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Abstract

Background: Theoretical models suggest that He-O2 as carrier gas may lead to more homogeneous ventilation
and aerosol deposition than air. However, these effects have not been clinically consistent and it is unclear why
subjects may or may not respond to the therapy. Here we present 3D-imaging data of aerosol deposition and
ventilation distributions from subjects with asthma inhaling He-O2 as carrier gas. The data are compared with
those that we previously obtained from a similar group of subjects inhaling air.
Methods: Subjects with mild-to-moderate asthma were bronchoconstricted with methacholine and imaged with
PET-CT while inhaling aerosol carried with He-O2. Mean-normalized-values of lobar specific ventilation sV*
and deposition sD* were derived and the factors affecting the distribution of sD* were evaluated along with the
effects of breathing frequency (f) and regional expansion (FVOL).
Results: Lobar distributions of sD* and sV* with He-O2 were not statistically different from those previously
measured with air. However, with He-O2 there was a larger number of lobes having sV* and sD* closer to unity and,
in those subjects with uneven deposition distributions, the correlation of sD* with sV* was on average higher
( p < 0.05) in He-O2 (0.84– 0.8) compared with air (0.55– 0.28). In contrast with air, where the frequency of breathing
during nebulization was associated with the degree of sD*-sV* correlation, with He-O2 there was no association.
Also, the modulation of f on the correlation between FVOL and sD*/sV* in air, was not observed in He-O2.
Conclusion: There were no differences in the inter-lobar heterogeneity of sD* or sV* in this group of mild
asthmatic subjects breathing He-O2 compared with patients previously breathing air. Future studies, using these
personalized 3D data sets as input to CFD models, are needed to understand if, and for whom, breathing He-O2

during aerosol inhalation may be beneficial.

Key words: aerosol concentration, aerosol deposition, branching factor, breathing frequency, carrier gas, escape
fraction, helium-oxygen, lobar, lung expansion, peripheral deposition, retention fraction, ventilation

Introduction

Breathing a helium-oxygen gas mixture (He-O2) is
sometimes used as therapy for severe lung obstruction in

asthma, COPD, and bronchiolitis and has been proposed as a
possible means of enhancing aerosol delivery.(1–5) Because

He-O2 is less dense than air, turbulent flows are less likely to
develop in the glottis and central airways,(1–5) and thus re-
duce central aerosol deposition and increase peripheral
aerosol delivery.(1,3,4,6) Additionally, the lower density of
He-O2 may reduce pressure losses in central airways where
gas inertia could be an important component of airway
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resistance.(5) Given that aerosol therapy is carried in gas sus-
pension and that the degree of airway narrowing is heteroge-
neous in asthma, a reduction in airway resistance by He-O2

could homogenize the intrapulmonary distribution of alveolar
ventilation(7) and result in more even deposition among pe-
ripheral regions.(8.9)

Indeed, computational fluid dynamic (CFD) models have
shown lower aerosol deposition in the extrathoracic airways
with He-O2,(10) reduced turbulent mixing,(11) increased pe-
ripheral deposition, and more homogenous ventilation.(5)

However, experimental and clinical evidence testing the
premise that He-O2 results in increased peripheral deposi-
tion(1,3–6,12–14) have not been conclusive and few studies
have addressed whether using He-O2 as carrier gas ho-
mogenizes ventilation or aerosol deposition among parallel
regions of the lung.

Given the complexity and multifactorial nature of aerosol
deposition,(8) it is impractical and of limited clinical value to
study the effect of breathing He-O2 in humans through
highly controlled breathing conditions rarely seen in clinical
situations. Instead, we believe that validated and physio-
logically informed computational models could be a more
effective approach to explore how and for whom aerosol
delivery with He-O2 may be of benefit.

As a first step in that direction, it is critically important to
start with concurrent 3D imaging data sets of anatomical
structure, ventilation, and aerosol deposition data in relevant
clinical conditions, which are not currently available. To
fulfill this need, in this work we set out to collect such ex-
perimental imaging data sets using PET-CT in bronchocon-
stricted asthmatic subjects receiving aerosol with He-O2 as a
carrier gas under spontaneous uncoached breathing condi-
tions. Together with data previously collected with air as the
carrier gas,(8) these data sets will be useful to validate in the
future advanced aerosol deposition CFD models under per-
sonalized realistic physiological conditions.

The small number of subjects in this study, the inter-
subject variability in asthma, and the uncontrolled breathing
pattern among them limits the statistical power to test for
effects of carrier on the distributions of ventilation and
aerosol deposition from these data sets. However using a
theoretical framework described in a previous article,(8) we
estimated the contribution of a number of factors on aerosol
deposition in peripheral lobar regions of the lung and com-
pared the results obtained breathing He-O2 with those ob-
tained from independent group of similar subjects breathing
air. With the purpose of generating hypothesis and support
future studies, the present work seeks to contribute to our
understanding of how carrier gasses affect the regional dis-
tribution of aerosol.

Nomenclature

Methods

Theoretical framework

We recently introduced a theoretical framework that
quantified four factors affecting aerosol deposition in the

Peripheral Airways and lung tissue peripheral to the
subsegmental airways;

Central The central airways up to and including the
subsegmental airways;

xs, xsl For any value x, the subscript s indicates the
subject’s value x, and the subscript sl
indicates the value x of an individual lobe l
of subject s;

(continued)

sD�sl, sD�sv The specific peripheral deposition of a lobe
normalized by the average specific deposi-
tion of the whole lung, and this value for a
voxel v. Captures relative differences in
deposition among lobes of a subject after
accounting for size;

s _V�sl The specific ventilation of a lobe normalized
by the specific ventilation of the whole
lung. Captures relative differences in ven-
tilation among lobes of a subject after
accounting for size;

gs, g
�
sl The average retention fraction of the lung

periphery and the retention fraction of a
lobar periphery normalized by the average
retention fraction of the periphery. This
latter measure captures relative differences
in the fraction of aerosol that deposits and is
not exhaled among lobes of a subject;

