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Abstract

In a gas-filled material like the lung parenchyma, the transverse relaxation time (T2) for
3He is shortened by the deposition of

magnetic microspheres and rapid molecular diffusion through induced field distortions. Here, this unique relaxation process is
described theoretically and predicted T2-shortening is validated using pressurized 3He gas in a foam model of alveolar airways.
Results demonstrate that: (1) significant T2-shortening is induced by microsphere deposition, (2) shortened 3He T2s are accurately
predicted, and (3) measured relaxation times are exploitable for quantifying local deposition patterns. Based on these findings the
feasibility of imaging inhaled particulates in vivo with hyperpolarized 3He is examined and performance projections are formulated.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Magnetic resonance (MR) imaging of hyperpolar-
ized 3He gas is increasingly used for visualizing respi-
ratory structure and function in humans and
laboratory animals [1–4]. In these applications the
transverse relaxation time (T2) for inhaled 3He is nor-
mally shortened by binary collisions with molecular
oxygen [5] and rapid molecular diffusion through sus-
ceptibility-induced magnetic field distortions [6]. At
1.5 T, diffusion-mediated susceptibility effects at gas-
tissue interfaces dominate and the T2 for 3He is re-
duced to �20 ms in distal airways [6,7], whereas oxy-
gen-limited T2s of �10 s are measured at substantially
lower static field strengths [8]. In both extremes, T2

values require careful consideration, especially when
interpreting acquired images [6,8] or optimizing T2-
weighted pulmonary imaging protocols [7,8].

Compared with gas relaxation, T2-shortening in liq-
uids is characterized by different length and time-scales
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that are dictated by slower molecular mobility. Never-
theless, similar relaxation mechanisms can be important
for gas-phase pulmonary imaging. One example already
considered in previous work is susceptibility-induced
T2-shortening [6,9]. Another, which is the focus here,
is relaxation by molecular diffusion through the local
field distortions surrounding a random distribution of
impermeable magnetized spheres. In liquids this mecha-
nism is important for understanding shortened T2s in
fat-water emulsions [10], as well as solutions containing
paramagnetic ions [11], metalloproteins [12], and super-
paramagnetic nanoparticles [13]. The same relaxation
process has, however, not yet been considered in
gases—even though it provides a natural framework
not only for assessing the potential utility of gas-phase
MR contrast agents but also for visualizing the inhala-
tion of magnetically label materials.

If techniques that exploit the T2-shortening of hyper-
polarized 3He could be developed for detecting magnetic
particles in the respiratory tract the underlying approach
would likely present new opportunities for visualizing
pulmonary drug delivery and assessing the potential
hazards associated with inhaled pollutants. However,
no general theory for describing T2-shortening by
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magnetized spheres in distal airways has yet been devel-
oped to provide the foundation for such a capability.
Fortunately, recent formulations of outer sphere (OS)
relaxation theory are applicable under conditions that
are well satisfied when magnetic microspheres are dis-
persed as an aerosol in 3He gas. Here, the formal aspects
of OS theory are briefly reviewed and arguments are pre-
sented for extending its applicability to describe diffu-
sion-dominated surface relaxation when 3He permeates
a porous material like the lung and magnetic micro-
spheres are dispersed over its surfaces. Mathematical
expressions for predicting enhanced gas relaxation are
then validated using pressurized 3He in a foam model
of alveolar airways and the feasibility of imaging the
deposition of inhaled particles in the respiratory tract
with hyperpolarized 3He is examined.
2. Theoretical considerations

Recent work summarizes the formal aspects of OS
theory and its use for describing the relaxation of sol-
vent molecules as they diffuse in a dilute solution of
impermeable spheres with uniform size and magnetic
properties [13,14]. Generally, this is applicable if tempo-
rary binding does not occur at sphere surfaces and
relaxation is considered in the motional averaging limit
[10–14]. Under these conditions microscopic distortions
in the local magnetic field are described by the root
mean square angular frequency shift (Dxr) for a spin
at the surface of an isolated sphere, and a single time-
scale (sD) characterizes diffusion-mediated spin de-phas-
ing. By convention, sD is defined in terms of the sphere
radius (r) and the diffusion coefficient (D) for detected
spins, such that [13,14]:

sD ¼ r2=D; ð1Þ
and magnetostatics shows [15]:
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c being their gyromagnetic ratio, Beq the equatorial mag-
netic field for an isolated sphere, l is its magnetic mo-
ment, and M its magnetization (CGS units assumed
throughout).

