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Abstract

Based on the principle of nuclear magnetic resonance (NMR), magnetic
resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) are
widely used methods in medical diagnostic imaging and biological research.
Clinical MRI has been restricted to imaging of protons for reasons of sensi-
tivity. In recent years, hyperpolarization techniques have emerged that can
increase the NMR signal by 5-6 orders of magnitude. The increased signal
from hyperpolarized nuclei enables investigation of non-proton nuclei, and
thus makes novel kinds of examinations possible, e.g., imaging of the lungs
and respiratory airways after inhalation of hyperpolarized gas.

In this work, applications related to vascular imaging and lung function
were investigated using three hyperpolarized nuclei: '*Xe, °C, and *He. In
addition, practical aspects regarding the handling and utilization of hyper-
polarized substances were evaluated.

The potential of angiography using echo-planar imaging (EPI) was inves-
tigated using dissolved '*Xe in a phantom model. Long relaxation times
were achieved in the in vitro experiments, allowing images of reasonable
quality to be acquired within a scan time of 44 ms. Under in vivo condi-
tions, severe limitations are expected, which are mainly due to short trans-
verse relaxation times.

A novel C substance with favorable properties for angiography was in-
vestigated using an optimized true fast imaging with steady-state precession
(trueFISP) pulse sequence. Long relaxation times were obtained also under
in vivo conditions (7} =40s, 7, =2 's), which permitted the acquisition of
angiograms in live rats with a signal-to-noise ratio (SNR) as high as ~500.

To investigate regional pulmonary ventilation, a technique was developed
in an initial study that was based on inhalation of "He gas. A quantitative
measurement of gas replacement was calculated from the signal buildup after
repeated inspirations of “He. The relative replacement of gas was close to 1
in the trachea and the major airways, and decreased to ~0.15 in the most pe-
ripheral parts of the lung. In a second study, regional ventilation was found
to be increased in the inferior parts of the lung as compared with the supe-
rior parts, with the subject in supine position, whereas a uniform ventilation
was measured in prone position.

By measuring the dynamic uptake of '*’Xe from the alveolar gas spaces to
the pulmonary blood vessels, several physiological parameters could be de-



rived, including the thickness of the respiratory membrane and pulmonary
perfusion. The method was employed to compare healthy control animals
with animals with inflammatory lung injury. A significantly increased mem-
brane thickness (10.0 um vs. 8.6 um) was measured in the latter group,
whereas the pulmonary perfusion remained unaltered.

By using hyperpolarized substances, novel possibilities of gaining physio-
logical information arise, which may complement existing MRI and MRS
techniques.

vi



Original papers

This thesis is based on the following papers, which will be referred to in the

text by their Roman numerals.

Papers I and III are reprinted with kind permission from the copyright own-
ers: Acta Radiologica (Paper 1) and Wiley-Liss, Inc. (Paper III).

II

III

v

Echo-planar MR Imaging of Dissolved Hyperpolarized '*Xe:
Potential for MR Angiography

Mainsson S, Johansson E, Svensson J, Olsson LE, Stahlberg F,
Petersson JS, Golman K

Acta Radiol 2002; 43:455—460.

Hyperpolarized '>’C MR Angiography Using TrueFISP
Svensson J, Ménsson S, Johansson E, Petersson JS, Olsson LE
Submitted to Magn Reson Med.

Quantitative Measurement of Regional Lung Ventilation Using
He MRI

Deninger AJ, Ménsson S, Petersson ]S, Pettersson G, Magnusson P,
Svensson J, Fridlund B, Hansson G, Erjefeldt I, Wollmer P,
Golman K

Magn Reson Med 2002; 48:223-232.

’He MRI-based Measurement of Positional Dependence of
Regional Pulmonary Ventilation in Rats

Minsson S, Deninger AJ, Magnusson P, Pettersson G, Wollmer P,
Golman K

Manuscript.

Characterization of Diffusing Capacity and Perfusion of the Rat
Lung in a Lipopolysaccaride Disease Model Using
Hyperpolarized '*Xe

Mainsson S, Wolber ], Driehuys B, Wollmer P, Golman K
Submitted to Magn Reson Med.

vii



Abbreviations and Symbols

2D Two-dimensional

3D Three-dimensional

ADC  Apparent diffusion coefficient [cm® s™']
B, Main magnetic field [T]

B, Magnetic field created by the RF transmit coil (B, L B) [T]
CPMG  Carr-Purcell-Meiboom-Gill

CSI Chemical shift imaging

CT Computerized tomography

D Diffusion constant [cm? s7']

DNP  Dynamic nuclear polarization

EPI Echo-planar imaging

FID Free induction decay

FLASH Fast low-angle shot

y Gyromagnetic ratio [s T™']

LPS Lipopolysaccaride

MRA  Magnetic resonance angiography

MRI Magnetic resonance imaging
MRS Magnetic resonance spectroscopy
NMR  Nuclear magnetic resonance

o Angular resonance frequency [s™']
P Nuclear polarization

o2 pO, Partial oxygen pressure [mbar]
PSF Point-spread function

RARE  Rapid acquisition with relaxation enhancement
RBC Red blood cells

RF Radio frequency

ROI Region of interest

SD Standard deviation

SE Spin echo

SNR Signal-to-noise ratio

T, Longitudinal (spin-lattice) relaxation time [s]

T, Transverse (spin-spin) relaxation time [s]

Ty* Transverse relaxation time including static magnetic inhomogeneities [s]
TE Echo time

TR Repetition time

trueFISP True fast imaging with steady-state precession
V4/Q  Ventilation-perfusion ratio
VI Ventilation index
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1 Introduction

The phenomenon of nuclear magnetic resonance (NMR) was first detected
in 1945 independently by Felix Bloch and Edward Purcell (Bloch ez al.
1946, Purcell et al. 1946), who in 1952 were awarded the Nobel Prize for
their achievements. The principle is based on the interaction of atomic nu-
clei with an external magnetic field. From its first applications within phys-
ics research, NMR spectroscopy rapidly evolved into an important tool
within chemistry and biochemistry. After the introduction of NMR imaging
(Lauterbur 1973), NMR techniques have gained widespread diagnostic use
in medicine, where they are commonly referred to as magnetic resonance
imaging (MRI) and magnetic resonance spectroscopy (MRS).

Many atomic nuclei possess a magnetic moment and can hence be inves-
tigated by NMR, but the clinical use of MRI has to date been restricted to
the proton ('H) for reasons of sensitivity. Not only does 'H have a higher
sensitivity than any other nucleus (with the hypothetical exception of *H), it
is also abundant in a very high concentration (about 80 M) in biological tis-
sues.

At any given magnetic field strength, the amplitude of the NMR signal is
governed by the thermal equilibrium polarization of the nuclei. The ampli-
tude of the NMR signal, and thus the achievable signal-to-noise ratio (SNR)
in the corresponding image, increases with the strength of the magnetic field
in which the experiment is performed. A different means to increase the
NMR signal consists of enhancing the polarization by creating an artificial,
non-equilibrium distribution of the nuclei: the “hyperpolarized” state. This
state can be created 7z vivo employing dynamic nuclear polarization (DNP)
techniques, such as the Overhauser effect (Overhauser 1953), in combina-
tion with a suitable contrast agent. Using this approach, signal enhance-
ments of about 60 times the thermal equilibrium value have been reported
at a low magnetic field of 0.01 T (Golman ez a/. 2000). Alternatively, the
hyperpolarized state of a contrast agent can be created by an external device,
followed by rapid administration of the agent to the subject to be imaged.
Examples of the latter approach include hyperpolarization of the noble gases
'PXe (Albert et al. 1994) and He (Middleton ez 2. 1995) using optical
pumping, and hyperpolarization of °C, by either parahydrogen-induced hy-
perpolarization (Golman ez al. 2001) or DNP hyperpolarization (Golman ez
al. 2002).



The hyperpolarization techniques increase the nuclear polarization by 5 to
6 orders of magnitude as compared with the thermal polarization, with a
corresponding rise in signal. Owing to the increased polarization, MRI can
be extended to nuclei other than 'H, thereby permitting the visualization of,
e.g., metabolic processes, which were previously inaccessible. However, the
signal increase is counteracted by the much lower concentration of the hy-
perpolarized nuclei — 10 to 10° times lower than the 'H concentration,
depending on the specific application. Therefore, each application involving
hyperpolarized nuclei needs to be evaluated with respect to the anticipated

SNR level.

The density of protons (‘H) is fairly homogeneous within the body and
provides little clinically useful information. The ability of conventional MRI
to differentiate between various soft tissues and detect pathology is based in-
stead on the inherently different relaxation times (73, 75, and 7,*) of differ-
ent tissues. Even so, the achievable dynamic range is below 10 (Albert and
Balamore 1998). With the administration of contrast agents containing par-
amagnetic atoms (e.g., Gd*, Mn*"), the relaxation rates (I/T1 , I/TZ) will
increase proportionally with the concentration of the agent. Depending on
the imaging sequence used, the reduced relaxation time can result in either
an increased or a decreased signal where the agent accumulates, thereby in-
creasing the image contrast. For a detailed description of MR contrast
agents, see, e.g., Merbach and Téth 2001.

The mechanism is fundamentally different for hyperpolarized agents: the
hyperpolarized nuclei generate the signal themselves rather than moderating
the signal from adjacent protons. A better designation for these agents would
therefore be “imaging agent” rather than “contrast agent.” Consequently,
hyperpolarized MRI (or MRS) has the advantage of completely lacking
background signal, either because the nuclei are not naturally present in the
body (noble gases) or because the natural abundance signal is negligible

(13C).

The signal evolution of hyperpolarized nuclei differs from that of ther-
mally polarized nuclei: once the hyperpolarization has vanished, either by 7;
relaxation or by radiofrequency-(RF) induced depolarization, the enhanced
signal cannot be regained. This calls for rapid performance of the experi-
ments and a careful design of the imaging sequences. Sequences traditionally
used in MRI may perform suboptimally — or may even be useless — and
new strategies will be necessary (Zhao and Albert 1998, Durand ez al. 2002,
Wild ez al. 2002a).



By using hyperpolarized imaging agents, MRI and MRS can be employed
for the investigation of physiological parameters, which until now have been
studied using other modalities, e.g., radioisotope imaging, positron emission
tomography, computerized tomography (CT), or ultrasonography. Com-
pared with the traditional modalities, MRI may provide increased spatial
and temporal resolution without exposure of a subject to ionizing radiation.
As examples of possible applications, quantification of physiological pa-
rameters of the lung, e.g., ventilation and perfusion, may be mentioned

(Cremillieux et /. 1999).

1.1 Aim

The aims of this thesis were to investigate the feasibility of using hyperpo-
larized agents for MRI and MRS applications, to explore adequate pulse se-
quences and technical procedures, and to demonstrate new methods for the
investigation of lung and vascular function based on hyperpolarized

MRI/MRS. More specifically, the aims were:

® to investigate the possibility of rapid angiography using a hy-
perpolarized imaging agent and a fast echo planar imaging
(EPI) sequence with respect to scan time, spatial resolution,

and SNR.

e to develop and investigate an optimized pulse sequence — true
fast imaging with steady-state precession (trueFISP) — for an-
giographic imaging using a hyperpolarized imaging agent, and
to demonstrate high-SNR angiograms in live rats by applying
the trueFISP sequence to imaging of hyperpolarized °C.

e to demonstrate a new strategy for a quantitative measurement
of regional pulmonary ventilation based on inhalation of hy-

perpolarized *He gas.

e o use the He-based method to study gravity-induced venti-
lation gradients in the rat lung at different postures, and to
compare the results with those obtained from established
techniques.

e to show how the uptake dynamics of hyperpolarized '*’Xe
gas, as measured by an MRS-based technique, can be used to
calculate the diffusing capacity and pulmonary perfusion in
live rats.



2 Background

2.1 NMR physics

2.1.1  The nuclear spin

A fundamental property of the atomic nucleus is the nuclear spin, described
by the spin quantum number /. Strictly speaking, the nuclear spin is a
purely quantum mechanical quantity, but in terms of classical physics it may
be pictured as an angular momentum — the nucleus rotates around its axis.
Many atomic nuclei (mainly those with an odd mass number) have a non-
zero spin quantum number and can be studied with NMR, e.g., 'H, *He,
and “C. Nuclei having the spin quantum number /=0 “do not rotate” and
cannot be studied with NMR. Most nuclei with an even mass number, e.g.,
“He and "°C belong to this latter group.

Due to its positive charge, a rotating nucleus constitutes a microscopic
ring current, giving rise to a microscopic magnetic moment g, which can be
pictured as a microscopic compass needle.” When placed in an external
magnetic field By, the magnetic moments orient themselves along the mag-
netic field; but as opposed to compass needles, only discrete orientations are
allowed. The number of allowed orientations is given by 2/+1, and each ori-
entation is associated with a distinct quantum energy E, :

E, =—u- B, =myhB, (1]

where m=—1I, —=[+1, ... , +/ is the magnetic quantum number, and the con-
stant 7y is called the “gyromagnetic ratio,” characteristic of each atomic nu-
cleus. The magnetic moment g cannot be oriented parallel to B, and will
thus experience a torque trying to align g with B,. In analogy with a top ro-
tating in the earth’s gravity field, this torque will cause p to revolve around
B, with an angular frequency o, denoted the Larmor frequency:

w=7yB,. (2]

The nuclei investigated in this thesis He, "’C, and '*Xe) all have the
spin quantum number /=7, and thus two orientations are possible:
namely, parallel to B, (“spin up”) and anti-parallel to B, (“spin down”). By

T Bold typeface denotes vectors.



vector addition of all the magnetic moments, oriented in either the “up” or
the “down” direction, a macroscopic magnetization vector parallel to By is
obtained:

M= 2 M, + 2 Medoion - (3]

However, this magnetization cannot be observed unless a rotating, trans-
verse component is created. Such a component is created by tilting, or
“flipping,” M sideways, which in turn is accomplished by applying a second
magnetic field, B,, perpendicular to B, and oscillating with the Larmor fre-
quency. The angle at which the B, field tilts M is called the “flip angle.”
When a sample is placed near or inside a receiver coil in the magnetic field,
the transverse magnetization component (rotating with Larmor frequency)
will induce a voltage across the terminals of the receiver coil with an ampli-
tude proportional to the magnitude of M.

2.1.2 Nuclear polarization

The number of nuclei populating each energy state may be denoted V,, and
N, tespectively. If the two populations are equal, their magnetic moments
cancel, resulting in zero macroscopic magnetization, and thus no NMR sig-
nal. Due to the slightly higher energy associated with the “down” direction,
the number of nuclei pointing “down” will, however, be slightly fewer than
the number of nuclei pointing “up” (N, < N,,) under thermal equilibrium
conditions (see Figure 1).

The nuclear polarization P (for nuclei with the spin quantum number

I=1) is defined by

Nup B Ndown

P .
Nup + Na'own

(4]

The magnetization M, and thus the NMR signal, S, will be proportional
to the polarization and the total number of nuclei within the sample

(NO = Nup+ Ndown):
Soc NyP. (5]

The populations of the energy levels are, under thermal equilibrium con-
ditions, governed by the Boltzmann distribution



N = jxp(Em/kBT) 6]

2 exp(Ei//eBT)

i=—1

where NV, is the number of nuclei in the state 7, E,, is given by Eq. [1], and
T'is the temperature. By combining Egs. [4] and [6], it follows that P can be
expressed as

yhB,
P =tanh .
tan ( AT ) (7]

2.2 Hyperpolarization

2.2.1  The “brute-force” approach

From Eq. [7], it follows that the thermal polarization increases with in-
creasing magnetic field strength and decreasing temperature. A straightfor-
ward, “brute-force” approach to increase the polarization in a sample con-
sists of subjecting it to a very strong magnetic field at a temperature close to
absolute zero. The polarizations of selected nuclei at 1.5 T and 310 K, and
at 20 T and 4 K (the temperature of liquid helium), are shown in Table 1.

Table 1. The polarization of selected nuclei at 1.5 T and body temperature, and at

20 Tand 4 K.
Nucleus Polarization P, Polarization P, Ratio P,/P,
at1.5T,310K at20T, 4K
"H 4.9-10°° 5.1:107 1033
*He 3.8-10° 3.910° 1033
3C 1.2:10°° 1.3-107 1033
122Xe 1.4-10°° 1.4107 1033

The polarization, which is in the ppm range at 1.5 T and body tempera-
ture, can hence be increased by a factor of 1000 by cooling down the sample
to liquid helium temperature at a field strength of 20 T. If the sample could
be brought from 20 T, 4 K to 1.5 T, 310 K instantaneously and without
loss of polarization, it could thus be regarded as “hyperpolarized.” Figure 1



illustrates the difference between thermal equilibrium and the hyperpolar-
ized state.

_ 9333 @

Thermal equilibrium Hyperpolarized

Energy

Figure 1. Pictorial description of the orientation of the nuclei at thermal equilibrium
and in the hyperpolarized state. In the figure, the magnetic field (B,) is di-
rected vertically upwards.

Eventually, the polarization level of the hyperpolarized imaging agent re-
turns to its thermal equilibrium value at a rate governed by the longitudinal
relaxation rate 7:

P(t)=exp(—t/T)(P(0) = Pyt )+ Lormar- [8]

Here, P(0) and P,,,,, denote the initial and equilibrium polarization val-
ues, respectively. The relaxation rate 7 depends on the chemical and physi-
cal environment of the hyperpolarized nucleus, and can range from less than
one second to minutes, or even days, for some nuclei. The relaxation rate
may differ significantly between 7z vitro and in vivo conditions. In general,
"H has relaxation rates below 35 s 77 vivo, whereas the relaxation rates of the
other nuclei in Table 1 can be more than one minute (see sections 2.4.1,

2.4.2,and 2.6.2).

Whenever the hyperpolarization is created outside the body, the available
signal will depend on the concentration of the imaging agent after admini-
stration. Because only a limited amount of the hyperpolarized imaging agent
can be administered, its anticipated concentration is 3 to 6 orders of mag-
nitude lower than the natural "H concentration in the body. The polariza-
tion increase of about 1000 in Table 1 will thus not be sufficient to compen-



sate for the low concentration. To obtain polarization levels where the hy-
perpolarized signal equals, or even outperforms, the 'H signal, the “brute-
force” method would require temperatures in the mK range. Large-scale
production of hyperpolarized noble gases ("He and '*’Xe) has been proposed
using this approach (Frossati 1998); but due to the great technical challenges
and costs associated with the extremely low temperatures, this method has
not yet been used for 77 vivo applications.

However, other techniques exist which sufficiently increase the polariza-
tion level of certain nuclei, including SHe, *C, and "’Xe.

2.2.2  Optical pumping methods

In 1960, Bouchiat ez al. showed that angular momentum could be trans-
ferred from the electron spins of optically pumped Rb atoms (Kastler 1950)
to the nuclear spins of *He by spin-exchange collisions (Bouchiat ez al.
1960). The method could be extended to efficiently polarize '*’Xe as well
(Grover 1978). Rb atoms are pumped via the electronic transitions S, — P,
(795.0 nm) and S,, — P5, (780.2 nm). In a magnetic field, the former tran-
sition can be driven by circularly polarized laser light (795 nm) to selectively
pump the ground-state Rb electrons entirely to the +5 (or —7) state. The
electronic polarization of the optically pumped Rb atoms is transferred to
the nuclei of the noble gas atoms via formation of loosely bound van der
Waals molecules or via binary collisions (Figure 2). The former mechanism
takes place at low pressure (below ~13 mbar), whereas the latter mechanism
dominates above ~500 mbar, or at strong magnetic fields (Bifone 1999).
Viewed macroscopically, the process creates a non-equilibrium polarization
of the noble gas nuclei. A classic review of optical pumping methods has

been given by Happer 1972.

Hyperpolarization of *He can also be achieved by the method of metasta-
bility exchange, first reported in 1958 (Franken and Colegrove 1958). In a
low-pressure *He gas (about 1-2 mbar), S, metastable atoms are formed by
a weak electrical discharge. By using circularly polarized light, transitions
’S; — P, (1083.0 nm) are induced. Due to strong hyperfine coupling, the
nuclei of metastable atoms become polarized. When a polarized metastable
atom collides with an unpolarized ground-state atom, a high probability for
exchange of metastability exists: the metastable and the ground-state atom
exchange their electron shells, while the nuclear polarization remains unaf-
fected. Thus, the collision yields a polarized ground-state atom and an non-
polarized metastable atom. The latter can once more undergo the optical



pumping process (Colegrove and Franken 1960, Colegrove ez al. 1963,
Gamblin and Carver 1965).
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Figure 2. Spin exchange between the electronic spin of a Rb-atom and the nuclear
spin of a Xe-atom via a van der Waals molecule (A) or via a binary colli-
sion (B).

Although the theory of hyperpolarizing noble gases by optical pumping
was known in the early 1960s, large-scale production has only recently been
possible, owing to the development of high-power lasers (Daniels ez al.
1987, Driehuys et al. 1996). The spin-exchange method has the advantage
of being able to polarize the gas at high pressures (~10 bar), allowing direct
dispensing of the gas from the polarizer, whereas the metastable method
only works at low pressure, subsequently requiring cumbersome compres-
sion of the gas. On the other hand, the metastable method is faster and can
polarize a “He quantity of 2.5 | (at 1 bar) to ~50% within one hour, whereas
the spin-exchange method needs polarization times of around 10 hours for
polarizing a quantity of 11 to ~40%.

The spin exchange from Rb to '*’Xe (at high temperatures) is more effi-
cient than to "He. Hence, the spin-exchange technique allows faster polari-
zation of '’Xe: typically, quantities of ~0.5 1 (at 1 bar) polarized to ~15% in
30 min were obtained in our laboratory. An overview of the methods for
hyperpolarization of noble gases was recently published by Goodson 2002.



2.2.3  The DNP method

Dynamic nuclear polarization (DNP) (Abragam and Goldman 1978) can be
used to transfer polarization from electronic spins to coupled nuclear spins.
Under optimal conditions, the polarization of the nuclear spins can be in-
creased by the ratio between the electronic and nuclear resonance frequen-
cies. For *C nuclear spins, this ratio is ~2600. The DNP method has been
used, e.g., to increase the sensitivity of '’C and "N NMR spectroscopy
(Wind ez al. 1985, Hall ez al 1997).

As an initial step, the material containing the nuclei to be hyperpolarized
is doped with a free radical. When exposed to a high magnetic field (-3 T)
and low temperature (~1 K), the unpaired electrons of the free radical are
highly polarized (> 90%), whereas the ’C nuclei are polarized to only
< 0.1%. Microwave irradiation near the electron paramagnetic resonance
frequency transfers polarization from the unpaired electrons to the nuclei,
whereby the nuclear polarization in the solid material can be increased to
20%-40%. By rapid melting and dissolving, the solid can be transformed
into an injectable liquid, with small to negligible polarization losses
(Golman et 2l 2002).

2.3 Properties of hyperpolarized *He, '*’Xe, and *C

2.3.1 Properties of the noble gases

’He is an inert noble gas that can be inhaled in large quantities (80% He,
20% O,) without severe adverse effects (Brauer ez @/. 1982). The solubility
of He in blood is negligible (Weathersbee and Homer 1980). Thus no sys-
temic adverse effects of He itself have been observed. The risk of breathing
pure He is hypoxia, since the body is deprived of oxygen. Due to this po-
tential hazard during sustained noble gas breathing, careful monitoring of
the individual during examination is required (Ramirez et /. 2000). *He is
obtained from the decay of tritium (°H), mainly as a by-product in the
manufacturing of nuclear weapons, and the total amount on earth is only
~200 kg (Kauczor ez al. 1998). As a matter of curiosity, large quantities of
He are available on the moon (Wittenberg ez /. 1986), resulting from the
nuclear fusion process within the sun.

'#Xe is an inert noble gas as well, but its solubility in biological tissues is
substantial (Ostwald solubility coefficient 0.13 in blood and 1.8 in fat,
(Ladefoged and Andersen 1967)). Xe is known to have euphoric and anes-

10



thetic effects, and has been used as an inhalant anesthetic in mixtures up to
80% (Burov et al. 1993, Aziz 2001). Inhaled Xe has also been used as a CT
contrast agent for measuring cerebral blood flow (Gur ez al. 1989) and lung
ventilation (Tajik ez /. 2002). Hence, the biodistribution of inhaled Xe is
well known. Pharmacokinetic models for 77 vivo dynamics of hyperpolarized
Xe, which in addition take into account the relaxation rate, have been pre-
sented (Peled ez al. 1996, Martin ez al. 1997). The supply of Xe is virtually
unlimited (atmospheric constituent ~0.01 ppm by volume); however, the
abundance of the isotope '*Xe is only 26.4%. Because the gyromagnetic ra-
tio y of '*’Xe is 2.75 times lower than of *He, the SNR for Xe imaging is ex-
pected to be ~10 times lower (at equal concentration and polarization) than
for He imaging (see section 2.5.1). Isotopic enrichment of '“Xe to
70%—80% is possible, but discouragingly expensive. The resonance fre-
quency of '*’Xe is highly dependent on the chemical environment, owing to
its highly polarizable electron cloud, and can vary over a range of ~200 ppm
(Miller et 2l 1981) (see also section 2.6.2).

2.3.2  Properties of potential e imaging agents

Virtually any small organic molecule containing >C can be hyperpolarized
with the DNP technique, including many endogenous substances (Golman
et al. 2002). The main limitations are imposed by water solubility, and toxi-
cological and relaxation time considerations (see section 2.4.2). Suitable
candidate molecules include, e.g., amino acids, citric acid, acetate, and urea.
The NMR sensitivity of natural abundant °C in the body is low due to a
low ¥ (25% of the y; and roughly equal to the yx.) and low isotopic abun-
dance (1.1%). Isotopic enrichment of >C to > 99% is possible and can be
used to increase the signal of a hyperpolarized imaging agent.

2.4 Transportation and handling of hyperpolarized substances

As earlier stated, the polarization level of the imaging agent decreases to-
wards thermal equilibrium with the time constant 7 (Eq. [8]). It is there-
fore essential that the delay between the creation of the hyperpolarized state
and the administration of the hyperpolarized substance is short compared
with 7.

T An interactive model for the distribution of hyperpolarized '*’Xe can be found at
hitp:/fric.uthscsa.edulstafflhomepages/martin/xenon_main.html.
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2.4.1 T, relaxation mechanisms for hyperpolarized gases

Several mechanisms contribute to the relaxation rate (1/7;) of hyperpolar-
ized noble gases /7 vitro (e.g., in a transport container) and iz vive, including
surface relaxation, oxygen-induced relaxation, gradient-induced relaxation,
and dipolar relaxation.

The surface relaxation mechanisms of *He and '*Xe are complex
(Fitzsimmons et al. 1969, Driehuys et al. 1995), but can be outlined as

L1 9]

T e
where S/V is the surface-to-volume ratio of the gas container and 7 is a co-
efficient dependent on the surface material, the temperature, and the mag-
netic field strength. In iron-free glass cells, the 7} of hyperpolarized *He can
be ~100 h, and several 100 h with additional coating of cesium or rubidium
(Heil ez al. 1995, Wolf 2000, Gentile ez a/. 2001). In Pyrex cells coated with
sol-gel, 7} as long as 340 h has been measured (Hsu ez /. 2000). In the por-
cine lung, the 7}, for "He has been measured to be > 4 h, corresponding
to a value of n of >22 h ecm™ (Deninger er al. 1999), which is better than
many uncoated and coated glass surfaces. For '*Xe, a 7} value of 3 h has
been reported for gas contained in a 7.5 cm diameter quartz cell (Chann ez
al. 2002), corresponding to n = 3.8 h cm™.

