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One of the key challenges in the study of health-related aerosols is predicting and monitoring sites of particle depo-
sition in the respiratory tract. The potential health risks of ambient exposure to environmental or workplace aerosols
and the beneficial effects of medical aerosols are strongly influenced by the site of aerosol deposition along the re-
spiratory tract. Nuclear medicine is the only current modality that combines quantification and regional localization
of aerosol deposition, and this technique remains limited by its spatial and temporal resolutions and by patient ex-
posure to radiation. Recent work in MRI has shed light on techniques to quantify micro-sized magnetic particles in
living bodies by the measurement of associated static magnetic field variations. With regard to lung MRI,
hyperpolarized helium-3 may be used as a tracer gas to compensate for the lack of MR signal in the airways, so as
to allow assessment of pulmonary function and morphology. The extrathoracic region of the human respiratory sys-
tem plays a critical role in determining aerosol deposition patterns, as it acts as a filter upstream from the lungs. In
the present work, aerosol deposition in a mouth–throat phantom was measured using helium-3 MRI and compared
with single-photon emission computed tomography. By providing high sensitivity with high spatial and temporal
resolutions, phase-contrast helium-3 MRI offers new insights for the study of particle transport and deposition.
Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

The impact of inhaled aerosols on human health is widespread,
ranging from the risks associated with environmental or work-
place aerosol exposure to the beneficial effects of medical aero-
sols. Aerosol drug delivery targets a wide range of applications
from local airway treatment of pulmonary diseases to whole-
body drug administration following systemic circulation. In the
latter case, the very large exchange surface area of the lungs

combined with a reduced metabolic activity with respect to that
of the gastrointestinal tract, a thin alveolar epithelium in the
deeper airways, and a dense blood supply ensure adequate pul-
monary bioavailability and rapid drug absorption (1,2). Addition-
ally, drug administration through the natural oronasal route is
minimally invasive and painless. This approach could well re-
place or complement many existing and widespread drug ad-
ministration methods. However, drug distribution in a complex
geometry such as the human respiratory tract highly depends
on aerosol properties and administration parameters (3,4). The
tangled mechanisms of particle transport and deposition in hu-
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three-phase flows, fluid–structure coupling, and heat and mass
transfers through constantly changing irregular geometries.
They may be partially modeled by computational fluid dynamics,
but this requires experimental guidance and validation. Thus,
physical methods for quantifying and locating aerosol deposi-
tion at targeted sites are needed to control and optimize the de-
livery of inhaled drugs. Most published studies have quantified
total aerosol deposition in vitro and in vivo using biochemical as-
say (5), photometry (6) in the case of bolus dispersion, as well as
spectrophotometric (7) and pharmacokinetic measurements (8).
Nuclear medicine techniques are currently the only in vivo mo-
dalities that provide both aerosol quantification and regional lo-
calization (5,9,10) but they remain limited in terms of spatial and
temporal resolutions as well as by patient exposure to radiation.
Recent work in the field of MRI aims to achieve absolute parti-

cle quantification either by measuring the relaxation times of the
total magnetic moment or by mapping the static magnetic field
perturbations in the presence of superparamagnetic iron oxide
markers (11,12). Iron-based markers placed in the magnetic field
of an MRI unit generate dipolar fields that locally modify the
magnetic field, which typically leads to regions of low MR signal
amplitude (13–15). The magnetic field perturbations induced by
the presence of iron are embedded in the phase of the MR signal
and can be processed to obtain absolute quantification of the
iron mass distribution (12,16–18). For lung imaging though, stan-
dard MRI is impaired by the low tissue density of the organ and
the susceptibility differences at the air–tissue interface. Experi-
ments by Martin et al. in mice were performed postmortem, re-
quiring a 30min acquisition time (11). For in vivo work,
provided the particle distribution is not affected over several respi-
ratory cycles, control over the subject’s ventilation and/or respira-
tory gating would be required to permit such a long acquisition
time. To circumvent the limitations of standard MRI, hyperpolarized
helium-3 MRI has been developed for probing the organ morphol-
ogy and function (19–30). Hyperpolarized helium-3MRI is free from
ionizing radiation and provides millimeter and sub-second resolu-
tions with high signal to noise ratios (SNRs) such that static and dy-
namic ventilation acquisitions can be performed during a single
breath hold or a respiratory cycle (31).
Before reaching the lung, inhaled aerosol is first filtered by the

extrathoracic region. Deposition in this region has been exten-
sively studied in vitro by radionuclide scanning techniques
(32,33). The present work demonstrates a new method to quan-
tify particle deposition using phase-contrast hyperpolarized
helium-3 MRI in a realistic, rigid human mouth–throat phantom.
The aerosol used was doubly labeled with superparamagnetic
iron oxide and radioisotope technetium-99m to permit detec-
tion by both helium-3 MRI and single-photon emission com-
puted tomography (SPECT).