Under the conditions already specified OS theory can
be rigorously applied to derive analytical expressions that
describe the reduced T1 and T2 values for

3He gas in an
aerosol containing dispersed magnetic microspheres. In
a high static magnetic field (B0) when themagnetic energy
for each sphere (lB0) is much greater than its thermal en-
ergy, and the Larmor precession frequency (x0) is much
greater than 1/sD, little T1-shortening is expected and
the OS contribution to the enhanced T2 relaxation rate
is proportional to the volume fraction (m) of dispersed
microspheres in gas-filled spaces, such that [16,17]:
½1=T 2�OS ¼ ð4=9ÞmsDðDxrÞ2: ð3Þ
Except for the leading numerical constant (4/9), this
enhancement is identical to that derived for permeable

spheres using alternative formulations [18,19]. In that
case, however, a leading constant of 2/5 is found and
this small difference has been attributed to the assump-
tion of unrestricted diffusion [20], whereas explicit
boundary conditions excluding diffusing spins from in-
side spheres are specified within the OS framework.

In a Carr–Purcell–Meiboom–Gill (CPMG) experi-
ment, which is commonly used measuring T2 relaxation
times, the amount of spin de-phasing during the refocus-
ing time between successive 180� RF pulses (srefocus) is
expected to be large for strongly magnetized spheres.
In this case, Dxr srefocus � 1, and Monte Carlo simula-
tions demonstrate that the motional averaging condition
can be safely assumed, provided [16]:

DxrsD < 3: ð4Þ

Less certain is how gas relaxation might be affected after
an aerosol is introduced into a porous material like the
lung where microspheres can then settle on a large surface
area. To examine this issue it is helpful to first consider
the well-known Brownstein–Tarr model of surface relax-
ation in a spherical pore of radius a [21]. In this case, the
total transverse magnetization for a gas within the pore is
expected to decay with a single exponential at a diffusion-
limited rate that is enhanced by (1/T2)s · (3s/a) [22].
Generally, this is valid provided that [22]:

ðsa=2DÞ � ð1=T 2Þs � 1; ð5Þ

where s denotes the thickness of the surface layer con-
taining magnetic microspheres, and (1/T2)s represents
the enhanced transverse relaxation rate for gas within it.

When Eq. (5) is satisfied the Brownstein–Tarr model
predicts an enhanced T2 relaxation rate that is identical
to Eq. (3). To illustrate this, first consider the case when
magnetic spheres are deposited only on the pore surface
and assume that within the surface layer 3He relaxation
is governed by Eq. (3). Then, (1/T2)s in the Brownstein–
Tarr model is given by 4/9 m 0sD (Dxr)

2, where m 0 is now
the volume fraction of magnetic spheres within the sur-
face layer. Thus, the relaxation enhancement predicted
for diffusion-dominated surface relaxation is (4/9) m 0sD
(Dxr)

2 · (3s/a). However, if the spherical pore is initially
filled with an aerosol containing magnetic microspheres
with a volume fraction m—then m 0 is just ma/3s and Eq.
(3) is again obtained. Consequently, OS theory and the
Brownstein–Tarr model give comparable results. There-
fore, details regarding the precise pattern of pore-scale
microsphere deposition appear unimportant since OS
theory is strictly derived for a random distribution of
spheres whereas the Brownstein–Tarr formulation de-
scribes relaxation when spheres are deposited only on
pore surfaces.



