Morphometric changes in the human pulmonary
acinus during inflation

A. J. Hajari, D. A. Yablonskiy, A. L. Sukstanskii, J. D. Quirk, M. S. Conradi and
J. C. Woods
J Appl Physiol 112:937-943, 2012. First published 17 November 2011;
doi:10.1152/japplphysiol.00768.2011
You might find this additional info useful...
This article cites 31 articles, 17 of which can be accessed free at:
http://jap.physiology.org/content/112/6/937.full.html#ref-list-1
Updated information and services including high resolution figures, can be found at:
http://jap.physiology.org/content/112/6/937.full.html
Additional material and information about Journal of Applied Physiology can be found at:
http://www.the-aps.org/publications/jappl

Journal of Applied Physiology publishes original papers that deal with diverse areas of research in applied physiology, especially
those papers emphasizing adaptive and integrative mechanisms. It is published 12 times a year (monthly) by the American
Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2012 by the American Physiological Society.
ISSN: 0363-6143, ESSN: 1522-1563. Visit our website at http://www.the-aps.org/.

Downloaded from jap.physiology.org on March 15, 2012

This infomation is current as of March 15, 2012.

J Appl Physiol 112: 937–943, 2012.
First published November 17, 2011; doi:10.1152/japplphysiol.00768.2011.

Morphometric changes in the human pulmonary acinus during inflation
A. J. Hajari,1 D. A. Yablonskiy,1,2 A. L. Sukstanskii,2 J. D. Quirk,2 M. S. Conradi,1,2 and J. C. Woods1,2
Departments of 1Physics and of 2Radiology, Washington University, St. Louis, Missouri
Submitted 20 June 2011; accepted in final form 14 November 2011

MRI; 3He; lung; morphometry; diffusion; inflation

pulmonary MRI experiments employing hyperpolarized gases such as 3He (5, 10, 22, 25, 27, 32, 34) and
129
Xe (18, 20, 21) have proven important tools for performing
noninvasive quantitative studies of lung microstructure. 3He
lung morphometry has been validated by comparison with
histological measurements in humans (32, 34), mice (19, 30),
and dogs (13) and has been used to quantitatively characterize
changes in lung microstructure at various stages of emphysema
in vivo in human subjects (23). Recently 3He lung morphometry was used to study changes in lung microstructure during
deflation in nonfixed excised canine lungs (13). Most studies of
lung micromechanics before this were performed either by
histology (3, 7, 9, 14, 17, 26, 29) or subpleural microscopy
(1, 4, 6, 8), with conflicting conclusions. Despite over 50 years
of research into the topic, there is still no consensus about
whether lung inflation occurs due to changes in the size and/or
shape of alveoli and alveolar ducts or by the recruitment of new
alveoli.
The discrepancies in conclusions are likely due, in part, to
shortcomings in the methods of investigation. Histological
studies suffer from tissue alteration during the fixation process
and an inability to reproduce the same measurements at different states of inflation/deflation in the same lung. Interpretations of the results of histological studies can also be unclear.
Macklem (16) points out that plots of surface area vs. total lung
volume from two different histology studies by Forrest (9) and
Dunnill (7) could both be explained equally well by either
isotropic expansion of alveolar ducts or alveolar recruitment.
While in vivo subpleural microscopy overcomes the drawbacks
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of fixation, its measurements are restricted to alveoli just below
the pleural surface, and it is possible that these alveoli behave
differently from those in the bulk of the lung (1, 4). In addition,
both methods sample only a small subset of total alveoli and
require inferences of a complex three-dimensional structure
from a two-dimensional measurement. Furthermore, neither
method is suitable for in vivo studies of human lungs.
As a tool for studying lung micromechanics, 3He lung
morphometry is advantageous because it takes into account
three-dimensional structure, samples all ventilated parts of the
lung, and is spatially resolved. The technique employs a
multiple b-value (multiple gradient strength) 3He diffusion
MRI experiment to measure anisotropic diffusion of hyperpolarized 3He within alveolar ducts in images that cover the entire
lung. Based on established relationships between anisotropic
diffusion of helium within acinar airways and the alveolar duct
geometry (27, 34), average values of alveolar duct radius, R,
and alveolar depth, h, are obtained for the airways within each
voxel of the MR image (Fig. 1). The results can be used to
calculate the average surface area and volume of individual
alveoli and alveolar duct units as well as the total number of
alveoli (34). Furthermore, these experiments are safe and
suitable for in vivo studies in humans (15).
The purpose of this study was to investigate how alveolarduct geometry changes with lung inflation in vivo. Using 3He
lung morphometry we have, for the first time, measured microscopic alveolar geometrical parameters R and h (Fig. 1) in
vivo in healthy human subjects at multiple lung volumes. We
present here parameter maps and average values of the alveolar
duct radius, R, alveolar depth, h, average alveolar duct surface
area and volume, and the total number of alveoli at three
different points during inspiration in five human subjects.
METHODS