MATERIALS AND METHODS

Aerosol administration in a mouth–trachea phantom

Design of the mouth–trachea phantom

The main human anatomical regions between the mouth and
trachea are featured on the central slice of a high-resolution
computed tomography (HRCT) scan in Fig. 1(a). A 3D triangular
mesh of the phantom geometry was generated from the assem-
bly of two elements (34): the human dental print of a 50% open
mouth was used for the oral cavity (Fig. 1(b), (1)) and the HRCT
scan for the oropharynx, larynx, and trachea (Fig. 1(b), (2)). The
model was segmented and 22 sections were defined from the in-
let to the outlet, so that connecting each geometric center gave
an estimated mean pathway of 220mm inside the cast. After
segmentation, the model was processed to have thinner mesh
cells and then was built from epoxy material using
stereolithography (Fig. 1(c)). All experiments in this work used
this single model geometry.

Preparation of the aerosol solution

A double-labeled solution was prepared to ensure the same
aerosol deposition pattern for measurement by both SPECT
and MRI. Radiolabeling was done by diluting 1mL technetium-
99m of activity 2.5 GBq into 200mL saline (0.9% NaCl). MR label-
ing was obtained by adding 5.6mL ferucarbotran (Cliavist®,
Schering, Berlin, Germany). The MR contrast agent ferucarbotran
is a superparamagnetic iron oxide composed of 4.2 nm crystal-
line non-stoichiometric Fe2+ and Fe3+ iron oxide cores with
stabilizing carboxydextran organic polymer coating. This
coating ensures aqueous solubility of the contrast agent.
The resulting iron concentration in the solution was [Fe] =
(13.6 ± 0.1)mmol · L� 1 and thus the iron mass concentration
was (0.784 ± 0.004)g · L� 1.

Characterization of the nebulized aerosol

A major factor affecting deposition patterns within a particular
geometry is the size distribution of the inhaled aerosol. Particle
size was determined for the specific experimental setup, namely
size measurements were made at the outlet of piping that was
positioned between the nebulizer and phantom during the de-
position experiments. Characterization of the nebulized aerosol
was achieved by laser diffraction (Helos/BF with Inhaler disper-
sion module, Sympatec, Clausthal, Germany). As the small con-
centrations of radiolabel and contrast agent were not expected
to influence particle sizes, these were not included during the la-
ser diffraction measurements. Three series of 10 measurements

Figure 1. (a) Central slice of human HRCT head scan showing main human anatomical regions between the mouth and the trachea; (b) 3D mouth–
throat meshed model resulting from the assembly of a segmented human dental print (1) and HRCT scan (2); (c) mouth–throat cast built from epoxy
material using stereolithography.
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(60 s each) were made. Assuming a mass density of the nebu-
lized solution near unity (1 g · cm�3), the measured volume me-
dian diameter was estimated to be equal to the mass median
aerodynamic diameter (MMAD).

Administration of the nebulized aerosol

Only 21% of the homogenous solution was nebulized over
10min using an ultrasonic device (35-B®, DeVilbiss, Washington,
DC, USA) such that the administered dose of radiolabel remained
compatible with approved in vivo protocols for human ventila-
tion imaging. The aerosol stream from the nebulizer was mixed
with ambient air to achieve a total flow rate of Q= (30 ± 0.15)
L �min� 1, which is in the normal range of human breathing
and similar to the experimental conditions of the work of Grgic
et al. (32). The flow rate was calibrated with a mini-Buck Calibra-
tor M-5 (Buck, Orlando, FL, USA) and regulated with a constant
flow pump Bravo H Plus (TCR Tecora, Corsico, Milan, Italy). The
outlet of the mouth–trachea cast was attached to four in-line
breathing filters (Clear-Guard II, Intersurgical, Wokingham, UK)
before being connected to a vacuum pump. A schematic dia-
gram of the setup is shown in Fig. 2.