92 Communication / Journal of Magnetic Resonance 173 (2005) 90–96
3. Materials and methods

Considerations outlined in the previous section indi-
cate that OS theory can be employed for predicting
the T2-shortening of 3He gas by magnetic micro-
spheres—even if the gas permeates a porous material
like the lung and microspheres are dispersed over its
internal surfaces. To test this hypothesis, 3He MR mea-
surements were performed at 2.0 T using a foam model
of alveolar airways. The model is depicted in Fig. 1A
and consists of four removable foam cylinders that are
each loaded with a different volume fraction (m) of mag-
netic microspheres. Each cylinder has a diameter of 1
centimeter (cm) and a length of 5 cm. The foam itself
also has an open, interconnected air space, and optical
images presented in Fig. 1B show that its voids are com-
parable to the size of alveolar ducts in lung tissue.

Magnetic microspheres with a mean radius (r) of
1 lm were purchased (product # 70-00-203, Micromod,
Germany) for validation studies since particles of this
size are known to penetrate deep into the lung when in-
haled [23]. The microspheres are comprised of magnetite
(Fe3O4, 40% w/w) in a poly(lactic acid) (PLA) matrix
and are green fluorescent. Optical microscopy provided
by the manufacturer indicates that individual micro-
sphere size is highly uniform and measurements of
microsphere motion in a magnetic field gradient of
known strength indicates that microsphere magnetiza-
tion (M) saturates above 1 T at �21.1 emu/cm3 [24]. Gi-
ven that the gyromagnetic ratio (c) for 3He is
20381(G s)�1, Eq. (2) then indicates that the RMS fre-
quency shift Dxr is about 1.61 · 106 (s)�1 for validation
measurements performed at 2.0 T.

During shipment from the manufacturer magnetic
microspheres are stored as an aqueous suspension con-
Fig. 1. Materials. (A) Lung model consisting of four removable foam
cylinders that are loaded with different volume fractions (m) of
magnetic microspheres. (B) Top: Light microscopy of excised lung
tissue (bar is 100 lm long); Bottom: Light microscopy of foam
showing a field-of-view with the same size. The pore structure of the
foam is comparable to the size of alveolar ducts (top arrow). (C) MR
compatible pressure vessel. Prior to MR experiments gas is introduced
through a 1/4 in. PVC pipe that is seen at the top of the vessel.
Opposite the PVC inlet, the chamber seals with a large threaded cap
and a rubber O-ring. When the cap is unscrewed the interior of the
chamber is accessible—so foam samples can be introduced or removed.
The pressure vessel, threaded cap, and sample holder (shown in A) are
all machined from acrylic.
taining 1.7 · 108 per ml. Upon receipt, microspheres
were re-suspended using 20 W of high-intensity ultra-
sound and, immediately after, five different solutions
were prepared in which the volume fraction of micro-
spheres was 0, 10�4, 10�5, 10�6, and 10�7. In all solu-
tions, microspheres were suspended at a pH of 7.8
based on manufacturer recommendation. This was
achieved using a volatile buffer that consisted of titrated
HCl in a 0.1 M solution of triethanolamine. To deposit a
known volume fraction (m) of magnetic microspheres in
the gas-filled spaces of each foam cylinder—foam was
first immersed in one of the prepared particle suspen-
sions. After trapped air was removed under vacuum
the fluid saturated foam was then frozen. Frozen liquid
was then removed via sublimation using a standard
lyophilizer. After drying, cylindrical foam samples were
then placed in the sample holder shown in Fig. 1A.

Since the manufacturer recommended 320 W of ultra-
sonic power to ensure minimal particle agglomeration
upon re-suspension, and a device capable of generating
this was not available, the possibility of particle agglom-
eration was examined. To determine the size of particles
dispersed in foam samples microsphere suspensions
identical to those already described were analyzed using
a commercial system that determines particle size distri-
butions based on the principle of light extinction (Accu-
sizer C770, Particle Sizing Systems, Santa Barbara, CA).
Results indicated that particle agglomeration was indeed
significant since measured particle radii were all above
the 1-micron-radius of individual microspheres (data
not shown). Results also indicated that the effective ra-
dius of agglomerated particles was Gaussian distributed
with a mean and standard deviation of 4.6 and 2.7 lm,
respectively. In light of this finding, a value of
4.6 · 10�4 cm was used for the sphere radius (r) that ap-
pears in Eq. (3) through Eq. (1). It is also noted that par-
ticle agglomeration has no other effect on either Dxr or m
since Eq. (2) is independent of the sphere radius and the
volume fraction filled by many individual microspheres
or fewer agglomerates is the same.