Five healthy subjects (2 men, 3 women) between the ages of 22 and
32 yr (mean age 27 ⫾ 4 yr) received proton and multiple b-value 3He
diffusion MRI scans at three distinct and reproducible lung volumes.
Scans at each lung volume were acquired during a breath-hold
following a breathing routine specific to each volume. Low lung
volume scans were acquired by instructing the subject to exhale fully
to residual volume (RV) and then inhale the contents of a 1-liter bag
filled with either air (for proton scans) or a 3He/N2 mixture (for 3He
scans). After breathing in the bag’s contents, the MR scan was
immediately initiated and the subject held his/her breath for the
duration of the scan (⬃9 s). Medium lung volume scans were obtained
in a similar manner, but the 1-liter gas mixture was administered
immediately after expiration during a resting breathing cycle (adding
1 liter from functional residual capacity, FRC). High lung volume
scans were acquired by having the subject breath in the 1-liter gas
mixture immediately after expiration during a resting breathing cycle
and then continue to inhale room air until total lung capacity (TLC)
was achieved. In this way proton and 3He diffusion MR images were
obtained at volumes corresponding to residual volume ⫹ 1 liter
(RV ⫹ 1), functional residual capacity ⫹ 1 liter (FRC ⫹ 1), and total
lung capacity (TLC).
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Hajari AJ, Yablonskiy DA, Sukstanskii AL, Quirk JD, Conradi
MS, Woods JC. Morphometric changes in the human pulmonary acinus
during inflation. J Appl Physiol 112: 937–943, 2012. First published
November 17, 2011; doi:10.1152/japplphysiol.00768.2011.—Despite decades of research into the mechanisms of lung inflation and deflation,
there is little consensus about whether lung inflation occurs due to the
recruitment of new alveoli or by changes in the size and/or shape of
alveoli and alveolar ducts. In this study we use in vivo 3He lung
morphometry via MRI to measure the average alveolar depth and alveolar duct radius at three levels of inspiration in five healthy human
subjects and calculate the average alveolar volume, surface area, and the
total number of alveoli at each level of inflation. Our results indicate that
during a 143 ⫾ 18% increase in lung gas volume, the average alveolar
depth decreases 21 ⫾5%, the average alveolar duct radius increases 7 ⫾
3%, and the total number of alveoli increases by 96 ⫾ 9% (results are
means ⫾ SD between subjects; P ⬍ 0.001, P ⬍ 0.01, and P ⬍ 0.00001,
respectively, via paired t-tests). Thus our results indicate that in healthy
human subjects the lung inflates primarily by alveolar recruitment and, to
a lesser extent, by anisotropic expansion of alveolar ducts.
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Fig. 1. Model of alveolar duct showing three alveolar duct units. The outer
walls of the alveoli in the top right quadrant have been made transparent for
clarity. See Geometric model of alveolar ducts for details.