Paramagnetic molecular oxygen is a very potent source of relaxation. The
oxygen-induced relaxation rate has been empirically determined for '*’Xe
(Jameson ez al. 1988) and *He (Saam et a/. 1995) according to

0.03
—=0.388&£(@) g1 ("PXe)

7, 1013 7\ T

o 0.42 [10]
L g5 Lo ZB(29 (*He)

Tion 1013 7\ T

where 7' is the temperature [K] and po, is the oxygen partial pressure [bar].
Eq. [10] is valid in the temperature range from 200 K to 400 K. At room
temperature (293 K), the relaxation rates can thus be expressed as
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where &, = 2.80 bar s and &, = 2.40 bar s. Accordingly, the po, in room air
results in 7 relaxation times of 13 s and 11 s, respectively.

Magnetic field gradients are another source of 7 relaxation of hyperpo-
larized gases (Gamblin and Carver 1965, Schearer and Walters 1965, Cates
et al. 1988), according to the simplified expression

! :D|VBX2+|VBy|2.

B [12]

Ti,gmd

Here, B, and B, are the transverse components of the main magnetic field
By, and VB, and VB, are their spatial gradients. The diffusion constant, D,
of the gas is inversely proportional to the gas pressure. Eq. [12] is valid only
when the magnetic field and the gas pressure are sufficiently large that

2
wyr

>>1 (13]

holds, where @, = yB, is the resonance frequency and r is the radius of the
gas container (Cates ez al. 1988). The values of the diffusion constants for
pure gas at atmospheric pressure have been measured at Dy, =1.8 cm®s™
(Bock 1997) and Dy, =0.05 cm’®s™' (Patyal ez al. 1997). *He is accordingly
over 30 times more sensitive to inhomogeneous fields than '*’Xe. Although
the magnetic field of the earth is extremely homogeneous and strong enough
to maintain the hyperpolarized state, local magnetic fields along the trans-
portation path, caused, e.g., by electrical installations or large ferromagnetic
objects, may counteract the earth field and result in spots with virtually zero
field. Problems can be avoided by designing magnetically shielded boxes
providing a homogeneous magnetic field of a few mI' (Grossmann 2000).
However, the gradients of the magnetic fringe field near imaging or spec-
troscopy magnets may be very large and can reduce 7 to a few minutes (see
section 5.3).

Dipolar relaxation is caused by atomic collisions (‘He—’He or
'Xe—'*’Xe), during which nuclear spins couple via magnetic dipole interac-
tion, transferring their energy into a relative angular momentum. As a result,
the nuclear polarization is lost (Newbury ez al. 1993). The resulting relaxa-
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tion rates at room temperature have been derived for *He (Newbury et /.

1993) and '*’Xe (Hunt and Carr 1963, Torrey 1963):

1,dipolar [14]
1 =£ h-l (129Xe)

z,dzpolﬂr 6 1

where p is the gas pressure [bar]. Dipolar relaxation in gas is thus insignifi-
cant except at very high pressures, where it imposes a fundamental limit on
attainable storage times.

In addition to the mentioned relaxation mechanisms, a new relaxation
mechanism for '*’Xe, caused by spin-rotation coupling in bound Xe—Xe van
der Waals molecules, has recently been identified (Chann ez /. 2002). The
relaxation time of this mechanism is constant under most circumstances: '

1

=024 h". (15]

1,0dW

All the relaxation mechanisms add together to a total relaxation time ac-
cording to

1 1
= E [16]
T{,mml X T;,X

where “X” denotes surface relaxation, oxygen-induced relaxation, etc.

2.4.2 T, relaxation of P C and '*’Xe in liquids

The major 7 relaxation mechanism for ">C in diamagnetic molecules is di-
pole-dipole interaction with protons (Harris 1983, Sanders and Hunter
1987). The relaxation rate depends on the distance between the °C and 'H
atoms, 7, the respective gyromagnetic ratios, 3, and the correlation time 7,
(the inverse of the tumbling rate of the relevant part of the molecule), ac-
cording to

T The relaxation time increases at extremely high field strengths (tens of teslas) and at very
low pressures.
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An effective strategy to achieve long 77 is therefore to design a molecule
with long distances between the ’C atom and the neighboring atoms, and
to replace hydrogen atoms near the °C with deuterium (*H), which has a
6.5 times lower y than "H. The 7} of ’C in biological molecules can be
short, e.g., ~60 ms in glycogen (Zang et al. 1990), but by using tailored
molecules, values of ~80 s in vitro, and of ~40 s in vive have been obtained
(Svensson 2002).

The 7 of dissolved '*’Xe is highly dependent on the composition of the
solvent. In deuterated solvents, 7} can be long, e.g., ~5 min in deuterated
urea (Rubin et 4/ 2000) and ~17 min in D,O (Bifone et 4l 1996). The
oxygenation level of the solvent is an important parameter, since interactions
with paramagnetic substances decrease the 7} of '*’Xe. Several investigations
have shown that 7} is reduced drastically when '’Xe comes into contact
with myoglobin (Rubin ez 2/ 2000) and proteins in blood (Albert ez al.
1999, Wolber et al. 1999a, Albert et al. 2000), indicating that relaxation is
caused by both non-specific and specific bindings to proteins. In particular,
T} is shorter in deoxygenated than in oxygenated blood, partly due to the
paramagnetism of deoxyhemoglobin (Tilton and Kuntz 1982), but oxy-
genation-dependent conformational changes of the hemoglobin molecule
may also contribute (Wolber ez a/. 2000b).

Solutions of hyperpolarized >C and '*’Xe thus need to be prepared im-
mediately (less than minutes) before the MR examination as opposed to
gaseous "He and '”Xe, which can be transported over long distances after
the polarization to an imaging site (Wild ez @/ 2002b), owing to their much
longer relaxation times 7 vitro. Under optimal conditions, the 7 relaxation
times of *He gas (Gentile ef 2. 2002) and frozen '“Xe (Gatzke et al. 1993)
can be as long as ~800 h and ~500 h, respectively.

2.5 SNR considerations

2.5.1  Caleulations of signal and noise

The theoretical basis for estimations of SNR in magnetic resonance was pre-
sented by Hoult and co-workers in the 1970s (Hoult and Richards 1976,
Hoult and Lauterbur 1979), and later by Edelstein ez 2/ 1986 and, e.g.,
Ocali and Atalar 1998. The attainable SNR depends on the y of the nucleus
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of interest, the applied magnetic field strength By, and the volumes of the
RF coil and the subject, but the results will differ depending on whether hy-
perpolarized or non-hyperpolarized substances are used.

By using the principle of reciprocity (Hoult and Richards 1976, Insko ez
al. 1998), the NMR signal voltage, S, across the terminals of the RF coil can
be calculated as:

S o<y’ B,PBV. 18]

Here, B, is the B, field at unit current through the RF coil and Vj is the
sample volume. The noise voltage, NV, across the terminals of the RF coil
originates both from the coil itself and from inductive losses in the sample
(Hoult and Lauterbur 1979), and can be expressed as

N = 4k, Th(R. +Ry) [19]

where &4 is the receiver bandwidth, R the coil resistance, and Ry is an
“equivalent sample resistance” (Hoult and Lauterbur 1979, Macovski 1996),
modeling the inductive sample losses. For a spherical body and a solenoidal
coil, Ry is given by
Ry = _roln’ [20]
30p (,(% + 13/4)

Here, 76, /i, and 7 are the radius, the length, and the number of turns of
the coil, respectively, 7s the sample radius, and p the resistivity of the sphere.
For the solenoidal coil, the resistance (taking into account the frequency-

dependent skin depth 6) and B, are given by (Hoult and Lauterbur 1979)

R :3Gp6(}n27c , 5= 2p¢
Hiy@
C 0 [21]
b o

b=

22 +12/4

where o is a proximity effect factor (typically 3—6 (Austin 1934)), and p-and
u are the resistivity and relative permeability of the coil material. The calcu-
lation of R is valid as long as § is smaller than the radius of the coil wire,
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and thus breaks down at very low frequencies (very low B). The calculations
can readily be performed for other simple geometries of the sample, e.g., a
cylinder, (Macovski 1996) and other types of RF coils, e.g., a saddle coil
(Hoult and Richards 1976). In the latter reference, it was found that saddle
coils generated 2—3 times more noise than solenoidal coils. The solenoid was
thus considered to be the “optimal” coil design for NMR.

Two situations can be distinguished: the “coil noise regime” (Rs << R,)
and the “sample noise regime” (R- << Ry) (Edelstein ez al. 1986). In order to
analyze both regimes, the signal (Eq. [18]) is divided by the noise (Eqgs. [19]
—[21]) for each regime, and the resulting SNR is given per sample volume
(Table 2).7 Tt is assumed that /./2=7 =7, i.e., the coil size is always
adapted to the sample size. For non-hyperpolarized substances, the expres-
sion for polarization according to Eq. [7] is used.

Table 2. SNR per sample volume for hyperpolarized and non-hyperpolarized sub-
stances. The calculations are valid for a spherical sample and a solenoidal

RF coill.
Regime SNR/VS for non-hyperpolarized SNR/VS for hyperpolarized
substances substances
SNR SNR
Coil noise e - el VLl 2 pylABIAY R
N N
. SNR _ SNR _
Sample noise TocyzBOVS 5/6 o« Py Vol
N N

For non-hyperpolarized substances, the usual BO7/ * and B, dependencies
are obtained (e.g., (Edelstein ez a/. 1986)), whereas for hyperpolarized sub-
stances, the SNR is independent of B in the sample noise regime.

From the o dependence of Rs and R (Egs. [20] and [21]), it can be seen
that the noise originating from the sample increases linearly with By, whereas
the noise originating from the coil increases only with BY*. Therefore, an
increase in B, will eventually cause a transition to the sample noise regime.
The field strength By, at which this transition occurs can be estimated by

T Noise contributions from other sources (manly the preamplifier) than the coil and the sam-
ple are neglected.
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calculating the field strength at which R = BR., where B is an arbitrary
constant:

1

— [22]
(Vs/B) /37

BO,lmm =K

with a proportionality constant x=1.8-10° m”s™' and Vs given in m’. The

value of « is based on 6=5, u=1, po=1.678:10° Q m," and a typical tis-
sue resistivity of p=2 Q m.¥ From Table 2, it follows that the SNR of hy-
perpolarized substances will increase proportionally to By'* until the sample
noise regime is reached, and thereafter remain constant. This has important
implications for low-field imaging of polarized gases and liquids, which will
be discussed in the next section.

When Rg >10R,, i.e., by setting =10 in Eq. [22], the noise contribu-
tion from the coil will be negligible as compared with the sample noise.
Table 3 lists corresponding values of By, for spheres with 40-, 20-, and 7-
cm diameters, i.e., “body,” “head,” and “rat” dimensions, giving an estimate
how far the field strength may be reduced before the SNR of hyperpolarized
imaging agents begin to drop.

Table 3. Lower B, field limit for the regime where the SNR is independent of the
field strength. The calculations are valid for a solenoidal RF coil with length
and diameter equal to the sample diameter ().

Nucleus By, yrans for @ sphere By, rans for @ sphere By, rans for @ sphere
with 40-cm & (mT) with 20-cm & (mT) with 7-cm @ (mT)

*He 40 160 1000
13C 120 480 4000
129%a 110 440 3600

Hyperpolarized imaging can thus be performed at very low fields (mI
range) without loss of SNR. To date, several research groups have demon-
strated hyperpolarized gas imaging at field strengths between 2 mI' and

T Resistivity of copper at 20°C (CRC Handbook of Chemistry and Physics, 83 ed. CRC Press,
Boca Raton, 2002).

¥ Many human tissues have a resistivity of ~2-4 Q m, e.g., muscle 1.71 Q m, lung 1.57 Q m;
however, fat has a value of 38.5 Q m (Faes et 2/ 1999).
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230 mT, e.g., Tseng ez al. 1998, Durand ez al. 2002, Olsson ez al. 2002.
Contrary to conventional MRI, arguments exist that the SNR in noble-gas
imaging actually increases at lower fields, as the weaker susceptibility gradi-
ents at lower fields cause less diffusion-induced attenuation of the signal

(Wong et al. 1999).

2.5.2  NMR sensitivity of various nuclei

Based on the expressions given in Table 2, the relative SNR of different nu-
clei can be compared. In addition to the dependence on yand polarization,
P, the SNR increases linearly with the concentration, ¢, of the nuclei in
question and the fraction, F, of the initial longitudinal magnetization, which
can be utilized for signal generation. The hyperpolarized nuclei investigated
in this thesis are compared with 'H in Table 4.

Table 4. Relative SNR for different nuclei. The presented values assume equal im-
aging parameters with respect to voxel size, matrix size, and receiver
bandwidth for all the nuclei.

IH 1) 3He 2) 129Xe 3) 13C 4)
y [s] 2.68-108 2.04-108 7.40-107 6.73-10’
P 49-10°(1.5T) 04 0.2 0.15
C 80 M 40 mM 10 mM 200 mM
F 03" 0.08 7 0.08 % 12
Rel. SNR 1 8 0.4 64

1) contrast enhanced MRI with repetition time (TR) =5 ms and T, = 30 ms (Maki et al. 1996).
2) MRI with 100% °He in the lung.

3) MRI with 26% '*’Xe (nat. abundance) in the lung

4) vascular MRI with ”C.

5) see sections 5.2 and 5.3.2.

2.6 Medical applications of hyperpolarized nuclei — a brief

overview

2.6.1 Lung imaging

With the advent of the hyperpolarized noble gases *He and '*’Xe, a natural
tool was provided for imaging of the lung, which is a difficult area for 'H
MRI because of the low density of protons in the lung parenchyma and the
strong susceptibility gradients at the gas-tissue interface (Bergin ez al 1991,
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Bergin ez al. 1993). In 1994, the first MR images using hyperpolarized gas
were demonstrated, showing excised mouse lungs filled with '*Xe (Albert ez
al. 1994). The first *He images depicting the lungs of a dead guinea pig were
presented in 1995 (Middleton ez al. 1995). These initial works were fol-
lowed by the first human images using *He (Bachert ez 2. 1996, Ebert et .
1996, MacFall ez al. 1996) and '”Xe (Albert ez al. 1996, Mugler et al.
1997). For a review of the historical background of hyperpolarized lung im-
aging, see, e.g., Albert and Balamore 1998. In Figure 3, examples of lung
images acquired with 'H, *He, and '"®Xe are shown.

Figure 3. Lung MR images: 3D 'H (a) and He (b) images of a guinea pig, acquired
at identical positions, and a 2D '®Xe image of another guinea pig. (Im-
ages from our laboratory.)

The diagnostic potential of hyperpolarized gas imaging was first demon-
strated in studies revealing various ventilation defects in patients, where non-
ventilated regions were depicted as signal voids (Kauczor ez /. 1996). Rapid
dynamic imaging has also demonstrated the potential to detect abnormal
breathing patterns caused by lung disease (Johnson ez al. 1997, Gierada ez al.
2000, Salerno ez al. 2001a). Owing to the large diffusion coefficient of gases
(especially *He), the image intensity will decrease in regions with elevated
mobility of the gas (Chen ez al. 1999a, Yablonskiy ez al. 2002). By measur-
ing the apparent diffusion coefficient (ADC), it is thus possible to gain in-
formation of pathological lung structure, e.g., in emphysematous lungs
(Saam ez 2/ 2000). From measurements of the 7 relaxation time, it has
further been possible to calculate the regional oxygen partial pressure pO, in
the lungs based on the depolarizing effect of O, (see section 2.4.1)
(Deninger et al. 1999, Méller et al. 2001, Deninger et al. 2002). The venti-
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lation-perfusion ratio (VA/Q is highly relevant for the diagnosis of abnormal
lung function (Guyton 1986). By combining *He ventilation imaging with
'"H perfusion imaging, initial attempts have been made to assess the Vi/Q
parameter in rats (Cremillieux ez 2/ 1999) and in humans (Lipson et al.
2002). It has also been suggested to assess Vi/Q indirectly via measurements
of pO, using *He (Eberle 2002). Reviews of the potential clinical applica-
tions of *He lung imaging can be found, among others in papers by Salerno
et al. 2001b, Kauczor ez al. 2002.

After the initial demonstration of human lung imaging with '*Xe
(Mugler ez al. 1997), almost all work on humans has used *He, due to its
higher sensitivity (see sections 2.3.1 and 2.5.1) and the current difficulties to
polarize '*Xe to as high levels as He (~20% vs. ~40%, (Moller et al.
2002)). Efforts to quantify parameters of the lung (e.g., ADC and transverse
relaxation time 75*) with '*’Xe have to date been made in animal experi-
ments (Chen ez al. 1999a, Chen ez al. 1999b). Many aspects of the use of
hyperpolarized gases in the lungs are discussed in a review article by Méller
et al. 2002.

2.6.2  Hyperpolarized gases in other organs

Owing to its solubility in blood and tissues, inhaled '*’Xe is distributed
throughout the body, and can thus be used for applications other than lung
imaging (Mugler et al. 1997). The resonance frequency of '*’Xe dissolved in
liquids is ~200 ppm higher than in the gas phase (Miller ez 2/ 1981), and
varies over a ~20 ppm range in tissues 7z vivo (Sakai et al. 1996, Wagshul ez

al. 1996). An example of a hyperpolarized '*’Xe spectrum is shown in Figure
4.

Because the resonance frequency of '*’Xe is sensitive to its local environ-
ment, numerous experiments involving spectroscopy or chemical shift im-
aging (CSI) have been presented, e.g., CSI of the chest and the brain
(Swanson et al. 1997, Swanson ez al. 1999), spectroscopy of tumors (Wolber
et al. 2001), and probing of the pO, in blood (Wolber ez a/. 2000a). Using
the large frequency shift between the gas-phase and the dissolved-phase
'Xe, methods have been proposed to monitor the dynamics of '*’Xe when
transported from the alveoli to the pulmonary blood (Ruppert ez al. 2000a,
Ruppert ez al. 2000b), from which information about the diffusing capacity
of the lung can be obtained.
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A (brain gray matter?) B (brain white matter?)

\ / gas

cQ)

Figure 4. Spectrum of hyperpolarized '**Xe in the rat brain, acquired in our labora-
tory. The gas peak originates from signal picked up from the oral cavity.
RBC = red blood cells. The assignment of peaks A, B, and C is still a mat-
ter of discussion (Ruppert et al. 2000a, Duhamel et al. 2001, Kilian 2001).

Besides the aforementioned spectroscopy-based methods, attempts have
been made to employ hyperpolarized noble gases in vascular applications.
With respect to *He, this can only be accomplished by means of encapsula-
tion, due to the insolubility of ’He in blood and other fluids (see section
2.3.1). ’He MR angiography (MRA) has been demonstrated in rats using
microbubbles (Chawla ez a/. 1998, Callot ez a/. 2001) and microspheres
(Chawla ez al. 2000). When compared with microbubbles, microspheres are
smaller and have a more uniform size distribution, which reduce the risk of
pulmonary embolism. In both studies, He concentrations of up to 7% per
volume and 7} of ~1 min were achieved. The use of *’Xe for vascular appli-
cations is hampered by low concentrations (~1 mM when equilibrated with
blood at atmospheric pressure) and the relatively short lifetime of the hyper-
polarization in blood (7} ~5s (Wolber ez al. 1999a)). Using a theoretical
uptake model (Martin ez al. 1997), it has been estimated that the SNR in
brain gray matter could constitute ~2% of the proton SNR under ideal con-
ditions (50% Xe polarization, no signal loss during imaging) after inhalation
of 80% Xe, and that the arterial SNR would be ~10 times higher than the
brain signal. Another model has estimated that the available signal after in-
jection of dissolved Xe would not significantly exceed the signal attainable
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after gas inhalation, due to the wash-out of Xe when the bolus passes the
lungs (Lavini ez @/ 2000). To improve the efficacy of injected *Xe, it has
been suggested to inject “carrier agents,” in which '*’Xe has higher solubility
and longer 7 than in blood or saline (Wolber ez 2. 1999b, Venkatesh ez al.
2000). Using a lipid emulsion (Intralipid™, 77 ~25s, 7,*~37 ms and
Ostwald solubility coefficient ~0.6, i.e., four times higher than in blood) as
the carrier, angiograms of moderate quality (SNR ~28) have been demon-
strated in rats (Méller ez al. 1999). A review of the possibilities to inject hy-
perpolarized noble gases has been presented by e.g., Goodson 1999.

2.6.3  Vascular imaging with hyperpolarized e

Hyperpolarized ’C has only recently been available at polarization levels
sufficient for MRI (Golman ez a/. 2001, Golman ez al. 2002). At present,
the polarization and 7} in vivo are comparable to those of '*Xe in lipid
emulsion (Mséller e 2. 1999). However, *C has the potential of being supe-
rior to the noble gases in vascular applications due to its availability as a hy-
perpolarized liquid, with iz vive concentrations about 2 orders of magnitude
higher than those of SHe and '"®Xe. Further, in the work of Svensson et /.,
the feasibility of hyperpolarized "C for MRA was investigated (Svensson
2002).
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3 Methods

3.1 Hyperpolarization equipment

Three hyperpolarized nuclei were investigated in this thesis: the noble gases
'Xe (Papers I and V) and *He (Papers III and 1V), and a liquid "’C sub-
stance (Paper II). The noble gases were polarized by means of optical
pumping, whereas a different principle (DNP) was used for polarization of
BC (see section 2.2).

3.1.1  Polarization and handling 0f3 He and '’ Xe

'#Xe was polarized using a prototype commercial polarizer (IGI. 9800, Am-
ersham Health, Durham, NC, USA). In this system, a continuously flowing
gas mixture at ~5 bar pressure (1% '*Xe, 10% N,, and 89% “He) passes an
optical cell containing ~1 g of Rb. When the cell is heated to 160-180 °C,
small amounts of Rb evaporate and get optically pumped by a circularly po-
larized 795-nm laser beam illuminating the cell. Via collisions between Xe
and Rb, the polarization of the Rb electrons is transferred to the Xe nuclei.
After leaving the optical cell, the gas mixture passes a cold-finger trap, cooled
by liquid nitrogen, where the hyperpolarized '*’Xe is frozen, while the other
gases are ventilated out into the atmosphere. When a sufficient amount of
Xe has accumulated (typically within half an hour), the cold finger is rapidly

heated with water and the thawed Xe is dispensed into a reservoir.

Another prototype commercial polarizer (IGI. 9600, Amersham Health)
was used for polarization of *He. Similar to the Xe polarizer, an optical cell
containing Rb is heated to 160-180 °C and illuminated with a 795-nm cir-
cularly polarized laser beam, but the gas mixture (99% *He, 1% N,) is filled
into the cell once and remains inside the closed cell during the polarization
procedure. The optical cell is pressurized to ~9 bar, corresponding to a hy-
perpolarized gas volume of ~1.1 liter at atmospheric pressure. The polariza-
tion process usually runs overnight (typically during 15-18 h).

Once sufficient polarization levels were reached, both the 129%e and the
'He gas were dispensed into a plastic bag (Tedlar®, Jensen Inert, Coral
Springs, FL, USA) with low surface relaxation rate and transported ~40 m
from the polarizer to the MRI scanner (duration of transport less than
5 min). Using a dedicated measurement equipment (Amersham Health), the
actual polarization level in the Tedlar bag was determined before and after
the NMR experiments. The measurement principle is based on the detec-
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tion of an NMR signal from a small surface coil in contact with the bag, and
the subsequent calculation of polarization using a known factory-provided
calibration constant. Typical polarization levels for "He (Papers I1I and IV)
were 35%—-40% and up to ~16% for '*’Xe (Papers [ and V).

3.1.2  Polarization and handling of °C

"C was hyperpolarized by means of the DNP method in a prototype polar-
izer (Amersham Health R&D, Malmo, Sweden). The water-soluble, low-
toxic imaging agent (hydroxymethyl-"C-cyclopropyl-methanol, see Figure
5) was doped with a paramagnetic agent and frozen in liquid nitrogen as
droplets with 1-2 mm diameters. The electrons of the paramagnetic agent
were polarized at a magnetic field strength of 3.35 T and a temperature of
1.3 K, and the electronic polarization was transferred to the °C nuclei by
irradiation of the solid sample with 94 GHz microwaves. The ">C nuclei
reached a polarization level of ~20% after ~1 h of irradiation, whereat the
sample was dissolved and flushed out of the magnet by a rapid injection of
hot water. The polarization level in the solid state was estimated by an RF
coil built into the polarizer using the same technique as above.

The solution of the hyperpolarized imaging agent was extracted into a
plastic syringe and moved ~5 m to the MRI scanner within ~10 s. The po-
larization level in the syringe at the time of imaging was estimated to ~15%,
based on the 7] relaxation time in the syringe and the duration between the
dissolving procedure and imaging.

OH

/ o
D,C c
\13 / \
C OH

D,C——CD,

Figure 5. Molecular structure of the hyperpolarized *C imaging agent. (Courtesy
of Dr. O. Axelsson, Amersham Health R&D.)
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3.2 Mechanical ventilator for hyperpolarized gas

The experiments involving administration of hyperpolarized gas to the sub-
jects (Papers I1I-V) used a custom-built mechanical ventilator (Amersham
Health R&D). Another small animal ventilator for hyperpolarized gas has
been described by Hedlund ez 4/ 2000. Besides being MR compatible (no
ferromagnetic parts inside or close to the imaging magnet), the ventilator has
to be compatible with the hyperpolarized gas. The latter requirement dic-
tates that the gas must not encounter any metallic parts, which may cause
depolarization, nor may the gas be contaminated with oxygen from the air,
which would also lead to rapid loss of polarization. A valve system, consist-
ing of pneumatically operated membranes, was therefore constructed to
control the delivery and outlet of both air and hyperpolarized gas to and
from the animal (see Figure 6).

{ N, or argon

ox-

1: Inspiration duration

2: Expiration duration Trigger signal to
3: Breathing frequency MR-scanner

4: Trigger delay

5: Breathhold duration

AOb' Pneumatic valves: E] Pressure transducer
X Closed v

— , Open E Flow meter

Figure 6. Function of the hyperpolarized gas ventilator during A) inspiration of
*He/'*Xe, B) inspiration of air, and C) expiration. The parameters denoted
1...5 were under computer control (D). (Courtesy of B. Fridlund, Amer-
sham Health R&D.)

The hyperpolarized gas was expelled from the flexible Tedlar bag by
placing the bag inside a rigid cylinder, pressurized with nitrogen or argon.
During the experiments, the bag was placed as far as possible (about 1.5 m)
from the MRI magnet, to reduce 7 relaxation of the gas due to the gradi-
ents of the stray magnetic field (see section 2.4.1). The mixing of hyperpo-
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larized gas with air took place as close to the animal as possible (1-2 ¢cm out-
side the trachea). The volume of hyperpolarized gas delivered to the animal
was controlled by adjustment of the pressure within the rigid cylinder sur-
rounding the Tedlar bag. The computer-controlled ventilator also provided
a trigger signal to the MR scanner to synchronize the gas delivery with the
imaging/spectroscopy acquisitions. The reproducibility of tidal volumes,
which was essential for the quantitative experiments in Papers I1I-V, was
measured at ~2% in separate calibration experiments.

