

5.6. Modeling of the acinus by porous media

The irregular geometry of the lungs can be thought of at
first glance as a disordered porous medium. But the acinus
has a specific 3D branching. One can question whether
such a simplification gives a representative model of a real
acinus. In order to check whether branching had specific
consequences on signal attenuation, we examined a num-
ber of different disordered structures, all generated from
a cube composed of n3 smaller cubes, similarly to the start-
ing point of the Kitaoka labyrinth. Then a fixed number Nd

of intercellular walls were suppressed at random. We
remind that this number is related to the destruction factor
m by Eq. (5). For example, one had to suppress 215 intercel-
lular walls to obtain the disordered structure shown in
Fig. 1e, with the same surface-to-volume ratio j as that
of our model healthy acinus. Fig. 15 helps to compare sig-
nal attenuation in branched structures (healthy and emphy-
sematous acini) and in disordered media. In both cases, a
progressive destruction of intercellular walls enhanced the
attenuation. However, signals in disordered media were
systematically larger than those in branched structures
(for the same gradient intensity). This observation is relat-
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ered random (R) structures of the same surface-to-volume ratio.
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Fig. 16. Comparison of signal attenuation in a healthy model acinus and in two long channels filling the same volume (see Fig. 1b–d). The data on the left
(T = 10 ms) fall onto the same curve since diffusing particles have no time to explore the structure. By contrast, the data on the right (T = 100 ms) are well
distinguishable.
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ed to the fact that there is a lot of isolated cells or groups of
cells in disordered media. Diffusion therein is much more
restricted and signal attenuation is then less pronounced.
We conclude that modeling the acinus by isotropic porous
media may be misleading. The branched structure of the
lungs is an important feature that should be taken into
account.

5.7. Branched structure of the acinus?

We would like to end this section by repeating the same
question which we started with: ‘‘How the branching struc-
ture of the acinus does influence the signal attenuation?’’.
The answer to this question could be a key to diagnose par-
tial destruction of the lungs by emphysema at early stages.
In previous subsections, we have seen that a progressive
destruction of intercellular walls led to faster diffusion
and could be detected as a more pronounced signal atten-
uation. The NMR measurement was shown to be more
sensitive to destruction of the branched structure than to
reduction of the septum membranes. There is no doubt
now that the branched structure is important. But what
kind of branching is really significant? Is the signal sensitive
to the average length of branches, or to the dichotomic
structure of the acinus? Can one determine the topological
structure of the acinus by measuring directionally averaged
signal?

A convincing answer to these questions is given by
Fig. 16 where the signal attenuation is compared in a
healthy acinus and in two long channels filling the same
volume (Fig. 1b–d). We remind that these three structures
have the same surface-to-volume ratio. Formally speaking,
all these structures are branched in the sense that there are
no loops. In the case of long channels, the branching is of
course trivial (there is only one very long branch).
Fig. 16(a) shows that the signal attenuation was almost
identical for these three morphologies for a typical
sequence time T = 10 ms. That means that the NMR mea-
surement cannot distinguish the topological structure of
the acinus. On the one hand, this behavior results from
the directional averaging of the signal. If one considered
the gradient with a fixed direction, the signal would be cer-
tainly different. However, as we mentioned earlier, direc-
tional averaging is a natural and mandatory procedure to
compare numerical and experimental data. On the other
hand, this behavior is related to the fact that the diffusion
length

ffiffiffiffiffiffiffi
DT
p

’ 1 mm is of order of the size of the alveolar
ducts. As a consequence, the spins diffusing during time
T can explore a few basic cells. Figuratively speaking, they
do not ‘‘see’’ the dichotomic branching of the acinus. If one
could considerably increase the sequence time T, the differ-
ence between the acinus and two channels would be mea-
surable (see Fig. 16b). A few studies have explored this
possibility using stimulated echoes [50,51]. In medical
applications, however, one tries to reduce T to avoid arti-
facts from physiological movements (such as heart beats)
and to acquire the largest possible amount of data during
one breath hold.

On the other hand, small animals like mice have smaller
alveolar ducts than humans [24,52]. Therefore, at similar
time scales T, the influence of the dichotomic acinus
branching might be revealed. It will thus be interesting to
perform studies with such small animal models. This is also
true for experimental phantoms of model II.

We can conclude that what appears really important to
diagnose emphysema by diffusion-weighted NMR is a cre-
ation of loops in the branched structure of a healthy aci-
nus. These loops considerably speed up diffusion and can
thus be detected by a more pronounced signal attenuation.

