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Abstract

The 21st Congress for the International Society for Aerosols in Medicine included, for the first time, a session
on Pulmonary Delivery of Therapeutic and Diagnostic Gases. The rationale for such a session within ISAM is
that the pulmonary delivery of gaseous drugs in many cases targets the same therapeutic areas as aerosol drug
delivery, and is in many scientific and technical aspects similar to aerosol drug delivery. This article serves as a
report on the recent ISAM congress session providing a synopsis of each of the presentations. The topics
covered are the conception, testing, and development of the use of nitric oxide to treat pulmonary hypertension;
the use of realistic adult nasal replicas to evaluate the performance of pulsed oxygen delivery devices; an
overview of several diagnostic gas modalities; and the use of inhaled oxygen as a proton magnetic resonance
imaging (MRI) contrast agent for imaging temporal changes in the distribution of specific ventilation during
recovery from bronchoconstriction. Themes common to these diverse applications of inhaled gases in medicine
are discussed, along with future perspectives on development of therapeutic and diagnostic gases.
Keywords: in vitro upper airway model, lung imaging, magnetic resonance imaging (MRI), nitric oxide, oxygen,

pulmonary hypertension

aerosol drug delivery. There are issues ranging from patient
compliance for home use to delivery to ventilated patients in
intensive care, which are also common to both medical gases
and aerosols.
Consider more specific examples of inhaled medical
gases: the most well-known inhaled gas with widespread
and often critical therapeutic applications is oxygen. Oxygen
therapy has, on occasion, been administered with unwarranted complacency; nonetheless, with the variety of settings
(e.g., homecare versus hospital), patient interfaces (e.g., face
masks and nasal cannulas), and sources (e.g., cylinders and
concentrators) involved, it is difficult to assess optimal dosing
and delivery modes.(2–7) The endogenous signaling molecule