Table 1. 3He morphometry results
Volume, liters

R, m

h, m

6.06 ⫾ 0.17
3.46 ⫾ 0.09
2.59 ⫾ 0.04

325 ⫾ 18
322 ⫾ 29
317 ⫾ 32

120 ⫾ 24
157 ⫾ 37
169 ⫾ 40

Sa, mm2 ⫻ 10⫺2

Va, mm3 ⫻ 10⫺3

Ntot, 106

ADC, cm2/s

10.4 ⫾ 1.5
10.2 ⫾ 2.8
9.9 ⫾ 3.1

594 ⫾ 86
358 ⫾ 88
284 ⫾ 79

0.24 ⫾ 0.03
0.20 ⫾ 0.03
0.18 ⫾ 0.04

9.8 ⫾ 1.2
8.8 ⫾ 1.4
8.4 ⫾ 2.0

536 ⫾ 66
412 ⫾ 61
281 ⫾ 61

0.22 ⫾ 0.02
0.18 ⫾ 0.02
0.16 ⫾ 0.02

10.4 ⫾ 2.0
8.9 ⫾ 2.2
8.3 ⫾ 2.4

526 ⫾ 93
397 ⫾ 85
262 ⫾ 81

0.20 ⫾ 0.02
0.16 ⫾ 0.02
0.13 ⫾ 0.02

10.3 ⫾ 1.8
9.4 ⫾ 1.7
8.5 ⫾ 1.9

585 ⫾ 98
377 ⫾ 70
315 ⫾ 76

0.22 ⫾ 0.02
0.19 ⫾ 0.02
0.16 ⫾ 0.02

9.8 ⫾ 2.0
8.9 ⫾ 1.8
7.4 ⫾ 1.9

621 ⫾ 108
495 ⫾ 97
321 ⫾ 159

0.20 ⫾ 0.03
0.17 ⫾ 0.02
0.13 ⫾ 0.02

10.1 ⫾ 0.3
9.2 ⫾ 0.6
8.5 ⫾ 0.9

572 ⫾ 40
408 ⫾ 53
293 ⫾ 25

0.22 ⫾ 0.02
0.18 ⫾ 0.02
0.15 ⫾ 0.02

Subject 1
TLC
FRC ⫹ 1
RV ⫹ 1

17.3 ⫾ 2.5
20.1 ⫾ 4.9
20.6 ⫾ 5.3
Subject 2

TLC
FRC ⫹ 1
RV ⫹ 1

5.23 ⫾ 0.02
3.55 ⫾ 0.03
2.26 ⫾ 0.04

318 ⫾ 22
307 ⫾ 20
302 ⫾ 24

130 ⫾ 20
153 ⫾ 24
167 ⫾ 29

TLC
FRC ⫹ 1
RV ⫹ 1

5.29
3.38
2.02

324 ⫾ 22
307 ⫾ 27
300 ⫾ 30

158 ⫾ 28
179 ⫾ 33
193 ⫾ 37

17.7 ⫾ 2.5
18.4 ⫾ 2.8
19.0 ⫾ 3.8
Subject 3
20.3 ⫾ 3.6
20.4 ⫾ 4.4
20.6 ⫾ 5.0
Subject 4

TLC
FRC ⫹ 1
RV ⫹ 1

5.91
3.45
2.58

324 ⫾ 20
314 ⫾ 20
303 ⫾ 24

141 ⫾ 23
152 ⫾ 25
173 ⫾ 31

TLC
FRC ⫹ 1
RV ⫹ 1

5.90
4.26
2.21

318 ⫾ 21
308 ⫾ 22
289 ⫾ 28

139 ⫾ 15
161 ⫾ 11
177 ⫾ 11

19.0 ⫾ 2.9
19.0 ⫾ 3.2
19.6 ⫾ 3.8
Subject 5
19.1 ⫾ 3.3
19.3 ⫾ 3.4
19.1 ⫾ 4.1
Average

TLC
FRC ⫹ 1
RV ⫹ 1

5.68
3.62
2.33

322 ⫾ 3
311 ⫾ 6
302 ⫾ 10

135 ⫾ 14
153 ⫾ 11
167 ⫾ 11

18.7 ⫾ 3.0
19.4 ⫾ 3.8
19.8 ⫾ 4.4

Values for alveolar duct radius, R, alveolar depth, h, alveolar surface area, Sa, alveolar volume, Va, total number of alveoli, Ntot, and apparent diffusion
coefficient (ADC) for subjects 1-5 at total lung capacity (TLC), functional residual capacity ⫹1 liter (FRC ⫹ 1), and residual volume ⫹1 liter (RV ⫹ 1) averaged
over all voxels. Values are reported as averages ⫾ SD. The last three rows are averages of mean results from all lungs ⫾ SD in the means. The SD obtained
from volume measurements from 5 additional proton scans at each volume are reported for subjects 1 and 2.
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All measurements of total lung volume were made from higher
resolution two-dimensional multislice axial proton images (128 ⫻
128; resolution ⫽ 3.52 ⫻ 3.52 ⫻ 15 mm; 21 slices completely
covering both lungs from each subject) by semiautomated segmentation with the image processing program ImageJ (National Institutes of
Health). Armstrong et al. report that at FRC tissue accounts for 19%
of total lung volume (2). For each subject, 1 liter was subtracted from
the measured lung volume at FRC ⫹ 1, and 19% of this value was
taken as the lung tissue volume for that subject. This tissue volume
was subtracted from each lung volume (RV ⫹ 1, FRC ⫹ 1, TLC), and
an additional 150 ml was subtracted to account for conductive airspace volume (31), so that all reported volume measurements represent gas volume of the diffusion region of the lungs. In order to
determine the reproducibility of the breathing routines, each routine