Prior to 3He MR studies foam samples were placed
inside the custom fabricated pressure vessel depicted in
Fig. 1C. The vessel was then pressurized to 150 psi
using a mixture of N2,

3He, and O2. During this pro-
cess N2 and 3He was supplied at 140 psi using a lec-
ture bottle that contained 2% N2 and 98% 3He
(Spectra Gas, Branchburg, NJ). The final pressure
was then achieved by adding �10 psi of O2 in order
to shorten the T1 for 3He inside [5]. Afterward, mag-
netic resonance was performed using a Varian Unity
Plus console (Palo Alto, CA) and a 30-cm-diameter,
horizontal-bore, magnet (Oxford, UK) equipped with
a homebuilt birdcage coil and commercial gradients
(RRI, Billerica, MA).

Once the pressure vessel was placed inside the MR
magnet a transverse 2D 3He image of permeating gas



Fig. 2. T2-shortening measured using localized CPMG-STEAM. (A)
2D CTI of pressurized 3He gas. The white box depicts a typical region-
of-interest used for performing localized T2 measurements with
CPMG-STEAM. (B) CPMG data showing the localized MR signal
strength (shaded dots) for pressurized 3He gas in different cylinders as
a function of increasing echo-time (TE). In all cases data was acquired
using at least seven different echo-times but all data is not visible in the
limited range shown. Solid lines represent numerical nonlinear least
squire fits to a single exponential decay—and derived relaxation times
are summarized in Table 1. Curve 1 is for an empty cylinder containing
no foam or microspheres, curve 2 is for foam containing no
microspheres, curve 3 if for foam prepared with a volume fraction
(m) of magnetic microspheres equal to 10�7, curve 4 is for foam with
m = 10�6, curve 5 is for foam with m = 10�5, and curve 6 is for foam
with m = 10�4.
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was acquired and regions-of-interests (ROIs) were
planned for localized measurements of 3He gas relaxa-
tion in each foam cylinder. In order to maximize the
signal-to-noise ratio (SNR) for quantitative relaxa-
tion measurements ROI dimensions were chosen to
encompass each foam cylinder in its entirety. The MR
signal originating from permeating gas was then local-
ized using STEAM [25] and, as previously described
[26,27], magnetization preparation with either inversion
recovery or a CPMG pulse sequence was exploited for
localized T1 and T2 measurements. In these experiments
the echo-time (TE) within the STEAM portion of the
pulse sequence was fixed at 2.5 ms and a 9 s repetition
time (TR) was employed to minimize saturation effects.
The diffusion coefficient for 3He gas diffusion was also
measured using a STEAM sequence but this had a
longer TE (4 ms) in order to accommodate additional
pulsed field gradients for sensitizing the MR response
to molecular diffusion. Standard analysis of diffusion-
weighted STEAM data yielded a 3He diffusion coeffi-
cient (D) of 0.13 ± 0.01 cm2/s. The diffusion time-scale
(sD) was therefore 1.63 ls and the product DxrsD was
�2.6, thereby, satisfying Eq. (4) and suggesting that
OS theory could be employed for comparing CPMG
data with theoretical expectations.