Introduction

T

he 21st Congress for the International Society for
Aerosols in Medicine included, for the first time, a session on Pulmonary Delivery of Therapeutic and Diagnostic
Gases.(1) The rationale for such a session within ISAM is that
the pulmonary delivery of gaseous drugs in many cases targets the same therapeutic areas as aerosol drug delivery, and
is in many scientific and technical aspects similar to aerosol
drug delivery. For example, the gaseous drug must be delivered by a medical device, through a patient interface, into
the respiratory tract to a lung target, where it might be absorbed into the systemic circulation, all common aspects of
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nitric oxide (NO) is now widely used to treat pulmonary
hypertension without systemic side effects.(8) However, there
is growing evidence of beneficial systemic effects of NO that
would make it protective after ischemic insult.(9,10) The
therapeutic potential of other endogenous signaling molecules such as carbon monoxide(11,12) and hydrogen sulfide(13)
are also being investigated.
The well-known anesthetic gas, nitrous oxide, shows
potential as a treatment for chronic pain.(14,15) The noble
gases have been shown to have interesting biological activity despite chemical inertness.(16) The most well-known
application is xenon for anesthesia, providing relatively
more stable intraoperative blood pressure, lower heart rate,
and faster emergence from anesthesia than volatile and
propofol anesthesia.(17) Helium has long been used as an aid
to respiration due to its mechanical property of low density(18) and has potential to optimize aerosol deposition if used
as a carrier gas.(19,20) Furthermore, diagnostic gases related
to the imaging of ventilation are instrumental in understanding lung function, and thus the delivery of aerosols and
the resulting deposition, as well as the benefits of aerosolized drugs in terms of improved ventilation.(21)
This article serves as a report on the recent ISAM congress session providing a synopsis of each of the presentations. Regarding therapeutic gas applications: Dr. Warren
Zapol of Massachusetts General Hospital opened the session
by describing the conception, testing, and development of
the use of inhaled NO to treat acute and chronic pulmonary
hypertension; and Dr. Andrew Martin of the University of
Alberta showed how realistic adult nasal replicas, originally
used for aerosol deposition studies, could be used to evaluate the performance of pulsed oxygen delivery devices. Presenting on diagnostic and imaging gases were Dr. Cecil
Charles of Duke University, who gave an overview of several
diagnostic gas modalities; and Dr. Rui Carlos Sá from the
University of California, San Diego, who concluded the
session with a presentation on the use of inhaled oxygen as
a proton magnetic resonance imaging (MRI) contrast agent
for imaging temporal changes in the distribution of specific
ventilation (SV) during recovery from bronchoconstriction.
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pulmonary hypertension.(28,30) Subsequently, the efforts of
many research groups studying newborns led to approval of
inhaled NO by the U.S. Food and Drug Administration in
1999.(31) Since approval, inhaled NO has been commonly
used to perform diagnostic procedures and treat a spectrum
of cardiopulmonary conditions, including pulmonary hypertension.(32,33) Inhaled NO has saved the lives of hundreds of thousands of babies with persistent pulmonary
hypertension and adults with pulmonary arterial hypertension before and after cardiac surgery.
Recent studies suggest that inhaled NO may prevent
ischemia-reperfusion injury and reduce hemolysis-induced
vasoconstriction and renal failure after cardiopulmonary
bypass.(34) However, wider use of NO therapy is limited,
because the current NO delivery systems using high pressure cylinders are cumbersome and expensive.(35) Inhaled
NO therapy based on cylinder gas is only available in hospitals for inpatient use in some developed countries, but
unavailable in many parts of the world, and not available
anywhere for outpatient use. Several methods have been
used to produce NO for biomedical purposes.(36–40) However, these methods produce large amounts of nitrogen dioxide (NO2) and ozone (O3) as toxic byproducts, requiring
complex purification systems.(41,42) We have designed,
developed, and tested a simple, portable, and economic
NO generation device, producing NO by pulsed electrical
discharge in air for inhalation therapy (Fig. 1).(43)
We have first tested whether our novel design NO generator produces therapeutic ranges (5–80 parts per million
[ppm]) of NO from ambient air or an O2-enriched mixture at
the bedside. We showed that NO production at atmospheric
pressure varies with changing O2 and N2 levels, with maximal NO produced at 50% O2.(43) Then, we optimized our
NO-generating device to yield maximal NO levels with
minimal NO2 and O3 production. Our results demonstrated
that iridium electrodes produce NO with minimal amounts
of NO2 in comparison to other electrode metals, such as stainless steel, nickel, and tungsten. To reduce NO2 levels in the
electrically generated NO, we use Ca(OH)2, a common CO2
scavenger widely used in clinical ventilators. We demonstrated that 12 g of Ca(OH)2 sufficiently reduces O3 and NO2

NO for the Treatment of Pulmonary Hypertension

A therapeutic potential for inhaled NO to act as a selective
pulmonary vasodilator was first demonstrated by Frostell
et al. in 1991, who showed that breathing NO gas produced
rapid and profound pulmonary vasodilation in an awake lamb
model of pulmonary hypertension produced by infusion of
the stable thromboxane analog U46619, a potent pulmonary
vasoconstrictor.(22) NO rapidly reacts with oxyhemoglobin to
form methemoglobin and nitrate, and with deoxyhemoglobin
to form iron nitrosyl hemoglobin.(23,24) Therefore, the vasodilatory effect of inhaled NO is effectively limited to the
lung. This is in sharp contrast to intravenously infused vasodilators that also produce systemic vasodilation and can
lead to systemic arterial hypotension.(25) This unique ability
of inhaled NO to cause highly selective pulmonary vasodilation has prompted a large number of preclinical and clinical
studies.(26–29)
The early pilot studies demonstrated that inhaled NO
therapy rapidly improves oxygenation without causing systemic hypotension in critically ill newborns with acute

FIG. 1. Producing NO by pulsed electrical discharge.(43)
NO, nitric oxide.

Downloaded by Duke Univ from www.liebertpub.com at 04/07/18. For personal use only.