3.3 MR equipment

All MRI and MRS experiments of Papers I-V were performed on a 2.35 T
animal scanner (Biospec 24/30, Bruker Biospin, Ettlingen, Germany),
equipped with a gradient system with a maximum gradient strength of
200 mI m™" and a gradient slew rate of 800 T m™' s™'. The broadband RF
electronics of the scanner allow examination of virtually any nucleus,
whereas RF transmit/receive coils must be manufactured individually for
each nucleus. For the experiments in Papers I and V, a 'H/"*’Xe dual-tuned
birdcage coil (Bruker Biospin) was used. The same coil could be tuned to
the resonance frequency of ’C, investigated in Paper II, whereas another
"H/’He dual-tuned birdcage coil (Bruker Biospin) was used for the "He ex-
periments (Papers III and IV). The ability of the coils to also detect 'H sig-
nals was used to acquire localization images, and to make necessary adjust-
ments of B, field homogeneity, receiver frequency, and RF-excitation flip
angles.

3.3.1 Pulse sequences

The software of the scanner allows modification of existing imaging and
spectroscopy methods, as well as creation of new methods from the start.
The timing and amplitudes of gradients and RF pulses are controlled by
source code written in the C programming language. Via the source code,
additional user interface elements can be added or modified, for instance for
adapting the sequence parameters to the settings of the ventilator described
in the previous section.

The EPI sequence (Mansfield 1977) employed in Paper I was available on
the scanner, but was modified for operation on the '*Xe frequency. The se-
quence was operated in the “spin-echo mode” (a refocusing 180° RF pulse
was placed between the initial 90° excitation pulse and the signal readout) to

27



reduce the influence of B, inhomogeneities, which substantially can degrade
the quality of EPI images.

The trueFISP sequence (Oppelt ez al. 1986) used in Paper II, and the fast
low-angle shot (FLASH) sequences (Haase ez al. 1986) used in Papers III
and IV, had to be written from the start, mainly because of the non-
standard triggering behavior imposed by the animal ventilator for hyperpo-
larized gas (see section 3.2). The FLASH sequence offered various options
for segmented image acquisition (k-space data of one image could optionally
be acquired during several consecutive inhalations of hyperpolarized gas), as
well as online calculation of the gradient b-value (see section 5.3.2, Eq. [28]).

The trueFISP sequence included the options of using a RF preexcitation
before the image acquisition, to rapidly reach a steady state of the magnetiz-
ation, and a flip-back RF pulse after the image acquisition, which returned
transverse magnetization to the longitudinal direction, thereby allowing the
generation of several consecutive images with arbitrary time spacing (see
Figure 7). This concept has been described by Scheffler ez a/. 2001.

trueFISP 9 O.x O_x q

X 2.x
e 0] I n
Read ; L_-.i—o

Slice HUFL -l_lj_rrl
=
=

Phase

I
|
L
|
I
) TR loop

Figure 7. Sketch of the trueFISP sequence used in Paper Il. The gradient areas indi-
cated by light and dark gray, respectively, have zero integrals.

The sequence parameters of the imaging sequences used in Papers I-IV
are summarized in Table 5.
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Table 5. Parameters of the imaging sequences used in Papers |-V (o = projection).

Sequence type
(Paper)

TR/TE/lip angle Matrix

Field of view (slice
thickness), cm

SE-EPI
trueFISP
2D FLASH
3D FLASH

= "

=

o~~~ —~

=

—/32/90° 32x32
3.6/1.8/180° 64 x 64
15/2/15° 64 x 64
2.1/0.9/2.5° 48 x 48 x 24

10x 10 )
7x7 (p)
6x5 (0.5)
6x6x4.5

For the measurements of the '*’Xe uptake in the lung (Paper V), a dedi-
cated spectroscopy sequence was developed (Figure 8). By adjusting the du-
ration of the rectangular excitation pulses, the 129%e signal in the tissue and
the blood could be selectively destroyed with minimal effect on the alveolar
gas. The uptake of '*’Xe could thus be measured by repetition of the ex-
periment with different delays A(n) between the saturation pulse and a fol-

lowing readout pulse.

NMR

Ventilator I/_\ - /_\ /_\ /_\ /

Figure 8. The spectroscopic sequence for the measurement of the '*°Xe uptake.
The first 90° pulse destroys the Xe signal in tissue and RBC while pre-
serving the gas signal in the alveoli. The second 90° pulse creates a free
induction decay (FID) signal from Xe, which has diffused into the tissue

90° 90°
173 ps 173 us

trig == -

signal D(n) —l Xe FID
=T

18 air breaths 3 Xe breaths

7 s breathhold

\

repetition loop (n=1...12)

1
1
1 averaging loop

and the RBC during the interval A(n) since the first pulse.



3.4 Animals

The in vivo experiments in Paper II, III, and IV were performed on naive
animals (Paper II: four male Wistar rats, Paper III: four male Albino guinea
pigs, Paper IV: six male Sprague-Dawley rats). Both naive (ten male Wistar
rats) and diseased (ten male Wistar rats instilled with lipopolysaccaride
(LPS)) animals were investigated in Paper V. The animal experiments were
approved by the local ethical committee (Malmi/Lunds djurforsiksetiska
nimnd).

3.5 Investigation of dissolved '*’Xe for MRA applications

In Paper I, the potential for angiographic use of hyperpolarized imaging
agents was investigated. Ethanol was chosen as a carrier agent for hyperpo-
larized "*Xe, due to the high solubility (Ostwald solubility coefficient 1.47)
of Xe in this carrier (Himm 1986).

3.5.1  Properties of hyperpolarized 22Xe dissolved in ethanol

Plastic syringes were filled with 25 ml ethanol and connected to a Tedlar
bag containing hyperpolarized '*’Xe (isotopically enriched to 75%). After
filling the syringe with 35 ml of gas, the syringe was shaken intensively to
dissolve the '”Xe. The dissolved concentration of '*’Xe was measured by
'”Xe NMR spectra by comparing the area of the dissolved spectral peak
(163 ppm) with the area of the gas peak (0 ppm).

The relaxation times of dissolved '*’Xe were measured by NMR spectros-
copy applied to syringes without any gaseous content. The 77 relaxation was
measured by applying a train of 16 excitation pulses with a small flip angle
(3°) and 12 s repetition time (TR). The 7, relaxation was measured using a
Carr-Purcell-Meiboom-Gill (CPMG) multi-echo sequence (128 echoes, in-
ter-echo time 100 ms). The 7 relaxation was additionally measured in sy-
ringes where the ethanol had been pre-bubbled with helium to expel any dis-
solved oxygen.

3.5.2  Imaging of flowing 122Xe and image analysis

A flow phantom was constructed that consisted of two tubes with 6-mm di-
ameter. With a constant, gravity driven, flow of ethanol through the phan-
tom (mean velocity 15 cm s™'), dissolved hyperpolarized '*’Xe was injected
upstream of the phantom and rapid SE-EPI images (scan time 44 ms) were
acquired repeatedly with 1.5-s intervals during the passage of the Xe bolus.
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The images were evaluated with respect to artifacts and SNR, by means of
region of interest (ROI) measurements.

To investigate potential losses of hyperpolarization during the dissolving
procedure, a syringe filled with thermally polarized '*Xe was imaged for 5 h
using an SE-EPI sequence. The SNR of the thermally polarized Xe was
compared with the SNR of the hyperpolarized EPI images after normaliza-
tion with respect to polarization, concentration, and differences in imaging
parameters.

3.6 Vascular imaging of a ’C-based imaging agent

In Paper II, the trueFISP pulse sequence was optimized to match the prop-
erties of the hyperpolarized BC imaging agent, in order to obtain 7 vive an-
giograms. To describe the signal evolution of a hyperpolarized substance,
when imaged with the trueFISP sequence (including a preparation RF pulse,
see section 3.3.1), the following expression was derived:

n/2
5(9,71)<>¢sing(El2 coszg+]522 sin’ g) (23]
2 2 2

where E, =exp(—TR/T)), E,=exp(- TR/T}), 6 is the flip angle, and # the

number of applied RF excitations.

3.6.1 In vitro investigations — sequence optimization

In a first experiment, the image SNR was measured as a function of the flip
angle. Syringes were filled with the hyperpolarized agent and imaged se-
quentially at different flip angles. The first and last syringe were imaged with
the same flip angle, and the difference in signal intensity was used for calcu-
lation of the 7 relaxation value, which subsequently was used to normalize
all the image intensities as regards the signal decay between polarization and
imaging. For comparison, the corresponding experiment was also performed

using a FLASH pulse sequence.

In a second experiment, 15 rapid trueFISP images were acquired with
180° flip angle and no time gap between images. The signal decrease in
these images was taken as a measure of the 7, relaxation, since the magneti-
zation should ideally be present entirely in the transverse plane during the
experiment.
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3.6.2 Invivo trueFISP imaging

Imaging was performed on anesthetized rats using the trueFISP sequence
and a flip angle of 180°. A series of consecutive images was started immedi-
ately after the injection of the '>C imaging agent in the tail vein. The images
were acquired with a small (~5 ms) time separation — each image prepared
by a 90° pulse and terminated by a 90° flip-back pulse. Imaging was per-
formed in the thoracic-abdominal region in 2 animals and in the head-neck
region in 2 other animals. The concentration of the imaging agent was
~200 mM in these experiments.

3.7 Measurements of regional pulmonary ventilation

Papers I1I and IV deal with quantitative measurements of pulmonary venti-
lation. In Paper III, a model was derived where the regional ventilation was
calculated from the buildup of signal after increasing numbers of *He inspi-
rations.

3.7.1  The ventilation model and measurement procedure

The ventilation model is based on the assumption that during each *He in-
spiration, a fraction 7 of a given volume element of the lung is replaced by
fresh *He gas, and a fraction g = 1—7 contains gas remaining from previous
inspirations. The parameter 7 gives the per-breath gas exchange ratio, which
is used as a measure of lung ventilation.

A mathematical model was developed, which considered a) the change in
pulmonary gas composition after a number of 7 *He breaths, b) the 7} re-
laxation of *He in the lung caused by oxygen, including the washout of oxy-
gen during ‘He breathing, and ¢) the 7] relaxation of *He in the Tedlar bag
during the duration of the experiment. The signal buildup in images ac-
quired after 7 *He breaths can be shown to vary as function of ¢ and 7 ac-
cording to

S(}’l,q) oc E(ﬂ—l)(N+rz/2) (1 _ q)

2( gt qkexp(_ p%_f q”"f(l—q%D [24]

=0 l—q

where E =exp(—1/T],.), 7 is the duration between two breaths, N the
number of air breaths separating the *He breathing intervals, p, the oxygen
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partial pressure present within the lung prior to the first ’He breath and &
the proportionality factor introduced in section 2.4.1 (value at body tem-
perature approx. 2.6 bar s (Saam ez al. 1995)). The accuracy of measurement
was assessed by adding random noise to simulated signal intensities with a
known ventilation 7, according to Eq. [24], and calculating the standard
deviation of the relative error (r—17,)/7,, where » was the ventilation value
obtained from the simulated noisy data.

In Paper III, a single coronal slice of the guinea-pig lung was imaged after
n=1{1,2, ..., 7} *He breaths using a 2D FLASH sequence. Four guinea
pigs were examined. Regional ventilation maps were calculated on a pixel-
by-pixel basis by fitting Eq. [24] to the intensities of the 7 images.

3.7.2  Detection of vertical ventilation gradients

In Paper IV, the method outlined in Paper III was employed to measure
ventilation gradients in the lungs of rats imaged in the prone and supine po-
sitions. 3D FLASH images covering the whole lung were acquired in six
naive rats after »={1, 2, ... 4} *He breaths, and 3D ventilation maps were
calculated according to the previously described procedure. To normalize for
differences in absolute ventilation between the animals, the ventilation val-
ues were expressed by the “ventilation index” (VI), which is a measure of re-
gional ventilation relative to the ventilation of the whole lung.

From the VI maps, dorsal-ventral gradients were calculated pixel by pixel
by both linear and non-linear fits to the VI data along the vertical direction.
Additionally, the linear correlation (R°) between VI and vertical position was
calculated. To be able to separate linear from non-linear gradients, a quad-
ratic term was subtracted from the VI data points. On each animal, the
measurement procedure was repeated in both supine and prone postures.

3.8 Diffusion capacity and perfusion of the rat lung

The global uptake of inhaled '*Xe in the rat lung was measured in Paper V
using a spectroscopic method. From the uptake dynamics, the average
thickness of the respiratory membrane was calculated. Owing to the differ-
ent resonance frequencies of '”Xe in lung tissue and in RBC, the uptake
could be individually assessed in these two compartments.
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3.8.1  The alveolar diffusion model

The calculations were based on the diffusion of '*’Xe gas from the alveo-
lar space to the pulmonary capillaries in a single-alveolus model. The model
defined three compartments: the alveolar gas space, the lung tissue, and the
capillary blood surrounding the alveolus (Figure 9a). Fick’s laws of diffusion
(Fick 1855, Dowse et al. 2000) were used to describe the transport of 129% e
within the tissue and capillary. A simple relation was derived, from which
the total thickness L (= L, + L,) of the respiratory membrane could be cal-
culated from the measured uptake time constant 7:

T
L=—4Dr. 25
S\ Dn [25]

Here, D is the diffusion constant for Xe (~1-10° m?s™' in plasma
(Wolber et al. 2000c)). From this model, it could be shown that the ampli-
tudes of the spectral peaks corresponding to tissue and capillary compart-
ments, respectively, were characterized by an exponential increase during the
early phase, followed by a linear increase with time (Figure 9b). It was fur-
ther demonstrated that the slope and intercept parameters could be used for
calculating several physiological parameters (see section 3.8.2).
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Figure 9. a) The single-alveolus diffusion model. The radius of the alveolar gas
space is denoted by r, and the thickness of the tissue and capillary com-
partments by L, and L, respectively. F is the blood flow passing the al-
veolar unit. b) Simulations of gas, tissue, and blood (RBC) '**Xe signals
during the diffusion from alveolus to pulmonary capillaries.
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3.8.2 Measurement procedure

The spectroscopic sequence shown in Figure 8 was repeated 12 times
(n=1, ..., 12) with delays A(n) ranging from 15 to 500 ms. Between each
repetition, the animal was breathing air for 15 inspirations to wash out re-
maining Xe gas from the lungs. The non-localized spectra of hyperpolarized
'Xe were acquired with a volume coil. Measurements were performed on
one group of 10 naive rats, and on a second group of 10 rats with acute in-
flammatory lung injury caused by intratracheal instillation of LPS.

The functions

S, (A)=S,, exp(—A/fg) +8i, (gas peak)

[26]

S(A) =S, (1 - CXP(—A/TI)) +S8A  (tissue and blood peaks)
were fitted to the amplitudes of the gas, tissue, and blood signals as a func-
tion of the delay A, similar to the plot in Figure 9b. The resulting time con-
stant 7, of the tissue peak was used for calculation of the total diffusion
length L (Eq. [25]). The intercepts and slopes of the tissue and blood signals
were used for calculation of the thickness of tissue and capillary compart-
ments, respectively, of pulmonary perfusion, mean transit time, and relative
blood volume. The alveolar radius was estimated from the initial amplitude
of the gas signal and the intercept of the asymptote (see Figure 9b).
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4  Results

4.1 Investigation of dissolved '*Xe for MRA applications (Paper I)

The spectroscopic measurements of the dissolved '*’Xe signal relative to the
gas signal yielded an Ostwald solubility coefficient (ratio between dissolved
concentration and gas concentration) of 2.8 = 0.3 after intense shaking of
the syringes containing '*’Xe gas and ethanol. With only gentle shaking, the
solubility was 1.6 £ 0.3, indicating that an equilibrium solution was not
reached. The 7, relaxation of dissolved '”Xe was measured to 160+ 11 s
when oxygen had been expelled from the ethanol by bubbling with helium.
Without helium bubbling, the measured 7 relaxation time was reduced to
55 £ 10 s. The 7, relaxation time was measured to 25 s.

A series of 4 images of hyperpolarized '*’Xe in the flow phantom, ac-
quired with the SE-EPI sequence, is shown in Figure 10. The maximum
SNR of these images was measured to 74. The SNR in the EPI image of
thermally polarized xenon was 3.8. After normalization with respect to po-
larization and concentration, the maximum SNR of the hyperpolarized EPI
images was ~75% of the thermally polarized image.

3s 6s
Out T

Figure 10. EPI images showing a time series of flowing HP '*Xe, acquired with an
inter-image delay of 1.5 s (every second image shown). The acquisition
time of each image was 44 ms. The flow direction is indicated in the third
image. The mean flow velocity was 15 ¢cm/s and the polarization level
was estimated at 2%.
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4.2 Vascular imaging of a ’C-based imaging agent (Paper II)

The 7, relaxation time of the °C substance in water solution was estimated
at 82+ 6s. The signal evolution in the 15 consecutive trueFISP images
without phase-encoding gradients is shown in Figure 11 (data shown for the
first 6 images only), demonstrating that the signal could be retained between
images. From the signal decay in a corresponding series of images, but with
activated phase-encoding gradients, the 7, relaxation time was estimated at
18s.
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Figure 11. Maximum echo amplitudes from a series of 15 consecutive trueFISP im-
ages without phase encoding (data shown for the first 6 images only).
The images were acquired with a 180° flip angle and each image was
started with a 90° preparation pulse and ended with a 90° flip-back
pulse. Dashed lines separate the individual images.

The investigation of the trueFISP sequence at different flip angles con-
firmed that the maximal signal was obtained at a flip angle of 180°. The cor-
responding measurement using a FLASH sequence yielded, at an optimal
flip angle of ~10°, a ninefold reduction in signal as compared with the
maximum signal of the trueFISP sequence.

In vivo trueFISP images are presented in Figure 12. In the image covering
the abdomen and thorax (a), the vena cava, the heart, the lungs, the aortic
arc including the branches of the carotid arteries, the abdominal aorta, and
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the kidneys are visualized. The SNR measured in the vena cava was 240. In
the image covering the head and neck (b), several vessels including the ca-
rotid arteries and jugular veins are visible. In the lower part of the image, the
aortic arc is only vaguely discerned, due to the gray-level scaling of the im-
age.

Figure 12. TrueFISP angiograms covering the thoracic-abdominal region (a) and the
head-neck region (b), acquired immediately after intravenous injection of
a hyperpolarized *C imaging agent (bolus volume 3 ml). Both images
visualize several main vessels within the respective area.

4.3 Measurements of regional pulmonary ventilation (Paper III)

Representative signal buildup curves, obtained from images acquired after 1
to 7 breaths of *He, are depicted in Figure 13. The solid lines are obtained
by a fit of Eq. [24] to measured signal intensities in single pixels in regions
with low, moderate, and high ventilation. From the fit curves, ventilation
values of 0.16, 0.48, and 0.77, respectively, were determined. Note that the
ventilation analysis is independent of absolute image intensity values.

Typical He spin density images acquired after » °He breaths
(n=1, ...,7) and the corresponding ventilation map are shown in Figure
14. Ventilation values very close to 1 were found in the trachea and the
major airways, indicating a complete renewal of gas per breath in these re-
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gions. In central lung areas, regions close to the hilum still exhibited large
ventilation values (= 0.55-0.75). The lowest ventilation was measured in
the periphery of the lungs, where values of = 0.15-0.25 were obtained.

60001

Signal [a.u.]

Number of *He breaths

Figure 13. Signal buildup in single pixels of FLASH images of guinea-pig lungs ac-
quired after 1 to 7 breaths of He. The parameter r denotes the relative
ventilation (fractional gas exchange per breath). The three curves repre-
sent pixels located in regions of low (r=0.16), medium (r=0.48), and
high (r=0.77) ventilation.

The accuracy of measurement was investigated by Monte Carlo simula-
tions for varying SNR levels. Under the conditions of the experiment, the
relative uncertainty of the measured ventilation was assessed to be in the
range of 2%-5%. The simulations revealed that similar accuracy could be
obtained also with fewer images, e.g., using only {1, 2, 5} *He breaths.
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Figure 14. Signal intensities in images obtained after n=1, ..., 7 successive *He
breaths, with average SNR ranging from 50 (1 breath) to 85 (7 breaths).
The ventilation map calculated from the 7 *He images is shown at the
bottom right, with ventilation values in the range 0-1.

4.4 Vertical gradients of pulmonary ventilation (Paper IV)

Further refining the method outlined in Paper III, 3D ventilation maps were
obtained from images of rat lungs. Again, the ventilation values ranged from
~0.2 in the peripheral regions to near 1 in the trachea and the major bron-
chi. The dorsal-ventral gradient of the VI was calculated for all the animals.
Measured globally within the lungs, the vertical gradient of the VI was close
to zero for all the animals in the prone position (mean®SD =
—0.01+0.02 cm™)." In the supine position, a vertical gradient of about
—0.11+0.03 cm™" was found. Measured regionally, the VI gradient in the
supine position was more pronounced in the mid-base region
(—0.18 £ 0.04 cm™") than in the apical region (—0.08 £0.03 cm™). In the
supine posture, a high correlation (R* > 0.6) between VI and vertical loca-
tion was observed mainly in the base and mid-base regions. In the apical
lung regions, R* was lower (=0.3), but increased substantially after subtrac-
tion of the quadratic fit term. In the prone posture, there was significantly
lower correlation between VI and vertical location in all parts of the lung.

A negative sign of the gradient means higher VI in the dependent (most inferior) lung re-
gion.
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4.5 Diffusion capacity and perfusion of the rat lung (Paper V)

Spectra of hyperpolarized '*’Xe were obtained with gas, tissue, and blood
signals clearly visible. The tissue signal SNR ranged from 20 (shortest delay
A) to 80 (longest delay A). The tissue and blood signals were well separated
at 198 ppm and 212 ppm, respectively, with amplitudes approximately half
of the gas-signal amplitude (Figure 15a). An example of a fit of the function
in Eq. [26] to the measured tissue signal amplitude is shown in Figure 15b.
The uptake is characterized by a rapid increase during the first ~100 ms, de-
scribed by exponential terms, followed by a linear signal growth with time.
The time constant 7; of the exponential growth of the tissue signal was de-
termined to 30 £ 3 ms in the control group and to 41 + 6 ms in the LPS-
treated group.
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Figure 15. a) Hyperpolarized '*°Xe spectra from the rat lung at increasing delays A,
during which the Xe diffuses from the alveoli to the pulmonary blood.
b) 'Xe uptake curves obtained after fitting the function in Eq. [26] to
the tissue and blood signals. Examples are shown for one naive animal
(0) and one animal instilled with LPS (e@).

The slopes and the intercepts of asymptotes fitted to the linear parts of
the uptake curves (see Figure 15b) were used for calculation of total diffu-
sion length, thickness of the tissue and the capillary compartments, pulmo-
nary perfusion, mean transit time, relative blood volume, and alveolar ra-
dius. The results are summarized in Table 6.
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Table 6. Summary of parameters calculated from the uptake curves according to
the diffusion model presented in section 3.8.1. Values are given as
mean + SD. Significant differences between the control and the LPS-
treated groups are indicated in the table (***: p < 0.001, **: p < 0.01).

Parameter Control group LPS-group
Total diffusion length 86+0.5 10.0£0.8***
(L=L,+Ly), [um]

Tissue thickness (L), [um] 49+09 6.4+ 1.2%*
Blood thickness (L), [um] 3.6+0.8 36+1.3
Perfusion (Q), [ml s™/ml] 1.5+0.3 13+0.2
Mean transit time (M), [s] 0.30+0.11 0.29+0.10
Relative blood volume (rBV) 0.43+0.10 0.36+0.12
Alveolar radius (r,), [um] 87+32 85+2.1
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5 Discussion

In this thesis, three hyperpolarized nuclei ("*¥Xe, °C, and *He) have been
used for development of MR methods to study the vascular system and the
lung function. Below, specific error sources are pointed out and potential
improvements of the techniques are suggested.

5.1 Echo-planar imaging of hyperpolarized imaging agents

The SE-EPI sequence (Paper I) is an example of a “single-shot” technique,
in that the full image is acquired after a single RF excitation. Very fast scan
times can be achieved with the single-shot EPI sequence, owing to its sam-
pling scheme where the A-space is rapidly covered during a single readout
period (Mansfield 1977). In order to achieve a successful MRA study in
vivo, however, it is required that the 7, of the hyperpolarized imaging agent
is sufficiently long and, furthermore, that the 7,* is at least comparable to
the total duration of the data sampling period (Vlaardingerbroek and den
Boer 1999), which was =25 ms in the investigated sequence.

The in vitro model using '*’Xe dissolved in ethanol was well suited for the
experimental purpose, owing to the long 7, of ~25s, as measured by a
CPMG sequence. The 77 vivo situation is, however, less favorable, due to the
inevitable chemical exchange of '”Xe atoms between different compart-
ments (e.g., plasma and RBC). The varying resonance frequency of '*’Xe in
different environments will thus cause an irreversible loss of phase coherence
and a correspondingly short transverse relaxation time (Woessner 1996).
Hence, in pilot in vive experiments with injections of hyperpolarized '*Xe
dissolved in ethanol, the EPI-sequence failed to detect any signal. When
129%e is directly dissolved in blood and tissue, 7, relaxation times of 2—7 ms
have been reported (Wilson ez al. 1999). Prolonged transverse relaxation
time (7,* ~40 ms, as measured by the spectral linewidth) has, however, been
demonstrated using suitable carrier agents (Mséller ez a/. 1999), but it is nev-
ertheless doubtful whether the EPI sequence can be successfully applied to
hyperpolarized '*’Xe for vascular applications.

Owing to its by far longer transverse relaxation time 77 vivo, the imaging
agent used in Paper II has the potential of being successfully used in combi-
nation with EPI sequences. This combination has been attempted in pre-
liminary trials, where the iz vivo experiment of Paper II was repeated, how-
ever employing the EPI sequence of Paper I. Some of the resulting images
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are presented in Figure 16, which can be compared with the trueFISP im-
ages in Figure 12a.

Figure 16. A series of consecutive images of a live rat using the EPI-sequence de-
scribed in Paper | and the hyperpolarized '*C-based imaging agent in Pa-
per Il. The vena cava, the heart, the aorta, and the kidneys are discernable
despite the coarse resolution.

5.2 Properties of the trueFISP sequence

The trueFISP sequence (Paper II) can reuse transverse magnetization re-
maining from previous TR intervals and thereby increase the SNR, provided
that the relaxation times are sufficiently long (Oppelt ez /. 1986). The true-
FISP technique is known to be very sensitive to field inhomogeneities
(Scheffler 1999), and to achieve a homogeneous signal intensity in trueFISP
images, the resonant offset, Af, across the object must fulfil the relation

Af < 3m [27]

" 4TR

(Patz 1988), i.c., a long TR requires a better homogeneity. Due to this rela-
tion, efforts were made to reduce the TR and TE of the trueFISP sequence
during the experiments in Paper II. A reduction of the TR from 8 ms to be-
low 4 ms resulted in a dramatic improvement of the image quality. Owing
to the =4 times lower y of °C as compared with 'H, the resonant-offset
problem is accordingly reduced, however, the lower y is also a disadvantage
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due to the increased demand on the gradient strength to obtain a given spa-
tial resolution.