P�B:sl, P̂
�
B, sl The net branching factor of a given lobe, and

this value estimated with the assumption of
complete retention. The net branching fac-
tor captures relative differences among
lobes in how air and aerosol distribute in the
network of bifurcations feeding each lobe;

P�E:sl, P̂
�
E, sl The net escape fraction of a given lobe’s

pathway normalized by the escape fraction
of the all central airways from the carina
onward, and this value estimated with the
assumption of complete retention. The net
escape fraction captures relative differences
among lobes in the fraction of aerosol that
escapes deposition in the airways feeding
each lobe;

S The set of all lobes of all subjects;
fs The set of all voxels of subject s that are

within the parenchyma and removed from
the lung surface by at least 1 cm;

MLV, TLC The mean lung volume during tidal breathing,
and total lung capacity;

ds, vs, ts The distance a particle would sediment in a
relatively viscous fluid, the Stokes settling
velocity and the settling time of such a
particle;

FVOL, sl The degree of expansion of a lobe (the gas
volume/the non-gas volume);

fN The breathing frequency of a given subject
during nebulization of the aerosol;

FEV1 Forced Expiratory Volume in 1 second after a
deep inhalation;

FVC Forced Vital Capacity;
FER Forced Expiratory Ratio;
BMI Body Mass Index;
MCh Methacholine;
PC20 Concentration of MCh that causes a 20% drop

in FEV1 in a subject;
VMD Volume Median Diameter or the diameter of

the aerosol droplet for which half of the
aerosol volume is larger and half is smaller;

GSD The Geometric Standard Deviation of the
lognormal volume histogram of aerosol
droplet diameters;
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lung periphery:(8) differences in ventilation, unequal parti-
tioning between aerosol and air at bifurcations, differences
in the fraction of aerosol escaping deposition in central
airways, and differences in the fraction of aerosol reaching
the periphery that is exhaled. We identified metrics for each
of these four factors for each subject s and lobe l, and
evaluated their values after normalizing by the respective
lung averages for each subject.

The framework describes the relative specific deposition
sD�sl as the product of the relative specific ventilation s _V�sl

(capturing lobar ventilation differences), the net branching
factor P�B:sl (capturing the net effect of unequal partitioning
between aerosol and air at bifurcations on the aerosol
reaching each lobe), the net escape fraction P�E:sl (capturing
relative differences in the fraction of aerosol escaping de-
position in central airways feeding each lobe), and the lobar
retention factor g�sl (capturing relative differences in the
fraction of aerosol reaching the periphery that is retained
and not exhaled for each lobe):

sD�sl¼ s _V �slP
�
B:slP

�
E, slg

�
sl (Eq: 1)

We further demonstrated that in the absence of direct mea-
surements of the lobar retention fractions, the specific deposi-
tion could be described in terms of the apparent net branching
factor P̂�B:sl and the apparent net escape fraction P̂�E:sl esti-
mated from experimental imaging data of s _V�sl and sD�sl under
the assumption of complete retention of aerosol entering into
the lung periphery. Each of these apparent factors expresses a
portion of the lobar retention factor g�sl, such that:

sD�sl¼ s _V�slP̂
�
B:slP̂

�
E, sl (Eq: 2)

Experimental methods

Overview. The imaging protocol, methods of image
analysis, and the extraction of regional parameters, were
identical to those described in our earlier study of bronch-
oconstricted asthmatic subjects breathing room air.(8) Por-
tions of that study are used here for comparison. The only
methodological difference between protocols was the carrier
gas; instead of air, the subjects breathed a gas mixture of
79% helium and 21% oxygen (Airgas, custom blend) during

aerosol delivery and the ventilation image. The subjects
included in both studies were well matched in terms of
demographics and pulmonary function (Table 1). They were
young, predominantly female, had BMI’s less than 32 kg/m2,
and had mild intermittent or mild persistent asthma as de-
fined by the NIH Global Initiative for Asthma(16) ( FEV1 and
FVC ‡80% predicted, less than daily symptoms, and peak
flow or FEV1 variability of less than 30%).

All subjects demonstrated reversible obstruction with in-
haled albuterol (‡ 12% on previous clinical spirometry). Note
that none of these subjects were imaged with both air and He-
O2 due to limitations on the amount of radiation that we could
safely administer. Additionally, while we collected aerosol
deposition data in 14 subjects breathing air, in only 12 of these
subjects were we able to obtain ventilation data, and these are
used here for comparison with the subjects breathing He-O2.

Imaging protocol. The imaging protocol (Fig. 1) was
completed at Massachusetts General Hospital with IRB
approval (Application No. 2011P000755), and with subject
consent. While breathing room air, the subject was posi-
tioned supine in the PET-CT camera and was imaged during
a breath hold at total lung capacity (TLC) with high re-
solution computed tomography (HRCT). The subject was

Table 1. Subject Data on Screening Day for Air

and He-O2 Groups (– SD)*

Parameter Air He-O2

n 12 10
Male/female 3/9 2/8
Age (years) 20.1 – 1.8 19.2 – 1.2
Weight (kg) 65 – 10 67 – 11
Height (cm) 167 – 10 169 – 10
FEV1 (L) 3.76 – 0.9 3.94 – 0.64
BMI (kg/m2) 24 – 3 24 – 4
FEV1 (% predicted) 102.7 – 8.9 92.4 – 31.4
FVC (L) 4.58 – 0.92 4.68 – 0.98
FER (1/s) 0.84 – 0.07 0.85 – 0.05
FVC (% predicted) 107.1 – 6.4 108.5 – 12.5
PC20 (mg/mL) 0.99 – 1.88 0.70 – 0.66

*There were no statistically significant differences between the
groups in these measures. Note that these are separate individuals
and none of the subjects were imaged with both air and helium.

FIG. 1. The imaging protocol for the He-O2 group.
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then fitted with nose clips, and methacholine (MCh) was ad-
ministered over five deep breaths using a DeVilbiss nebulizer
and Rosenthal dosimeter (model 646, DeVilbiss Healthcare,
Somerset, PA) at a concentration determined on a previous
screening day to cause a 20% drop in FEV1 (PC20).