80

to levels well below Environmental Protection Agency (EPA)
standards, without impairing NO production.
In anesthetized and mechanically ventilated lambs (body
weight *30 kg), we have investigated whether plasmagenerated NO could reduce pulmonary hypertension acutely
induced by an infusion of U46619.(43) We concluded that
electrically generated NO is as effective as NO delivered
from a conventional cylinder. That is, at the same inhaled
NO doses, electrically generated NO and NO diluted from a
cylinder equivalently reduce pulmonary arterial pressure
and pulmonary vascular resistance in lambs with pulmonary
hypertension.
Because electrodes undergo erosion after prolonged electric NO generation,(44,45) we sought to optimize the purity and
safety of NO generated by our device. Applying scanning
electron microscopy and energy-dispersive X-ray spectroscopy, we detected and determined the metal particles
(iridium, platinum, and nickel) released from the electrodes after plasma NO generation.(46) We then tested
whether a 0.22 lm high-efficiency particular air (HEPA)
filter, placed in series with the NO generator, could capture
all the metal particles in the effluent gas stream. Our data
suggest that one single HEPA filter can effectively remove
all metal particles released from the electrodes when
generating electric plasma NO.(46)
To examine the safety of breathing electrically generated
NO for a prolonged period of time, we have investigated
whether it produces lung inflammation and/or metal deposition in mice lungs after breathing 50 ppm electrically
generated NO in air for 28 days. We found that all the
murine airway tissues, including tracheobronchial tissue
and tissue of the distal lung, from both control (breathing air
only) and mice breathing 50 ppm electric NO were normal
and free of metal particles.(46) Taken together, these results
indicate that prolonged inhalation of electrically generated
NO is safe.
In a proof-of-concept human study, we examined the
effects of breathing electrically generated NO in six healthy
volunteers and six patients with chronic pulmonary hypertension.(47) Our data suggest that the synthesis and testing of
electrically generated NO in a hospital setting were safe. No
adverse effects were observed in the six healthy volunteers
breathing 25 ppm NO in air for 10 minutes. In the six patients with chronic pulmonary hypertension, electric generation of NO led to acute pulmonary hemodynamic effects
(e.g., reduced pulmonary vascular resistance) and the vasodilatory effect was equivalent to that of NO obtained from
commercially available cylinders.
Inhaled NO is the first vasodilator to produce truly selective pulmonary vasodilation. A large number of laboratory and clinical research studies have been performed to
delineate the biochemistry, physiology, side effects, and
clinical efficacy of breathing NO in various diseases of
children and adults. For many, it is lifesaving. The recent
development of the electric generation of NO from air offers
the potential for delivering NO gas for inhalation for prolonged periods in ambulatory or outpatient care settings.
The device could also expand the delivery of NO to hospitals and clinics around the world because electric plasma
NO generation is economical, easy to use, and safe. In
future studies, we will focus on improving power supply
efficiency, to increase NO production with less energy
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consumption, and miniaturizing the size and weight of the
portable device to less than one pound. If possible in the
future, the size of our NO generation device will be phone
sized and powered by portable batteries.
Evaluation of Pulsed Oxygen Delivery
in Realistic Adult Nasal Replicas