A calculation of the point-spread function” (PSF) for the trueFISP se-
quence at a resonant offset of 5 ppm (Figure 17) shows pronounced ghost-
ing artifacts at a flip angle, 6, of 90°. With increasing flip angle, these arti-
facts decrease and are virtually invisible at a flip angle of 180°. The simula-
tion was made under the assumption that the 7} and 7, relaxation times
were long as compared with the duration of the imaging sequence, i.e., no
regrowth of longitudinal magnetization took place, thus the calculation cor-
responded to imaging of hyperpolarized spins.

5 ppm resonant offset no resonant offset
0=120° 6=150° 6=180°

....ﬁ

Figure 17. PSF of the trueFISP sequence at various flip angles 6, for 5 ppm off-
resonance spins. The images display In(1+|PSF|) for improved visualization
of low intensities. To improve the visualization of the PSFs, the calculation
was made for 3 x 3 pixels instead of a single pixel. The PSFs were calcu-
lated by means of a spin vector simulation of 5-10° spin isochromats. The
same imaging parameters as in Paper Il were used. (Phase-encoding direc-
tion: horizontal).

In Paper II, the signal from 15 consecutive *C images were collected
without phase-encoding gradients. The resulting signal (Figure 11) showed a
slow decay, but also a weak oscillation. The sensitivity of the trueFISP se-
quence to resonant offset could tentatively be the cause of the oscillations. A
spin-vector simulation of the trueFISP sequence, as it was used in the actual
experiment, revealed some noteworthy phenomena (Figure 18). In the
simulation, the effect of different amounts of resonant offsets, as well as flip
angles deviating from the ideal 90°/180° values, were investigated. 77 and 7,

T The PSF is a measure of how the signal from a single voxel propagates to the image domain,
and can be used to quantify effects of susceptibility and chemical shift (Robson ez al. 1997).

45



relaxation were not included in the simulation. Despite the similar parame-
ters used in Figure 18a—d, the resulting signals differ substantially. Especially
Figure 18c presents a signal evolution similar to the result obtained in the
actual experiment. Non-ideal flip angles alone cannot explain the signal os-
cillations, since these are visible also when using ideal flip angles (b and d).
The outcome of the simulation suggests that resonant offset may have partly
contributed to the apparent 7, relaxation, as measured in Paper II. Thus,
the estimated relaxation times of the °C imaging agent in vitro and in vive
could be regarded as a lower limit. Furthermore, small variations of the flip
angle (1°-steps) around the ideal 180° value were found to produce substan-
tial variations in the signal evolution. This sensitivity may explain the ten-
dency towards increased signal fluctuation, as observed in Figure 4 of Paper II.

a 5.4345 ppm, 90°/180° b 5.8897 ppm, 90°/180°
6000 B i , ; 6000 B
I I |
—_ b ]
o so00of ! ! ! ! ! 5000 !
3 | | | | | 3 | | |
S 4000+ I I I I I S 4000} I I I I )
= 1 1 1 1 1 % 1 I I I I
= I I I I I 3 I I I I I
£ I I I I I = I I I I I
S 3000} I I I I I S 3000} I I I I I
s | | | | | E | | | | |
I I I I I I I I I I
S | | | | | 2 | | | | |
@ 50004 i i i i i S 2000+ i I I I I
x I I I I I M I I I I I
3 I I I I I & I I I 1 1
= I I I I I = I I I I I
1000} I I I I I 1000 I I I I I
I I I I I I I I I I
I I I I I I I I I I
I I I I I I I I I I
L s s s s s s s s s
] 64 128 192 256 320 384 ] 64 128 192 256 320 384
Echo number Echo number
C 5.4345 ppm, 95°/185° d 5.8897 ppm, 95°/185°
6000 o ) | I 1 6ooor, | 1 1 1
o o %
—_ I I I | ! —- I !
2 5000( ! ! ! ! ! 2 5000( ! ! ! !
s, I I I I I S, I I I I I
s ! ! ! ! ! e ! ! ! ! !
R ! ! ! ! ! R ! ! ! ! !
= | | | | | = | | | | |
£ I I I I I £ I I I I I
S 3000 ! ! ! ! ! S 3000 ! ! ! ! !
2 I I I I I 2 I I I I I
S I I I I I S I I I I I
L I I I I I L I I I I I
» 2000 I I I I I » 2000 I I I I I
S I I I I I S I I I I I
= I I I I I = I I I I I
1000 ! ! ! ! ! 1000 ! ! ! ! !
I I I I I I I I I I
I I I I I I I I I I
L s s s s s s s s s s s
() 64 128 192 256 320 384 0 64 128 192 256 320 384
Echo number Echo number

Figure 18. Simulation of the C signal from 6 consecutive trueFISP images, corre-
sponding to the in vitro experiment performed on static spins in Paper |l
(c.f. Figure 11). The resonant offset and the flip angles of the 6/2- and 6-
pulses are shown in the figures a-d. The simulation assumed infinite T,
and T, relaxation times, and a complete removal of transverse magnetiza-
tion after the flip-back 6/2-pulse terminating each image. The simulation
was based on 1-10° spin isochromats.
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5.3 Hyperpolarized *He ventilation imaging in animals

5.3.1 Aspects on T relaxation

Once created by the polarizing equipment, the hyperpolarized state is sub-
ject to various 7 relaxation mechanisms (see section 2.4.1). The successful
application of hyperpolarized substances relies on the polarization level be-
ing preserved until the nuclei reach the imaging location, and it is therefore
essential to minimize polarization losses caused by 7 relaxation.

Due to the high diffusion coefficient of SHe, magnetic gradients may sig-
nificantly depolarize the gas during the experiments (Papers III and IV).
This effect was investigated theoretically by modeling the fringe field of the
imaging magnet and inserting the calculated gradients in Eq. [12]. The
fringe field was calculated from six current loops using the Biot-Savart law
(Figure 19a). For each point in the xz-plane, the gradient of the field com-
ponent perpendicular to the B, direction was calculated. A measurement of
the fringe field along the main axis of the magnet demonstrated excellent
agreement with the calculated values (Figure 19b).
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Figure 19. The fringe field was modeled by six circular current loops, indicated by (e)
in (a). The calculated (=) and measured (o) B, field along the magnet
main axis is plotted in (b). (Field measurement data courtesy of M. Mans-
son, Amersham Health R&D.)

The resulting 7) relaxation rate of *He in the vicinity of the magnet, as
calculated from Eq. [12], is depicted in Figure 20. The Tedlar bag contain-
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ing *He was located about 1.5 m from the magnet isocenter. At this loca-
tion, the gradient-induced 7 relaxation time was about 50 min, whereas the
shortest 77 along the glass tube transporting the gas to the animal was about
4.5 min.T The total polarization decay in the glass tube when integrated over
its full length corresponds to a 7 of ~11 min.T As seen in Figure 20, the
shortest 7 values on the whole are found near the edges of the magnet bore,
where the 7 can be as short as 2 min.
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T, (s)

o
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(]
o
(C)
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Figure 20. Map of *He relaxation rate induced by magnetic gradients of the fringe
field around the imaging magnet. The positions of the *He reservoir and
the glass tube transporting *He to the animal are indicated in the figure.

These estimations of the gradient-induced relaxation time can be com-
pared to the effects of surface relaxation in the Tedlar bag and in the glass
tube. After relaxation measurements in a homogeneous magnetic field, using
a dedicated calibration station (Amersham Health), the surface relaxation
coefficient n (cf. Eq. [9]) was estimated at =8.4 h cm™" for the glass tube and
at =5.4 h cm™ for the Tedlar bag. Based on these values, the surface relaxa-
tion time 7} was estimated at ~160 min in the Tedlar bag and at ~20 min in
the glass tube during the imaging experiments. Thus, the fringe-field gradi-
ents contributed more to the overall relaxation of *He than the surface re-
laxation. The combined effects of gradients and surface relaxation resulted in

T The T, value is calculated for free diffusion. The actual value is expected to be slightly
longer because the diffusion is restricted along the direction perpendicular to the tube.
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a theoretical 77 of ~38 min in the Tedlar bag, which agrees well with values
of 25-40 min obtained during the experiments in Papers III and IV. In the
glass tube, the corresponding total 77 value was ~7 min. Under the experi-
mental conditions in Papers III and IV, with an interval of about 0.5 min
between successive "He images, the polarization loss within the glass tube
(corresponding to a volume of less than one breath) can thus be estimated at
~7%. To avoid this loss, the ventilator could possibly be redesigned to flush
away the gas contained in the tube before each *He-inspiration period. To
obtain prolonged relaxation times in the Tedlar bag, active shielding against
magnetic gradients may be employed.

Another potential source of depolarization of *He is leakage of oxygen
from the surrounding atmosphere into the ventilator. To reach 7 relaxation
times of 7 min (38 min), a pO, as low as ~6 mbar (~1 mbar) would suffice,
if this had been the only relaxation mechanism (Eq. [10]). It can therefore
not be ruled out that leakage of oxygen was the dominant source of relaxa-
tion during the experiments in Papers I1I and IV.

For the '*’Xe experiments in Paper V, the 7 relaxation induced by mag-
netic gradients was of minor importance, due to the much lower (=35 times)
diffusion constant of '"?Xe, as compared with ‘He.

5.3.2  Pulse sequence considerations

Noble-gas imaging of the lungs has hitherto mainly employed gradient-echo
sequences using low flip angles. The possibilities to use single-shot imaging
sequences (e.g., EPI, trueFISP, and rapid acquisition with relaxation en-
hancement (RARE)) are limited by the high diffusion coefficients of the
gases, especially in the case of "He. Loss of phase coherence of the nuclei,
and hence of signal, is induced by the random diffusion movement within
magnetic gradients, caused by susceptibility differences within the lungs
(Wong et al. 1999), as well as by the imaging gradients of the pulse se-
quence. The signal loss due to the latter gradients can be expressed by the 4-
value

b(t): I /e(f)2 dr, k(r)= y I G(r')dr' [28]

resulting in a signal attenuation of exp(-&D), which becomes increasingly
severe with increasing spatial resolution (Brandl and Haase 1994). Successful
application of RARE (Durand ez a4/ 2002) and trueFISP (Mugler ez al.
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2002) to *He MRI of humans have been reported, albeit at a low resolution
(~5-10 mm in-plane) compared to the small animal studies in Papers III
and IV (~1-mm resolution). Due to the effect of diffusion, the low flip angle
FLASH sequence was chosen for these experiments.

Because no magnetization is regained from one RF excitation to the next
in the FLASH sequence, the signal at the k-space center, for the linear
phase-encoding scheme employed in Papers III and 1V, is expected to vary
according to

N
2

5(0) = const - cos (O)Sin(O) [29]

where 0 is the flip angle and /V the total number of RF excitations. From Eq.
[29], it can easily be derived (Mugler 1998) that the optimal flip angle is
given by

0, = atan(m ) [30]

If the optimal flip angle is inserted in Eq. [29], one obtains
8(8,,) = const-0.11 for N=64 and 5(6,,) = const-0.08 for N= 128," which
could give the impression that the achievable SNR depended on the total
number of RF excitations. However, for a fixed voxel volume and receiver
bandwidth, the SNR is proportional to N">5(6,,,) — an expression which
is roughly constant for V> 20. An additional remark can be made regarding
the signal amplitude after the NV-th RF excitation (if the phase-encoding
gradients are switched off): this amplitude is, to good approximation,
exp(—1) times the amplitude after the Ist RF excitation when 6,,
ployed. This simple relation was used to verify the proper adjustment of the
flip angle (Papers I1I and IV).

s em-

The above discussion concerning the optimal flip angle assumes that the
full image is acquired after a single inspiration of hyperpolarized gas. How-
ever, the FLASH sequence (Papers III and IV), in combination with the
computer-controlled ventilator described in section 3.2, permits the acquisi-
tion of a single image to be distributed over several consecutive inspirations,
i.e., a fraction of the A-space is covered during each inspiration (“segmented”
image acquisition). This strategy may be necessary to avoid excessively long

T See Table 4.

50



breath-holding periods during, e.g., the acquisition of large-matrix 3D im-
ages. If, in this fashion, 7 breaths are employed instead of a single breath, a
roughly 7 -fold increase of SNR will result, albeit with 7 times increased gas
consumption. To avoid abrupt signal variations in the k-space between the
breaths, however, care must be taken concerning the ordering of the phase-
encoding steps. As illustrated in Figure 21, ghosting artifacts may result with
sequential phase-encoding order of breaths (1-1-1-2-2-2-3-3-3...), whereas
the ghosting is completely suppressed with the ordering employed in, e.g.,
RARE imaging (1-2-3-1-2-3-1-2-3...). The images in Figure 21 are simula-
tions of a FLASH sequence employing the optimal flip angle according to
Eq. [30]. The situation in 3D imaging is more complex, since the ghosting
artifacts can appear in two phase-encoding directions.

Figure 21. Simulated 2D FLASH *He lung images illustrating the effect of segmented
image acquisition using a) one *He inspiration (non-segmented), b) 6 in-
spirations with sequential phase-encoding, and c) 6 inspirations with
RARE-type phase-encoding. Note the ghosting in image (b) and lower
SNR of image (a). All images have a matrix size of 96 x 96. The grayscale
is adjusted to display the lower 1/3 of the intensity range.

5.4 Measurement of the uptake of '”Xe in the lung

The method to dynamically measure the uptake of '*Xe from the alveolar
gas space to the pulmonary blood (Paper V) employed a 90° RF pulse to de-
stroy the hyperpolarization in the lung parenchyma and in the blood. This
saturation pulse was, after a delay A, followed by a second 90° pulse, creat-
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ing a free induction decay (FID) signal from the '*’Xe having diffused from
the alveoli into the lung parenchyma during the delay A.

It is essential that the RF pulses are carefully adjusted to a 90° flip angle at
the tissue/blood resonances (at 197/212 ppm, respectively), but the flip an-
gle at the gas resonance (at 0 ppm) must be kept small. A too high flip angle
at the gas resonance will deplete the polarization of the alveolar gas, with a
corresponding reduction in SNR for the subsequent FID accumulations.
Further, a high flip angle on the gas resonance will create a gas peak many
times larger than the tissue/blood peaks, thereby introducing a problem with
too high dynamic range of the spectrum. On the other hand, it is desired to
excite the gas resonance with a flip angle slightly larger than zero, since the
position of the gas resonance peak provides the 0-ppm reference frequency
of the spectrum. Further, the decay of the gas signal amplitude over time
provide information about the size of the gas space within a respiratory unit.

In Paper V, a short rectangular 90° RF pulse was used, with the excitation
frequency centered between the resonance frequencies of tissue and blood.
Under the assumption that the spectral excitation profile of the pulse is de-
scribed by a sinc-function, the pulse duration should be adjusted to 5f_1,
where 6;is the frequency shift between the excitation frequency and the gas
resonance frequency. Another possibility is to use a shaped pulse of sufficient
length, e.g. a gaussion pulse (Ruppert ez /. 2000a). During the experiments
in Paper V, a 174 us rectangular pulse was used, which resulted in gas signal
amplitudes about 1-2 times higher than the blood/tissue amplitudes. A
similar suppression of the gas signal was obtained in pilot experiments using
a 500 us gaussian pulse. However, the rectangular pulse shape was preferred
due to superior SNR of the spectra.

A volume coil was used for excitation and signal detection. Presumably, a
surface coil could result in improved sensitivity when used to receive the sig-
nal, but will cause a problem of non-uniform flip angles if used for excita-
tion. As a potential improvement of the method, a surface coil could be used
for signal detection, while keeping the volume coil for transmission of the
excitation pulses. A substantial increase of the SNR would open for the use
of low flip-angle excitations, rather than 90° excitations. Using the former
approach, the uptake of '”Xe could be probed by a single, rapid train of
low-angle pulses after a single inspiration of '*’Xe, which would greatly re-
duce the overall duration of the experiment, and moreover remove the re-
quirement for multiple gas inspirations of equal tidal volumes.
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6 Conclusions

The phantom study in Paper I indicated that a flowing hyperpolarized sub-
stance could be imaged using an ultra-fast EPI sequence. '*’Xe has suitable
properties for MRA when dissolved in ethanol, but is less favorable when
employed 77 vivo (short 7,*). Under optimized 7 vivo conditions (isotopi-
cally enriched '*’Xe, polarization levels >25%, bolus concentrations >40 mM),
it was estimated that the SNR would be sufficient for EPI angiography, but
the success of this technique is hampered by the short transverse relaxation
time of '*’Xe, which may only be ameliorated by improved carrier agents.

A superior imaging agent with respect to prolonged relaxation times was
found in the "C-based substance, which was investigated in Paper II. In this
study, a trueFISP sequence was employed, which enabled the depiction of 7z
vivo angiograms with high SNR (up to ~500). The novel ’C imaging agent
holds promise for being useful in angiographic and, potentially, in quantita-
tive perfusion applications. Besides the SNR aspect, unique properties of
hyperpolarized nuclei — such as lack of background signal from surround-
ing tissues and the possibility to selectively destroy the signal by means of
RF excitations — may add value as compared with existing techniques.

To date, the most widespread application of hyperpolarized gas MRI is
He lung imaging. In Paper I1I, a method was developed to obtain a quan-
titative measure of regional pulmonary ventilation from high-resolution,
spin-density *He images. This method was able, as demonstrated in Paper
IV, to quantify gradients of regional ventilation depending on the posture of
the subject, which previously have not been demonstrated in animals as
small as the rat. The prospective of gaining physiological, rather than mor-
phological, information can increase the value of hyperpolarized substances
both within clinical examinations and within pharmacological research.

In Paper V, hyperpolarized '*’Xe gas was inhaled and measured using a
spectroscopic technique. This method, which currently provides a global
measure across the lung without localized information, further emphasizes
the physiological aspects of hyperpolarized NMR investigations. As demon-
strated in the paper, several physiological parameters (e.g., the thickness of
the respiratory membrane) were altered in animals with inflammatory lung
injury as compared with healthy control animals, whereas other parameters
remained unaffected (e.g., the pulmonary perfusion). Thus, hyperpolarized
substances may assist the diagnosis and characterization of various disease
conditions of the lung.
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Abstract

Purpose: The feasibility of hyperpolarized '*Xe for fast MR angiography
(MRA) was evaluated using the echo-planar imaging (EPI) technique.

Material and Methods: Hyperpolarized Xe gas was dissolved in ethanol, a
carrier agent with high solubility for Xe (Ostwald solubility coefficient 2.5) and
long relaxation times. The dissolved Xe was injected as a bolus into a flow
phantom where the mean flow velocity was 15cm/s. Ultrafast EPI images with
44 ms scan time were acquired of the flowing bolus and the signal-to-noise ratios
(SNR) were measured.

Results: The relaxation times of hyperpolarized Xe in ethanol were measured
to T1=160%11s and T2=~20s. The resulting images of the flowing liquid were
of reasonable quality and had an SNR of about 70.

Conclusion: ~ Based on the SNR of the obtained Xe EPI images, it was
estimated that rapid in vivo MRA with '>Xe may be feasible, provided that an
efficient, biologically acceptable carrier for Xe can be found and polarization
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In conventional proton MR imaging, only about 1
ppm of the available nuclei contribute to the ob-
servable NMR signal at thermal equilibrium and
at clinical magnetic field strengths. However, by
using optical pumping methods (5), it is possible
to create non-equilibrium polarizations of noble
gases (*He and '*°Xe) 5-6 orders of magnitude
higher than their thermal equilibrium polarization.
MR imaging of hyperpolarized gases is thus poss-
ible, despite the low spin density (2, 17).

Imaging of hyperpolarized nuclei differs in sev-
eral respects from traditional proton imaging.

levels of more than 25% can be achieved in isotopically enriched '**Xe.

Once the hyperpolarized state is created, the longi-
tudinal magnetization will decay towards the ther-
mal equilibrium value with the time constant 1/T1.
Typical imaging strategies for utilizing the initial
magnetization are therefore to use gradient echo
sequences with small radio frequency (RF) flip
angles, or sequences which acquire the full k-space
data after a single RF excitation, such as echo-
planar imaging (EPI) (19), rapid acquisition with
relaxation enhancement (RARE) (7) or spiral im-
aging (22). When imaging a low-gamma nucleus
like xenon (Xe), attention must be paid to the per-
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formance of the gradient system, since the time
integral of the imaging gradients must be increased
compared to proton imaging.

Although visualization of the respiratory airways
and the lungs has been the primary target for the
potential clinical use of hyperpolarized gases (13,
15), attempts have been made to assess the useful-
ness of hyperpolarized gases for other appli-
cations. With respect to vascular studies, Xe is sol-
uble in biological tissues and, when inhaled, is
taken up into the pulmonary blood. Applications
such as functional MR imaging (fMRI) (9) and
measurement of cerebral blood flow (20) have been
suggested using inhaled hyperpolarized Xe. Vari-
ous carriers have also been proposed as delivery
media for Xe after i.v. injections (6, 21, 24). Injec-
tion of such solutions or emulsions of hyperpolar-
ized Xe may be used for fMRI (10), perfusion
measurements (6, 14) or MR angiography (MRA)
4).

MRA using hyperpolarized contrast media has
the advantage of absence of background signal
from surrounding tissues. The lack of background
signal improves the contrast-to-noise ratio and
may enable reduced field of view without folding
artifacts, thereby allowing reduced matrix sizes
and correspondingly faster acquisition times. An-
giographic imaging using injected hyperpolarized
129X e has previously been reported (18). This study
employed a gradient echo sequence with moderate
flip angle and a few seconds’ scan time. However,
a fast single-shot acquisition technique, like EPI,
could potentially improve the result, due to the full
utilization of the longitudinal magnetization of the
hyperpolarized contrast agent. Ultrafast imaging
could furthermore reduce flow and motion arti-
facts, thereby opening possibilities for imaging of
rapidly moving vessels, where conventional pro-
ton-based techniques are hampered by object mo-
tion and tissue background signal.

The use of hyperpolarized contrast agents for
rapid MRA has to date been sparsely investigated
and the feasibility of the technique needs further
evaluation. It was the aim of the present study to
evaluate the potential application of '*?Xe as an
angiographical contrast agent, using EPI of a flow
phantom. From the obtained signal-to-noise ratio
(SNR) the efficacy of the EPI sequence was evalu-
ated and predictions and extrapolations to clinical
whole-body imaging were performed.

Material and Methods

Xe polarization and handling: '**Xe was polarized
with laser optical pumping using a prototype com-
mercial polarizer (IGI 9800, Amersham Health,
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Durham, NC, USA). A gas mixture of 1% enrich-
ed Xe (75% '*Xe), 10% N, and 89% “He flowed
at a rate of 1.01/min through an optical cell where
the '*Xe spins were polarized via spin exchange
with optically pumped Rb vapor (5). Hyperpolar-
ized Xe (HpXe) was accumulated for 37min and
frozen at liquid nitrogen temperature. After thaw-
ing, the HpXe was collected in a plastic bag (vol-
ume 300ml, Tedlar, Jensen Inert, Coral Springs,
FL, USA) at 1 atm pressure. The polarization level
in the bag immediately after thawing was meas-
ured to 6% using a stand-alone calibration station
(Amersham Health). The HpXe bag was trans-
ported 40m from the polarizer to the MR scanner
in a transport suitcase (Amersham Health) with a
static magnetic field of 0.5mT. The first HpXe im-
age was acquired 1h after the polarization meas-
urement. After the last HpXe image, the polariza-
tion of the gas remaining in the bag was again
measured at the calibration station and the Tl
relaxation within the bag was calculated. Using
this T1 value, the actual polarization level at each
imaging time point could be interpolated.

Dissolving of Xe gas in ethanol: A 60-ml plastic
syringe (Plastipak; Becton Dickinson, Drogheda,
Ireland) containing 25ml 95% ethanol was con-
nected to the HpXe bag. The syringe was filled
with Xe gas from the bag to a total volume of 60
ml and intensely shaken for 3s to achieve an equi-
librium solution. Thereafter the remaining gas was
removed from the syringe. To determine the
amount of shaking necessary to reach an equilib-
rium solution, the concentration of dissolved
HpXe was measured after intense shaking of the
gas-ethanol mixture, after gentle shaking and with-
out shaking. For determination of the concen-
tration of dissolved HpXe, a syringe containing
50% ethanol volume and 50% HpXe gas volume
after shaking was placed in the magnet and NMR
spectra were acquired. The dissolved concentration
was calculated from the ratio of the areas of the
gas peak and the dissolved peak (163 ppm apart)
and the known gas concentration at 1 atm
pressure.

The T1 and T2 relaxation times of dissolved
HpXe were measured in syringes containing only
liquid (no gaseous HpXe). T1 relaxation was meas-
ured using a train of 16 RF excitations with 12s
interdelay time and a flip angle of 3°. Due to the
small flip angle, the apparent relaxation caused by
the RF pulses was ignored. The T1 relaxation was
measured both with and without removal of solved
oxygen from the ethanol, by intense bubbling with
helium gas for Smin, before mixing with HpXe.
T2 relaxation was estimated using a Carr-Purcell-
Meiboom-Gill (CPMG) multiecho sequence with
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128 echoes and an interecho time of 100ms. The
T1 and T2 relaxation times were calculated by fit-
ting of mono-exponential functions to the peaks of
the dissolved HpXe spectral line. T2 relaxation was
measured without He bubbling.

Flow phantom: A flow phantom was constructed
consisting of two thin-walled (0.1mm) plastic
tubes with 6.0-mm inner diameter, inserted into a
Plexiglas cylinder with 65-mm diameter (Fig.1).
The Plexiglas cylinder was filled with tap water in
order to minimize susceptibility gradients from air-
fluid boundaries. The plastic tubes were connected
via flexible silicone tubing (5-mm inner diameter)
to two glass containers, allowing free, gravity-in-
duced flow of ethanol from the upper to the lower
container through the phantom. The phantom was
placed horizontally in the magnet. The vertical dis-
tance between the two containers was adjusted to
give a mean flow velocity of 15cm/s. The mean
velocity was calculated from the measured flow (as
measured by stop-watch and measure glass) di-
vided by the cross-section area of the tube.

A 25-ml bolus of hyperpolarized Xe dissolved in
ethanol was injected in the flow phantom through
a plastic catheter 45cm upstream from the magnet
isocenter. The injection rate was approximately 12
ml/s. To ensure an even mixing of the injection bo-
lus throughout the full diameter of the tube, the
catheter was directed upstream relative to the flow
direction. Image acquisition was started before the
bolus injection and continued for 1min.