In all CPMG experiments a refocusing time (srefocus)
of 250 ls was employed. After localization with
STEAM, T2-weighted

3He NMR spectra were generated
via the Fourier transformation of raw time-domain
data. T2 values were then obtained by nonlinear least
squares fitting to the peak heights measured for different
CPMG echo-times. The same CPMG preparation used
for STEAM experiments was then used in conjunction
with 2D Constant Time Imaging [27,28]—and the same
nonlinear least squares fitting was employed on a pixel-
by-pixel basis for generating a T2 map from the magni-
tude of different T2-weighted images. Here, constant
time imaging (CTI) was employed because diffusion in-
duced blurring and signal loss are both minimized with
this pure phase-encoding method [29], and in this con-
text, CTI and similar methods are well-suited for gas-
phase MR applications [30]. For the current study,
2D, T2-weighted, CTI data were collected using a hard,
nonselective RF excitation and magnetization in the
transverse plane was imaged using 32 phase-encoding
steps along each orthogonal axis. To minimize diffusion
losses the (encoding) time between the excitation pulse
and the end of applied phase-encoding gradients was
only 180 ls and the SNR was further enhanced using
two signal averages. For each phase encoding step a
single complex pair was acquired using a 400 Hz band-
width and after all phase encoding was completed stan-
dard 2D Fourier reconstruction was applied. With a TR
of 1.5 s between successive encoding steps—each 2D,
T2-weighted, constant-time image required �50 min to
collect.
To exploit estimated T2 values for determining the
volume fraction (m) of magnetic microspheres deposited
in gas-filled spaces it is first emphasized that Eq. (3) only
describes the effect of magnetic particulates on gas relax-
ation and does not account for relaxation by paramag-
netic oxygen [5] or magnetic susceptibility variations at
gas-foam interfaces [6]. Both of these loss mechanisms
are, however, additive. Therefore, the effects of magnetic
particulates are isolated if the T2-relaxation rate for 3He
gas in a representative (control) region containing no
particles ([1/T2]control) is subtracted from that measured
in a region with particles ([1/T2]particles). The local vol-
ume fraction for magnetic particulates in the latter is
then calculated using Eq. (3), such that:

m ¼ 1

T 2

� �
particles

� 1

T 2

� �
control

( )
9=4ð Þ

,
sDDx

2
r

� �
: ð6Þ
4. Results

Fig. 2A shows a transverse MR image of pressurized
3He gas in a foam model of alveolar airspaces and the
white box depicts a typical region-of-interest (ROI) for
localized CPMG-STEAM measurements. Importantly,
the ROI shown could be centered on different cylinders
to interrogate local gas properties and examine the ef-
fect of magnetic microsphere deposition. Fig. 2B shows
how the MR signal for 3He gas in different cylinders
varies with echo-time (TE) in localized CPMG-STEAM
experiments. In the plot dots represent experimental
data acquired using different cylinders and the solid
lines represent nonlinear least squares fitting to an



94 Communication / Journal of Magnetic Resonance 173 (2005) 90–96
exponential decay measured with at least seven different
echo-times. In all experiments 32 averages were em-
ployed and, with a 9.0 s TR, data for each cylinder typ-
ically required �1/2 h to collect.

Curve 1 in Fig. 2B shows the relaxation decay for
pressurized 3He gas in an empty cylinder that contains
no foam or particles. The curve is seen to exhibit the
slowest signal decay and the measured T2 is close to
the 1.8 s measured for T1. The next fastest transverse
signal decay is exhibited by curve 2—which depicts the
signal for 3He gas in foam without particles. The differ-
ence between curves 1 and 2 is therefore entirely due to
the presence of the foam and presumably a result of
variations in magnetic susceptibility at gas/foam inter-
faces [6]. Curve 3 represents the next fastest decay and
is for 3He in foam containing magnetic microspheres
dispersed with a volume fraction of only 10�7. Even at
this low concentration a discernable difference with the
signal decay in curve 2 is evident, and curves 4–6 show
that successively faster signal loss is observed in foam
samples prepared with higher particle concentrations.
Table 1 summarizes the T2 values derived from each
curve together with the prepared volume fraction of
magnetic microspheres (m). The T2 for 3He gas in foam
samples is seen to decrease with increasing m and calcu-
lated volume fractions for magnetic microspheres based
on Eq. (6) agree well with prepared values over 3 orders
of magnitude.