Long-term oxygen therapy (LTOT) is widely used in the
treatment of chronic respiratory diseases. For patients with
hypoxemic chronic obstructive pulmonary disease (COPD),
LTOT administered for 15 hours/d or more has been demonstrated to improve survival time.(48) In the United States,
over 1 million patients receive LTOT,(49) with Medicare
reimbursements for oxygen-related costs exceeding 2 billion
U.S. dollars in 2011 for COPD patients.(50) Despite the wide
use of oxygen in the treatment of respiratory diseases, firm
evidence of LTOT’s benefits is lacking in mild-to-moderate
disease.(49,51) The work described below was motivated, in
part, by the belief that more conclusive demonstration of the
benefit (or lack of benefit) of LTOT may follow better understanding of, and consistency in, oxygen delivery and
dosing. Oxygen administration is generally prescribed and
discussed as continuous flow of oxygen (CFO), with dosing
quantified in liters per minute (L/min) of oxygen delivered
to a patient interface at a steady flow rate.
However, to enable mobility of patients receiving LTOT,
portable sources of oxygen are frequently employed, including small gas cylinders, portable liquid dewars, and
portable oxygen concentrators (POCs). These portable
sources typically do not supply oxygen at continuous, steady
flow rates. Rather, to extend usage of portable sources with
limited capacity, an oxygen conserving equipment is used to
administer oxygen in short pulses, or boli, triggered to coincide with patient inspiration. In this manner, oxygen is
delivered early in the breath, so that the fraction of oxygen
exhaled from the anatomical dead space is reduced, and
efficiency of administration is improved compared with
CFO.
Ideally, the volume of oxygen delivered per breath in
pulses from portable sources would be similar to that for
CFO at a specified flow rate, so that pulse settings on portable sources (e.g., pulse setting of 1, 2, or 3) could be
interpreted in terms of nominally equivalent CFO flow rates
(e.g., of 1, 2, or 3 L/min). This is not currently the case. The
most recent update to the ISO standard Particular requirements for basic safety and essential performance of oxygen
conserving equipment(50) notes that because numerical dose
settings on oxygen conserving equipment might not correlate to CFO flow rates, these setting may be misinterpreted
and result in incorrect oxygen delivery. The potential for
confusion is exacerbated as different portable oxygen
sources (e.g., POCs from two different manufacturers)
may deliver different volumes of oxygen at nominally
equivalent pulse settings. As a result, the use of a conserving
equipment employing pulsed oxygen delivery requires patient
titration to ensure proper settings are selected on a particular source device, to provide adequate arterial oxygen saturation (SaO2).(50)
To investigate equivalency between pulsed and continuous oxygen delivery through nasal cannula, Chen et al.(52)
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FIG. 2. Experimental apparatus used to evaluate oxygen delivery using realistic nasal
airway replicas. Arrows indicate direction of gas flow. Adapted from Chen et al.(52)
have recently developed in vitro methods using realistic
nasal airway replicas (Fig. 2). Oxygen delivery through
nasal cannula was tested for pulsed delivery from a POC
and compared with CFO delivered from a stationary
compressed oxygen cylinder. A test lung simulated three
breathing patterns representative of a COPD patient at rest,
during exercise, and while asleep. Volume-averaged fraction
of inhaled oxygen (FiO2) was calculated by analyzing the
oxygen concentration in gas sampled at the exit of each
replica (representing ‘‘tracheal’’ concentrations) and inhalation flow rates over time. FiO2 could then be compared
between numerical pulse settings and nominally equivalent
CFO flow rates.
While the use of realistic, and idealized, upper airway
replicas has been frequent in research related to pharmaceutical aerosol administration [e.g., Byron et al.(53), Grgic
et al.(54), and Golshahi et al.(55)], previously, only highly
simplified geometries have been used for evaluating delivery of medical gases.(56,57) For pulsed gas delivery, the
use of realistic airway replicas allows in vitro testing to
be conducted under more realistic triggering conditions.
Chen et al. observed instances of failure to trigger pulse
delivery for four of the fifteen airway replicas they employed.(52) Where pulse delivery was triggered during inspiration, FiO2 was consistently lower for pulsed delivery
than for CFO. Differences between pulsed delivery and
CFO were largest when higher numerical pulse setting was
combined with breathing parameters typical of sleeping
patients.
This was likely attributable to two factors: for CFO, the
effect of oxygen pooling in the nasal cavity near the end of
expiration boosts FiO2 for slower and shallower breathing,
whereas for pulsed delivery, lower inspiratory flow rates
result in delayed triggering and hence delayed arrival of the
oxygen pulse, leading, in some cases, to retention of de-

livered oxygen in the upper airways and subsequent exhalation of part of the delivered oxygen pulse.
Although the results presented by Chen et al. are specific to the single commercial POC tested, additional
testing using their methodology may provide valuable
information describing relative oxygen delivery from
different devices operating at nominally equivalent numerical settings.
Diagnostic Gases: Imaging and Lung Function Testing