Single-photon emission computed tomography

Three-dimensional maps throughout the phantom were ac-
quired immediately after aerosol administration by SPECT-CT
(Symbia®, Siemens Medical, Germany). Total acquisition time
was 32min. Counting time per view was set to 30 s with a total
view number of 64 and isotropic voxel size of (2.4 × 2.4 × 2.4)
mm3. The actual spatial resolution of the SPECT images is how-
ever given by the point-spread function of the measuring sys-
tem, here 11mm full width at half maximum (FWHM).
Radioactive decay corrections were applied to the raw data.
The scanner was calibrated beforehand with a gamma counter
by correlating the activity measured in a solution at different di-
lution factors with the recorded counts. Iron deposition (in μg of
iron) was calculated by assuming that technetium-99m activity
at a given location was proportional to the deposited aerosol.
Thus, the amount of nebulized solution deposited along the
phantom walls was inferred from the number of counts recorded
by the gamma camera. The concentration of iron oxide in the
nebulized solution being known, the absolute amount of depos-
ited aerosol was quantified in μg of iron from the SPECT dataset.
Hyperpolarized helium-3 MRI was performed in the mouth–
throat phantom two days after aerosol administration, allowing
activity decay of the radiolabel.

Magnetic resonance imaging

Preparation of the polarized gas mixture

Helium-3 nuclei were dynamically hyperpolarized by
metastability-exchange optical pumping with a home built
polarizer (35). While flowing at 2mL � bar �min�1 in a 1.5 mT
directing magnetic field through a 2mbar 50 cm long optical
cell, helium-3 atoms were prepared in the metastable state
23S1 by a 2MHz radiofrequency discharge and electronically po-
larized by optical pumping to the 23P0 state with a circularly po-
larized 2W laser at 1.083μm (Keopsys, Lannion, France). Thanks
to hyperfine coupling, the nuclear spin of the electronically po-
larized metastable helium-3 atoms was polarized accordingly.
Collisions with ground state atoms where spin and metastability
were conserved resulted in nuclearly polarized helium-3 atoms,
which were extracted by a custom made peristaltic compressor
and accumulated in a storage cell. Helium-3 doses of 15mL � bar,
polarized at 10%, were completed with 110mL �bar of nitrogen
for each MRI acquisition.

Data acquisition

All MRI acquisitions were performed at 1.5 T (Achieva®, Philips
Healthcare, The Netherlands). Phase maps acquired in the pres-
ence of iron labeled aerosol were obtained using a 3D gradient-
echo sequence with four interleaved echoes of increasing echo
time TE{1,2,3,4} = {2.6, 12.6, 22.6, 32.6}ms, and TR =36.5ms. The four
echo times were chosen to explore different phase dynamic
ranges in order to eventually optimize the measurement sensitiv-
ity. The full four-echo sequence was subsequently repeated three
additional times. The field of view was (288 × 52× 48)mm3 and
the matrix size was (72 × 13× 12), resulting in an isotropic spatial
resolution of 4mm. The flip angle was α= 2°, and the bandwidth
499Hz/pixel. The overall total acquisition time was 68 s. Thereaf-
ter the deposited aerosol was fully washed from the cast under
running water before being dried with compressed air and
repositioned in the MRI scanner to acquire a set of reference im-
ages with the same sequence parameters. Reference phase maps
were extracted. A mask was set by thresholding the 3D amplitude
images at three times the standard deviation, σ, over real and
imaginary noise data. Maximal SNRs were calculated for both iron
weighted and reference data from maximal signal amplitudes
within the masked images and the standard deviations, σ. The
corresponding phase errors were computed.