was repeated five additional times at each of the three volumes (TLC,
FRC ⫹ 1, and RV ⫹ 1) in subjects 1 and 2. Proton images were
acquired following each of these additional breathing routines, and the
volume was measured in the manner described above. The standard
deviations of the five additional measurements at each lung volume
are reported in Table 1 and demonstrate excellent reproducibility of
the lung volumes.
Axial two-dimensional 3He diffusion images (64 ⫻ 40; resolution ⫽
7 ⫻ 7 ⫻ 30 mm; 3 slices) were acquired with a multiple b-value
gradient echo pulse sequence using a custom-built 3He volumetransmit/8-channel receiver pair (Stark Contrast MRI Coils Research,
Erlangen, Germany). All images were obtained on a 1.5-T Siemens
Magnetom Sonata scanner (Siemens Medical Systems, Iselin, NJ).
Hyperpolarized 3He gas was prepared using spin-exchange optical
pumping with a commercial IGI.9600.He 3He polarizer (GE Healthcare, Durham, NC). Nuclear spin polarization was ⬃35% for all
experiments. All 3He/N2 gas mixtures contained ⬃0.3 liters of 3He
and 0.7 liters of N2. Exhaled gas was captured in a heliumimpermeable bag for 3He recycling. All procedures were performed
with IRB approval and 3He IND exemption. Written informed consent
was obtained from all subjects before participation in the study.
Geometric model of alveolar ducts (34). In our approach the lung
acini are treated, in the framework proposed by Weibel and colleagues
(12, 24), as networks of cylindrical airways covered with alveoli. An
alveolar duct is modeled as a long hollow cylinder of radius R lined
with annuli of inner radius r and outer radius R, periodically spaced
along the inside of the cylinder and separated by a distance L. The
space between the annuli is further segmented by eight alveolar walls
extending between annuli and from the outer wall of the cylinder
radially inward to a depth h ⫽ R ⫺ r (see Fig. 1) (12).
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A single alveolar duct unit is defined as the space between two
adjacent annuli and contains eight alveoli (see Ref. 34 for discussion
regarding the number of alveoli per duct unit); the surface area of a
single alveolus is
1
1
Sa ⫽ RL ⫹ (R2 ⫺ r2) ⫹ 2hL
4
4

(1)

and the volume of a single alveolus is
1
Va ⫽ R2L
8

(2)

Note that the alveolar volume, as defined in Eq. 2, is one-eighth of
the volume of the alveolar duct unit. That is, the alveolar volume
includes both the alveolar proper volume (defined in Eq. 3) and
one-eighth of the lumen volume (Eq. 4).
1
Va,proper ⫽ (R2 ⫺ r2)L
8

(3)

1
Va,lumen ⫽ r2L
8

(4)

(6)

where S0 is the MR signal in the absence of a diffusion gradient, and
b is the diffusion sensitizing parameter that depends solely on the
diffusion gradient parameters (Eq. 7).
8
␦
7
b ⫽ (␥Gm)2 [␦2(⌬ ⫺ ) ⫹ (␦2 ⫺ 2⌬␦ ⫹ ⌬ ⫺ ␦ ⫹ 2)] (7)
3
6
15
A typical imaging voxel contains thousands of randomly oriented
alveolar ducts such that the net signal from any particular voxel is
obtained by integrating Eq. 6 uniformly over all orientations giving (33):
Svoxel ⫽ S0e⫺bDT (


4b(DL ⫺ DT)

)1⁄2erf[b(DL ⫺ DT)]1⁄2

(8)

where erf is the error function. The value of b is varied by changing
the gradient amplitude, Gm, while all diffusion gradient timing parameters are kept constant ( ⫽ 0.3 ms, ␦ ⫽ ⌬ ⫽ 1.8 ms). Six
diffusion-weighted images were obtained for each slice using b-values
equal to 0, 2, 4, 6, 8, and 10 s/cm2. The anisotropic diffusion
coefficients are related to the geometric parameters R and h by the set
of empirical equations determined by computer simulations described
by Refs. 27 and 34. For each voxel, Eq. 8 and equations A3–A5 from
Ref. 34 are fit to the diffusion attenuated signal for the six b-values in
order to obtain the mean alveolar duct radius, R, and the mean alveolar