Evaluation of the delivery of inhaled therapeutics faces
special challenges compared to oral or injected agents. The
nature of the agent (dry particles vs. aerosols) and the nature
of the delivery device (e.g., metered dose and nebulizer) can
have an impact on the delivery of the agent.(58) While direct
evaluation of the delivery can be addressed with imaging
techniques, there are a number of limitations to the current
techniques. Imaging the deposition of an inhaled agent is
challenging and generally limited to radioisotope imaging
(e.g., planar nuclear scintigraphy, Single Photon Emission
Computed Tomography [SPECT], and Positron Emission
Tomography [PET]).
The advantages and disadvantages have been reviewed
previously,(58) but include costs, limited spatiotemporal
resolution, the need to synthesize labeled drug (PET), or
physically combine a radiotracer with the agent (SPECT,
Scintigraphy). From an imaging perspective, evaluation of
nuclear medicine strategies can be used to evaluate pharmacokinetics, that is, distribution. Other regional strategies
such as hyperpolarized gas Magnetic Resonance Imaging
(hpMRI) and fluorine-19 Magnetic Resonance Imaging (19F
MRI) could be used to evaluate response to treatment or
pharmacodynamics. Since mammalian lungs function by a
convection/diffusion mechanism and multiple breaths are

Downloaded by Duke Univ from www.liebertpub.com at 04/07/18. For personal use only.

82

ZAPOL ET AL.

FIG. 3. Functional lung images from a subject with COPD. Each of the frames shows one
slice from a 3D image obtained during a single deep breath-hold. The images are obtained
using an approach of three tidal breaths followed by the single deep breath-hold and this is
repeated several times until a steady state is obtained. The time frame from image to image is
generally 30–45 seconds depending on the subject’s respiration rate. Much like hyperpolarized
gas Magnetic Resonance Imaging (hpMRI), the early frames show areas that have been
described in the hpMRI literature as ‘‘ventilation defects’’ or areas of no or poor ventilation. As
is evident in the time axis (left to right), these actually describe ‘‘slow filling’’ compartments of
the lung. Since the gaseous agent does not reach these areas in a single breath, it is likely the
distribution of inhaled agent would be similar. 3D, three dimensional; COPD, chronic obstructive pulmonary disease.
required to fully exchange the gases in the lung, it would
be useful to understand and measure the regional lung
function as a factor in inhaled drug delivery. Poor ventilation could certainly have a negative impact of drug delivery and response to treatment, especially when relying
on single breath delivery. This has been demonstrated in
several reports where nonuniform distribution of radiotracers in subjects with lung disease is contrasted to more
uniform distribution in subjects with normal lung function.(59–65)
There have also been several approaches proposed for
modeling delivery of inhaled agents, as described in the
article by Darquenne et al.(21) An alternative strategy to
address these problems is to start with an actual evaluation
of lung ventilation patterns in the absence of the agent using
an imagable gas. Clearly, if there are poorly ventilated regions of the lung [i.e., slow filling compartments(66)], then
any single breath delivery system could be impacted negatively, in that, the regions of the lung that may be most in
need of the treatment are less likely to receive the treatment
agent.
For example, Figure 3 shows ventilation images of three
slices extracted from a three-dimensional (3D) volume image of the lung from a subject with COPD. These images
were obtained using an 19F MRI and taken over a series of
breaths of a gas mixture (79% perfluoropropane and 21%
oxygen) followed (after steady state) by washout, while
breathing room air.(67) Each 3D set was taken in a 15-second
breath-hold with three tidal breaths preceding each image
acquisition. It is clear that a significant fraction of the lung
exhibits slow filling compartments, and in the first frame, it
is apparent that there are areas of the lung that are not
ventilated at all.
Figure 4 shows a parametric image from two slices,
where the image intensity scale represents the ventilation
time constant in seconds for each of the regions of the lung.
In this subject, 43.7% of the lung volume has wash-in time
constants ‡60 seconds and ranging up to *600 seconds.