The subject was then asked to breath via a sealed mouth piece
from a breathing circuit (Fig. 2) that delivered a premixed gas of
21% O2 and 79% He. The circuit included a vibrating mesh
nebulizer (Aeroneb Solo, Aerogen, Galway, Ireland) and an
Idehaler holding chamber (Aerodrug, Cedex, France). After 5
minutes of free breathing, the subject was imaged again with
HRCT during a breath hold at his/her mean lung volume MLV
determined from impedance plethysmography during 30 sec-
onds of steady tidal breathing before imaging.

Following acquisition of the HRCT scan, 1 mL of 13N-NH3

labeled (1–4 mCi) isotonic saline was aerosolized and inhaled
over a period of 2 min while breathing He-O2. The particle
sizes of the aerosol exiting the mouthpiece were previously
characterized by laser diffraction to have a volume median
diameter (VMD) of 4.9 lm and a geometric standard deviation

(GSD) of 1.8 that was not significantly affected by the carrier
gas.(17) At the end of the aerosol inhalation, the subject con-
tinued to breathe He-O2. PET image acquisition of the 13N-NH3

tracer within the lungs was conducted for 10 min, starting
with the beginning of the aerosol inhalation. Deposition
within the upper airways and mouth were not assessed.

Once the aerosol deposition image collection ended, the
distribution of specific ventilation was assessed with PET
using the 13NN bolus injection-washout method.(18) The
method uses the low solubility of nitrogen in blood plasma to
deliver the tracer to the lung; when an intravenous bolus of
13NN in saline solution passes through the pulmonary capillary
bed, it diffuses from the blood plasma into the alveolar air-
space. Starting with the tracer injection, subjects were asked to
hold their breath for 20 sec at mean lung volume, followed by
normal tidal breathing. Dynamic PET images were acquired
for 7 min, starting simultaneously with the 13NN injection.

Imaging data was reconstructed in 4D and analyzed to
evaluate the dimensionless values of relative specific deposi-
tions sD�sl and relative specific ventilation s _V�sl, where l is the

FIG. 2. The breathing circuit used during nebulization. He-O2 gas was stored in a Mylar
bag at atmospheric pressure. Both carrier gases were supplied through the base of the
Idehaler through a one-way valve. After nebulization, the subject was switched to a second
breathing circuit that continued to provide He-O2 without the nebulizer. Changing the
circuit eliminated noise in the deposition image arising from residual tracer in the nebulizer.
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index of the lobe, and s of the subject. From these values and
the activity measured in anatomically defined portions of the
airway tree, the apparent net branching factor P̂�B:sl and the
apparent net escape fraction P̂�E:sl were derived using the
method previously described in the study breathing air.(8) The
net apparent escape fraction is evaluated by estimating the
fraction of aerosol that passed through each airway feeding a
given lobe. The product of these escape fractions, normalized
to the lung average, is the net apparent escape fraction. Si-
milarly the net apparent branching factor is evaluated by es-
timating the both the fraction of air and aerosol entering into
each bifurcation that reaches a given daughter branch.

The product of these branching factors along daughter
branches leading to a given lobe, normalized to a lung average
value, is the net apparent branching factor.(8) Note that both
these terms are ‘apparent’ in that they are evaluated without
considering the aerosol that was exhaled and is not present in
the deposition image. The values of lobar retention needed to
estimate the true net branching factors and escape fractions
could not be directly measured from our imaging data.(8)

Possible effects of a heterogeneous lobar
retention fraction

We could not determine the actual fraction of the aerosol
retained in the periphery. However, we evaluated the effect
of two parameters that might influence lobar retention: the
inter-subject differences in the breathing frequency during
nebulization fN and the interlobar differences in mean pa-
renchymal expansion during breathing FVOL, sl, estimated
from the HRCT image acquired at MLV as:

FVOL, sl¼
VGas, MLV , sl

VTissue, MLV , sl

(Eq: 3)

Lobes with high expansion FVOL, sl could have reduced re-
tention fraction g�sl due to the combined effects of longer
sedimentation distances and lower likelihood of impaction on
the walls of the more distended airways. Inhaled particles by
subjects breathing at higher breathing frequency during neb-
ulization fN have less residence time in the periphery, and thus
lower average retention gs. Because g�sl is the retention frac-
tion of the lobe normalized to the average retention fraction
gs,

8 a lower average retention could amplify lobar differences
in retention and result in a wider distribution of g�sl. Since the
retention of a lobe is expected to be reduced by increasing the
breathing frequency during nebulization fN and lung expan-
sion FVOL, sl, these measures may provide insight into retention
fraction effects that could not be directly measured.

As with the air group, we could estimate a global retention
fraction in the periphery gs

(8) using our analysis of the re-
tention of mono-disperse aerosols by Kim et al.(19) demon-
strating that gs could be well described as a function of a
single parameter: the average sedimentation distance ds de-
fined as the product of a stokes settling velocity vs multiplied
by the average residence time of a particle in the periphery ts:

gs¼ 1� e�
ds

371lm, where ds¼ vsts (Eq: 4)

Assuming that this function holds for He-O2, and after
accounting for the 16% reduction of ds caused by the more
viscous He-O2 mixture compared with air, gs should not have

increased by more than 6% in He-O2 compared to air for the
size range of the poly-disperse aerosols used in this study.

Statistical analysis

Systematic differences among lobes in sD�sl, sD�sl=sV�sl, and
P̂�E, sl, were tested using ANOVA with repeated measures.
When differences were evident at the 5% alpha level, a
Holm-Sidak test for multiple comparisons was used to test
for individual differences between lobes.(20) It should be
noted that no further correction was made for the different
ways that we divided and explored our data (e.g., varied
ways of characterizing the ventilation, deposition, ratios of
depositions, ROIs, and numerous comparisons between the
measured variables). All statistics are therefore exploratory
and only intended to guide future studies.

In addition to evaluating heterogeneity among lobes,
histograms of the voxel-by-voxel intrapulmonary distribu-
tions of sD�sv in each subject s were analyzed for their var-
iance, skewness, and kurtosis to quantify their spread,
symmetry and peakedness, respectively. To avoid boundary
effects at the edge of the lung, only voxels that were sepa-
rated from the edge of the lung by at least 10 mm were
considered in this analysis.