All images demonstrated signal-to-noise more than sufficient (⬎100) to confidently fit the mathematical model to the
data in order to obtain the geometric parameters R and h (the
vast majority of imaging voxels within the lung had SNR ⬎
100, typified by Fig. 2). Ntot and average values of R, h, Sa, Va,
and ADC for each pair of lungs at TLC, FRC ⫹ 1, and RV ⫹
1 are given in Table 1. Image voxels with signal-to-noise less
than 100 (28), containing large conducting airways (that is,
with apparent diffusion coefficients greater than 0.5 cm2/s), or
with poor fitting confidence were excluded from the analysis
and the reported averages. After excluding voxels containing
large airways and with low signal-to-noise, fewer than 2% of
voxels were excluded due to poor fitting confidence. Typical
parameter maps of h and R are shown in Fig. 2. Each lung
showed statistically significant microgeometrical changes with
inflation across all volumes in R (P ⬍0.001), h (P ⬍ 10⫺5), Va
(P ⬍ 0.001), Ntot (P ⬍ 10⫺5), and ADC (P ⬍ 10⫺6) via
repeated-measures ANOVA. On average a 143 ⫾ 18% increase in lung gas volume(from RV ⫹ 1 to TLC) led to a 7 ⫾
3% increase in the average alveolar duct radius, R, a 21 ⫾ 5%
decrease in alveolar depth, h, a 19 ⫾ 10% increase in alveolar
volume, Va, a 96 ⫾ 9% increase in the number of alveoli, Ntot,
and a 41 ⫾ 8% increase in ADC (results are averages ⫾ SD;
P ⬍ 0.001, P ⬍ 10⫺5, P ⬍ 0.001, P ⬍ 10⫺5, and P ⬍ 10⫺5,
respectively, via paired t-tests). All other pairwise comparisons
of R, h, Va, and Ntot were also significant (P ⬍ 0.05). There
were no significant changes in the average alveolar surface
area, Sa, between any of the three volumes (P ⬎ 0.05). P values
for all statistical tests are reported in Table 2.
The standard deviations of the five additional proton image
volume measurements at each lung volume for subjects 1 and
2 are reported in Table 1. The average standard deviation for
each of these six sets of measurements was 50 ml (1.1%) and
the maximum standard deviation was 169 ml (2.4%), demonstrating excellent reproducibility of the lung volumes.
In Fig. 3, Ntot and average values of R, h, Va, Va,prop, Va,lumen,
and Sa for all five subjects at each of the three volumes TLC,
FRC ⫹ 1, and RV ⫹ 1 are each plotted against total lung gas
volume, Vtot. Each data point represents the average parameter
value over the entire lung for a single subject at the lung
volume indicated by the horizontal axis. In Fig. 4, total lung
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(5)

The 3He diffusion sequence used in this study incorporates a
bipolar trapezoidal diffusion-sensitizing gradient characterized by a
ramp time , pulse duration ␦, pulse separation ⌬, and maximum
gradient strength Gm (33). 3He MR signal attenuation due to diffusion
within a single alveolar duct with long axis at an angle  relative to the
direction of the diffusion gradient is given by
Sduct ⫽ S0exp [⫺b(DLcos 2 ⫹ DTsin 2)]

depth, h. In our geometric model of alveoli, we assume that there are
eight alveoli around the duct and that the alveolar dimensions are the
same in the direction along the airway axis and along the outer
perimeter circumference such that the alveolar length is given by L ⫽
2Rsin(/8) as suggested by Yablonskiy et al. (34). Using the geometric parameters R and h determined by 3He lung morphometry, the
alveolar surface area, Sa, and volume, Va, are calculated from Eqs. 1
and 2. The alveolar number density, na, for a voxel containing alveoli
with mean volume Va is na ⫽ 1/Va, and the total number of alveoli,
Ntot, is the product of the average value of na over the entire lung and
the total lung volume, Ntot ⫽ n a·Vtot. The total lung surface area is
Stot ⫽ Ntot·Sa.
For each pair of lungs at each volume, the values of R, h, Sa, Va, na,
and ADC from all voxels included in the analysis were each averaged.
The statistical significance of the effects of lung volume on all
parameters was determined for all five subjects by performing repeated-measures analysis of variance (ANOVA). P values ⬍ 0.05 were
considered statistically significant.
RESULTS