MR imaging and image evaluation: Imaging was
performed on a 2.4 T animal imaging system (Bi-
ospec 24/30, Bruker Biospin, Ettlingen, Germany)
with a maximum gradient strength of 200 mT/m
and a gradient rise time of 240ps. The RF coil
was a birdcage resonator double-tuned for 'H and
129Xe (Bruker Biospin). Flow phantom images of

Imaging plane (projection)

HpXe were acquired approximately 20s after the
mixing of HpXe with ethanol, using a single-shot,
spin-echo EPI sequence. The readout gradient di-
rection was aligned parallel to the flow direction
(Fig.1). The sequence parameters were: FOV
10X 10cm, matrix 32X32, echo time 32ms, ADC
bandwidth 50kHz, total scan time 44 ms. The im-
ages were acquired without slice-selection gradi-
ents. During the bolus passage, images were ac-
quired repeatedly with 1.5s intervals.

For comparison, imaging was also performed
using non-hyperpolarized Xe. A syringe filled with
thermally polarized Xe dissolved in ethanol was
placed in the magnet and a spin-echo EPI image
was acquired with parameters: FOV 24X24cm,
matrix 64X64, echo time 192ms, ADC bandwidth
25kHz, without slice gradient. Due to the weak
signal from the non-hyperpolarized Xe, the se-
quence was averaged 64 times with a repetition
time of 300s and a 90° flip-back pulse between
each single-shot acquisition.

The time-course of the signal intensities in the
flow phantom images was measured as the average
signal within a central 1XS5 pixel region perpen-
dicular to the inflow and outflow tubes. The SNR
of all images was measured as the mean signal
within a region of interest (ROI) divided by the
noise level 6. ¢ was estimated using the relation

(1D

2
6= \/: Sback
i

where S, 1s the mean signal within a ROI con-
taining only background noise. For the image of
thermal equilibrium Xe, the measured SNR was
corrected by the method suggested by GUDBJARTS-
soN & Patz (11) for low SNR images:

(Eqn. 1)

Ethanol reservoir

HpXe dissolved

Fl
ow 1 in ethanol

/

16mm

HpXe out

HpXe in

Fig. 1. The flow phantom and image orientation of the echo planar images. In the experiment, no slice selection gradient was used.
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Fig.2. a-h) EPI images showing a time series of flowing Hp '**Xe, acquired at 1.5-s intervals. The acquisition time of each image was 44
ms. The flow direction is indicated in (e). The mean flow velocity was 15cm/s and the HpXe polarization level was estimated to 2%.

|8~ o)

where S is the measured signal intensity. Without
this correction, the SNR of a noisy image would
be overestimated.

To be able to compare the different SNR values,
a normalization was made using the following re-
lation (8):

(Eqn. 2)

Scorrecled =

SNRooCPV,or [ tuq (Eqn. 3)

where c is the spin concentration, P is the polariza-
tion, Vo is the voxel volume and t,q is the total
sampling time. The SNR was normalized to c=1
M, 10mm? voxel volume, 1s sampling time and P
corresponding to thermal equilibrium polariza-
tion.

Results

Solution and relaxation properties: After intense
shaking for 3s, the measured Ostwald solubility
coefficient (the ratio between dissolved concen-
tration and gas concentration) of Xe in ethanol
was 2.8+0.3, corresponding to 87=8mM !*°Xe.
Prolonged shaking (10s) of the gas-ethanol solu-
tion did not significantly increase the solubility.
With only gentle shaking, or without shaking, the
solubility was 1.6+0.3, indicating that an equilib-
rium solution had not been reached.

The T1 relaxation of HpXe dissolved in ethanol
was measured to 55*10s without He bubbling,
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and to 160=11s after He bubbling. The T2 relax-
ation was measured to 25s.

Flow phantom images: A series of eight consecu-
tive EPI images with 1.5-s intervals are presented in
Fig.2. The polarization level at the time of imaging
was estimated to 2% when considering the T1 relax-
ations in both the Tedlar bag and the ethanol. The
time course of the signal intensities are plotted for
the inflow and the outflow tubes (Fig. 3). The delay
between the arrival of the inflow and outflow bolus-
es, as defined by the half-maximum intensity in the
center of the image, was measured to 3.2s. The dis-

—a— inflow
-—— outflow
8o

701

At=32s

60
SO

Signal (a.u.}

301
201

0 5 10 15 20
Time (s)

Fig.3. Time course of the signal intensities in the EPI images of
flowing hyperpolarized Xe. The time delay (At) of 3.2s between the
arrival of the inflow and outflow boluses corresponds to a mean
flow velocity of about 17cm/s. The letters a~h correspond to the
images shown in Fig.2.
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tance traveled by the bolus was about 55cm, hence
the time delay corresponded to a mean flow velocity
of 17cm/s, which was in good agreement with the
stop-watch measured flow of 15cm/s.

The maximum SNR in the flow phantom images
was measured to 74. The SNR of the thermally
polarized Xe was 3.8 (after correction according to
(11)). The normalized SNR values, according to
Eqn. 3, were 14 (flow phantom) and 19 (thermal
polarization), respectively.

Discussion

In the EPI images of the flowing, hyperpolarized
Xe, no severe artifacts related to improper adjust-
ment of the imaging gradients were visible, except
a minor ghost in the phase encoding direction (“N/
2-ghost”). The slight curvatures of the straight
tubes in the flow phantom were caused by By-field
inhomogeneities. The maximum SNR was meas-
ured to 74, and the images were of reasonable qual-
ity. The relatively coarse spatial resolution in the
experiment (3mm) was mainly dictated by the per-
formance of the gradient system. From an SNR
point of view, an increased spatial resolution would
have been possible. The low polarization level dur-
ing the experiment also leaves room for SNR im-
provements. When using Xe at thermal equilib-
rium, an EPI image could only be acquired after
extensive averaging. After normalization accord-
ing to Eqn. 3, the SNR of the hyperpolarized,
flowing Xe was about 25% lower than the SNR
of the thermal equilibrium, static Xe. A possible
explanation for this difference could be flow-in-
duced signal losses, but the normalized SNR
values of the hyperpolarized and the non-hyperpo-
larized images were within the same range and thus
indicated that no major, unexpected signal loss
had taken place, e.g., during the process of solving
the hyperpolarized gas in the ethanol. Neither did
the experiments where the Ostwald solubility coef-
ficient of HpXe in ethanol was investigated indi-
cate any such polarization losses.

The Ostwald solubility coefficient of Xe in etha-
nol, as measured via the NMR procedure in the
present study, agreed reasonably well with reported
measurements of Ostwald solubility coefficients
using radiographic methods (12), where the solu-
bility was 2.47+0.02. The measured T1 and T2
relaxation times of hyperpolarized Xe in ethanol
are 1-2 orders of magnitude longer than the pro-
ton relaxation times within the body. Long relax-
ation times are essential for preserving the magnet-
ization from the injection site to the target organ,
but also for permitting fast, single-shot techniques,
like the EPI sequence. Without a suitable carrier

agent, the relaxation times of Xe in blood is short
(T1 of 3-10s depending on the oxygenation level
(1), T2 of 2-7 ms) (23). When using lipid emulsion
as a carrier, however, the relaxation times may be
prolonged (T1 of 25s, T2* of 37ms) (18).

Taking the normalized SNR from the EPI im-
ages of flowing HpXe as a starting point, the SNR
can be predicted for various scenarios. In our ex-
periments, the polarization level during imaging
was approximately 2%. With further developments
of the optical pumping techniques, and by minim-
izing the delay between the dispensing of hyperpo-
larized gas and injection of HpXe, polarization
levels of at least 25% can be expected for the injec-
tion solution (5). The concentration of HpXe after
i.v. injection is more difficult to estimate because
the bolus will be diluted by the ratio between the
cardiac output and the injection rate (16). Further-
more, when passing the heart, a mixing of the Xe
carrier with blood will occur, which has both a
shorter T1 (3) and a lower solubility for Xe than
the carrier. As a first approximation, one may con-
sider the case of injecting a bolus with 25% polar-
ization of enriched '*°Xe, and ignore relaxation
and dilution of the bolus after injection.

The Ostwald solubility coefficient of Xe in, for
example, perfluorcarbons is 1.2 (24), i.e., half of
the solubility in ethanol. The bolus concentration
would therefore be about 40mM. Assuming the
bolus being imaged with a scanner capable of
gradient strengths of about 40 mT/m, it should be
possible to acquire 64X64 matrix EPI images with
2X2mm? in-plane resolution within 70-80ms.
Based on the measured SNR from our experi-
ments, we estimate that the SNR of such an image
would result in usable angiograms (SNR about
20). This estimation is based on the assumptions
that: a) Xe can be polarized to levels of at least
25%; b) isotopically enriched '>°Xe is used; c) the
vessel diameters are>2mm; and d) the Xe is
solved in a carrier with a solubility of 1.2 or better.
Admittedly, bolus dilution and polarization loss
due to T1 relaxation after injection will diminish
SNR and thus call for further increased polariza-
tion levels, and/or decreased spatial and temporal
image resolution. Clearly, the usefulness of HpXe
and the single-shot EPI technique as demonstrated
in this work, will depend on whether biocompat-
ible carriers with long relaxation times are avail-
able.

Conclusions: Using EPI acquisition, our experi-
ments demonstrated that HpXe MRA images with
32%32 matrix could be acquired with 3X3mm? in-
plane resolution in less than 50ms. Despite the
modest polarization level (<3%) used in the pres-
ent study, the image SNR was high (>70). Al-
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though several technical issues remain to be im-
proved, the experiments hold promise for the fu-
ture use of HpXe as an MRA contrast agent in
combination with ultrafast imaging for studies of,
e.g., vessels subjected to internal motion.
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Abstract

A C-enriched water-soluble molecule, bis—l,1—(hydroxymethyl)—1—13C—
cyclopropane-Dg with °C concentration ~200 mM, was hyperpolarized to
~15% using dynamic nuclear polarization, and was used as a contrast me-
dium (CM) for contrast-enhanced magnetic resonance angiography. MR
angiograms with high signal-to-noise ratio (SNR) were acquired after injec-
tion of the CM in live rats.

The long relaxation times of the CM (in vitro: T, =82's, T,= 18 s, in
vivo: Ty = 40 s, T, = 2 s) were utilized with a trueFISP pulse sequence. It was
shown both theoretically and experimentally that the optimal flip angle was
180°. Contrast-enhanced MR angiography was performed in four anaesthe-
tized live rats after intravenous injection of 3 ml of the CM. In two animals,
the angiograms covered the thoracic/abdominal region and in the two oth-
ers, the head-neck region was covered. Fifteen consecutive images were ac-
quired in each experiment with a flip-back pulse at the end of each image
acquisition.

In the angiograms, the vena cava (SNR = 240), the aorta, the renal arter-
ies, the carotid arteries (SNR = 75), the jugular veins, and several other ves-
sels were visible. The cardiac and pulmonary regions were highly enhanced
(SNR in the heart = 500). Magnetization was preserved from one image ac-
quisition to the next with the flip-back technique (SNR in the heart =10 in
the 15th image).

Keywords: °C, hyperpolarized, angiography, contrast medium.
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Introduction

The most widespread technique for MR angiography (MRA) today is to use
an intravenous injection of a 7}-shortening contrast medium (CM) in com-
bination with 7)-weighted pulse sequences (1, 2). The imaging times for
this contrast-enhanced (CE) MRA technique is substantially shortened as
compared with techniques such as time-of-flight and phase contrast, and it
is relatively insensitive to variations in blood flow velocity. CE-MRA has
consequently increased the clinical impact of MRA. An interesting possibil-
ity to further increase the signal-to-noise ratios (SNR) and contrast-to-noise
ratios (CNR) in CE-MRA would be to use a hyperpolarized (HP) contrast

medium.

It has been demonstrated that certain noble gases (*He, '"¥Xe) can be hy-
perpolarized to a much higher level (> 10%) than that of thermal polariza-
tion of 'H at clinical magnetic fields (~0.0005%). This high degree of po-
larization compensates for the low spin density of the gases 77 vivo, and they
(mostly He) have been used to image airways and lungs (3—5). HP *He and
'Xe have also been proposed for vascular imaging. Helium has low solubil-
ity in blood, but it can be delivered to the vascular system using encapsula-
tion techniques (6-9). Xenon, on the other hand, is directly soluble in
blood, and inhalation of the gas is one possibility to administer HP Xenon
in the human vascular system (10-12). Xenon can also be dissolved in a bio-
compatible carrier (13-16) to be delivered through intravenous injection.
However, even if the hyperpolarized gases could be efficiently administered
to the blood, the inherently low concentration of a gas makes *He and '*Xe
unsuitable as CM for CE-MRA.

A high vascular concentration of a hyperpolarized CM can be obtained if
"C as part of a water-soluble molecule is polarized, instead of '*’Xe and *He.
Earlier, we have presented two different techniques for hyperpolarizing >C
in such molecules and used them for imaging. These polarization techniques
are different from the ones used to hyperpolarize noble gases, and are 1)
parahydrogen-induced polarization (PHIP) (17) and 2) dynamic nuclear
polarization (DNP) (18). The method used in this paper, DNP, has been
used earlier to improve the sensitivity of 7z vitro NMR (19) and for the pro-
duction of polarized targets in neutron scattering experiments (20). The
molecule used here can currently be polarized to ~15% with a concentration
of 200 mM in water. The high degree of polarization, together with the high
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concentration, makes this substance promising as an MRA contrast me-
dium.

Imaging of HP spins requires a different pulse sequence approach than
conventional MR imaging with thermally polarized 'H. For noble gas im-
aging, a fast low angle shot (FLASH) pulse sequence with small flip angle
excitations is commonly used. A small fraction of the hyperpolarized non-
renewable longitudinal magnetization is then utilized in each phase-
encoding step and remaining transverse magnetization is spoiled between
each excitation. Consequently, the FLASH sequence does not take advan-
tage of long 7, relaxation times. A better utilization of the available magneti-
zation is obtained if the transverse magnetization is recycled from one repe-
tition to the next, known in the literature as steady-state free precession
(SSEP). In this paper one such SSFP sequence is studied — the true fast im-
aging with steady-state precession (trueFISP), also called balanced fast field
echo (FFE) — together with a CM having long "’C relaxation times. With
this technique, the long 7; can be utilized, and images with a much higher
SNR than is possible with a FLASH type pulse sequence can be acquired
(21). The existing signal expressions used for description of the trueFISP
pulse sequence are not applicable for the imaging of HP spins, since imaging
must take place during a HP non-equilibrium state of the magnetization.
However, if the relaxation times of the spins are long compared with the
time scale of the imaging; it is still possible to use the trueFISP pulse sequence.

The aim of this study was to use a HP ’C-based substance as a CM for
obtaining MR angiograms with high SNR. The angiograms were obtained
after intravenous injection of the CM in live, anesthetized rats. A trueFISP
pulse sequence was chosen to utilize the long 7, of the CM. The behavior of
the pulse sequence for imaging of HP spins was evaluated.

Theory

Using trueFISP for imaging of hyperpolarized spins

As described by Oppelt ez al. (22), the trueFISP pulse sequence (originally
called FISP) has fully balanced gradient moments and alternating +/— 0 ex-
citation pulses. The gradient scheme is symmetric over a repetition time

(TR), and the time of the echo (TE) is equal to TR/2.

The evolution of the magnetization for a short TR pulse sequence is usu-
ally rather complex. In the trueFISP pulse sequence, however, the balancing
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of the gradient moments prior to each excitation pulse ideally yields zero
dephasing over a TR, and no higher order echoes will be created (23).
Hence, if dephasing effects can be neglected (which apart from gradient bal-
ancing also requires a very homogeneous static magnetic field and/or very
short TR), the magnetization can be described by one single magnetization
vector M. The evolution of M is easily followed during a pulse train of alter-
nating RF pulses. For thermally polarized spins, the longitudinal magnetiza-
tion is recovering through 7 relaxation between each RF pulse, and M will
oscillate towards a coherent steady state with increasing number of RF
pulses. The oscillation is greatly reduced if the pulse train starts with a 6/2-
pulse (Figure 1) (24). For HP spins, however, the effect of 7] relaxation is
the opposite, and instead of reaching a steady state, the magnetization
eventually decays to the thermal equilibrium value (Figure 1).

This requires a different acquisition approach when imaging HP spins. In
general, it is preferable to acquire the image during steady state, because sig-
nal modulations during 4-space encoding may result in image artifacts (25,
26). However, if the HP spins have long relaxation times when compared
with the acquisition time, the signal variation during the approach to steady
state (i.e., virtually zero) will be small as long as the 6/2 pre-pulse is used.
Therefore, it is possible to acquire the image during this “pseudo steady
state” without risk of severe artifacts.

The existing signal equation for trueFISP (22) is only valid for thermally
polarized spins at steady state. An expression valid for a signal acquired from
HP spins before the steady state is reached must include the number of RF
pulses experienced by the spins. The derivation of such an equation is per-
formed below, for on-resonance spins:

The magnitude |M,| of the magnetization vector after the n-th 6 pulse
can be described by its components M, and M, :

= (M2, + M} )1/2. (1]

v

a1,

The RF pulses, having alternating phase, flip the magnetization back and
forth an angle & 6. If the relaxation times are long as compared with the im-
aging time, the angle of M is approximately constant and equal to 6/2, rela-
tive to the direction of the static magnetic field. Then, the components of
M, decay by E|, = exp(-TR/T}) and E, = exp(-TR/7)) from one RF pulse to

the next:
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Mz,n = Ele,n—I

M,,=EM 2]
yn 2 yn=l *

Insertion of Eq. [2], together with M, ,=|M,|cos(6/2) and
M,, =|M,|sin(6/2), into Eq. [1] yields:
) 1/2
0
in— . 3
smz] ] (3]

2
cos g) + (Ez |M,,_1

By using the principle of induction and assuming that the initially avail-

M,,= sing[(EJMn_l

able magnetization is M, (, Eq. [3] may be rewritten according to:

5 5 n/2
M,, =M, sing{(E1 cosg) +(E2 sing) ] . (4]

With finite relaxation times, the angle of M will differ slightly from 6/2,
which will introduce an error in Eq. [4], increasing with increasing 7. With
a TR of 3.6 ms (as used in the experiments), this error after 256 RF pulses is
< 2% for 7, values above 200 ms.

The signal in the reconstructed image is proportional to the signal in the
central k-space line. If linear phase-encoding is used with 7 encoding steps,
the signal from the HP spins in the image is thus found by evaluating Eq.
(4] for M,,,,,. It T} and T, are large as compared with TR, the expression
can be approximated by M, ,= M ,,sin(6/2), yielding an optimal flip an-
gle of 180°. This can be compared with the optimal flip angle in the thermal
steady-state signal expression for trueFISP (22), which is always < 90°.

It is of interest to compare the signal obtained from a trueFISP pulse se-
quence with the corresponding signal from a FLASH pulse sequence, in
which all transverse magnetization is assumed as being spoiled prior to each
RF pulse: immediately after the n-th RF pulse, the available longitudinal
magnetization is described by M, ,=E,M,, cos6, and tan6@=M , [ M,_,.
This leads to the signal equation for the FLASH pulse sequence in the case
of HP spins:

M,,=M,,sin Q(E1 cos Q)H. (5]
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Methods

Polarization procedure

The contrast medium used in the present work combines a high concentra-
tion of the NMR active nucleus with a high degree of polarization and long
relaxation times. The molecule used as a contrast agent, bis-1,1-
(hydroxymethyl)-1-""C-cyclopropane-Ds, is a compound with good proper-
ties for the DNP polarization method. It is highly soluble in water, has a low
toxicity, and it is biologically stable on the time scale of the imaging experi-
ment. Long relaxation times of the single ’C nucleus are obtained, owing to
the molecular structure and the deuteration.

The paramagnetic agent needed for the DNP process, the triarylmethyl-
radical tris (8-carboxy-2,2,6,6-tetra-(hydroethyl)benzo[1,2-d:4,5-d"]-
bis(1,3)dithiole-4-yl) methyl sodium salt (27), dissolves readily at a concen-
tration of 15 mM in the contrast agent. Beads of 1-2-mm diameters were
made from this solution by forming droplets that were frozen in liquid ni-
trogen. Approximately 100 mg was transferred into a small cup under liquid
nitrogen. The cup had been made from thin-walled, 0.1-mm, Kel-F and was
placed in a long Teflon tube. The Teflon tube was inserted into a pumped
helium bath (1.3 K) and a magnetic field of 3.35 T. The sample was irradi-
ated for a time of at least one hour (polarization time constant approx.
3600 s) at a microwave frequency of 93.925 GHz. The C nuclear polari-
zation thereby approached 20% in the solid state through the thermal mix-
ing effect. When the solid sample had been polarized, it was raised approxi-
mately 10 cm from the magnetic center out of the liquid helium bath, while
still in high magnetic field and cold helium gas. A Teflon stick then tightly
embraced the sample cup. The Teflon stick had two thin Teflon tubes at the
center allowing hot water (~95° C) to be injected into the sample cup and
the dissolved material to leave the cup and fill a syringe with 3-5 ml of the
HP solution. In the syringe, the concentration of the contrast agent was ap-
prox. 200 mM, with a polarization of approx. 15%. The concentration of
the paramagnetic agent was 0.1 mM. The temperature and pH of the solu-
tion were ~37° C and ~7, respectively.

MR scanner and pulse sequences

All imaging experiments were performed using a 2.35 T animal MR scanner
(Biospec 24/30, Bruker Biospin, Ettlingen, Germany). A "C/'H double-

tuned birdcage coil was used.
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A trueFISP pulse sequence was implemented on the scanner (TE/TR =
1.8/3.6 ms, BW = 80 kHz, FOV =70 X 70 mm” and matrix = 64 X 64, read
oversampling was used). All images were acquired as projection images
without a slice gradient.

A 6/2 pre-pulse pulse was applied at a time TR/2 before the first 8 pulse,
as described in the theory section. At a time TR/2 after the last 6 pulse in
each image acquisition, a 6/2 flip-back pulse was applied in order to store
the magnetization in the longitudinal direction for further imaging. Fol-
lowing the flip-back pulse, a spoiling gradient was applied to destroy any
remaining transverse magnetization. Images could be acquired consecutively,
separated in time by an arbitrary time gap.

For comparison, a standard FLASH pulse sequence was also used in the
phantom experiments. The parameters of this sequence were
TE/TR =1.8/15 ms, BW =80 kHz, matrix =064 X 64 (read oversampling
was used) and FOV = 70 X 70 mm?. No slice selection was used.

In vitro experiments

Eight polarizations were used to determine the flip angle dependence of the
trueFISP pulse sequence. The contrast medium from each polarization was
dissolved in water to 20 ml (concentration = 40 mM) and evenly distributed
to five 5-ml syringes. The syringes were then imaged one at a time using the
trueFISP pulse sequence. The duration between the injection of hot water to
dissolve the frozen CM and the first image acquisition was about 0.5 min.
The first and the last syringe in each polarization batch were always imaged
with the same flip angle (6=70°). These images were used for estimation of
the 77 of the contrast medium by assuming a mono-exponential 7; decay
between the two acquisitions. The other three acquisitions from each batch
were acquired with flip angles ranging from 10° to 180°. The SNR in the
images were evaluated by dividing the signal mean in a region of interest
(ROI) over the syringe by the signal mean in a ROI over an area containing
only noise. For each batch, the SNR in the images were corrected for 7 de-
cay. To compensate for differences in polarization between the different
batches, the measured SNR from the different batches were also normalized
using the acquisition with 8= 70°. For comparison, two polarizations were
used to acquire corresponding SNR values with the FLASH pulse sequence.

Two experiments were performed for validation of the flip-back concept
and for estimation of the 7; of the substance in water. Immediately after
each polarization, a syringe was filled with 5 ml of the CM, and 15 con-
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secutive trueFISP images were acquired using 6= 180°. The time gap (end
of one image to start of next) between two images was approximately 20 ms.
In the first experiment the phase-encoding gradients were turned off, and
the efficacy of the flip-back pulse was studied by observing the signal drop
during acquisition. In the second experiment, the phase encoding was
turned on, and an approximate 7, value was calculated by fitting a mono-
exponential function to the signal in a large ROI placed over the syringe in
each image.

In vivo experiments

A series of in vivo experiments were performed using four male Wistar rats
(280-440 g). All the experiments were approved by the local ethical com-
mittee (Malmi/Lunds djurforsiksetiska nimnd; appl. no. M1-01). The ani-
mals were anaesthetized with a mixture of tiletamine/zolazepam (Zoletil® 50
vet., Boehringer Ingelheim, Copenhagen, Denmark) and xylazine (Rom-
pun® vet., Bayer, Leverkusen, Germany). In all the experiments 3-3.5 ml of
the hyperpolarized C-based CM (concentration ~200 mM, dissolved in
water) was manually injected in the tail vein of the animal with an injection
rate of approximately 0.5 ml/s. Image acquisition started immediately after
the end of the injection. The trueFISP pulse sequence described above was
used in all the experiments. The flip angle was set to 180°. Using the flip-
back concept, a series of 15 consecutive images was acquired, with a time
gap of 20 ms. Two animals were imaged with a FOV covering the thoracic
and the abdominal region. The other two animals were imaged with the
FOV covering the head-neck area.

The images were evaluated by means of SNR calculated from the mean
signal in a ROI in the first image, divided by the mean noise value in an
ROI drawn outside the animal in the last image of the series. The last image
has a greatly reduced "°C signal as compared with the first image and was
chosen for the noise measurement to minimize signal contamination from
image artifacts.

To estimate the 7, of the *C-based CM 77 vivo, the total signal in a large
ROI covering the whole image was measured in all images of the series cov-
ering the abdomen. The 7z vivo T, value had been measured to be 38 s in
separate experiments (28).
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Results

In vitro experiments

The 7, for the *C substance in water was estimated at 82 + 6 s (mean result
from eight polarization batches). The experiment with 15 consecutively ac-
quired images without phase encoding showed that the flip-back pulse pre-
serves the magnetization from one image to the next (Figure 2). From the
corresponding experiment with phase encoding turned on (Figure 3), the
apparent 7, was estimated at 18 s. The relaxation times were put into Eq.
[4]. The outer parenthesis in Eq. [4] then becomes close to 1, and with
n = 64/2, the expression in practice reduces to sin(6/2). The signal thus in-
creases with increasing flip angle, with a maximum at 180° (Figure 4). The
measured signal values agree well with the predicted theoretical values.

For the corresponding FLASH sequence, the optimal flip angle is much
smaller, approximately 10° (Figure 4). For flip angles larger than 30° the
signal is practically zero. With the present sequence parameters, the maxi-
mum achievable signal from the two sequences theoretically differs by a
factor of nine. This was also was confirmed experimentally.

In vivo experiments

The vena cava, aortic arc, lower part of the carotid arteries, aorta and renal
arteries were visible in the first angiogram of a series of 15 images covering
the thoracic and abdominal area (Figure 5a). SNR in the vena cava was 240.
The cardiac and pulmonary areas were also highly enhanced, with an SNR
in the cardiac region of 490. Using the flip-back concept, it was possible to
preserve signal from one image acquisition to the next. Figure 5b shows the
fourth image of the series, and SNRin the cardiac region and the vena cava,
respectively, was 260 and 85. In the 15" and last image, the corresponding
cardiac SNR value was 13. In the equally acquired image series of the second
animal, the cardiac SNR values in the first and last image were 540 and 9.

Some minor image artifacts were visible in the phase-encoding direction
around the cardiac region. These artifacts probably originate from the pul-
satile and complex flow of the CM in the heart. However, due to the short
TE and TR of the pulse sequence, these effects were small.