Results

Detailed 3D imaging data of ventilation and deposition
were obtained in 10 subjects and analyzed on a voxel-by-
voxel basis, as well as within 14 anatomically defined re-
gions of the lungs and airways in each subject. These data
sets also included 3D rendering of the airway tree up to the
segmental airways, their average length, diameter, and
cross-sectional areas, and bifurcation angles, as well as lung
expansion in the periphery. Breathing frequency and pattern
used by the subject during nebulization were also recorded.

Aerosol deposition pattern in air and He-O2

No obvious differences in the aerosol deposition pattern
could be detected between the 3D images of He-O2 and air
groups. This is supported by the visual similarity between the
2D projections of the images (Fig. 3) and the lack of quan-
titative differences (Table 2) among anatomical regions (AR).
Note that the specific deposition in the central airways can be
two orders of magnitude larger than the average deposition in
the periphery as reported for air in our earlier work.(21)

The fraction of the total aerosol that deposited past the
carina that deposited in the periphery DP, s=DT , s was also
not statistically different between the two groups. While
DP, s=DT , s with He-O2 was on average 1.2% higher than air,
the upper 95% confidence interval for this difference was
7.4%. In other words, given the large inter-subject vari-
ability in DP, s=DT , s (*7%), we can only be certain that
deposition in the He-O2 is likely no more than 7.4% more
peripheral than in air.

Metrics describing the distribution of sD�sv in the lung
periphery (Table 3) showed that the variance of deposition
among voxels was 13% lower in He-O2, the skewness was
20% higher, and the kurtosis was 29% higher, but these
changes were not significantly different due to the large
variability of these parameters among the subjects of both
groups.
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Comparing the sources of variability
in sD* in air and He-O2

Taken as a whole, the distributions of sD�sl, sD�sl=sV�sl, and
P̂�E, sl were not systematically different between the groups
(Fig. 4). Except for P̂�E, sl, statistical differences among
lobes that were evident in the air subjects were not present
in the He-O2 subjects. In both groups, the apparent escape
fraction P̂�E, sl was higher for the upper lobes than that for
the lower lobes within both right and left lungs ( p < 0.05).
In the He-O2 group, this cranio-caudal gradient in P̂�E, sl

was also significant in the RML which had an average
P̂�E, sl higher than that of the RLL and lower than that of
the RUL ( p < 0.05).

The relationship between sD* and sV* may be stronger
in He-O2 than air

Both sD�sl and sV�sl tended to be more variable among
lobes in He-O2 than in air, and the correlation between sD�sl

and sV�sl among all lobes was stronger for He-O2 than for air
(Fig. 5). However, these differences between the gases were
not statistically significant. There was large inter-subject
variability in the correlation between sD�sl and sV�sl, and the
average of the subject-by-subject correlation coefficients of
the groups (0.51 – 0.29 in air, and 0.66 – 0.32 in He-O2)
were not significantly different ( p = 0.28).

However, when we considered only those subjects with
uneven sD�sl (COV2 >0.03), the average of the correlation

Table 2. Average Specific and Total Deposition by Anatomical Region (– SD)
a

AR Location

Average sD* Total Deposition [% TLD]

Air He-O2 Air He-O2

LUL Lobar Periphery 1.15 – 0.23 1.08 – 0.26 16.9 – 3.40 19.5 – 4.86
LLL 0.69 – 0.25 0.69 – 0.29 9.44 – 4.41 12.0 – 5.07
RUL 1.19 – 0.14 1.12 – 0.31 13.1 – 1.83 17.3 – 7.24
RML 0.82 – 0.31 1.06 – 0.52 4.59 – 1.65 8.33 – 4.38
RLL 1.06 – 0.27 1.04 – 0.39 15.9 – 5.42 18.6 – 8.66
LUL CA Lobar Central Airways 166 – 61 136 – 69 4.77 – 1.40 4.52 – 1.16
LLL CA 113 – 63 115 – 60 4.43 – 1.51 5.32 – 1.85
RUL CA 199 – 120 152 – 76 4.02 – 1.24 3.9 – 1.85
RML CA 175 – 96 194 – 77 1.63 – 0.76 2.37 – 1.04
RLL CA 214 – 137 208 – 99 6.40 – 1.73 8.19 – 2.97
BINT Extrapulm. Airways 68.5 – 28.2 79 – 42 1.76 – 0.57 2.08 – 0.98
RMB 47.6 – 26.5 43.7 – 28.2 1.61 – 0.41 1.87 – 1.24
LMB 91.3 – 47.4 118 – 59 5.50 – 2.21 8.02 – 3.29
TRC 47.6 – 25.3 50.6 – 28.4 9.87 – 2.51 12.1 – 5.25

aThe relative specific deposition sD* is a measure of the concentration of the aerosol compared to the average concentration in the
periphery. The total deposition is the fraction of aerosol that deposited in the anatomical region, and is given as a percent of the total
deposition past the carina (the total lung dose TLD). There were no statistically significant differences in the regional deposition between
the 12 subjects breathing air and the 10 subjects breathing He-O2 groups.

FIG. 3. Maximum intensity projections for air and helium show similar highly cen-
tralized patterns of deposition. The subjects with the most central deposition pattern and
with the most peripheral deposition pattern (determined by the ratio of deposition in the
central airways to the total in all ARs) are presented for visual comparison. The PET field
of view is shown in light green.
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coefficient was higher among subjects ( p < 0.05) in the He-O2

group (0.78 – 0.13) compared with the air group (0.51 – 0.29).
The cut off value of 0.03 excluded the two subjects with
lowest correlations in He-O2 from the analysis and none in
the air group. These subjects were not excluded from any
other analysis in this article. Additionally, among the subjects
breathing air, the correlation between sD* and sV* was high
in subjects breathing with low breathing frequency during
nebulization fN but was reduced in those with higher breath-
ing frequency during nebulization (corr(corr(sD*,sV*)s,fN) =
-0.71, p (corr. < 0) = 0.032, in air). In contrast, the correlation
was high and was not affected by fN among the subjects
breathing He-O2.