Diffusion sequence and image analysis. 3He diffusion within an
alveolar duct is restricted by the airway walls. Within these cylindrical
acinar airways, the diffusion is anisotropic and can be described by
two distinct diffusion coefficients, DT and DL, which correspond to
diffusion in the cylinder’s transverse and longitudinal directions (27,
33). The apparent diffusion coefficient (ADC) is calculated from the
anisotropic diffusion coefficients, DT and DL, by the relationship
given in Eq. 5:
2
1
ADC ⫽ DL ⫹ DT
3
3
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surface area, Stot, is plotted against Vtot and the power function
given in Eq. 9 is fit to the data.
DISCUSSION

In their chapter on micromechanics of the lung in the
Handbook of Physiology, Greaves, Hildebrandt, and Hoppin
(11) discuss five possible mechanisms of lung expansion. They
propose that during inflation alveolar ducts might undergo: 1)
isotropic changes in alveolar dimensions (that is, uniform
scaling of all dimensions), 2) an increase in alveolar depth
(a “saucer-to-cup”-like change in the shape of alveoli), 3) a
decrease in alveolar depth (a “cup-to-saucer”-like change in the
shape of alveoli), 4) no change in alveolar surface area (a
special case of 3, which the authors refer to as “accordion-like
extension”), or 5) instantaneous opening of new alveoli from a
completely collapsed state via recruitment. An example of
collapsed alveoli can be seen in Fig. 3 of Ref. 3 (left lower
corner in panel A).
Our results in Fig. 3C show that alveolar surface area
changes very little during lung inflation. This and the average
Table 2. Statistical tests
Paired t-Tests

R
h
Va
Sa
Ntot
ADC

ANOVA

RV ⫹ 1 and TLC

FRC ⫹1 and TLC

RV ⫹1 and FRC ⫹1

0.0004
10⫺5
0.0006
0.10
10⫺6
10⫺6

0.005
0.0002
0.007
0.13
10⫺5
10⫺5

0.008
0.008
0.01
0.21
0.002
0.001

0.02
0.001
0.03
0.09
0.005
0.01

P values for repeated-measures ANOVA and paired t-test pairwise comparisons between RV ⫹1 and TLC, FRC ⫹1 and TLC, and RV ⫹1 and FRC ⫹1
for R, h, Va, Sa, Ntot, and anisotropic diffusion coefficients (ADC).

decrease in alveolar depth, h, in Fig. 3A suggest an accordionlike extension of alveolar ducts during lung inflation. This
conclusion is supported by our previous ex vivo study in dog
lungs where we observed an increase in alveolar depth during
deflation (13) and by the observations of Macklin (17) and
Klingele and Staub (14). However, this change in alveolar
shape results in only a 19% increase in alveolar volume (see
Fig. 3B) while the total lung volume increases by 143%. Based
on these results, the small increase in alveolar volume cannot
account for the large increase in total lung volume. In fact, our
results in Fig. 3D show a large increase in the number of
alveoli, on average from 293 million at RV ⫹ 1 to 572 million
at TLC, suggesting that recruitment of new alveoli plays the
more significant role in in vivo lung inflation in humans.
In calculating Ntot, we make a common assumption that
alveoli are in one of two states: open (recruited) with gas
volume Va, or closed (derecruited) with zero gas volume. An
alternate scenario might allow for the closed alveoli to have
some small but nonzero trapped gas volume. If it is assumed
that while in the closed state the closed alveoli have received
no gas during inspiration, their volume would not affect the
alveolar volume measured by 3He lung morphometry. Thus, in
this scenario, the value of na measured by 3He lung morphometry is the number density of open alveoli only. On the other
hand the total lung volume, measured from the proton images,
would have a small contribution from the closed nonzero
volume alveoli. Thus, using 3He lung morphometry to calculate the total number of open alveoli as previously described
(Ntot ⫽ n a·Vtot) would lead to an overestimation of Ntot. This
overestimation would be more significant at lower lung volumes where a greater fraction of alveoli are in the closed state,
and the effect of recruitment would be understated by our
method.
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Fig. 2. Axial parameter maps of alveolar duct radius, R (top row), and alveolar depth, h (bottom row), from slice 2 of subject 5 at residual volume ⫹ 1 liter
(RV ⫹ 1), functional residual capacity ⫹ 1 liter (FRC ⫹ 1), and total lung capacity (TLC) (left to right). The value of each voxel in the above parameter maps
represents the average value of R (top row) and h (bottom row) of all acinar airways within that voxel as determined by the multiple b-value diffusion MR images.
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A common approach for analyzing alveolar mechanics relates the total alveolar surface area, Stot, to total lung volume,
Vtot, by the simple power function
Stot ⫽ kVntot