To estimate the 7, of the *C-based CM 77 vivo, the total signal in a large
ROI covering the whole image was measured in all the images of the first
series (Figure 3). The signal drop in this i vive situation is due to 75, but
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also to several other sources such as flow and motion. A “worst-case” 7,
value can still be calculated, and from the signal decay in Figure 3 it was es-
timated at 1.3 s.

In the angiograms covering the head-neck area, the common carotid ar-
teries and the external jugular veins, along with several other vessels, are
clearly discernible (Figure 6). From a small signal ROI positioned in the up-
per part of each carotid, SNR was calculated to be 74 and 76, respectively.
Apart from the vascular enhancement, tissues outside the main vessels are
also enhanced, indicating that the CM leaks to the extravascular space.

Discussion

We have demonstrated that it is possible to hyperpolarize °C as part of a
water-soluble molecule and use it as a contrast medium for contrast-
enhanced MR angiography. The high polarization level, together with the
high concentration of the substance, made it possible to acquire angiograms
with a high SNR (SNR = 500 in the cardiac region) after intravenous injec-
tion in live rats.

The long relaxation times of the CM were utilized with a trueFISP pulse
sequence. The use of a trueFISP pulse sequence for imaging HP spins differs
from imaging thermally polarized spins. Imaging must be performed before
a steady state is reached, and it is therefore favorable to use flip angles larger
than 90° if the 7, of the HP substance to be imaged is long. It was shown
that the maximum achievable signal from the trueFISP pulse sequence with
the current parameters and for the current HP "’C-based CM was a factor
nine higher than the maximum achievable signal from a corresponding
FLASH pulse sequence (both sequences using linear phase-encoding order).

The signal decay during image acquisition is a function of both 7} and 7,
relaxation (Eq. [4]). For small flip angles the magnetization is mostly di-
rected longitudinally, and signal decay is dominated by 7 relaxation. For
larger flip angles the 7, relaxation time is the dominating source of signal
decay. The optimal flip angle depends on both the relaxation times and the
number of RF pulses. For long 7, relaxation times and short acquisition
times, as in the experiments performed here, the optimal flip angle is close to
180°. If longer acquisition times are to be used (e.g., for 3D imaging) or if it
is important to keep a uniform signal over several image acquisitions, it is
preferable to use a smaller flip angle, because the slower 7 relaxation pre-
serves magnetization better than the faster 7, relaxation.
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The 7 of the ’C-based CM is very long. In this study, the apparent 7,
relaxation time was estimated at 18 s in water and 1.3 s iz vivo in rats. Pre-
viously, the 7, relaxation has been measured 77 vitro to be approximately 4 s
in human blood (28). The apparent 7, relaxation time is composed not only
of pure 7, relaxation, but it also contains signal losses from other sources,
including non-perfect flip-back of the magnetization between images. As
shown in the in vitro experiment (Figure 2), these losses were, however,
small. The trueFISP pulse sequence relies on preserved phase coherence
from one pulse to the next, and all effects the causing a non-perfect phase
rewinding degrade the signal. One such effect is spins being off resonance.
We believe this to be the cause of the weak signal oscillation seen in Figure
2. Another effect is flow/motion. However, the pulse sequence design is such
that the complete balancing of the readout gradient makes it first-order
flow-compensating over a whole TR. Even though the sequence is not flow
compensated at the center of the echo (i.e., at TE), a constant flow in the
readout direction will be properly rewound before the next pulse, and will
not disturb the phase coherence. The same is true of the slice selection gra-
dient, if it is used. In the experiments performed here, the images were ac-
quired as projection images without slice-selection gradients. The phase-
encoding gradients, on the other hand, are not flow compensated. All kinds
of flow/motion in the phase-encoding direction, together with flow of
higher orders in the readout direction, could therefore cause dephasing
problems and signal degradation.

The trueFISP pulse sequence is normally very sensitive to magnetic field
inhomogeneities. The net dephasing over one TR due to field inhomogene-
ity is proportional to the gyromagnetic ratio, % of the nucleus being imaged.
Because yi3¢/71n = 1/4, these effects are reduced by the same factor for °C
compared with "H. Furthermore, if the trueFISP pulse sequence is used with
0=180°, starting with a6/2 prepulse, it becomes similar to a single-shot
rapid acquisition with relaxation enhancement (RARE) pulse sequence (29).
RARE is not sensitive to field inhomogeneities, and accordingly the use of a
180° flip angle in the trueFISP pulse sequence makes it behave similar to the
RARE sequence in this respect. A different behavior of the trueFISP and the
RARE sequences can be expected for moving spins, though, due to the dif-
ferent gradient scheme, as discussed above.

To minimize any kind of dephasing effects, it is important to keep the TR
of the pulse sequence short. The gradient strength needed to generate an
image with a certain FOV for a given TR is dependent on the nuclei being
imaged — the lower the 3, the stronger gradients needed. Hence, even if the
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low 7 of °C reduces the sensitivity to field inhomogeneities, it could also
prolong the shortest usable TR or increase the smallest possible FOV.

The specific absorption rate (SAR) could limit the use of large flip angles
clinically. Large flip angles, together with short TR, lead to a large RF depo-
sition that could exceed allowed SAR levels. One way to reduce such prob-
lems is to simply use smaller flip angles. Another way could be to acquire
several echoes between each excitation pulse (30).

The obtainable SNR from the hyperpolarized ?C CM can be compared
with what is currently possible with conventional "H-based techniques. The
product of the polarization degree, the concentration, and the gyromagnetic
ratio of the nucleus used gives an indication of the achievable SNR during a
given imaging sequence. The present ?C-based CM can routinely be polar-
ized to about 15%, and the y of °C is =10.7 MHz T Assuming a vascular
CM concentration of 10 mM in the vessel of interest after intravenous in-
jection in a patient, and that polarization losses are small between injection
and imaging, this product will be the same order of magnitude as for fully
relaxed blood in a 1.5 T clinical scanner (polarization = 5-107, "H concen-
tration = 80 M, and y= 42.6 MHz T™). It is also likely that the polarization
process can be developed further so that the polarization and the concentra-
tion of the ’C-based CM is increased enough to yield an additional im-
provement of the SNR by at least one order of magnitude.

Another important difference between 'H imaging and imaging of hyper-
polarized nuclei is the dramatic increase in CNR. Signal will only be present
where the CM is present, and as long as it stays in the vascular space, en-
hancement of surrounding tissue will be minimal. This could be utilized for
simplified image protocols. For example, the 2D projection images acquired
here are similar to a single view of the maximum intensity projection (MIP)
angiograms commonly used in '"H CE-MRA. The difference is that these
2D images are acquired very fast, whereas in '"H imaging a time consuming
3D acquisition followed by MIP reconstruction is required. In the former
case however, information from multiple view angles will not be available.

This study focused on using HP ">C as a contrast medium for MR angi-
ography. Another challenging task would be to use HP "°C for perfusion
studies. The simple relationship between signal and tracer concentration
makes HP "°C promising for quantification purposes.
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Conclusion

MR angiograms with high SNR were obtained in live rats after intravenous
injection of a hyperpolarized '>C-based contrast medium. The long relaxa-
tion times of the CM was utilized with a trueFISP pulse sequence, and with
the current sequence parameters it was possible to gain a factor nine in signal

as compared with the maximum obtainable signal from a corresponding
FLASH sequence. This new class of CM may add value to conventional
contrast-enhanced MR angiography.
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Figure 1.

150 200 250 300
# RF pulses

Simulation of transverse magnetization at TE during a trueFISP pulse train
assuming thermally polarized spins without (thin line) and with (thick line)
a 6/2 pre-pulse. The number of pulses required to reach steady state is
the same in both cases, but oscillation is greatly reduced if a pre-pulse is
used. T,/T,=1200/150 ms (blood), TE/TR =5/10 ms, 6= 60°. For hyper-
polarized spins (T,/T, = 5000/500 ms) no steady state is reached, instead,
the magnetization eventually decays to the thermal equilibrium value
(dashed line). The thermally and hyperpolarized curves are normalized to
have equal amplitudes after RF-pulse #1.
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Figure 2.  The maximum echo amplitude from each phase-encoding step in an ex-
periment with 15 consecutively acquired images. Data from the first 6
images are shown. The experiment was performed without phase-
encoding gradients to study the efficacy of the flip-back pulse. Each im-
age acquisition consists of 64 phase-encoding steps, preceded by a 6/2
preparation pulse, and ended by a 6/2 flip-back pulse to store the mag-
netization in the longitudinal direction. Dashed lines indicate the position
of the flip-back pulses. The magnetization is well preserved from one im-
age acquisition to the next.
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Figure 3.
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Signal variation in 15 consecutively acquired images using the flip-back
technique and 8= 180° for HP "°C in water (circles) and in vivo (squares).
Signal is preserved from one image to the next, but decays faster in vivo
than in the water. Assuming that no magnetization is lost in the flip-back
process or between image acquisitions, the signal drop reflects the T, re-
laxation. The lines in the figure are mono-exponential fits to the meas-
ured values, yielding T,= 18 s for the 'C molecule in water, and
T,= 1.3 sin vivo.
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Figure 4. Flip angle dependence for the trueFISP pulse sequence and the hyperpo-
larized *C-based contrast medium. Measured values (®) and theoretical
values calculated using Eq. [4] (solid line) agree very well. The optimal flip
angle is 180°. The two data sets are normalized at 70°. For comparison,
the corresponding calculated (dashed line) and measured values (O) for a
FLASH pulse sequence are also plotted.
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Figure 5.

Series of angiograms covering the thoracic and abdominal area, acquired
immediately after intravenous injections of 3 ml hyperpolarized *C CM.
The first image in the series (a) visualizes several of the main vessels in the
area. Using a flip-back pulse between image acquisitions, steady-state
magnetization could be preserved, and signal remains high in subse-
quently acquired images. (b) is the fourth image from the same image se-
ries.
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Figure 6.

=22

The first image in a series of angiograms covering the head-neck area,
acquired using the same technique as for the thoracic-abdominal angi-
ograms in Figure 5. Several of the major vessels are clearly discernible, but
there is also some enhancement of other tissue, indicating a leakage of
the *C CM into the extravascular space.
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Quantitative Measurement of Regional Lung Ventilation

Using *He MRI

Anselm J. Deninger,” Sven Mansson,?* ]. Stefan Petersson,’' Géran Pettersson,’
Peter Magnusson,” Jonas Svensson,® Bjérn Fridlund,' Georg Hansson," Ingrid Erjefeldt,”

Per Wollmer,* and Klaes Golman'

A new strategy for a quantitative measurement of regional pul-
monary ventilation using hyperpolarized helium-3 (*He) MRI has
been developed. The method employs the build-up of the signal
intensity after a variable number of *He breaths. A mathematical
model of the signal dynamics is presented, from which the local
ventilation, defined as the fraction of gas exchanged per breath
within a given volume, is calculated. The model was used to
create ventilation maps of coronal slices of guinea pig lungs.
Ventilation values very close to 1 were found in the trachea and
the major airways. In the lung parenchyma, regions adjacent to
the hilum showed values of 0.6-0.8, whereas 0.2-0.4 was mea-
sured in peripheral regions. Monte Carlo simulations were used
to investigate the accuracy of the method and its limitations.
The simulations revealed that, at presently attainable signal-to-
noise ratios, the ventilation parameter can be determined with
a relative uncertainty of <5% over a wide range of values.
Magn Reson Med 48:223-232, 2002. © 2002 Wiley-Liss, Inc.
Key words: hyperpolarized gas MRI; functional MRI; helium-3;
MRI of lungs; regional pulmonary ventilation

The measurement of regional pulmonary ventilation is of
major importance in studies of lung physiology and inves-
tigations of lung disease. It is well known that ventilation
deficiencies are symptomatic in many obstructive or re-
strictive pulmonary diseases. Established techniques for
studies of the regional distribution of ventilation are based
on measurement of the delivery (wash-in) or the clearance
rate (wash-out) of radioactive gases with a long half-life,
e.g. "**Xe (1). With short-lived radioactive gases, such as
81Ky or '“Ne, regional ventilation can be studied during
continuous inhalation of the gas (2,3). Qualitative infor-
mation about regional ventilation can also be obtained
with radioactive aerosols (4). However, the temporal reso-
lution of these techniques is on the order of 10 min. A
better temporal resolution has been obtained using X-ray
CT with xenon gas as a contrast agent (5-7). In those
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studies, information about regional pulmonary ventilation
is obtained either from the subtraction of xenon enhanced
and unenhanced images, or from sampling regional tracer
delivery or clearance followed by mathematical analysis of
the concentration—time curves. However, apart from limi-
tations in spatial resolution or sensitivity, these methods
involve exposing the subject to ionizing radiation during
the examination.

The advent of hyperpolarized *He MRI opened the pos-
sibility to visualize ventilated airspaces of the lungs in a
noninvasive way. Morphological studies have demon-
strated pronounced differences in the signal distribution
between healthy and diseased lungs (8—11). Irregular sig-
nal patterns observed, e.g., in asthmatic or emphysema-
tous lungs have enabled the qualitative identification of
local ventilation deficiencies. In addition, rapid imaging of
the lungs allowed a dynamic visualization of gas flow
patterns, permitting an investigation of inspiration and
expiration processes with subsecond temporal resolution.
Such studies have been carried out using FLASH (12), EPI
(13), or spiral sampling techniques (14), the latter being
particularly advantageous in terms of temporal resolution.

In addition to spin-density imaging, the spin-lattice re-
laxation time T, of *He in the lungs can be exploited to
quantify the intrapulmonary oxygen partial pressure pg,
(15-18). The distribution of oxygen present immediately
after an inspiration of air is, at first approximation, deter-
mined by ventilation-dependent oxygen delivery. Oxygen-
sensitive *He-MRI techniques therefore provide insights
about regional lung ventilation.

In the present investigation, a quantitative MRI-based
technique for the determination of lung ventilation is pre-
sented. The signal development after wash-in of the con-
trast medium, hyperpolarized *He, is described in a math-
ematical model, which introduces a regional ventilation
parameter. This approach permits a rapid and accurate
evaluation of pulmonary ventilation. Results are presented
as parametric images, allowing regional quantification of
pulmonary ventilation on a pixel-by-pixel basis.

THEORY

The concept of the method is sketched in Fig. 1. Several
breathing cycles are performed, each cycle consisting of a
constant number of N air breaths, followed by a variable
number of n pure *He breaths. The time interval between
two consecutive breaths is 7. A single image is taken im-
mediately after the last *He inspiration of each *He-breath-
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FIG. 1. Sketch of the breathing cycles used in the experiment. Each cycle consists of a constant number of N air breaths, followed by an
increasing number of n = 1, 2, 3, ..., 7 helium breaths. Imaging is performed during inspiratory apnea after the last >He breath of a cycle.

ing interval. Since only one image per cycle is acquired,
RF depolarization of *He need not be considered in the
following derivation.

Our model treats ventilation as a discontinuous, cyclic
process, similar to the approach by Moller et al. (18).
During each *He inspiration, a fraction r of a given volume
element is replaced by fresh He gas, and a fraction g
contains gas remaining from previous inspirations.

We accordingly define the ratios r and g:

__ Y%
= Vi + Vo
Vﬂld
=T [1]
I= Vo Vo

where V,,;;and V,, denote the volumes of old and fresh gas
within the volume element, respectively. Certainly, ¢ =
1 — r. Dead space gas is, to a first approximation, included
in the fraction q.

We assume that breaths are identical, which is well
fulfilled during mechanical respiration as employed in
this study. The parameter r then gives the per-breath gas
exchange ratio, which is used as a measure of lung venti-
lation. A novel approach of the presented model is to treat
q and r as locally variable parameters, which allows an
assessment of lung ventilation on a submillimeter scale.

After the j-th inspiration of *He in cycle n, the available
nuclear magnetization M(j, n) of *He within a given vol-
ume element consists of (i) the magnetization M,,,, of the
fraction (1-q) of fresh *He, and (ii) the magnetization of the
fraction g of *He remaining from previous breaths of the
same cycle (for j = 2). Fraction (i) is subject to spin-lattice
relaxation in the external reservoir, T, . which mainly
results from surface relaxation (19,20) and field gradient
relaxation (21,22). Fraction (ii), by contrast, is affected by
oxygen-induced relaxation in the lung, T, o,, during the
interval 7. Other relaxation mechanisms, such as *He di-

polar relaxation (23) and surface relaxation within the
lung (16) play an insignificant role only and are neglected
here.

Thus, the net magnetization M(j, n) in the volume of
interest can be written recursively:

M(j,n) = Mpe(n) - (1 = q) - exp( = [j = 117/ T ox)
+ MG —1,n)q-exp(—1/Ti0) [2]

with a start value M(0, n) = 0 and an exponentially de-
creasing “reservoir magnetization” M,,,,(n)

My(m) = C exp( ~ binyg )

b(m) = (n=1):N+Xi=(n-1DN+»). 3]

i=1

Here, b counts the total number of inspirations between
the first *He breath of cycle 1 and the first *He breath of
cycle n, and C is a proportionality factor.

Oxygen-induced relaxation within the lungs is caused
by dipolar coupling between electronic spins of O, and the
nuclear spins of *He (24). The inverse of T, , is propor-
tional to the oxygen partial pressure po,. When the in-
spiratory gas is switched from air to *He, oxygen present in
the lungs is washed out. After j inspirations of *He, p, has
decreased to:

Poe(j) = poq’. [4]

Po denotes the oxygen partial pressure present within
the volume element prior to the first °He breath of a cycle.
For simplicity, we neglect the uptake of oxygen into the
blood, which will be justified by calculations presented
below. The oxygen-induced relaxation time of *He after
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breath j, denoted T, o, (j), is in this approximation only
influenced by the wash-out of pg, and given by:

T1.02()) = &/ poe(f) = €/(poq). [5]

¢ is a proportionality factor that has a value of approxi-
mately 2.6 bar - s at body temperature (24).

For abbreviation, we define E = exp(~r/ T, .,,). Inserting
Egs. [3] and [5] into Eq. [2] yields:

M(j,n) — CE(n 1)(1\’4:1/2)Ej 1(1 — q)

+qM(j— 1,n>exp( -B qg ) (6]

Equation [6] can be rearranged to explicitly express the
signal intensity S(n), which is proportional to the magne-
tization M(n, n) of the imaged breath:

S(n) = const+ E™ 1)(N+n/2)
k

n-1 _xk-1
X (1-— q)E(E"’”qkexp( - pOT;]" Eq">). [7]

k=0

Elimination of the inner sum in Eq. [7] gives the final
expression for the MR signal of the considered volume
element after the n-th *He inspiration:

S(n) = const - E(n—1)(N+n/z)

_ < n—k-1_k ,p"'rqnik(l — qk)))
X (1 q)%(E q exp< R — . (8]

A nonlinear least-squares fit of the signal intensities of
the n images to Eq. [8] is used to compute the ratio q and
thus the ventilation parameter r = (1 — q).

MATERIALS AND METHODS
Polarization and Administration of *He

“He was polarized using spin-exchange optical pumping,
which has been described in detail elsewhere (25,26). In a
prototype commercial polarizer (IGI 9600 helium polar-
izer, Amersham Health, Durham, NC), a gas quantity of
1.1 bar - liter was polarized to 30—40% within 10—15 hr.

The polarized gas was transferred into a plastic bag
(volume 300 ml, Tedlar®; Jensen Inert, Coral Springs, FL),
which was connected to an in-house-built respirator. Via a
switch valve, the computer-controlled respirator was ca-
pable of administering either air or hyperpolarized *He to
the animal. The plastic bag containing *He was placed
within a rigid cylinder and positioned 0.5 m outside the
magnet. To expel the polarized gas, the cylinder was pres-
surized with argon. The computer control also served to
trigger the MR imaging sequence, i.e., to synchronize gas
delivery and imaging. The reproducibility of administered
gas volumes was tested in separate experiments and was
better than 2%.
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Animal Preparation

All experiments were approved by the local ethical com-
mittee (Malmé/Lunds djurforsoksetiska ndmnd; appl. no.
M283-00). Four Albino guinea pigs (male, 350—-400 g;
breeder: M&B, Ry, Denmark) were anesthetized with a
mixture of tiletamine/zolazepam (Zoletil® 50 vet., Boehr-
inger Ingelheim, Copenhagen, Denmark) and xylazine
(Rompun® vet., Bayer, Leverkusen, Germany) intraperito-
neally and butorphanol (Torbugesic®; Fort Dodge Animal
Health, Fort Dodge, IA) intramuscularly. The left jugular
vein and the right carotid artery were catheterized for
intravenous administration of anesthesia and a neuromus-
cular blocking agent (pancuronium, Pavulon®; Organon
Teknika, Boxtel, the Netherlands), and for measurement of
arterial blood pressure. After tracheal intubation, the ani-
mals were placed in the MR scanner in supine position
and ventilated by the respirator mentioned above. During
the experiment, body temperature, blood pressure, in-
spiratory pressure, and tidal volume were monitored con-
tinuously. The breathing rate was set to 40 breaths/min (v
= 1.5 sec). The inspiratory pressure was 12 mbar and the
tidal volume 0.7-0.8 ml per 100 g body weight. Inspiration
and expiration times were 0.5 sec and 1.0 sec, respectively.
N = 20 air breaths were administered per breathing cycle
for equilibration, followed by n = {1, 2, ..., 7} *He breaths.
Immediately after the last *He inspiration of each cycle,
imaging was performed during a 2-sec breathhold period.

Imaging

All experiments were performed on a 2.35 T scanner (Bio-
Spec, Bruker Medical, Ettlingen, Germany) using a dual-
frequency birdcage RF coil (Bruker Medical) with 72 mm
diameter, operating at the Larmor frequencies of 'H
(100.1 MHz) and °He (76.3 MHz). Coronal, sagittal, and
axial proton scout images were acquired for proper local-
ization of the *He images.

%He imaging of a single, coronal slice of the lungs was
performed using a gradient echo sequence with TR =
15 ms, TE = 2 ms, flip angle ~ 15°, field of view = 60 X
50 mm?, slice thickness 5 mm, acquisition matrix 64 X
64. Before and after the air/He cycles sketched in Fig. 1,
He reference images were obtained in order to monitor
the T, relaxation of the hyperpolarized gas in the plastic
bag.

Data Analysis

Data analysis was carried out using software implemented
in MATLAB (MathWorks, Natick, MA). In a first step, the
external relaxation time T, ., was computed from the
decay of the average image intensity of the reference im-
ages. Then, a pixel-by-pixel least-squares fit of Eq. [8] was
performed to calculate the ventilation parameter r. Noise
pixels were excluded by selecting a threshold SNR of 10 in
the first image (n = 1, i.e. the image with the lowest signal
intensity). Throughout the work, the SNR of a pixel was
computed by dividing the pixel intensity by the noise
level, which was estimated from the mean background
signal S, using the simple relation (27):

noise = \2/7Syack- [9]
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FIG. 2. Coronal *He images of a guinea pig’s lungs, acquired after n helium breaths. Voxel size is 0.9 X 0.8 X 5 mm?3.

For the oxygen partial pressure, an input value of p, =
135 mbar was used in the fit, employing the result of an
oxygen measurement in guinea pig lungs published by
Moller et al. (18).

In order to test less *He-consuming variants of the ex-
periment, additional data analysis was performed within a
reduced subset of images. Apart from the entire series
(images after cycles with {1...7} He breaths), only those
images acquired after {1...5} and {1, 2, 5} breaths were
analyzed in a representative animal (#3).

Simulation of Input Parameter Sensitivity

In order to investigate the influence of errors in the input
parameters p, and T, ., simulated noiseless signal inten-
sities were generated according to Eq. [8] using a simula-
tion program implemented in Delphi 5.0 (Borland Soft-
ware Corp., Scotts Valley, CA). Signal intensities were
simulated with p, ranging from 0-200 mbar and T, .
ranging from 5-100 min. The ventilation parameter r was
calculated from the simulated intensities using fixed val-
ues of p, = 135 mbar and T, ,,, = 30 min, and the result
was compared with the actual value of r used for genera-
tion of the simulated intensities.

Simulation of Noise Sensitivity

Monte Carlo (MC) simulations of the signal dynamics (Eq.
[8]) were performed to test the accuracy of the measure-
ment method. Pixel intensities were computed as a func-
tion of r and the SNR of the first image using fixed values
for the parameters p, and T ... The intensities were sub-
sequently obscured by noise, assuming a Gaussian distri-
bution of intensities around the true value (27,28). For
each combination of input r and SNR, the simulation was
repeated 1000 times and the standard deviation Ar of the

resulting distribution of r was calculated and used to quan-
tify the uncertainty of the ventilation parameter.

In addition, the *He-saving experiments using a reduced
number of breathing cycles were simulated. Cycles with
{1...7},{1...6}, {1...5}, {1...4}, and {1...3} He images, as well
as combinations of images acquired after {1, 2, 4}, {1, 2, 5},
or {1, 3, 5} He breaths were evaluated. Of all possible
combinations of three air/°He cycles, only combinations
starting with n = 1 were included, in order to minimize
the total *He consumption.

RESULTS
Imaging

In all animals, lung images with typical SNR values rang-
ing from 50 (first image, 1 He breath) to 85 (last image, 7 He
breaths) were obtained. A representative set of spin den-
sity images (animal 1) acquired after n He breaths (n =
1...7) is shown in Fig. 2. Apart from the lungs, the trachea
and the main bronchi are visible in the selected slice. The
external relaxation time T, ,,, was computed from refer-
ence images (not shown) acquired before and after the
ventilation measurement, yielding values between 20-30
min.

Typical signal intensities measured in regions within
highly, moderately, and poorly ventilated lung areas are
plotted as a function of n in Fig. 3. In the example, venti-
lation parameters of r = 0.77 (pixel next to the hilum), r =
0.48, (pixel in central lung region), and r = 0.16 (pixel in
peripheral region) were determined.

Maps of the ventilation parameter r in two different
animals (1 and 3) are shown in Fig. 4. Values of r very close
to 1 are found in the trachea and the major airways, indi-
cating a complete renewal of gas per breath in these re-
gions.
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FIG. 3. Typical signal evolution in lung regions with high (r = 0.77),
intermediate (- = 0.48), and low (r = 0.16) ventilation values. The
symbols represent the signal intensities in the *He images and the
lines show a least squares fit of Eq. [8] to the data. Error bars,
corresponding to the noise level in the images, are smaller than the
graphical display of data points.

In the left lung of animal 1, the third bifurcation of the
airways is discernible in the parametric image by its high
ventilation values, although it is barely identified in the
original spin density image (Fig. 2).

In central lung areas, regions close to the hilum still
exhibit large r-values (r ~ 0.55-0.75). In peripheral areas,
values are considerably lower (r =~ 0.20—0.40). The lowest
ventilation parameters were measured in the edges of the
lungs, where results of r ~ 0.15-0.25 were obtained.

The data of four animals are summarized in the form of
histograms of r (Fig. 5). In all histograms, a central peak is
observed, corresponding to ventilation values (mean =*

FIG. 4. Parametric map of the ventilation

Counts #3 Counts #4

Counts #2

Counts #1

0.4 0.6 0.8 1.0

r

FIG. 5. Histograms of the ventilation parameter r in animals 1-4.