The variability of the relative specific ventilation, the net
branching factor, and the net escape fraction are presented in

Table 3. Characterization of Specific Deposition

Voxel Histograms (Average – SD)
a

Metric Air He-O2

DP, s=DT , s 0.664 – 0.062 0.678 – 0.074

median sD�sv

� �
v2fs

0.472 – 0.099 0.469 – 0.084

var sD�sv

� �
v2fs

0.556 – 0.163 0.483 – 0.117

skewness sD�sv

� �
v2fs

2.53 – 0.93 3.04 – 0.87

kurtosis sD�sv

� �
v2fs

12.9 – 9.1 16.6 – 8.1

aThere were no statistically significant differences between the
groups.

FIG. 4. sD* (left column), sD*/sV* (center column), and the apparent escape fraction
(right column) for each lobe in the air (top row) and He-O2 (bottom row) subjects. Lobes of
the same subject are connected with thin lines, and the average among subjects is shown
with the circular markers and connected with thick lines. Statistical differences in pa-
rameters between any two lobes in the air group are depicted as a line connecting the lobes
to the above each plot (solid is p < 0.001, dashed is p < 0.01, and dotted is p < 0.05). Note
also the systematic cranio-caudal gradient in apparent escape fractions in the right and left
lungs of both groups. The air data were presented in a previous publication,(8) and is
presented here alongside the He-O2 data for comparison.
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Table 4. Whereas the air data showed weak correlations
among the lobar measures of relative specific ventilation, the
apparent net branching factors, and the apparent net escape
fraction (Table 5), the He-O2 data showed a significant and
substantial correlation between ventilation and escape frac-
tions with corr (sV�sl, P̂

�
E, sl) = 0.44, ( p (corr. < 0 = 0.0014).

Relationship between FVOL, sD*/sV* and fN was not
present in the He-O2 group

In the 9 subjects breathing air with measurements of
breathing frequency during nebulization fN, the relationship
between lobe expansion FVOL and sD*/sV* among lobes for
individual subjects had been found to be strongly modu-
lated by the frequency of breathing during nebulization
(corr(corr(sD*/sV*, FVOL),fN) = -0.97, p (corr. > 0) < 0.0001),
with those subjects breathing at a low frequency showing a
strong positive relationship, and those breathing at a faster
rate having a strong negative relationship. In the He-O2

group these effects were not present (Fig. 6).

Discussion

Study design and main observations

The main purpose of this study was to collect 3D distri-
butions of aerosol deposition during He-O2 breathing, to-
gether with detailed anatomical and functional data to be used
as appropriate boundary conditions in future CFD modeling
analysis. Given the large variability in the patterns of lobar
sD* and sV* distributions previously observed with air,(8) this
study was not powered to statistically evaluate whether the
distributions of sV* or sD* with He-O2 were different than
those with air. Tightly controlling the breathing pattern of the
subjects, as well as using a cross-over design would have
reduced the inter-subject variability of the data and may have

improved its power to test for the effect of He-O2, but at the
expense of reducing the amount of data obtained per subject
vital to support the future computational studies.

In addition, as in the previous study breathing air, al-
lowing the patients to breathe spontaneously during aerosol
inhalation provided data sets with clinically expected vari-
ability in breathing patterns and thus enrich the relevance of
the data set for validation of numerical models. Finally,
given that the experimental data breathing air suggested that
breathing frequency and lobar degree of inflation were
modulating effects,(8) it was important to keep the protocol
unchanged in this aspect. Therefore, in a hypothesis gener-
ating mode, we proceeded to evaluate the data obtained with
He-O2 using a recently described theoretical framework to
evaluate the factors affecting the distribution of sD* and
compare the results with those obtained with air.(8)

From this analysis we observed that: 1) as with air, He-O2

resulted in a large inter-subject variability in the lobar dis-
tribution of sD* and sV*, and no statistical difference could
be detected between both groups. However in the He-O2

group, there was a larger number of lobes with values of
sD* and sV* around unity, suggesting that the gas may have
reduced in their variability compared with air; 2) in subjects
showing inter-lobar variability in sD* (COV2> 0.03), the
correlation between sV* and sD* was higher in the subjects
of He-O2 group compared with the air group; 3) in contrast
with the results breathing air, where the correlation between
sD* and sV* weakened among subjects breathing at higher
breathing frequency during nebulization fN, there was no
frequency dependence in the correlations seen in subjects
breathing He-O2; 4) likewise, dependence of sD*/sV* on fN
and lobar expansion observed among subjects breathing air
was not detected in the group breathing He-O2.

Patterns of aerosol deposition were not different
between the groups

The inter-subject variability in the distributions of lobar
aerosol deposition and ventilation was as high in the He-O2

group as in the air breathing group, and they were not statisti-
cally different from each other. This was the case whether the
images were inspected visually, the deposition within ana-
tomical regions quantified, the characteristics of the voxel-by-
voxel histograms compared, or the sources of variability in
deposition among lobes quantified. While there was a tendency
for the distributions of deposition and ventilation among all
lobes to be more variable in He-O2 than in air, these results
were not statistically significant.

Additionally, from Figure 5 it is evident that the group
breathing He-O2 had a greater fraction of lobes with sD*
closer to uniformity (average sD* *1) than air, together with
a handful of lobes from some individuals with lobar sD*
values much larger and smaller than unity. This is quantified
in a histogram of abs(1-sD*) (Fig. 7) showing that one third
of the lobes in the He-O2 group had a sD* within 10% of the
mean value, compared to just 13% in the air group.

Also, only in the He-O2 group were there lobes with sD*
that deviated by more than 80% from uniformity. These lobes
with extreme values in sD* corresponded to subjects also
with extreme values in sV* (Fig. 5). Additionally, although
the variability among all lobes tended to be larger in He-O2

group, the two subjects with the most uniform lobar sD* were

FIG. 5. sD* vs. sV* for air (left) and He-O2 (right), along
with the correlation squared between the metrics. Helium
tended to have a wider spread in sD* and sV*, with a tighter
correlation between the metrics than air.