To demonstrate how the above analysis can be com-
bined with gas-phase MR imaging CTI experiments
were performed with variable T2-weighting. Figs. 3A–
E each show a 2D, T2-weighted, constant time image
of four different foam cylinders. Each image is from a
series of 16 that all depict the same samples but are char-
acterized by different CPMG echo-times. Each foam cyl-
inder was prepared with a different volume fraction of
magnetic microspheres and each T2-weighted,

3He im-
age is normalized by the brightest pixel to illustrate
how differences in microsphere concentration alter ob-
served CTI contrast with increasing CPMG echo-time
(TE). To increase the SNR for imaging more oxygen
was employed so the T1 for 3He gas was shortened to
Table 1
Data summary for localized CPMG-STEAM measurements

Curve # Prepared particle density (m) Measu

1 �0 1500 ±
2 +0 480 ±
3 10�7 433 ±
4 10�6 220 ±
5 10�5 41 ±
6 10�4 4.0 ±

Each curve in Fig. 2B shows how the MR signal for 3He gas in a different
STEAM experiment. The Table summarizes—(1) the prepared particle den
calculated particle density based on Eq. (6). Errors on all T2 values repr
propagation via Eq. (6) determines the uncertainty in calculated values for th
particles: (�) indicates that data was acquired without foam and (+) indicat
about 0.4 s. Since each 2D, T2-weighted, constant time
image required �50 min to collect—the entire series of
16 required �13.5 h to acquire. The colorized image in
Fig. 3F summarizes imaging results and represents a
T2-map that is derived by analyzing the MR signal de-
cay on a pixel-by-pixel basis. The calibrated color scale
to the right relates T2 values to the local volume fraction
of magnetic microspheres and exploits Eq. (6) together
with the mean relaxation rate measured for foam con-
taining no particles. Generally, calculated volume frac-
tions based on measured T2�s agree within �15% of
the prepared values given in the figure caption. Results
in Fig. 3 therefore not only validate theoretical predic-
tions based on Eq. (3) but also demonstrate that CTI
can be successfully employed for quantifying heterogen-
enous microsphere deposition in a porous material with
a microstructure like the lung�s.
5. Discussion

In this study, outer sphere (OS) relaxation theory was
employed for describing the T2-shortening of 3He gas in
an aerosol containing strongly magnetized micro-
spheres, and arguments were presented for extending
its applicability to describe diffusion-dominated surface
relaxation when 3He permeates a porous material like
the lung and magnetic microspheres are dispersed over
pore surfaces. Analytical expressions for predicting en-
hanced gas relaxation were then validated using pressur-
ized 3He in a foam model of alveolar airways. Results
therefore provide a quantitative basis for examining
the feasibility of exploiting hyperpolarized (HP) 3He
for imaging the deposition of magnetic particulates in
the distal airways of the lung.

Upon inhalation, 3He gas is close to atmospheric
pressure so its diffusion rate is significantly higher than
in the current study. In the distal airways, however, mix-
ture with air serves to decrease 3He mobility since it
must then diffuse among heavier gas molecules. As a re-
sult, the diffusion coefficient for a binary 3He–gas mix-
ture is significantly less than for pure 3He and has
red T2 for
3He gas (ms) Calculated particle density (m)

50 Not applicable
13 Control in Eq. (6)
6 (1.2 ± 0.1) · 10�7

13 (1.3 ± 0.1) · 10�6

4 (1.2 ± 0.1) · 10�5

0.5 (1.3 ± 0.2) · 10�4

cylinder varies with increasing echo-time (TE) in a localized CPMG-
sity for each cylinder, (2) the measured T2 for 3He gas, and (3) the
esent the uncertainty in nonlinear least squares estimates and their
e volume fraction (m) of magnetic microspheres. For cylinders without
es the presence of foam.