SD) of 0.47 * 0.15, 0.45 * 0.07, 0.45 * 0.12, and 0.46 *
0.10 in animals 1-4, respectively. Values of r close to 1 in
the trachea pixels give rise to a second peak at the upper
border of the histograms.
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parameter r in animals 1 (left) and 3 (right).
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FIG. 6. Histograms and parametric maps of the ventilation parameter r in animal 3, computed from the analysis of the entire dataset (n =
{1...7}) and from a reduced set of images (n = {1...5} and n = {1, 2, 5}).

Figure 6 presents parametric maps and histograms of r,
computed from a reduced number of images of animal 3. A
comparison of the distributions shows that the accuracy of
measurement decreases only marginally for the {1...5} and
{1, 2, 5} dataset: the mean value of the central peak is
0.45 in all three histograms, the SD increases slightly (val-
ues of 0.14 for both {1...5} and {1, 2, 5}). The highest impact
of the reduced number of images on the accuracy of the fit
is found for extreme values of r, as seen from the increase
of the peaks at r ~ 0 and r = 1.

Simulation of Input Parameter Sensitivity

The influence of errors in the input parameter p, is de-
picted in Fig. 7a. Shown is the relative error of the venti-
lation parameter, (Touput = Tinpud/Toutpur @8 @ function of
input p,, where r,,, is the ventilation value used for
synthesis of simulated data (see labels) and .y, is the
ventilation value obtained from data analysis. The simu-
lation shows that the pulmonary oxygen partial pressure
has only a minor effect on the signal dynamics. The largest
influence is seen for slow gas replacement (low r-values).

In Fig. 7b, the relative error of the resulting value of r is

plotted as a function of the input T, Note that the

,ext*

influence of *He relaxation in the reservoir is much more
critical than the effect of pg,. Again, the largest influence
is found for low r-values.

Simulation of Noise Sensitivity

MC simulations were carried out to test the robustness of
the method in the case of noisy data. In Fig. 8a, the SNR of
the first image was varied. The plot shows the standard
deviation Ar of the resulting normal distributions of r as a
function of the input SNR of the simulation. As expected,
the accuracy of measurement increases with high SNR
values. The solid line is a fit curve, using a reciprocal
function:

Ar = (SNR)™. [10]

The fit yields { = 0.99(5), revealing an inverse propor-
tionality between the error of r and the SNR.

In Fig. 8b, experiments with a reduced number of air/
*He cycles were simulated. Standard deviations Ar are
plotted as a function of the number of *He images used in
the analysis. The accuracy of r increases with the number
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FIG. 7. Results of simulations illustrating the influence of input parameters on the fit of Eq. [8]. Shown is the relative error Ar/r, (a) for data
generated with different oxygen partial pressures p,, but analyzed with a fixed value of p, = 135 mbar; (b) for data generated with different
relaxation times T, ., of °He in the reservoir during the experiment, but analyzed with T, ,; = 30 min. Note the different scale of the ordinate
in a and b. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

of images available for the fit, yet the benefit of including
the n = 6 and n = 7 images in the analysis is relatively
small. As in the case of real data (Fig. 6), a combination of
{1, 2, 5} He breaths yields almost as accurate a result as the
complete {1, 2, 3, 4, 5} set.

In an actual lung image, the SNR is low in poorly ven-
tilated areas, i.e., ventilation and SNR are correlated. In
order to test the accuracy of the computation under such
conditions, the MC simulation was repeated with increas-
ing SNR levels for increasing values of r. The result of a
simulation where the SNR in the first image was scaled
linearly from 0-65 over the full range of r (0.005 < r <
0.995) is summarized in Fig. 9. As in the actual image

0.05 1
0.04 1
0.03 1
3
¢ =0.99(2)
0.02 1
0.01 1
0.00 r r r . : r
0 10 20 30 40 50 60
a SNR of 1stimage

analysis, data with SNR < 10 (for n = 1) were not included
in the computation. In the simulation, this cutoff criterion
suppresses all values of r < 0.15, which is observed in the
guinea pig data also (cf. Fig. 5). Figure 9 shows that the
uncertainty Ar is <0.02 for a wide range of r-values.
Viewed differently, the relative error (Ar / r) is less than
5% for r = 0.3.

DISCUSSION

The method of measurement presented here computes a
regional ventilation parameter from the build-up of the
hyperpolarized *He signal after a varying number of
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u
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b Images included in calculation

FIG. 8. Monte Carlo simulations of the ventilation measurement. The standard deviation Ar of the distribution of calculated r-values is
plotted vs. (a) the SNR, (b) the number of images included in the fit of Eq. [8] (at fixed SNR of 20 in the first image). Values of r = 0.50, p, =
135 mbar and T ., = 30 min were used in the computation. In b, the squares refer to images acquired after {1...3} to {1...7} helium breaths,
whereas the circles represent computations using only {1, 2, 4}, {1, 2, 5}, and {1, 3, 5} helium breaths, respectively. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]



230
0.03 7
0.02 1
L.
<4
0.01 1
0.00 T T T r r
0.0 0.2 04 0.6 0.8 1.0
Input r

FIG. 9. Monte Carlo simulations of the ventilation measurement for
different values of r. The standard deviation Ar of output r values is
plotted as a function of the input r. The SNR is scaled linearly with
the input r. Data with an SNR below 10 in the first “image” are
omitted from analysis. Simulation parameters were p, = 135 mbar,
T1.ext = 30 min, image set = {1...7}.

wash-in breaths. After a *He breathing period, normal
breathing conditions are restored by ventilating the animal
with N = 20 air breaths. It is reasonable to believe that this
number is sufficient to wash out all remaining helium gas
and reestablish steady-state conditions: a recent publica-
tion (18) showed that alveolar gas composition in guinea
pigs reached a steady state after 15 breaths of a new gas
admixture.

Images were acquired during inspiratory apnea, i.e., at a
fixed phase of the breathing cycle. The mathematical
model assumes that within a given lung region a fraction r
of the gas content is replaced after each inspiration, while
another fraction g either remains in place or is transferred
to a dead space region and back again from one breath to
the next. The latter is certainly a simplification, as, e.g., the
gas composition within the dead space region, and in
particular the oxygen partial pressure, may change due to
mixing with gas from another region. However, as proved
by simulations of input parameter sensitivity (Fig. 7a), the
influence of the oxygen partial pressure on the signal dy-
namics is weak. Consequently, it is justified to treat gas
transported to and from dead space regions as “gas con-
taining no fresh *He”, i.e., to include any dead space
effects in the fraction q of Eq. [1].

We note that the ventilation analysis is independent of
absolute image intensity values as long as the intensity is
sufficiently greater than the noise level. This means that
the analysis is also independent of B, field inhomogene-
ities. This is a considerable advantage in functional *He
MR, as limitations of the RF coil homogeneity have been
held responsible for signal voids in lung images (8), which
can only be distinguished from true ventilation deficien-
cies by the experienced eye.

The model of the signal dynamics considers relaxation
of ®°He due to the presence of oxygen in the lungs, as well
as relaxation of ®He in the reservoir during the experiment.

Deninger et al.

While the latter can be computed from reference images,
an assumption has to be made concerning the initial pul-
monary oxygen partial pressure. We use a global value of
Po = 135 mbar. This approximation certainly does not
hold everywhere within the lungs. If additional images
were acquired, a map of p, could be generated and in-
cluded in the ventilation calculation. However, computer
simulations (Fig. 7a) have shown that the error introduced
by a deviation from the actual oxygen pressure is small:
even at regional p,-variations of 30 mbar, as found in
human lungs (17), the relative error of r would be about
1.5% for low ventilation values (r = 0.25) and less than
0.5% for larger ventilation values (r > 0.5). Hence, the
accuracy of the ventilation parameter is hardly affected by
an incorrect estimate of the oxygen partial pressure and it
is justified to approximate p, by a spatially constant value.

Furthermore, it seems legitimate to neglect the uptake of
oxygen into the blood in this model. The mean value of r =~
0.45 found in the histograms (Fig. 5) implies that, after one
full helium breath, the oxygen concentration within the
analyzed voxels has decreased to 55% of its initial value.
Thus, oxygen is washed out at a rate of:

App, (1 —0.55)-135mbar

At 15s = 40.5mbar/s

[11]

which is about an order of magnitude larger than the
oxygen uptake of guinea pigs under hypoxic conditions, as
measured by Moller et al. (18).

On the other hand, the simulations show that “external”
relaxation of the polarized gas has to be accounted for (Fig.
7b). If the T, ., value used in the analysis differs from the
“true” value by 5 min, the resulting relative error is 2-5%,
depending on the value of r. Monitoring the helium polar-
ization, for instance, by reference images acquired prior to
and after the actual experiment, is thus important in these
studies. In the present examination, T, .., was limited to
20-30 min, due to the combined effects of surface relax-
ation within the plastic bag and magnetic field gradient-
induced relaxation. The volume of the tube connecting the
bag to the animal was small (a fraction of a ml) and the
relaxation within this volume was thus ignored.

The parametric images (Fig. 4) show physiologically
plausible values of the ventilation parameter. As expected,
the gas is completely replaced in the trachea and the first
bronchi after each inspiration. In peripheral areas of the
lungs, values of r ~ 0.3 indicate that the gas admixture
consists mainly of residual gas, which undergoes slow
replacement only. However, the analysis does not work in
the region of the diaphragm. Even though images are ac-
quired in exactly the same phase of the breathing cycle,
and despite the good reproducibility of tidal volumes guar-
anteed by the respirator, the position of the diaphragm can
be expected to vary slightly between different images.
Consequently, signal intensities will fluctuate in voxels
close to the diaphragm; hence, the analysis will fail to
deliver realistic results. The situation is thus similar to
oxygen-sensitive *He-MRI, where unreliable values have
been reported in regions containing a projection of the
diaphragm (17). These voxels could be excluded by choos-
ing a higher SNR threshold in the analysis; however, this
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would also result in the elimination of the trachea voxels,
where the SNR is reduced due to diffusive signal attenu-
ation and partial volume effects (the diameter of the tra-
chea is considerably smaller than the slice thickness).

Using MC simulations, the accuracy of this measure-
ment method was tested. An inverse proportionality be-
tween the error of r and the pixel SNR was demonstrated.
A similar dependence has been observed in oxygen-sensi-
tive ®*He MRI (17). The MC simulations also showed that
for typical SNR values (20—65), the relative accuracy (Ar/r)
of the measurement is better than 5% for ventilation val-
ues r > 0.3. We therefore conclude that the accuracy in the
present study is 2—6%. While nonventilated areas (r ~ 0)
are not accessible by *He MRI at all, this result implies that
it is possible to accurately measure lung ventilation on a
regional scale in the trachea, the tracheobronchial tree as
well as in alveolar space. This conclusion is endorsed by
the animal experiments, where the results of the four an-
imals were in close agreement: neither the mean values
nor the standard deviations of the ventilation distributions
differed considerably, indicating good reproducibility of
the measurements.

The present ventilation model assumes that no transport
of gas takes place between the helium inspiration and the
acquisition of image data, i.e., no diffusive mixing of gas
between well-ventilated and poorly ventilated regions oc-
curs. This assumption calls for short imaging times and
fast imaging sequences. The issue is particularly relevant
with respect to 3D studies. We are currently investigating
a 3D sequence capable of imaging 16 slices within a single
breathhold (acquisition time <2 sec), with a voxel size
similar to that of the present experiments. Preliminary
results indicate that the SNR levels obtained in the present
study can be preserved.

A future extension of the proposed method to human
studies is conceivable, but several alterations have to be
made. The decrease in arterial oxygen saturation after sev-
eral hypoxic ®He breaths presents a safety concern, as
documented by Durand et al. (29). To circumvent this
problem, a subject could be ventilated with a *He/O, mix-
ture (e.g., 80% helium, 20% oxygen) instead of pure *He.
A mixture of helium and oxygen is well tolerated by the
human body and has long been used in deep-sea diving
(30). Concessions would have to be made regarding the
SNR: the dilution of ®He in the inspiratory gas leads to a
reduction in SNR by 20%. In addition, oxygen-induced
relaxation must be considered. An oxygen content of 20%
in the inspiratory gas mixture corresponds to a T, o, of
13 sec. A time interval of 3—4 sec from the mixing of
helium with oxygen to the acquisition of central k-space
data would therefore lead to a further reduction in SNR by
~25%. On the other hand, human studies would most
likely be performed using larger voxel sizes than those of
the present small animal study. Therefore, decreased im-
aging gradients would reduce the diffusion attenuation of
the signal (31) and regain SNR.

In order to limit the consumption of polarized gas, the
total number of helium breaths could be reduced: as
shown by initial experiments (Fig. 6) and MC simulations
(Fig. 8b), a reasonable accuracy of measurement is retained
even with images acquired after {1, 2, 5} He breaths only,
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i.e., using a total number of 8 He breaths rather than 28 as
in the complete experiment.

While a modification of the mathematical model ac-
counting for a heterogeneous inspiratory gas admixture
could readily be accomplished, the reproducibility of lung
volumes is no longer given for nonmechanical ventilation.
A highly reproducible *He-bolus delivery to pigs and hu-
mans has been demonstrated (16), but parameters such as
the lung volume prior to a He/air inspiration or the tidal
volume are difficult to duplicate during spontaneous
breathing. Thus, the alveolar gas composition and, in par-
ticular, the position of an image pixel within the lung will
differ between individual He/air test inspirations. This
will limit the accuracy of the method in human studies.
Further investigations and computer simulations will be
needed to evaluate this effect.

CONCLUSION

A quantitative measurement of regional pulmonary venti-
lation with high spatial and temporal resolution was real-
ized utilizing MRI and hyperpolarized *He as contrast
agent. In contrast to clinical routine ventilation measure-
ment techniques, the method avoids any health risks due
to ionizing radiation. The method complements dynamic
*He imaging of lung ventilation, which provides subsec-
ond temporal resolution but as yet limited quantitative
information.

The accuracy of measurement was investigated using
computer simulations, which proved that the analysis
works reliably over a wide range of ventilation values,
even at a pixel SNR as low as 10. Given the experimental
conditions in the present small animal study, we estimate
the relative uncertainty of the measured ventilation values
to be 5% or better. Thus, observed regional changes in the
ventilation parameter reflect true physiological differences
and not measurement artifacts. The robustness of the
method permits a “pixel by pixel” evaluation, i.e., a quan-
tification of ventilation on a submillimeter scale.

In these initial experiments, images of a single slice of
the lungs were acquired, yet an extension to multislice or
3D images can be envisaged. In animal studies, such im-
aging sequences will allow a comparison of anterior and
posterior lung partitions, which will be especially useful
for investigations of lung disease models.
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Abstract

A recently developed method for quantitative measurement of regional lung
ventilation was employed for the study of position-dependent ventilation
differences in rats. The measurement strategy used hyperpolarized *He MRI
to detect the buildup of the signal intensity after a increasing number of *He
breaths. A sample of six rats was studied in both supine and prone positions.
Three-dimensional ventilation maps were obtained with high spatial resolu-
tion (voxel volume ~1 mm?®). The linear correlation between the ventilation
index, defined as regional ventilation normalized by the average ventilation
over the whole lung, and vertical position, was investigated. Variations in
the regional distribution of ventilation, as well as of the ventilation index,
could be detected depending on the position of the rats. In the supine posi-
tion, the ventilation was increased at the lowest parts of the lungs, with a
linear gradient of the ventilation index of —0.11 £0.03 cm™". In the prone
position, the ventilation was more uniformly distributed, with a significantly
smaller gradient of ventilation index of =0.01 £ 0.02 cm™".

Keywords: hyperpolarized gas MRI; Helium-3; lung function; regional
ventilation; ventilation index.
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Introduction

It is well known that the distribution of regional pulmonary ventilation de-
pends on the posture of an air-breathing animal or human (1). This has clas-
sically been attributed to effects of gravity on pleural pressure and alveolar
expansion (2). Regional ventilation values change dramatically between
prone and supine body postures, with predominantly dorsal ventilation in
supine position and a more uniform ventilation distribution in prone posi-
tion (3-8). Oxygenation and gas exchange improve in prone position, but
the exact mechanism remains unclear (1). This is not fully explained by ef-
fects of gravity, and other important factors have been suggested, e.g. dor-
soventral differences in lung structure balancing out the gravitational forces
in the prone position (9). Various studies have been conducted on humans
and large animals like dogs, sheep and pigs (10), but no data has been avail-
able for small species like the rat.

In the past, quantitative measurements of regional lung ventilation have
been obtained with invasive techniques or with radioisotope imaging (11-
13), but these methods have been limited in their spatial and temporal
resolution. Improved spatial resolution has been realized with xenon-
enhanced computed tomography, where the ventilation is determined from
the wash-in and wash-out rates of stable Xe (14,15). Using a MRI-based
method, regional ventilation has been evaluated qualitatively from the varia-
tions in lung parenchyma signal when a volunteer was breathing air and
pure oxygen, respectively (16).

The possibility to use hyperpolarized He gas for magnetic resonance im-
aging (17-19) has opened new possibilities for the examination of lung ven-
tilation. Mata ez al. (20,21) qualitatively investigated the positional depend-
ence of ventilation by imaging healthy humans in prone and supine posi-
tion. In the most inferior (dependent) parts of the lung, they found local
ventilation defects when a subject was imaged in supine position. These de-
fects, which resolved when the subject was imaged in prone position, were
attributed to position-dependent atalectasis (closure of small airways). Simi-
lar findings were observed in a study of healthy and asthmatic subjects by
Altes et al. (22).

Recently, Deninger et al. demonstrated a quantitative method to access
regional ventilation in guinea pigs with high spatial resolution (23). The
method employed a mathematical model to describe the buildup of the MR
signal after administering a certain number of He breaths. Thus, the local
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ventilation, defined as the relative exchange of gas per breath, could be de-
termined with an accuracy of 2-5% and a spatial resolution better than one
mm. However, the previous study (23) was limited to 2D imaging of a sin-
gle slice of the lungs.

In the present study, the He-MRI based method was used to quantify,
within the entire lung volume, the regional ventilation in rats in both prone
and supine position. The objective was to investigate whether position-
dependent gradients of ventilation could be detected in the rat lung.

Methods

Polarization and administration 0f3 He

*He was polarized using spin-exchange optical pumping (IGI 9600 Helium
Polarizer, Amersham Health, Durham, NC). A quantity of 1.1 liter was po-
larized to 35% within 15 hours. The hyperpolarized “He was collected in a
plastic bag (volume 300 ml, Tedlar®, Jensen Inert, Coral Springs, FL) at
1 bar pressure. The bag was connected to an inhouse-built respirator, de-
scribed in detail elsewhere (23).

Animal preparation

Six Sprague-Dawley rats (male, 350-400 g; breeder: M&B, Ry, Denmark)
were anesthetized subcutaneously with a mixture of fluanisone/fentanyl
(Hypnorm™, Janssen Animal Health, Saunderton, UK) and midazolam
(Dormicum®, Hoffman-La Roche AG, Basel, Switzerland). The left jugular
vein was catheterized for intravenous administration of anesthesia and a neu-
romuscular blocking agent (pancuronium, Pavulon®, Organon Teknika,
Boxtel, the Netherlands). After tracheal intubation, the animals were placed
in the MR scanner and ventilated by the respirator mentioned above. Two
animals were imaged in supine position first, followed by imaging in prone
position. The other four animals were imaged in prone position first. Body
temperature and blood pressure were monitored continuously, and were
within normal range during the experiment. The breathing rate was set to
30 breaths/minute. The peak inspiratory pressure was set to 20 mbar, re-
sulting in tidal volumes in the range of 9-12 ml. Inspiration and expiration
times were 0.5 s and 1.0 s, respectively. All experiments were approved by
the local ethical committee (Malmé/Lunds djurforssksetiska nimnd; appl.

no. M4-01).
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SHe imaging

All experiments were performed on a 2.35 T scanner (Biospec 24/30, Bruker
Biospin, Ettlingen, Germany) using a birdcage RF coil (Bruker Biospin)
with 72 mm diameter and 110 mm length, tunable to the Larmor frequen-
cies of 'H (100.1 MHz) and *He (76.6 MHz). Coronal, sagittal and axial
proton scout images were acquired for proper localization of the *He images
of the ventilation measurement.

The breathing pattern used for the experiment is shown in Figure 1. An
experiment consisted of four ventilator cycles, each cycle comprising 15 air
breaths followed by an increasing number of 1, 2, 3, 4 helium breaths. After
the last helium inspiration, the *He image was recorded during a 3.5s
breathhold. A 3D fast low-angle shot (FLASH) sequence was employed
(TR/TE/lip angle =2.1 ms/0.9 ms/2.5°, FOV=6X5x4.5 cm’, acquisi-
tion matrix =48 X 48 x 24). The images were zero-filled to a final size of
96 X 96 x 48. The 3D image set was positioned to cover all parts of the
lungs and the trachea. Before and after the air/’He cycles sketched in Figure
1, *He reference images were obtained in order to monitor the 7 relaxation
of the hyperpolarized gas in the plastic bag. The experiment was repeated
twice on each animal, in prone and supine positions, respectively.

Calculation of regional ventilation

Data analysis was carried out using software implemented in MATLAB
(Math-Works, Natick, MA). First, the external relaxation time 77, in the
He reservoir was computed from the decay of the average image intensity of
the reference images. The regional pulmonary ventilation was then calcu-

,eXt

lated from the build-up of signal intensity in the images acquired after 1, 2,
3 and 4 °He breaths, according to a method described in detail elsewhere
(23). The signal intensity of images acquired after » "He breaths has been
shown to vary according to

n-1 n—k 1 _ k
S(n) o< E(n—l)(N+n/2)(1_q)Z(En—k—lqk exp(—%q 1(1 q )D 1]
k=0 -9

where 7 is the duration between two breaths and E =exp(-7/7,,.,). The
variable ¢ denotes the fraction of gas remaining in a given volume element
(voxel) of the lungs after one breath, /V the number of air breaths in each
ventilator cycle, p, the oxygen partial pressure present within the lung prior
to the first *He breath of a cycle, and & is a proportionality factor with a
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value of approximately 2.6 bar's at body temperature (24). The regional
ventilation 7, defined as the fraction of gas replaced per breath, is given by
r=1-¢q. Values of 7=2s and V=15 were used in the experiments. In the
calculation, a value of p, =135 mbar served as approximation of the in-
trapulmonary oxygen partial pressure (23,25,26).

A least squares fit of Eq. [1] to the signal intensities measured after the
n=1{1, ..., 4} ventilation cycles was performed to calculate the regional ven-
tilation parameter 7 in each voxel. Background pixels were excluded by se-
lecting a threshold signal-to-noise ratio (SNR) of 20 in the last (n =4) im-
age.

Calculation of position-dependent ventilation gradients

In order to compare inter-individual results independent of absolute venti-
lation values, maps of the ventilation index (VI) were generated for each
animal. The VI was calculated by dividing the ventilation value of each voxel
by the average ventilation value of all voxels, excluding the trachea and the
bronchi. The latter regions were omitted from the VI calculation by ex-
cluding all voxels with ventilation values above 0.8. Next, gradients of the
VI were calculated within the entire lung by least-squares fits along the ver-
tical direction. In other words, gradients were calculated for each column of
voxels in the direction of gravity, perpendicular to the coronal plane. De-
pending on the position of the column (central or peripheral lung), the col-
umn contained < 30 (apical region) or < 40 (mid-base region) voxels, corre-
sponding to a distance of 2.8-3.8 cm. The regional ventilation is known to
decrease with increasing distance from the lung hilus (23,27), which may
cause a non-linear variation of the VI as function of vertical position. For
this reason, both a linear and a non-linear, quadratic fit function were evalu-
ated:

a) filx)=a,+ bx (linear)
b) Fo(x)=ay+ by (x— x,) + 3 (x = %,,0)° (quadratic) [2]

Xomid = (xmp + x/;ormm)/z

where x is the vertical position. The coordinate axis was chosen such that
negative x-coordinates denote lower (inferior) parts of the lung. x,,,, X
and x,,, are the coordinates of the uppermost, lowermost and middle voxel
of each column. The parameter x,,, was introduced to make the analysis
independent of translations along the vertical coordinate axis. The linear
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coefficients &, and b,, respectively, were used as measures of the ventilation
gradient. The linear correlation (R*) between VI and vertical position was
calculated using the original VI data points, as well as with the original VI
values after subtraction of the quadratic term ¢,(x — x,,,)” (Eq. [2b]).

To increase the accuracy of the fits, all coronal planes of the VI map were
smoothed by averaging a region of 5 X 5 voxels, and fits were only per-
formed where = 5 data points were available in the ventral-dorsal direction.

For each animal, the median values were calculated in the apical regions
(covering the apex and the mid lung), in the mid-base region (mid lung to
top of the diaphragm), and globally (including all voxel columns where the
VI was calculated). The corresponding analysis was performed for the K
values, with and without subtraction of the quadratic term, as described
above.

To evaluate statistically significant differences between the prone and su-
pine positions, p-values were calculated using Student’s paired #-test.

Results

Images were obtained with SNR values ranging from 35 (one *He breath) to
75 (four “He breaths). Regional ventilation values ranged from 0.2 in the
peripheral regions to nearly 1 in the trachea and the major bronchi, indi-
cating a near-complete per breath renewal of gas in the latter regions (Figure
2). In the supine position, there existed a clear tendency towards increased
ventilation values in the dependent (most inferior) parts of the lung (direc-
tion indicated by arrows in Figure 2), as was discernible in the sagittal and
axial ventilation maps. In the 3D ventilation maps, considerably lower val-
ues (decrease by up to ~40%) were found in the non-dependent (most supe-
rior) parts. By contrast, the sagittal and axial ventilation maps computed
from images taken in prone position appear more homogeneous and depict
a more uniform distribution of ventilation.

Figure 3 shows plots of the VI measured in the apical and mid-base re-
gions of the lungs of a representative animal (#4), as a function of vertical
position in both prone and supine postures. In the apical region, the varia-
tion of the VI was clearly non-linear, and the linear function (f;) resulted in
a poor fit to the data (Figure 3a and ¢). However, the non-linear function
(/) resulted in a good fit. In the mid-base region, the VI data points exhib-
ited a less curved shape, as compared with the apical regions, and both
functions resulted in good fits to the data (Figure 3b and d). The coeffi-
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cients &, for the linear fit and &, for the non-linear fit, respectively, were cal-
culated to virtually identical values in all parts of the lungs, demonstrating
that both types of fits yielded the same linear gradient values. The parameter
b, was chosen to represent the ventilation gradient.

The gradient of the VI [cm™'] was determined in each animal. Color-
coded maps of these gradients are shown in Figure 4a. Figure 4b presents
histograms of the VI gradients. For animals imaged in prone position, the
VI gradients were close to zero in both apical and mid-base regions, with
exception of small areas near the edges of the gradient maps, where non-zero
gradients were calculated. The absence of vertical ventilation gradients is also
seen in the corresponding histograms, where the distributions are centered at
about 0 cm™ (mean * SD of all animals =-0.02 £ 0.01 cm™).