Table 4. Lobar Variability in Specific Deposition

and Its Influencing Factors Over Set S

of All Lobes of All Subjects

xj Gas sV�sl P�B, sl P̂�E, sl

var
j2S

xj

� �
= var

j2S
sD�j

� �
Air 0.48 0.45 0.15

He-O2 0.38 0.29 0.15
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both from the He-O2 group. Taken together, these findings
support the possibility that He-O2 could be effective in some
‘responder’ subjects and not in others.(7) At present, a priori
identification of those subjects is not possible, and more
knowledge on basic mechanistic factors affecting the distri-
bution of ventilation and deposition are needed.

The measurements taken in this study included ventilation
and aerosol deposition on both a voxel-by-voxel basis, as well
as within 14 anatomically defined regions of the lungs and
airways. These could be used together with the 3D airway tree,
lung expansion, and breathing frequency to provide personal,
realistic boundary conditions for computational fluid dynamics
(CFD) models. Together, these experimental data coupled with
numerical models may help to explore in silico potential fea-
tures distinguishing ‘responders’ and non-responders.

Thus far, CFD models have shown lower aerosol deposi-
tion in extrathoracic airways with He-O2,

(10) reduced turbulent
mixing.(11) more peripheral deposition, and more homogenous
ventilation.(5) However, experimental and clinical evidence
testing the premise that He-O2 results in increased peripheral
deposition have not been conclusive. Aerosol bolus studies

have shown lower overall deposition,(3) with lower deposition
in the upper airways, and increased deposition in the periph-
ery.(4) 2D scintigraphy studies have had mixed results, with
some showing either no difference in the upper airways(6) or
among lung regions,(12) and others showing reduced deposi-
tion in the upper airways.(1)

Also using scintigraphy, another study reported increased
lung deposition breathing He-O2 compared to O2 in pediatric
subjects with severe airway obstruction, but not in subjects
with lesser obstruction.(13) 3D imaging of aerosol deposi-
tion using SPECT-CT also showed variable results among
two healthy and two asthmatic subjects, each imaged after
inhaling aerosol suspended both in air and in He-O2. Of
these, only one of the subjects with asthma showed a de-
tectable change in deposition pattern, with a reduction in
deposition with He-O2 within the central airways and an
accompanying increase in the fraction of deposition within
deeper generations.(13,19) The present work is the first
in vivo study of the effect of ventilation distribution on
aerosol deposition among parallel regions of the lung using
helium oxygen as the carrier gas.

Table 5. The Square of the Pearson Correlation Coefficient Between Elements in Equation (2) for Both

Groups Over Set S Lumping All Lobes of All Subjects in the Analysis
a

Xj
Yj Gas corr

j2S
Xj, Yj

� �2

Relative Specific Deposition, sD�sl Relative Specific Ventilation, sV�sl Air 0.38
He-O2 0.59

Relative Specific Deposition, sD�sl Apparent Net Branching Factor, P̂�B, sl Air 0.38
He-O2 0.40

Relative Specific Deposition, sD�sl Apparent Net Escape Fraction, P̂�E, sl Air 0.31
He-O2 0.33

Relative Specific Ventilation, sV�sl Apparent Net Branching Factor, P̂�B, sl Air 0.014
He-O2 0.011

Relative Specific Ventilation, sV�sl Apparent Net Escape Fraction, P̂�E, sl Air 0.023*
He-O2 0.193*

Apparent Net Branching Factor, sV�sl Apparent Net Escape Fraction, P̂�E, sl Air 0.040
He-O2 0.010

ap < 0.05

FIG. 6. The correlation between sD*/sV* and FVOL for each individual subject, plotted
against nebulization breathing frequency for air (left) and He-O2 (right). This relationship
was strongly modulated by the breathing frequency for subjects breathing room air, but not
for those breathing He-O2.
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Given that the effects of He-O2 on the pattern of aerosol
deposition have not been consistently observed, it is not sur-
prising that the clinical benefit of using He-O2 as an aerosol
carrier gas to deliver nebulized therapy in bronchoconstricted
asthmatic subjects has also remained unclear. While some
studies have shown improvements in FEV1,(22,23) PEFR,(23–25)

FVC,(23) clinical score,(26) intubation,(25) and hospitalization
rates,(26) others have found little or no benefit from the He-
O2 in FEV1,(27,28) PEFR,(27,28) FVC, clinical scores, (28,29)

and hospitalization rates.(30) An excellent overview of these
conflicting results is presented by Kim and Corcoran,(15) who
conclude that He-O2 mixtures should only be considered
for those patients who present with severe asthma. It has
also been suggested that older subjects may show greater
improvement,(25) and that it may take time (>35 minutes
of continuous nebulization with He-O2) to show a benefit
over 100% O2.(26)

Kim and Corcoran(15) noted that the aforementioned studies
that demonstrated clinical benefit of using helium oxygen as a
carrier gas(22–26) all used large volume nebulizers that could
meet the minute ventilation of the subject without dilution of
ambient air. This was not a factor in the present study where
a) the aerosol was produced by a vibrating mesh nebulizer not
driven by gas, b) an Idehaler served as a reservoir for the
aerosol, c) the inhalation circuit delivered a fixed gas com-
position independent of breathing flow rates, and d) the neb-
ulization circuit included a tight fit mouthpiece and nose clips
to prevent dilution of the He-O2 with ambient air (Fig. 2).

Relationship between sD* and sV* may be stronger
in He-O2 than air

The lobar distribution of aerosol deposition tended to
follow that of ventilation more closely in the He-O2 group
compared with the air group when all lobes and subjects
were grouped in the analysis. The difference in the corre-
lation between sD* and sV* was only significant when
comparing subjects with variability in sD* (COV2 >0.03).

The He-O2 data had low variability in both sD* and sV* in
two subjects. Excluding these subjects from the analysis is
justifiable given that subjects with uniform distributions of
sD* and sV* should only show random errors in the esti-
mates of sD* and sV* that should be uncorrelated. The
presence of limited error may also contribute to the trend for
stronger correlations between sD* and sV* in He-O2. Even
if the physical relationship between sD* and sV* were equal
between the gases, if the error is similar between the groups,
higher correlations would be measured in the He-O2 data
due to the higher spread in both sD* and sV* in some
subjects of the He-O2 group (evident in Fig. 5).