With long time constants (in excess of 60 seconds), it is
understandable that an inhaled agent may have poor activity
in those regions.
Moving from a pharmacokinetic evaluation of drug delivery to a pharmacodynamic evaluation of change in lung
ventilatory function postinhalation opens a new window for
evaluation of inhaled drugs with excellent spatial and temporal resolution. In the spatial sense, 19F MRI can evaluate
lung function at the level of a few acini. In the temporal
sense, 19F MRI can measure changes from tens of seconds to
minutes, to hours to days. The lack of ionizing radiation and
the inert nature of the imaging visualization agents allow
repeated measurements over a range of time frames that
should address the needs of any new (or old for that matter)
inhaled aerosolized agent.

FIG. 4. Parametric images calculated pixelwise from the
time series data show the distribution of ‘‘slow filling’’
compartments of the lung, and the fraction of lung volume
that has such poor ventilation can easily be determined.
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FIG. 5. A possible evaluation strategy for pharmacokinetic/pharmacodynamic evaluation of inhaled therapeutic
agents.
One can consider a treatment schema such as shown in
Figure 5, where after a baseline ventilatory evaluation,
multiple posttreatment evaluations are possible over a variety of time frames, for example, minutes for short-acting
agents such as rescue inhalers to hours or days for longacting agents. Thus, new agents can be tested in the target
population using the planned delivery device. In addition, a
nuclear medicine scan (PET, SPECT, and Scintigraphy) of
distribution of the agent could be added after the baseline
ventilation function scan for distribution analysis. Clearly,
early evaluation of agents in this manner could impact
changes in the formulation or the actual delivery unit, with
direct evidence of activity of the agent.
Imaging Temporal SV Using Oxygen
as an MRI Contrast Agent