6. Conclusions

In this paper, the problem of restricted diffusion in the
lungs has been numerically investigated. The main empha-
sis has been placed on the role of the branched structure of
the acinus to signal attenuation by diffusion. The internal
geometry of the acinus has been modeled by 3D dichotom-
ic labyrinths filling a given volume. Our approach is thus
the first one which takes into account the specific topology
of lung parenchyma and evaluates its influence on the
NMR signal attenuation. These structures have been ran-
domly generated by the Kitaoka algorithm. The septum
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membranes have been treated either explicitly (model I), or
as an effective narrowing of alveolar ducts (model II). A
degradation of the alveolar tissue by emphysema has been
modeled as a destruction of a fixed number of intercellular
walls between randomly chosen adjacent basic cells.
Although our model cannot aim to take into account
details of the various pathological forms of pulmonary
emphysema, it allowed us to demonstrate important differ-
ences due to subtle geometrical or architectural changes.

A number of original numerical results have been
reported. When partial destruction of the alveolar tissue
creates loops in the branched structure, diffusion becomes
faster, and the signal is then more attenuated. The high
sensitivity of NMR to this effect could be used to diagnose
emphysema at early stages. In particular, the logarithm of
the signal appeared to be a linear function of the destruc-
tion factor m. The related coefficient A(g) sharply increased
with the gradient intensity g when g 6 10 mT/m. The sen-
sitivity of NMR can thus be improved by using higher gra-
dients. At the same time, a saturation of the dependence
A(g) versus g has been observed, which means that there
is no need to use very high gradients. The optimal intensity
may depend on the effective gradient profile, its duration
and other experimental conditions.

The role of the surface-to-volume ratio j has been stud-
ied. We have shown that a partial or complete destruction
of the septum membranes creates a drastic decrease of j,
but the signal attenuation can be less pronounced. On the
contrary, a partial destruction of the branched structure
leads to a moderate j reduction, but the signal is more
attenuated. We interpret such a different behavior as the
fact that the destruction of intercellular walls allows adja-
cent cells to exchange diffusing nuclei, which speeds up
their dephasing much more efficiently than a destruction
of the septum membranes.

When the gradient is relatively small, the signal atten-
uation has almost no dependence on the specific geometry
of basic cells. The numerical simulations in geometrical
models I and II gave similar results. For higher gradients,
however, the two models exhibit a very different behavior.
The signal attenuation within model I could be qualita-
tively understood as a transition between two Gaussian
regimes with different ADCs. In contrast, model II
showed a strongly non-Gaussian behavior similar to that
of a localization regime. This observation has three prac-
tical consequences. On the one hand, the numerical
results, being independent of a particular geometry of
the basic cell at small gradients, are likely to be valid
for real acini. On the other hand, high gradients would
enhance specific features of the acinus. Such measure-
ments could thus be more sensitive to the acinar structure.
At last, the simpler model II cannot replace the model I if
the gradients are intense.

For experimental validation of the reported results,
restricted diffusion of hyperpolarized helium-3 has been
recently studied in a tenfold scale phantom of a healthy
Kitaoka acinus (model II) made of epoxy resin [53]. Fur-
ther measurements with animal models will be compared
to simulated data and to measurements on the phantom.
A thorough comparison to experimental data on healthy
and emphysematous subjects will reveal whether the Kit-
aoka model is sufficient to quantitatively predict the signal
attenuation in the real lungs. It should be stressed, howev-
er, that experimental limitations (signal-to-noise ratio,
waveform duration, gradient intensity) may make difficult
a complete exploration of the specific features of the
branched structure. Another important issue for future
research would be development of a more realistic geomet-
rical model of emphysematous acini. Such a model should
take into account not only partial destruction of the alveo-
lar membranes, but also possible enlargement of the alveoli
and alveolar ducts at early emphysema stages.

Finally, we have seen that the NMR measurement is
sensitive to the creation of loops in the branched structure,
but it cannot practically help to detect the topology of
branching. In particular, the signal attenuation was almost
identical in the healthy acinus model and in long channels
filling the volume with the same surface-to-volume ratio.
Future work should consider how simple medical protocols
could be deduced from such results, and how the time
sequences of the pulse gradient could improve the sensitiv-
ity of the measurements in terms of specific acinar geomet-
ric modifications.
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