Ventilation was positively correlated with the apparent net
escape fraction for He-O2 but not for air. Based on our the-
oretical framework, this covariance could be partially re-
sponsible for the trend for closer relationships between
ventilation and deposition in He-O2; the effect of sV* on sD*
includes an effect of the net escape fractions so that a higher
overall correlation between sV* and sD* could be caused by a
correlation of sV* with the apparent escape fraction effects in
He-O2 that are not present in air. This is also likely the reason
why the relationship between sD* and sV* appears to follow
a slope greater than unity in Figure 5 in He-O2.

Why might there be positive correlation between sV* and
the apparent escape fractions? One could imagine that severely
constricted airways might both collect aerosol and result lower
subtended ventilation, resulting in a low apparent escape
fraction and a low sV*. However, we could also expect reduced
apparent escape fraction due to higher aerosol velocities with
greater central impaction among lobes with higher ventilation.
It is also unclear why this effect might only be detected in
He-O2 but not in air. It may be that the signal is in fact present
in air, but could not be discerned without the elevated variability
in lobar sV* present in some of the subjects breathing He-O2.

The corr(sD*, sV*) weakened among subjects breathing
at higher breathing frequency during nebulization fN in air
but not in He-O2. One could postulate that this effect may
have been caused by increased heterogeneity in central de-
position driven by propagation of turbulence originating in
extra-pulmonary or central airways during air breathing at
high fN that were reduced during He-O2 breathing. However,
unless it was masked by differences in peripheral retention,
if this effect were present it should have been reflected in
differences in the apparent escape fractions between the
carrier gases. Yet Figure 4 shows the similarity in apparent
escape fractions between the groups.

Additionally, there was no evidence of increased vari-
ability in the apparent net escape fractions among lobes with
increased fN for either carrier gas. In fact, the parameter that
seems to best organize the apparent escape fractions was the
position of the lobe on the cranio-caudal direction; P̂�E, sl

was significantly higher for the upper lobes compared with
the lower lobes of both lungs and in the He-O2 group this
cranio-caudal gradient in P̂�E, sl also included the RML.

This finding is also surprising; one would have expected
the lower (more caudal) lobes, which tend to have more
straight paths and less sharp turns than the upper lobes,
should have had higher escape fractions than the upper lobes.
It is possible, however, that because of the poly disperse na-
ture of the aerosol used, the sharp turn could have selectively
filtered larger particles to the lower lobes, elevating the re-
spective escape fractions compared with the upper lobes.

FIG. 7. Histogram of the absolute difference of sD* from
unity. Note that the He-O2 group has a greater fraction of
lobes with sD* deviating by less than 10% of the average
compared with the air group, while only in the He-O2 group
did lobes deviate by more than 80% from the average.

AEROSOL DEPOSITION WITH HELIUM-OXYGEN 269

D
ow

nl
oa

de
d 

by
 M

A
SS

A
C

H
U

SE
T

T
S 

IN
ST

IT
U

T
E

 O
F 

T
E

C
H

N
O

L
O

G
Y

 f
ro

m
 o

nl
in

e.
lie

be
rt

pu
b.

co
m

 a
t 0

2/
23

/1
8.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Relationship among FVOL, sD*/sV* and fN
is only present in the air group

The breathing frequency during nebulization strongly
modulated the correlation of sD*/sV* and lobar inflation
among subjects in the air group.(8) This was not the case in the
He-O2 group. One hypothesis behind the finding in air is that
there was reduced aerosol retention in those lobes that were
more inflated; the greater the inflation, the less the degree of
bronchoconstriction, the greater the airway diameters, and the
longer time sedimentation would take to complete, while
impaction becomes less likely in the less constricted airways.
At higher breathing frequencies, the time that the aerosol has
to sediment in the periphery is reduced, which lowers the
retention of all lobes in the lungs. If this leads to lower overall
retention among lobes, small differences in retention among
lobes due to differences in inflation and in constriction of
smaller airways could have generated greater differences in
the relative retention g�sl among lobes affecting the variability
of sD* [Eq. (1)]. Although the changes in airway diameter
would be a weak function of Fvol (one-third power of the
volume), due to the state of bronchoconstriction of the sub-
jects it may be expected that the changes in diameter of the
smaller airways could been exaggerated in regions with low
lung inflation as shown in a previous study where the size and
location of ventilation defects during bronchoconstriction was
modulated by small differences in lung expansion.(38)

Together with a bias for lower deposition in the less in-
flated LLL due to a lower net escape fraction, this hypothesis
begins to explain the strong relationship seen in air, although
it is unclear why this signal disappeared in He-O2. Particle
sedimentation with He-O2 is expected to be similar or slightly
lower than in air3, and the impaction effects are also expected
to be similar in the laminar flows of the periphery.(5) It should
be noted that two of the three subjects that had a negative
correlation of sD*/sV* and lobar inflation while breathing
He-O2 were the subjects with lowest variability in sV and sD*
and, in the presence of error in the deposition and ventilation
estimates, the sD*/sV* ratio may not be very meaningful.
Whether these subjects are included in the analysis, the strong
modulation of breathing frequency during nebulization fN on
the correlation seen in air was still not present in He-O2.

Methodological limitations

Limitations in the measurements of deposition and ven-
tilation have been discussed at length in previous publica-
tions,(8) and the reader is referred to those works for a more
complete discussion of these limitations. Several important
points are important to reiterate for the comparison of
breathing He-O2 and air: part of the variance in the apparent
net branching factor includes measurement errors in both
ventilation and deposition. In contrast, the apparent net es-
cape fraction is exclusively determined from the deposition
image, and thus not affected by possible errors in the esti-
mates of ventilation. This may be, in part, the cause for
stronger statistical differences between lobes in the apparent
escape fractions (Fig. 4, right column). However, the effect
of these potential measurement errors in ventilation was not
high enough to prevent the strong correlation between sV*
and sD* in helium seen at all breathing frequencies.