Fig. 3. Quantitative microsphere imaging with 3He CTI. (A–E) T2-weighted MR images acquired with different CPMG echo-times (TE�s given in
milliseconds). The images are from a series of more than 16 that all depict the same foam samples. The field of view in each image is 4 cm on a side
and planar resolution is 1.25 mm. (F) Colorized T2 map derived using a pixel-by-pixel analysis of all gas-phase MR image data. The calibrated scale
allows T2 values in each pixel to be translated into a local volume fraction for deposited magnetic microspheres using Eq. (6) and the average T2

measured in foam without magnetic microspheres. The foam cylinder on the upper left has no microspheres, and moving clockwise, the prepared
volume fraction (m) in each foam cylinder is 10�6, 10�5, and 10�4. Average T2 values derived from image analysis are 232 ± 8, 156 ± 10, 39 ± 3, and
4.4 ± 0.4 ms, respectively.
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been estimated to be 0.86 cm2/s in distal airways [31].
Given that this more closely characterizes the speed with
which 3He moves among deposited microspheres this
diffusion coefficient is employed here for formulating
OS predictions under in vivo conditions.

One consequence of 3He�s greater mobility in vivo is
that susceptibility induced phase accumulation is
motionally averaged and can no longer be refocused
with applied RF so T �

2 is equal to T2 [6]. At 1.5 T the
T �

2 for 3He gas in the deep lung has been measured to
be �20 ms [6,7]. This is therefore significantly shorter
than the T2 measured here for 3He in foam containing
no magnetic microspheres. Nevertheless, assuming in
vivo experiments are performed at 1.5 T using the same
microspheres, that their magnetization remains satu-
rated, and aggregated particles with the same size (i.e.,
r = 4.6 lm) are deposited—Dxr sD equals 0.4 and theo-
retical expressions validated in this study are applicable.

In the current study a 10% change in T2 was the min-
imum necessary to confidently detect the presence of
magnetic microspheres and quantify their local volume
fraction using Eq. (6). Assuming the same requirement
for in vivo imaging applications then means that a mini-
mum volume fraction of�2 · 10�5 might be detectable in
a single resolved volume element within a 3He image. Gi-
ven that the increased sensitivity afforded with a hyperpo-
larized gas has been exploited for resolving voxels with a
volume of as little as 6.4 · 10�6 cm3 in the lung of a live
rat [32], a volume fraction of 2 · 10�5 represents less than
1 magnetic particle per resolved volume element. In vivo
projections based on validation experiments presented
here therefore suggest that it may be feasible to exploit
T2-weighted

3He imaging for detecting the presence of
single magnetic particle in the lung of a live rat.

Of course, there are potential difficulties with exploit-
ing the T2-shortening of 3He gas for visualizing micro-
sphere deposition in vivo. For example, quantification
of local volume fractions based on Eq. (6) would require
the registration of two separate T2 maps—one acquired
before inhalation and one after. Consequently, registra-
tion errors could degrade results—especially since the T2

for 3He appears quite heterogeneous [6]. Moreover, in
vivo imaging times and required gas consumption are
potentially problematic. If, for example, two T2 maps
were created and each utilized 3D images acquired using
five different echo-times, then the protocols previously
used for visualizing rat airways with voxel volumes of
6.4 · 10�6 cm3 would require �16 L of hyperpolarized
3He and raw T2-weighted image data would require
�3.5 h to collect [32]. Of course, imaging could always
be done on two separate occasions—but even in this
case the timely production of required gas necessitates
substantial improvements in existing technology for
HP gas generation. In light of these considerations 2D
studies like those previous used for measuring the 3He
T2 in the guinea pig lung [6] may initially be more feasi-
ble for quantitative particle dosimetry in vivo. Even un-
der those circumstances, however, technical difficulties
might still arise because 3He is largely insoluble in water.
Consequently, it remains unclear whether microsphere
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impaction in the lung�s mucus layer may cause errors in
measured deposition patterns. Nevertheless, the pros-
pects of single particle detection are tantalizing and, if
related logistical and technological challenges can be
surmounted, such a capability could have far reaching
implications to inhalation toxicology, pulmonary drug
delivery, and other related research.
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