Magnetic field perturbation mapping

TE1 phase maps were subtracted from TE{2,3,4} for both iron-
weighted and reference images to produce phase shift maps

Figure 2. Schematic diagram of the experimental deposition setup.
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for ΔTE{1,2,3} = {10, 20, 30}ms. Only the phase shift maps from the
longest echo time dataset (ΔTE3 ¼ 30ms ) were processed, as
they provided the highest sensitivity without phase aliasing.
Reference phase shift maps were then subtracted from iron-
weighted phase shift maps to account for the influence of spin
dephasing processes resulting from sources other than depos-
ited iron. The resulting phase shifts, ΔΦ3, are directly propor-
tional to the first-order static magnetic field perturbations,
which are along the magnet bore z axis, δBz(r), and induced by
iron deposition integrated over the time interval ΔTE3:

ΔΦ3≅∫ΔTE3γ δBz rð Þ �dt [1]

where γ is the gyromagnetic ratio for helium-3. Deposited iron
mass was quantified from the MR static magnetic field perturba-
tion maps, δBz(r), extracted from Equation [1].

Relaxation times and gas diffusion

The longitudinal relaxation times, T1, of the total helium-3 mag-
netic moment in the phantom in the presence and in the ab-
sence of iron oxide were estimated over the three successive
scans at 10 s, 31.5 s, and 53 s by fitting the echo integrals
corrected for the RF depolarization with an exponential decay.
The effective transverse relaxation time, T2*, was mapped
throughout the phantom by fitting the signal decay with an ex-
ponential over the first four interleaved echoes in the presence
and in the absence of iron oxide labeled aerosol. T2* mean values
and standard deviations over the phantom were calculated to
determine the signal lifetimes for the two sets of acquisitions,
in the presence and in the absence of iron oxide.
The fast free diffusion of helium-3 atoms in nitrogen buffer gas

at 293 K, characterized by D≅ 7.8 × 10� 5 m2 � s� 1 (36), led to a
diffusion length over ΔTE3 of 3.7mm, which remained smaller
than the image spatial resolution. The dispersion effect of the
gas diffusion in the phase encoding gradients may also be
neglected, as the duration of these gradients was smaller than
0.6ms and the related diffusion length was close to 0.3mm. It
may also be neglected in the magnetic field perturbations
resulting from the iron labeled aerosol deposition, as the latter
leads to a maximal local gradient of 0.185 mT �m�1 for the
nearest neighboring voxels, which remains much smaller than
the imaging magnetic field gradients.
Following P. T. Callaghan and C. D. Eccles (37), it is during the

application of the reading gradient, Gx, over TM that the spatial
resolution of the acquired images may be impaired by diffusion
smearing. Hence, the evolution of the signal is governed not only
by T�2 relaxation, exp �ΔTE3=T�2

� �
, but also by the gas diffusion,

exp � γ2G2
xDTM

3

3

� �h i
, such that the point-spread function of the

MRI acquisition is degraded. Yet, here, its effective FWHM was
not really affected by this diffusion and T�2 filtering. For the worst
case, in the presence of iron oxide, T�2

� � ¼ 52 ms; TM ¼ 2 ms
and Gx= 3.85 mT �m� 1, the expected cumulative broadening
was close to 10Hz, which was much smaller than the 499Hz
bandwidth per pixel and which led to an effective spatial resolu-
tion of 4.1mm. Such broadening was safely neglected. Besides,
following the generalization of the Bloch equations in nuclear
magnetic resonance by H. C. Torrey (38), one can show that, free
diffusion being a random walk process, only magnitude is al-
tered, and phase information is conserved. Provided the signal
magnitude does not fall within the noise and diffusion is not

restricted, the signal phase still carries relevant information for
MRI – encoded by either the imaging gradients or the field inho-
mogeneities. Only the uncertainty on the phase increases when
the SNR is reduced. For phase contrast MRI, even when motional
narrowing occurs, data are impaired only during the effective
encoding and reading times, whereas for amplitude-based
methods the measured attenuation results from the integrated
magnetic field history of each spin over the echo time, and diffu-
sion smearing affect both the spatial resolution of the image and
the values of the targeted parameter – such as T�2 or the apparent
diffusion coefficients.