Even if breathing He-O2 reduced the heterogeneity in ven-
tilation in some subjects, there are several potential reasons

why the effect was not detected statistically in the present
study. First is the large inter-subject variability in the distri-
bution of sV* and sD* in bronchoconstricted subjects with
asthma. As discussed above, these differences could have been
reduced in a protocol designed with crossover measurements
between air and He-O2 in each subject and with strict control
of the breathing patterns. Differences in response between
He-O2 and air reported in the literature have generally been
smaller than the inter-subject differences measured for
each gas (e.g., the data presented in Darquenne et al.(3)).

Therefore, even with a crossover protocol (as were used
in limited studies with SPECT-CT14), very large group
numbers would be required to show statistical differences
between the gases. The large inter-subject variability ob-
served implies limited clinical relevance unless ‘responders’
can be readily identified a priori. Additionally, the mostly
central deposition pattern observed in bronchoconstricted
subjects may have limited the sensitivity to detect peripheral
deposition; it is possible that if aerosol inhalation is con-
ducted with a controlled breathing pattern conducive to a
more peripheral deposition pattern (deep breaths with pro-
longed breath holds), or with smaller aerosols, significant
differences could have been observed.

However, even when crossover design was used with a
pattern of ventilation conducive to peripheral deposition, a
variable response to He-O2 will likely still be present among
subjects. In a SPECT-CT study,(14) only one of the two asth-
matics subjects, and none of the healthy subjects, responded
with a more uniform distribution of deposition with He-O2.
This reinforces the importance of using CFD analysis to better
understand why and who may or may not respond to He-O2.

The subjects included in the present study were young mild
asthmatics who were challenged with a PC20 concentration of
methacholine. It has been observed that the benefits of He-O2

for inhaled therapy are more prominent in both older subjects(25)

and in those subjects with severe bronchoconstriction.(13) It
is therefore possible that older and more severely constricted
subjects could be better candidates for aerosol delivery with
He-O2 than the young mildly asthmatic subjects studied here.

Finally, this study, along with the parallel study in air,
focused on heterogeneous distribution of the aerosol among
the lobes, and for this reason did not image the mouth,
throat, and upper trachea. If helium oxygen has lower de-
position in extra-pulmonary regions, it would not have been
included in our PET images. In fact, if a greater fraction of
larger sized particles reached the carina with He-O2, this
would have resulted in an increase in central deposition within
the PET field of view masking any preference of He-O2 for
deeper deposition in relation to the total inhaled dose.

He-O2 can influence the size of the aerosols emitted from
the nebulizer,(13.31–33) and potentially the rate of hygroscopic
growth in the lung. Martin et al.34 found that particle volume
median diameter (VMD) at the exit of Aeroneb Solo vibrating
mesh nebulizers used with a T piece was larger for medical
air (VMD of 5.5– 0.1lm) than for helium–oxygen (VMD of
4.3– 0.1lm) when the gases were supplied without humidifi-
cation. Darquenne et al.(3) have noted that greater hygroscopic
effects can be expected with He-O2 than with air, and this is
supported by the results of Martin et al.34 who found that, in the
presence of humidified gases, size differences between air and
He-O2 were smaller than for dry gases. Observed differences
between gases were attributed to increased evaporation of
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nebulized droplets in He-O2 versus air between the nebulizer
and laser diffraction measurement volume.(30)

In the present study, the output of the nebulizer-holding
chamber setup was tested using laser diffraction (Helos/BF
with Inhaler module; Sympatec GmbH, Germany) in dry
gasses at the Air Liquide laboratories, and droplet size dis-
tributions were found not to be sensitive to the differences in
the inhalation flow rate or carrier gas. This is very likely due
to the significantly increased droplet concentration that results
from use of the holding chamber. Just as humidification
limited droplet evaporation in the Martin study,(30) use of the
holding chamber in the present study increased droplet con-
centration to the extent that any small initial amount of
evaporation from droplets rapidly saturated the surrounding
gas phase, thereby limiting further evaporation.

Such effects resulting in negligible hygroscopic size
changes have been well described for high concentration
aqueous aerosols,(35) and mathematical models have pre-
dicted that only trivial differences in hygroscopic size chan-
ges within the lung occur between air and He-O2, for droplet
mass fractions typical of pharmaceutical nebulizers.(36) As a
result, it is unlikely that particles grew to a significant extent
in the humid lungs in either He-O2 or in air.

We used radiolabeled isotonic saline to identify the de-
position pattern in both groups. While other studies have
included a bronchodilator in the aerosol,(22,23,25–30) the in-
troduction of an agent that interacts with the ventilation
pattern would have interfered with our ability to identify the
actual ventilation distribution over the entire course of
nebulization. Additionally, in contrast with other stud-
ies,(1,2,4,5,14) we did not control the breathing pattern of the
subjects; in our measurements the subjects were allowed to
breathe spontaneously at their chosen breathing frequency
and tidal volume. This provided us with a span of breathing
patterns that might be clinically expected, and the range of
fN allowed us to observe the influence of breathing fre-
quency during inhalation on other factors.

In summary, the present study could not detect systematic
differences in the pattern of aerosol deposition within the
lungs and airways of the group breathing He-O2 and the
group breathing room air. The clustering of more lobes
around average deposition in several subjects is balanced by
increase heterogeneity in lobes with extremes ventilation
and deposition in others. Amid conflicting reports, some
studies have found that He-O2 has lower deposition in the
mouth, throat, and upper airways, and greater deposition in
the periphery.(1,4)

It has also been suggested He-O2 can homogenize ventila-
tion and aerosol deposition among in bronchoconstricted sub-
jects.5,37) The large variability among subjects precluded the
significant detection of either effect between the two groups of
young bronchoconstricted mild asthmatic subjects that were
studied, and a number of additional limitations with the present
work bound the conclusions that we can draw. However, the
quantitative 3D distributions of aerosol deposition during
He-O2 and air breathing, along with detailed anatomical and
functional data collected in this work, may be used to val-
idate CFD analysis on an individual basis. It is hoped that
such validated and physiologically informed computational
models will improve our understanding of how and for
whom using He-O2 as a carrier gas for aerosol therapy may
provide benefit.
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