Oxygen, in addition to its therapeutic use, has historically
been used as an inhaled ‘‘contrast’’ agent to probe ventilation
heterogeneity in the lung, namely for measuring SV, the ratio
of fresh gas entering a lung region to its regional end tidal
volume. The multiple breath washout is a classical pulmonary
function test,(68) which allows for the quantification of heterogeneity of specific ventilation (SV). Typically, the multiple
breath washout follows the nitrogen washout concentration on
a breath-by-breath basis, following a sudden change in inspired
oxygen concentration, typically from room air to 100% O2.
Different indices have been used throughout the years,
with the Lung Clearance Index (LCI) being the simplest
and more commonly used.(69) More complex metrics such
as Sacin and Scond(70) and the width of the SV distribution(71) are also common. Multiple-breath washout uses a
fast responding gas analyzer (often a mass spectrometer) to
measure the nitrogen concentration at the mouth, and thus
does not provide spatial information.
SV imaging is an MRI technique that is similar to
multiple-breath washout tests, with the major difference that
the measurement of gas concentration is not performed at
the mouth as in multiple-breath washout, but spatially
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throughout the lung, using an MRI scanner. It was made
possible by the finding that oxygen dissolved in tissues
shortens the T1 relaxation time and can thus be used as a
contrast agent.(72) Thus, appropriately prepared and timed
MR images can sense local changes in oxygen concentration, following sudden changes in inspired oxygen fraction
(FiO2)—wash in and washout of inhaled oxygen.
The first application of oxygen-enhanced MRI was to
identify nonventilating regions of the lung.(72,73) Our work has
extended this ventilated/unventilated binary approach to create quantitative regional SV information.(74) As in multiplebreath washout tests, regional (alveolar) partial pressure of
oxygen (PAO2) is determined by FiO2 and other factors, such
as local V/Q ratio; however, the rate of change of regional
PAO2 is dominated by the regional SV.(75) Quantification of
SV is achieved by comparing the rate of change in the MRI
signal following consecutive sudden changes in FiO2, with a
library of modeled ideal lung units with different imposed
SVs(76) responding to the same stimulus.
In a validation study against multiple-breath washout,(76)
SV imaging was shown to produce comparable estimates of
heterogeneity, and have acceptable test-retest repeatability.
Previous applications of this technique have focused on the
gravitational gradient of SV,(74) the distribution of SV during exercise,(77) and ventilation heterogeneity in subjects
susceptible to High-Altitude Pulmonary Edema (HAPE).(78)
As developed and typically applied, SV imaging produces
a quantitative map acquired over a *20-minute period, representing the average ventilation pattern over the acquisition
time. We extended our previous work by adding a temporal
axis of recovery from an intervention, namely a methacholine
challenge, allowing for a quantitative pharmacodynamic
evaluation of the response to an induced asthma challenge.
To capture the regional temporal dynamics of recovery from
methacholine-induced bronchoconstriction (predetermined
PC20 dose), we developed a sliding window analysis with a
temporal resolution of *7 minutes. Ventilation maps were
acquired over *18 minutes, starting <10 minutes after methacholine administration, in two healthy controls and two
mild asthmatics (26 – 7, 22 – 2 years-old, FEV1 100 – 9,
101 – 1% predicted, PC20 10 – 8, 0.8 – 0.4 mg/mL of methacholine, for control and asthmatic patients, respectively).
Respiratory-gated images were acquired using a 1.5T MRI
scanner in the supine posture at functional residual capacity in
15-mm-thick sagittal slices (right lung)—with an in-plane
resolution of 1.6 · 1.6 mm—using an inversion recovery fast
spin echo sequence (inversion time 1.1 seconds), while subjects breathed alternating blocks of air and 100% O2. Up to
four contiguous right lung slices were acquired, covering
*70% of the right lung.
Methacholine resulted in preferential constriction in
the dependent lung (Fig. 6): averaged over all subjects, the
fraction of constricted voxels, defined as the percentage
of voxels where SV decrease by >50% from baseline to
postconstriction was 57% – 20% in the dependent lung and
38% – 25% in the nondependent lung. This preferential
dependent lung impact of inhaled methacholine is more
expressive in the two healthy subjects studied (51% – 10%
and 19% – 1%, dependent and nondependent, respectively)
than in the two asthmatics (62% – 30% and 56% – 24%,
dependent and non-dependent, respectively) (Fig. 6, right
panel).
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FIG. 6. Left panel: specific ventilation maps in a sagittal slice of the right lung in a healthy control (top row) and a mild
asthmatic (bottom row) at baseline, and following methacholine-induced bronchoconstriction. In these sagittal images, the
head is to the right, and the dorsal lung is toward the bottom of the images. Administration of the predetermined methacholine PC20 dose altered the pattern of specific ventilation, mostly in the dependent lung. Right panel: fraction of
constricted lung in the dependent, middle, and nondependent lung thirds, constriction defined as a decrease in specific
ventilation of ‡50%, for the two healthy (circles, blue lines) and two asthmatics studied (square, orange line).
The postprocessing temporal dynamics approach is illustrated in Figure 7, for a mild asthmatic subject. SV imaging
data acquired after methacholine inhalation over 18 minutes
was partitioned into three consecutive 7-minute windows
(25% overlap), resulting in three consecutive spatial maps,
showing the spatial pattern of recovery from the challenge.
Overall, data showed a tendency for faster recovery from
bronchoconstriction in asthmatics than in healthy controls,
potentially driven by the lower methacholine doses and/or the
repeated exposure to exacerbations and bronchoconstriction.
These preliminary data suggest that SV imaging can be
used to quantify the regional temporal behavior of the lung
following bronchoconstriction. Our technique, as with 19F
MRI presented above, allows for the definition of biomarkers
for the quantification of the regional impact of inhaled drugs
or other respiratory interventions (deep inspirations and systemic drugs) with spatial resolution of the order of a few
acini, and temporal resolution of *5 to 7 minutes. Oxygenenhanced ventilation imaging shares most of the advantages
of 19F MRI—good spatial resolution, no ionizing radiation,