Iron quantification

In a first approximation, deposited aerosols can be seen as a col-
lection of individual spherical droplets, which induce a set of di-
polar magnetic fields. The resulting magnetic field perturbation
at point r is then given by the sum of these dipolar fields:

δB rð Þ ¼ ∑
N

n¼1

μ0

4π r� rnj j3 3 mn� r� rnð Þð Þ r� rnð Þ
r� rnj j2 �mn

 !
[2]

where mn is the magnetic dipole moment of the nth droplet,
which is located at rn, μ0 is the vacuum permeability, and N is
the number of droplets. The dipole moment mn is parallel to
the static magnetic field B0 = B0êz. This moment is proportional
to the mass of iron, wn, contained within superparamagnetic
contrast agent in the droplet: mn=wnm0êz, where m0 is the di-
pole moment of the ferrofluid per unit mass. Measured magnetic
field perturbation maps correspond to the projection of δB(r)
onto the z axis:

δBz rð Þ ¼ ∑
N

n¼1
wn

μ0m0

4π r� rnj j3 3
êz� r� rnð Þð Þ2
r� rnj j2 � 1

 !
[3]

To reconstruct the spatial distribution of iron-weighted drop-
lets, i.e. their positions rn and associated iron weights wn,
Equation [3] has to be inverted. The inversion problem may be
made tractable by assuming that each voxel on the inner wall
of the cast contains a single droplet of definite iron weight. At
the MR spatial resolution this assumption is justified, as spatial
variations of the magnetic field cannot be measured within a sin-
gle voxel. Therefore, droplets are considered centered in voxels
distributed over the inner wall of the cast. In this case, N is the
number of these inner wall voxels. The inversion problem is thus
reduced to finding the iron weights wn (n ∈ [1,N]). Equation [3]
can be written as a matrix product:

ΔBz ¼ H�W [4]

where ΔBz is the M-dimensional vector representing the mea-
sured axial component of the magnetic field perturbation
throughout the bulk voxels at positions Rm: ΔBzm ¼ δBz Rmð Þ ,
m ∈ [1,M], M being the number of internal bulk voxels; W is the
N-dimensional vector representing the iron weights wn, Wn=wn,
n ∈ [1,N]; and H is the M×N -dimensional matrix with elements

Hm;n ¼ μ0m0

4π Rm � rnj j3 3
êz� Rm � rnð Þð Þ2
Rm � rnj j2 � 1

 !
[5]

with m ∈ [1,M] and n ∈ [1,N]. The phantom geometry sets the
voxel positions Rm and rn, and thus the matrix H, while the mea-
sured magnetic field perturbation maps set the vector ΔBz. Since
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the number N of boundary voxels is different from the numberM
of bulk voxels, the matrix H is not square and a direct inversion of
Equation [4] is not possible. However, N is in general smaller than
M, so the number of unknowns is inferior to the number of equa-
tions. Equation [4] can thus be solved as a constrained optimiza-
tion problem where the elements of W must be positive. For the
mouth–throat phantom, we have N= 1364 and M= 2037. Bound-
ary voxels were calculated from a 3D numerical version of the
mouth–throat phantom downscaled to (4 × 4 × 4)mm3 resolution
and registered to the MR dataset. All voxels directly connected to
the phantom (i.e. the MR dataset) were taken as part of the
phantom boundaries. The magnetic dipole moment per unit
mass, m0 = 79 × 10� 3A �m2 � g- 1 at 1.5 T. The constrained optimi-
zation problem was solved in MATLAB® (MathWorks, Natick, MA,
USA) using a code developed in house.

RESULTS

Aerosol characterization

Figure 3 shows the mean cumulative and non-cumulative, nor-
malized, mass-weighted size distribution diagrams for the aero-
solized solution. The measured aerosol was polydisperse with
MMAD= (5.04 ± 0.28)μm and geometric standard deviation
1.78 ± 0.01.

Single-photon emission computed tomography

Figure 4 shows the three-dimensional distribution of deposited
iron inferred from the recorded activity of deposited
technetium-99m. The maps are superimposed onto the co-
registered CT scan of the mouth–throat phantom. The calibrated
sensitivity is (3.5 ± 0.5)Bq per ng of iron per voxel where the mea-

surement uncertainty is dominated by the collimator and detec-
tor blurring. In these specific experimental conditions, the SPECT
detection limit is 0.15 ng of iron per voxel. Activity was recorded
not only along the cast wall but also within the cast volume and
outside the cast. Most of the deposition is observed at the epi-
glottis, little in the pharynx and in the trachea, and none at the
entrance of the mouth. The total mass of deposited iron inte-
grated over the cast field of view is (2.692 ± 0.018)mg for SPECT.
Figure 7 later shows a projected map of deposited iron proc-
essed from the SPECT data on the 3D rendered volume of the
mouth–throat phantom.