(9)

where k and n are constants (11). Greaves et al. (11) outline the
relationship between possible values of n and each of the five
previously mentioned mechanisms for lung inflation. Isotropic
changes in alveolar dimensions would result in n ⫽ 2/3,
“saucer-to-cup”-like change in alveolar shape would result in
n ⬎ 2/3, “cup-to-saucer”-like change in the shape would result

Fig. 4. Plot of total surface area, Stot, vs. total lung volume, Vtot, for all 5
subjects at each of the 3 volumes TLC, FRC ⫹ 1, and RV ⫹ 1, with best fit
curve for Stot ⫽ kVtotn, (n ⫽ 0.69 ⫾ 0.05).

in n ⬍ 2/3, “accordion-like extension” would result in n ⫽ 0,
and alveolar recruitment would result in n ⫽ 1. Using Eq. 9 the
authors summarize the results of several studies of lung micromechanics, but caution that while a given volume change
mechanism results in a particular value of the exponent n, the
converse is not true. A combination of several volume change
mechanisms would result in an intermediate value of n.
Perhaps this ambiguity in the interpretation of morphometric
measurements explains some of the historical discrepancies in
conclusions regarding lung micromechanics. Many of the early
studies of pulmonary micromechanics concluded that alveoli
expand isotropically based on surface area measurements determined by the mean linear intercept method (6, 7, 9). Fitting
Eq. 9 to their data, they obtained values of n ⬇ 2/3 and
concluded that alveolar ducts expand isotropically. However,
their findings could also be explained by a combination of
alveolar recruitment (n ⫽ 1) and a “cup-to-saucer”-like change
in the shape of alveolar ducts (n ⬍ 2/3). The relationship between
total lung surface area and total lung volume does not, by itself,
distinguish between these two possibilities. For example, fitting
Eq. 9 to our results for total lung surface area (Stot ⫽ Ntot·Sa) and
total lung volume (Fig. 4) results in n ⫽ 0.69 ⫾ 0.05. This result
agrees with results of Dunnill (7), Forrest (9), and D’Angelo (6).
However, we also measure a large increase in Ntot, a decrease in
alveolar depth, and constant alveolar surface area during lung
inflation, indicating that the lung inflates by a combination of
recruitment and accordion-like expansion of alveolar ducts rather
than by isotropic expansion of alveoli.
While our current results may illuminate one source of
previous disagreement regarding microstructural changes in
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Fig. 3. Microgeometrical parameters obtained by 3He lung morphometry plotted
against total lung gas volume for 5 subjects.
Each data point represents a parameters
value averaged over the entire lung for one
subject at a particular lung volume. A: plot
of average alveolar duct radius, R, and alveolar depth, h, vs. total lung gas volume.
Linear fits to the data give R ⫽ 5.71Vtot ⫹
290 and h ⫽ ⫺11.3Vtot ⫹ 203. B: plot of
average alveolar volume, V a , alveolar
proper volume, Va,prop, and one-eighth alveolar lumen volume, Va,lumen, vs. total lung
gas volume, Vtot. Linear fits to the data give
V a ⫽ 0.47V t o t ⫹ 7.47, V a , p r o p e r ⫽
⫺0.06Vtot ⫹ 7.25, and Va,lumen ⫽ 0.53Vtot ⫹
0.22. C: plot of average alveolar surface
area, Sa, vs. total lung gas volume, Vtot. A
constant line fit to the data gives Sa ⫽ 0.193
mm2. D: plot of total number of alveoli,
Ntot, vs. total gas lung volume, Vtot. A linear
fit to the data gives Ntot ⫽ 98.8Vtot ⫹ 84.0.
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