and ability to perform repeated measures. It does have a more
limited temporal resolution (minutes)—the poorer signal-tonoise ratio of oxygen-enhanced MRI, when compared to 19F
MRI, requires longer acquisition time—yet it is easier to
envision its general use, as it only requires readily available
oxygen and standard, widely available proton MRI.
Another potential application of MR functional ventilation imaging is in the development and optimization of inhaled aerosolized drugs. In a recently published study, we
combined SV Imaging with gamma scintigraphy to compare
the regional distribution of ventilation with the deposition
of 5 lm 99mTc-labeled inhaled particles. In healthy subjects,
we showed that peripheral deposition and ventilation are
proportional.(79) Combining quantitative MR ventilation
imaging with particle deposition measurements has the potential to enable the early evaluation of inhalable drugs and
contribute to optimization of their targeted delivery through
manipulation of actionable characteristics such as resident
gas properties, time/depth of inhalation, and particle size.
Discussion and Conclusion

FIG. 7. Specific ventilation maps of a 15 mm sagittal slice of
the right lung (same as in Fig. 6, mild asthmatic, bottom row),
showing the time course of recovery following methacholineinduced bronchoconstriction (1 mg/mL) in a mild asthmatic.
A 7-minute overlapping sliding window approach, centered
at 15, 20, and 25 minutes after methacholine was applied,
opening a window into the dynamics of the recovery from an
induced asthma challenge.

The congress session reported on in this article has illustrated some of the opportunities as well as the scientific
and technical challenges regarding the Pulmonary Delivery
of Therapeutic and Diagnostic Gases. Considering therapeutic gases, inhaled NO stands out as a proven and highly
effective treatment of persistent pulmonary hypertension of
the newborn and pulmonary hypertension following cardiac
surgery. Outside of these indications, the use of NO, for
example, in acute lung injury or acute respiratory distress
syndrome, remains controversial, but as presented by Zapol,
the potential to expand use of NO to new indications may be
buoyed by the development of less expensive supply and
sophisticated delivery devices.
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It can be noted that therapeutic medical gas dosing runs
the gamut from <100 up to one million ppm (i.e., 100%).
Even greater concentrations, or gas partial pressures, may be
obtained if hyperbaric applications are considered. Thus,
accurate dosing (as illustrated by Martin for oxygen) requires expert knowledge in a complex marriage between
medical device technology and physiology, expertise
that has been applied to aerosol medicine and exhibited
within ISAM for several decades. Similar to methods used
in medical aerosol research, realistic or simplified upper
airway geometries have been employed to evaluate the influence of gas delivery parameters on inhaled gas concentrations.(56,57) Analytical models have also been developed
to estimate medical gas transport and uptake in the
lungs.(80,81) Such tools could be valuable in the design of
therapeutic gas delivery systems, and in evaluating contrasting modes of delivery.
On the other hand, the presentations by Charles and Sá
show that diagnostic gases have much to offer the aerosol
community and could be better integrated into clinical care.
However, clearly, the obvious advantage of the type of forum provided by the ISAM congress is the direct exchange
of information and exposure to conceptual new applications.
For example, the MRI imaging technique, described by Sá
to quantify SV, could be adapted to measure the effectiveness of oxygen delivery as explained by Martin. In conclusion, perhaps ISAM could provide a forum for medical
gases similar to the role it has played for medical aerosols.
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77. Tedjasaputra V, Sá RC, Arai TJ, Holverda S, Theilmann
RJ, Chen WT, Wagner PD, Davis CK, Prisk GK, and
Hopkins SR: The heterogeneity of regional specific ventilation is unchanged following heavy exercise in athletes. J
Appl Physiol. 2013;115:126–135.
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