Magnetic resonance imaging

Globally in the phantom, T Fe½ �
1 ¼ 318s and T1 = 923 s in the pres-

ence and in the absence of iron oxide labeled aerosols, respec-
tively. The signal magnitude over the four echo times is
presented for the central slice of the phantom in the absence
of deposited aerosols in Fig. 5(a) with respective maximal SNRs
80, 61, 57, and 49. In the presence of deposited aerosol, maximal
SNRs are reduced to 46, 39, 34, and 28. The resulting T�2 map,

shown in Fig. 5(b), leads to T* Fe½ �
2

D E
¼ 52±33ð Þmswith deposited

aerosols in the cast whereas T�2
� � ¼ 70±41ð Þms without depos-

ited aerosols in the cast. The distribution of T�2 drops resulting
from the aerosol deposition underlines that only 25% of the
overall voxels exhibit T�

2 shortening above 30ms (Fig. 5(c)).
The computed static magnetic field perturbation maps,

expressed in parts per million (ppm), are shown for eight central
slices in Fig. 6(a). Corresponding phase shift errors are 0.03 rad
and 0.02 rad. Hence the deduced magnetic field perturbation er-
ror is 0.013 ppm. This sets the MRI detection limit, in the specific
experimental conditions, close to 50 ng of iron per voxel with an

Figure 3. Measured cumulative (black) and non-cumulative (grey), normalized, mass-weighted size distribution diagrams for the nebulizer (DeVilbiss
35-B, Washington, DC, USA) with error bars representing one standard deviation around the mean (n =3).

Figure 4. Three-dimensional maps of deposited aerosol (color-coded μg of iron) in the mouth–throat phantom computed from the SPECT activity
maps. The maps are superimposed onto the co-registered CT scan of the mouth–throat phantom. Eight central slices are shown.
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estimated sensitivity of 0.05 rad per ng of iron per voxel. Low
signal magnitude was recorded at the upper and lower edges
of the field of view, in the mouth area and at the trachea output,
as the phantom reached regions of reduced coil sensitivity.
Therefore, data at the mouth entrance were masked out due to
low SNR therein. Elsewhere, static magnetic field perturbations
point out the actual iron deposition. Main field perturbations
reach 0.4 ppm and 0.5 ppm at the epiglottis and the trachea,
respectively.
Figure 6(b) shows according to MRI the computed distribution

of deposited iron on the interior wall of the phantom. Figure 7
shows the quantitative maps of deposited iron displayed along

a surface projection method on the registered 3D model of the
phantom. Main iron deposition sites are located at the epiglottis
and down in the trachea. Significant deposition also occurs in
the lower part of the pharynx. The total deposited iron mass is
(2.254 ± 0.129)mg for MRI.

DISCUSSION

The extrathoracic deposition of a nebulized, double-labeled
solution was performed in a realistic mouth–throat phantom
with both SPECT and hyperpolarized helium-3 MRI. Three-

Figure 5. (a) Magnitude images of a central slice over the four acquired echo times, reported for the phantom with deposited aerosol (A.U.). (b) T�2 map
in the corresponding slice computed from the four interleaved echoes (ms). (c) Volume distribution of T�2 shortening after aerosol deposition in the
phantom (ms).

Figure 6. (a) Magnetic field variation maps (ppm) computed from the hyperpolarized helium-3 MRI phase shift maps in the mouth–throat phantom.
Eight central slices are shown. The color-coded arrows show regions with high magnetic field variations resulting from iron-labeled aerosol deposition
(white, epiglottis; green, larynx entrance; red, trachea). (b) Maps of deposited aerosol (color-coded μg of iron) in the mouth–throat phantom computed
from the MRI static magnetic field perturbation maps. The maps are superimposed onto the numerical phantom (grey).

Figure 7. 3D rendered view, (a) side and (b) three-quarter, of deposited iron (μg) in the mouth–throat phantom computed from the SPECT activity
maps and the MRI static magnetic field perturbation maps. The arrows show regions with higher particle deposition.
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dimensional distributions of the deposited aerosol were proc-
essed. The two modalities reveal large impaction zones at the
epiglottis, at the entrance of the larynx and in the trachea. As ex-
pected (28), primary deposition occurs at the passage from the
oropharynx to the larynx through the epiglottal constriction. Sec-
ondary deposition, spread over the larynx, ensues from the laryn-
geal jet flow, where particle velocity can reach 5m · s�1 (39).
Finally, turbulence downstream from the vocal folds leads to ter-
tiary impaction in the trachea. Signal in the SPECT experiment
was recorded outside of the phantom boundaries, underlining
the broad point-spread function of the modality. The registration
of the SPECT data onto the numerical phantom could not be per-
fect, as the cast mouth was slightly bent before imaging. How-
ever this affected only the mouth region, where little deposition
occurred. The total iron mass inferred from helium-3 MRI is rea-
sonably consistent with the SPECT outcome. The discrepancy
may simply originate from an overestimation of the total amount
of deposited iron due to the 11mm FWHM point-spread function
of the SPECT, which results in important blurring, and from lack of
signal at the mouth from the effective MRI field of view (limited
by the sensitivity of the coil used here). Overall, aerosol deposi-
tion has shifted by a few millimeters downwards at the epiglottis
and in the trachea between SPECT and MRI acquisitions, possibly
as a result of gravity over the two days allowed for activity decay.

SPECT is highly sensitive – its relative sensitivity is 2.6 times
higher than it is for phase-contrast helium-3 MRI here – and it
identifiesmain deposition areas in the anatomy, but it clearly can-
not achieve the 3D spatial resolution of (4 × 4× 4)mm3 expected
from the 11mm FWHMpoint-spread function of the system. Ded-
icated post-processing algorithms based on Monte Carlo simula-
tions could be used to improve SPECT images (40–42) by partially
removing radiation-induced blurring effects. Yet SPECT native
spatial resolution remains intrinsically limited.

As shown here, particle deposition can be assessed with
helium-3 MRI and iron oxide labeling through measurement of
the inferred static magnetic field perturbations. The high sensi-
tivity and the robustness of the technique rely on the phase
measurement. It can be adjusted to the number of deposited
iron particles by tuning the echo time in the acquisition se-
quence, though, for a given sensitivity, the dynamic range is lim-
ited by phase aliasing. Phase unwrapping algorithms could
obviously be applied to recover a full range so long as spins in
a voxel have not completely lost their phase coherence and
the associated MR signal amplitude has not fallen into the noise.
In the present work, the total acquisition time for reference and
iron-weighted static magnetic field maps was 78 s each, but this
could be easily reduced by at least an order of magnitude using
an optimized single echo time sequence added with
undersampling strategies and multiple-channel detection (43).
MRI SNRs may be improved by more than one order of magni-
tude by administering a larger concentration of helium-3 with
a polarization up to 70% such that the sensitivity of helium-3
phase-contrast MRI would exceed the SPECT level as well as
that seen for standard MRI in (11). Ferromagnetic and
superparamagnetic iron oxide particles are non-toxic and non-
carcinogenic (44). They are deposited in the lungs through con-
trolled voluntary inhalation for magnetopneumography at the
level administered here (45). The acquisition time would scale
to 80 s for a (2 × 2× 2) mm3 spatial resolution as achieved for
helium-3 MR flow measurement with high grade hyperpolarized
helium-3 (38). For comparison, with the same radiation dose, the
total acquisition time for SPECT – 32min here for an effective

spatial resolution of 11mm – would be more than 1.5 h in an
ultrahigh-resolution micro-SPECT (46), prohibiting in vivo imag-
ing by long-run respiratory blurring and aerosol redistribution.
Furthermore, the increased resolution would come at the ex-
pense of a reduced bore and thus a smaller field of view.

CONCLUSION

In the present work, hyperpolarized helium-3 MRI favorably com-
pares with nuclear medicine in absolute quantification of aerosol
deposition in a mouth–throat cast, providing high sensitivity and
high spatial resolution within short acquisition times. In the fu-
ture, aerosol deposition may be mapped in vivo in human air-
ways during a single breath hold. It could also be mapped over
several breathing cycles in order to follow the evolution of the
deposition. Hence MR-based particle detection may be used as
a new tool to study drug administration for inhalation therapies.
More generally, phase-contrast helium-3 MRI may address fluid
and particle dynamics in complex time-dependent geometries,
otherwise experimentally inaccessible.
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