In supine position, more pronounced vertical VI gradients were found. In
the histogram representation (Figure 4b), the distribution of ventilation gra-
dients were centered at about —0.14 cm™'. The gradients were particularly
prominent in the mid-base region of the lungs (mean + SD of all animals
=-0.18 £ 0.03 cm™"). The negative values of the gradients (represented by
blue colors in Figure 4a) indicate the decrease of the VI towards non-
dependent lung regions. In the apical regions, the magnitudes of the VI gra-
dients were smaller (mean # SD of all animals = —0.07 £0.03 cm™), but
still larger than the prone-position gradients.

These observations are summarized in Table 1, which lists the calculated
VI gradients in prone and supine positions, measured both globally and re-
gionally within regions near the apex and the lung base, respectively. Signifi-
cant differences of the median ventilation gradients were found in all regions
of the lung (p < 0.01), depending on whether the animal was placed in
prone or supine position.

Figure 5 shows maps of the correlation (squared correlation coefficient
R?) between VI and vertical location for prone and supine image sets. The R*
values were calculated both using the original VI data (a), and after subtrac-
tion of the quadratic term (b). With respect to the correlation of the original
data, the correlation was small (R* < 0.2) in all parts of the lungs when the
animals were placed in prone position. In supine posture, a high correlation
(R* > 0.6) between VI and vertical location was observed in the base and
mid-base regions. In apical regions, correlation values were considerably

lower (R* ~ 0.3).
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Using VI data after subtraction of the quadratic term, the correlation was
still low in prone position, except for some regions near the edges of the R-
maps. In supine position, the correlation was substantially increased in the
apical region (~0.3 — ~0.6). In other regions, the correlation also increased,
albeit to a lesser extent. (See Table 2 and 3).

Discussion

The ventilation maps (Figure 2) show that in supine position, regional ven-
tilation increases towards dependent parts of the lungs, whereas the maps
acquired in prone position yield a more homogenous distribution of the
ventilation. In other words, in supine positions, dorsal regions are better
ventilated. This finding is in general agreement with results obtained in large
animals (8,9) and humans (28), yet to our knowledge, the present study is
the first to describe the phenomenon in an animal as small as the rat.

A previous proof-of-principle study (23) has shown that hyperpolarized
"He MRI offers the possibility to assess regional lung ventilation in small
animals quantitatively and with high accuracy. However, the experiments
described in ref. (23) were restricted to imaging of a single coronal slice of
guinea pig lungs. In the present study, the technique was employed to ac-
quire high-resolution 3D images of rat lungs in both prone and supine pos-
tures, in order to investigate position-dependent differences in lung ventila-
tion. An advantage of the 3D acquisition and analysis is that data from all
parts of the lung are utilized. Based on the analysis made during an earlier
ventilation study (23), we estimate the relative uncertainty of the calculated
ventilation to be ~10% in each voxel. To reduce the effect of fluctuating
ventilation data caused by the inherent measurement uncertainty, each data
point was averaged over a 5 X 5 pixel region in the coronal plane before the
ventilation gradient was calculated.

As the ratio of tidal volume and total lung volume varied in different
animals, the absolute values of the ventilation differed substantially (relative
scatter of mean value 20%). Therefore, the VI was computed for each ani-
mal to enable an inter-individual comparison of the results. VI is a measure
of regional lung ventilation relative to global lung ventilation, excluding re-
gions such as the trachea and the bronchi, which do not take part in the al-
veolocapillary gas exchange. In an automated analysis, these major gas ducts
were easily omitted by excluding voxels with a ventilation parameter > 0.8
(cf. Figure 2).
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In several investigations, vertical pressure gradients in the lung have been
expressed as linear gradients (29,30). In the present investigation, it was
therefore of interest to study the linear correlation between ventilation and
vertical position. Although somewhat of an oversimplification, a linear slope
is an easily understood method to describe a general trend in the data. Plots
of the VI as function of vertical distance (c.f. Figure 3a and c) show, how-
ever, that the data points are arranged roughly along a parabola in the apical
regions. This is caused by the central parts of the lung having a higher gas
exchange rate than more peripheral parts (23,27). In the mid-base region,
where the voxels are located farther away from the mediastinum, this effect
was less pronounced (Figure 3b and Figure 3d).

The linear component of the ventilation variation was evaluated in this
study, using both 1st and 2nd order polynomial fit functions. Both polyno-
mials yielded nearly identical values of the linear fit terms. However, the
2nd order polynomial fit opens for the possibility to separate the parabolic,
gas-replacement induced variation of the VI, from purely linear variations,
which may have different physiological interpretations (1). This was done by
subtracting the quadratic term, ¢,(x—x,,,)°, from the measured VI data
points.

Different general trends were observed in prone and supine position of
the subject. In the prone posture, the VI gradient is very small, with mean
values scattered about zero (Figure 4b). In the supine posture, the median
vertical gradients were approx. —0.10 to —0.15 cm™'. Lung regions between
the mid-base and the diaphragm show relatively steep gradients
(~=0.18 cm™"), with a high correlation between the VI and the vertical dis-
tance. Apical regions show a much less pronounced gradients and lower cor-
relation values. In the correlation maps (Figure 5b) some locations of high
R’ values near the edges of the lungs were found. Such spots are attributed
to fitting artifacts due to accidental alignment of the limited number of data
points.

After subtraction of the non-linear component of the VI, the correlation
in supine position increased 2—3-fold in the apical regions, thus indicating a
highly non-linear variation of the ventilation. However, in prone position
the correlation was low in all parts of the lung (R* < 0.4), even after subtrac-
tion of the non-linear component. This is explained by weak or non-existent
vertical ventilation gradients in prone position.
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To investigate whether the calculated correlation value in a specific part
of the lung was dependent on the thickness of the lung in that location, i.e.,
on the number of data points available for the linear/non-linear fit, all cor-
relation values > 0.6 were inserted into a histogram, as function of the lung
thickness in the location where the correlation value was determined (Figure
6). In prone posture, high correlations were primarily found in regions
where the lungs were thin, suggesting that these correlations result from ac-
cidental alignment of a small number of data points. In supine posture, high
correlations were found virtually independent of lung thickness. We there-
fore presume that gradients of ventilation can be detected in all parts of the
lung.

The measured vertical ventilation gradients in this study (Table 1) were
within similar range with results obtained using other modalities. Gradients
of regional ventilation in animals have previously been quantified, e.g. by
Robertson ez al. (27) and Marcucci e al. (8). In the latter study, gradients of
the VI were investigated in dogs, using xenon-enhanced CT. In their study,
a vertical gradient of the VI was measured to be —0.07 cm™', globally, in
supine position, and to be —0.008 cm™'
ing values obtained in the present small animal study were —0.11 cm™ and
—0.01 cm™, respectively. Both studies thus indicated that ventilation gradi-

in prone position. The correspond-

ents were present in supine position, but virtually absent in prone position.

Conclusions

Hyperpolarized *He was used for quantification of regional lung ventilation
in rats, employing 3D imaging with high spatial resolution. Regional venti-
lation gradients along the vertical direction could be measured in the rat
lung, when the animal was placed in the supine position, whereas these gra-
dients were significantly smaller, and close to zero, in prone position. These
results are similar to findings reported in larger animals, but have not previ-
ously been observed in animals as small as the rat. The method could pro-
vide a novel alternative to other techniques, such as xenon-enhanced CT, for
ventilation investigations with high spatial resolution.
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Table 1. Gradient of VI [cm™'] for animals #1 — #6, measured globally and within
regions near the apex and the lung base, respectively. All values are pre-
sented as median values. p-values were calculated with Student’s paired
t-test. (***: p<0.001, **: p<0.01).

Global Apex » mid lung Mid-base > diaphragm
animal prone supine prone supine prone supine
#1 -0.01 -0.11 0.01 -0.09 0.03 -0.17
#2 -0.03 -0.10 -0.04 -0.05 0.03 -0.20
#3 0.00 -0.12 0.02 -0.08 0.02 -0.18
#4 -0.03 -0.15 -0.03 -0.11 0.02 -0.20
#5 0.01 -0.05 -0.02 -0.04 0.04 -0.11
#6 -0.02 -0.14 -0.04 -0.07 0.03 -0.21
Mean -0.01 -0.11 -0.01 -0.08 0.03 -0.18
+SD. +0.02 +0.03 +0.02 +0.03 +0.01 +0.04
p_value *k% *% * k%
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Table 2. Correlation coefficient (R?) between VI and vertical position for animals
#1 — #6, measured globally and within regions near the apex and the lung
base, respectively. All values are presented as median values. p-values were
calculated with Student’s paired t-test. (***: p < 0.001, **: p < 0.01).

Global Apex » mid lung Mid-base > diaphragm
animal prone supine prone supine prone supine
#1 0.21 0.48 0.16 0.31 0.16 0.70
#2 0.19 0.46 0.08 0.21 0.14 0.70
#3 0.20 0.43 0.18 0.28 0.18 0.70
#4 0.22 0.58 0.10 0.48 0.16 0.74
#5 0.16 0.50 0.20 0.24 0.13 0.72
#6 0.23 0.52 0.16 0.30 0.17 0.71
Mean 0.20 0.50 0.15 0.30 0.16 0.71
+SD. +0.03 +0.05 +0.05 +0.09 +0.02 +0.02
p_value *k% *% *k%

Table 3. Correlation coefficient (R?) between VI after subtraction of the quadratic
term (Eq. [2]b) and vertical position for animals #1 — #6, measured globally
and within regions near the apex and the lung base, respectively. All values
are presented as median values. p-values were calculated with Student’s
paired t-test. (***: p < 0.001, **: p<0.01).

Global Apex » mid lung Mid-base > diaphragm
animal prone supine prone supine prone supine
#1 0.38 0.70 0.31 0.61 0.27 0.86
#2 0.34 0.70 0.24 0.50 0.23 0.83
#3 0.35 0.68 0.44 0.60 0.24 0.82
#4 0.37 0.78 0.30 0.78 0.26 0.87
#5 0.33 0.67 0.42 0.48 0.25 0.87
#6 0.45 0.72 0.44 0.53 0.33 0.87
Mean 0.37 0.71 0.36 0.58 0.26 0.85
+SD. +0.04 +0.04 +0.09 +0.11 +0.04 +0.02
p_value *k% *% *k%
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Figure 1.
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lllustration of breathing pattern and image acquisition. Each ventilator
cycle consisted of 15 air breaths followed by an increasing number of 1,
2, 3 or 4 3He breaths. Imaging was performed during inspiratory apnea
after the last *He breath of a cycle.
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Coronal, sagittal and axial slices from 3D acquisitions after n helium
breaths in prone (a) and supine (b) postures (animal #4). The rightmost
column shows the regional ventilation map calculated from the four col-
umns on the left. The arrows indicate the dependent direction. In supine

position, higher ventilation in the dependent parts can be seen in the
sagittal and axial ventilation maps.
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Figure 3. Representative plots of VI as function of vertical position in prone position
(a—b) and in supine position (c—d). (€ = dependent, [> = non-dependent).
The solid lines show the non-linear fit, £,, to the VI data (O). The dashed
lines show the linear fit, f,. The triangles (A) show the VI data points af-
ter subtraction of the quadratic term. The linear correlation is expressed
by the parameter R? for both sets of points (O and 4), respectively.
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Figure 5. Maps of linear correlation (R>-maps) between VI and vertical position in
animals #1 to #6. (a) shows the R? value for the original VI data points,
(b) shows the R*-value after subtraction of the quadratic term.
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Figure 6. Distribution of significant VI gradients as a function of lung thickness. The
histograms show the number of voxel columns (data from all animals)
with a large correlation of the linear fit (R* > 0.6), as a function of vertical
lung extension. Left: In prone position, high correlations are only found
for fits including a limited number of data points, i.e. correlations tend to
be accidental. Right: In supine position, significant correlations are found
in all lung regions, independent of lung thickness, indicating the presence
of VI gradients.
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Abstract

The ability to quantify pulmonary diffusing capacity and perfusion using
dynamic hyperpolarized '*Xe NMR spectroscopy is demonstrated. A model
of alveolar gas exchange was developed, which, in conjunction with '*Xe
NMR, enables quantification of average alveolar wall thickness, pulmonary
perfusion, capillary diffusion length and mean transit time. The technique
was employed to compare a group of naive rats (z = 10) with a group of rats
with acute inflammatory lung injury (»=10), caused by instillation of
lipopolysaccaride (LPS). The measured structural and perfusion-related pa-
rameters were in agreement with reported values from studies using non-
NMR methods. Significant differences between the groups were found in
total diffusion length (control 8.6 0.5 um, LPS 10.0 £ 0.8 um, p < 0.001)
and in average alveolar wall thickness (control 4.9 £0.9 um, LPS
6.4+ 1.2 um, p < 0.01), whereas no differences were observed in the perfu-
sion-related parameters. These results demonstrate the ability of the method
to distinguish two main aspects of lung function, namely diffusing capacity
and pulmonary perfusion.

Keywords:  hyperpolarized gas NMR; Xenon-129, lung function, diffusing
capacity, pulmonary perfusion
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Introduction

Gas transfer from ambient air to the blood involves different transport
mechanisms. Alveolar ventilation is accomplished by convective transport.
Gas transfer within the alveolus and from the alveolus into the blood stream
occurs by diffusion along concentration gradients. The blood is then trans-
ported from the lungs to peripheral tissues by convective transport. These
transport processes are affected by a number of lung diseases. Convective
transport in the airways is thus impaired in obstructive lung diseases (1).
Diffusion impairment occurs in interstitial lung diseases as well as in pul-
monary edema (2). The pulmonary vasculature is affected by both primary
lung disease and by left heart failure, causing abnormalities in blood flow

3).

The most common method of assessment of diffusion in the alveolar-
capillary unit is measurement of the diffusing capacity for carbon monoxide,
Drrp (4). The tracer gas carbon monoxide diffuses across the alveolar-
capillary barrier and is tightly bound to hemoglobin in the erythrocytes. In
addition to factors determining diffusion, e.g., the available surface area and
the diffusion path length, Dry, therefore depends also on the availability of
binding sites, i.e. on hemoglobin concentration and on perfusion. DL, pro-
vides information about diffusion properties of the lung as a whole, but no
regional information about function is obtained. By measurement at differ-
ent partial pressures for oxygen, DLy, can be subdivided into the membrane
conductance and a term reflecting the availability of binding sites. This is,
however, not generally done in clinical routine practice. Ideally, a tracer gas
for the study of lung function should enable the direct measurement of both
membrane conductance and of pulmonary perfusion.

The use of hyperpolarized gases, notably *He, has made it possible to gen-
erate high-resolution gas-phase MR images in animal and human lungs. In
addition to merely imaging the gas distribution in the lungs, it has been
demonstrated that information about the alveolar microstructure can be
obtained by diffusion-weighted "He MRI (5), and that carefully designed
imaging protocols allow quantitative measurement of partial oxygen pressure
in the alveoli (6) and of lung ventilation (7). The poor solubility of helium
in blood and tissues precludes its use to measure perfusion (Q) and therefore
either contrast agent-enhanced methods or the so-called arterial spin tagging
method must be employed to assess Q by "H MRI (8,9). This measurement

complements the *He ventilation study, and it is possible to combine venti-
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lation and perfusion information by co-registering the respective MR im-
ages.

Hyperpolarized '*Xe (HpXe) provides an opportunity to quantify the
amounts of xenon in pulmonary membrane and blood by means of iz vivo
NMR spectroscopy. Xenon is soluble in blood and tissues, and binds to he-
moglobin in the erythrocytes (10). The alveolar gas, and the xenon in tissue
and in the blood cells can be easily distinguished in in vivo NMR spectra
due to the large chemical shift range of '*’Xe (11). Ruppert ez al. have shown
that the xenon uptake dynamics can be studied by NMR spectroscopy (12),
and that parametric maps of the alveolar-dissolved phase exchange efficiency
can be obtained by employing the so-called Xenon Transfer Contrast (XTC)
technique (13). These properties make HpXe a potentially unique probe for
the non-invasive and rapid assessment of pulmonary diffusion capacity.

In the present work, a diffusion model is presented which enables the
quantification of a wealth of lung physiological parameters from the uptake
dynamics of HpXe. In order to investigate alterations of the calculated
physiological parameters under normal versus abnormal lung status, the up-
take of HpXe was measured using NMR spectroscopy in healthy rats and in
rats with acute inflammatory lung injury after instillation of lipopolysac-

caride (LPS) (14).

Theory

The uptake of HpXe from the alveolar gas space to the blood was modeled
with a three-compartment model with spherical symmetry (Fig. 1). In this
single-alveolar model, xenon diffuses from the alveolus through a tissue
compartment with thickness L, After passing the tissue compartment, the
xenon diffuses an average distance . within a capillary compartment, con-
sisting of plasma and red blood cells. Finally, the xenon is transported away
from the capillary compartment with a flow F.

Since the alveolar radius, 7, is an order of magnitude larger than the
thickness of the tissue and capillary layers, the 1-dimensional diffusion
equation (Fick’s law) applies, also used in other models of alveolar diffusion

(15):

D 82C<r,t) B BC(r,t)

9 o 0 1]
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The diffusion coefficient, D, of xenon is assumed equal in the tissue and
the capillary, with a value of approx. 1.10” m* s (16). The boundary con-
ditions to Eq. [1] are given by the mass-transport laws across the compart-
ment surfaces and the respective solubility for xenon:

Ct(rﬂ,t)= lTCa(t)
oC, (rﬂ,t) v 8Ca(t) (alveol - tissue boundary)

4D o o
2C (n,2)=C, (1,7
oC. (rl, t) oC, (7’1 , t) (tissue - capillary boundary)
o or
oC. (rz,t) .
A,D Y, —FC, (72 , t) (outer capillary boundary) [2]
n=r,+L, n=r+L, A, =4nr}, VﬂZ%m’f

where C,, C, and C, denote the concentrations in the alveolar, tissue and
blood compartments, respectively. A, is the Ostwald solubility coefficient in
tissue, and A, is the tissue-blood partition coefficient. Based on reported
measurements of xenon solubility in various tissues (17,18), we have used
Ar=10.10 and A,=0.75. A numerical solution of Eq. [1] with the boundary
conditions given by Eq. [2] is shown in Fig. 2.

When Ap is near unity, the calculations can be simplified by ignoring the
boundary conditions at the tissue-capillary surface and treating the tissue
and capillary compartments as a single compartment with concentration
C(r,2) and thickness L=L,+ L, The condition at the outer boundary is re-
placed with

dC(r,t)

r

A’PAaD = _FC(VZ ,t) . [3]

This simplification will still yield the exact solution if A,=1, and the er-
ror is small if A, is close to 1. It is convenient to make a transformation of
variables according to 7 =% (r—7,), 0<7<x and = D(¥)*t, £ 20. After
the transformation of variables, Eq. [1] has the general solution

C(7,7) = exp(— ) Asin(x7) + Beos(x7)). [4]
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Applying the conditions at the inner and outer boundaries (#=0 and
7 =r) to Eq. [4] yields that y must satisfy the equation

Lr,(127r,DApA; + F)mytan(my) + 4xDr? Ap(my)* —3FL* Ay =0. [5]

Since Eq. [5] has an infinite number of roots xo, x1» %2, ..., the full solu-
tion to Eq. [1] can be expressed as the linear combination

C(F,f)= Z(p” exp(—){ff)(z‘l sin(y,7)+ Bcos(;(,,f)) 6]

Xo<xn<xy<..

where the coefficients ¢, are chosen such that the initial condition at 7 =0 is
fulfilled. The longest time constant (1/y;) depends mainly on the alveolar
radius, 7, and the blood flow, F, and can be shown to be of the order of
minutes, i.e. about two magnitudes longer than the time-scale of the meas-
urement. The remaining roots y;, y,, ... represent the transients occurring
before equilibration of the concentration. Without flow (i.e. if #=0), Eq.
[5] simplifies to

%n')( + 31, tan(zy) = 0. (7]

If 7,/L>>1, the roots are approximately y, =1/2, y,=3/2, x;=5/2,
... . The exponential terms exp(—y2#) will thus, after transformation to the
original variables 7 and #, correspond to exponential terms exp(—#/7,), with
7, = x2D(%)?. Because the time constant 7, easily can be determined ex-
perimentally, it follows that the total thickness of the tissue and capillary
compartments can be estimated according to:

L=2Dr, . 8
SVDn (8]

By comparing with a direct, numerical solution of Eq. [1], the error in the
L value estimated from Eq. [8] is <10% for a wide range of pulmonary

blood flows (Fig. 3).

The xenon in the capillary compartment can be divided in a fraction A
inside the red blood cells, and a fraction (1 — H) dissolved in the plasma,
where H denotes the hematocrit. After the transient buildup, the concentra-
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tions in tissue, plasma and red blood cells can be considered independent of
the 7- and #coordinates and proportional to the respective Ostwald solubil-

ity: C,=adr, C,y=ald,, Crgc=0Azsc. The NMR signals coming from

tissue, plasma and red blood cells can then be expressed as
Stisme (t) = aA’T Aa[‘t

Spans(£) = A AL (1= H)+ [ (1= H ) Fo, e 9]
0
Susc(£) = OAusc ALH + _[HFa;LRBCdT.
0

The integral terms in Eq. [9] represent xenon having left the capillary
compartment surrounding the alveolus, but still generate signal downstream
of the alveolus.

The signal Sgzc give rise to a separate spectral peak, whereas the positions
of S, and S, coincide (10,19). Therefore, we assume that the observed
({84 » . . . . . .

tissue” signal, §,, in the present investigation is the sum of S,;,, and S,

issue lasma *

"tissue" signal S, (t) =S (t) +8 plisma (t) =8,,+S,¢t
"blood" signal S, (t) = Sesc (t) =8,0+S,t

So=0Ar AL +ad,AL(1-H) [10]
Sy =(1- H)Fe,

Spo = 0hppc AL H

Sy = HFoA gy

The parameters Sy, S,;, S, and S, representing the intercept and slope of
the asymptotes of the tissue and blood signals (see Fig. 4), are used for cal-
culation of the tissue thickness Z, and the capillary thickness Z,:
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_ SoHigge = Sio(1—H)A,

* SpHhgse +Sio(2r = (1= H)2,)
_ Spohr

 SHhgse +Sio(2r = (1= H)2,)

[11]

L L

c

where L is obtained from Eq. [8].

Several important physiological quantities can be calculated from Eq. [10]
— the hematocrit, H, the lung perfusion, Q, given by F/(V,+V.) and the
mean transit time, M, given by V. /F:

__ Serw
Sihrsc + Syt
om Sur .
Sbo(lr - (1 - H)AP/) + St())’RBCH
S,
MTT = ﬂ'
S

The relative blood volume, 7BV, given by MTT-Q, can therefore be ex-
pressed as L /L. Additionally, with the simplification that the tissue-blood
partition coefficient is close to 1, we observe that the ratio between alveolar
volume, V,, and the effective total volume, V, + A, (V, +V.), equals the ratio
S,0/S8.(0), where S,(0) is the gas signal at time #=0 and S, is the intercept
of the asymptote to the gas signal. Hence, the alveolar volume can be calcu-

lated:

 MSo(V.+V)

5.(0)= S, [13]

a

Using the relations V, =4}, A, =4} and (V,+V,)=A,L, it is then
possible to calculate the alveolar radius:

_ 3//1’7"540
"5 (0)=8., L [14]

where L is known from Eq. [8].
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Methods

Polarization and administration of 129X e

'#Xe was polarized using a prototype commercial polarizer (IGI. 9800, Am-
ersham Health, Durham, NC). A gas mixture of 1% natural abundance
'2Xe, 10% N, and 89% “He flowed at a rate of 0.9 I/min through an optical
cell where the '*’Xe spins were polarized via spin exchange with optically
pumped Rb vapor (20). HpXe was accumulated for 30 min and frozen at
liquid nitrogen temperature. After thawing, the HpXe was collected in a
plastic bag (volume 300 ml, Tedlar®, Jensen Inert, Coral Springs, FL) at
1 atm pressure. The polarization level in the bag was measured using a
stand-alone calibration station (Amersham Health, Durham, NC) before
and after each experiment in order to calculate the 7 relaxation time within
the bag during the experiment. The initial polarization level in the bag was
8%—12%.

The plastic bag containing Xe was connected to an in-house-built, com-
puter-controlled respirator. Via a switch valve, the respirator was capable of
administering either air or HpXe to the animal. The bag was placed within a
rigid cylinder and positioned 0.5 m outside the magnet. To expel the polar-
ized gas, the cylinder was pressurized with nitrogen. The computer control
also served to trigger the MR sequence, i.e. to synchronize gas delivery and
data acquisition. The reproducibility of administered gas volumes was tested
in separate experiments and was better than 2% (data not shown).

Animal preparation

All  experiments were approved by the local ethical committee
(Malmé/Lunds djurférsoksetiska nimnd; appl. no. M4-01). Ten Wistar rats
(male, 250-360 g; breeder: M&B, Ry, Denmark) were instilled intratra-
cheally with 1.0 mg LPS (Sigma Chemical, St. Louis, MO) per animal, dis-
solved in 0.1 ml 0.9% saline. The instillation was performed 48 hours prior
to the NMR examination. A group of ten untreated Wistar rats (male,
270-340 g) served as controls. The animals were anesthetized subcutane-
ously with a mixture of fluanisone/fentanyl (Hypnorm™, Janssen Animal
Health, Saunderton, England) and midazolam (Dormicum®, Hoffman-La
Roche AG, Basel, Switzerland). The left jugular vein and the right carotid
artery were catheterized for intravenous administration of anesthesia and a
neuromuscular blocking agent (pancuronium, Pavulon®, Organon Teknika,
Boxtel, the Netherlands), and for measurement of arterial blood pressure.
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After tracheal intubation, the animals were placed in the MR scanner in su-
pine position and ventilated by the respirator mentioned above. During the
experiment, body temperature, blood pressure, inspiratory pressure and tidal
volume were monitored continuously. The breathing rate was set to 40
breaths/minute and the tidal volume to 1.0 ml per 100 g body weight. In-
spiration and expiration times were 0.5 s.

Xenon spectroscopy

All experiments were performed on a 2.35 T scanner (BioSpec 24/30,
Bruker Biospin, Ettlingen, Germany) using a double-tuned birdcage RF coil
(Bruker Biospin) with 72 mm diameter and 110 mm length, operating at
the Larmor frequencies of 'H (100.1 MHz) and '"*Xe (27.7 MHz). The ac-
quisition scheme is shown in Fig. 5. A ventilator cycle consisted of 18 air
breaths followed by three xenon breaths. The breathing was interrupted after
the third xenon inspiration for a 7 s breathhold and a trigger pulse was sent
from the ventilator to the NMR scanner in order to initiate data accumula-
tion. A 90° RF excitation with center frequency between the tissue and
blood xenon resonances was applied in order to remove all signal arising
from xenon in tissue and blood, while preserving the hyperpolarization in
the alveolar gas. After a delay A(n), a second 90° RF excitation followed,
generating a FID signal from xenon having diffused from the alveoli to tis-
sue and blood during the delay A(#). During the breathhold period, the RF
pulses and data accumulation were repeated 12 times in an averaging loop,
before continuing with the next ventilator cycle. The ventilator cycle was
repeated 12 times (7= 1...12) with increasing values of the delay A(n) (15,
20, 30, 40, 60, 90, 120, 150, 200, 300, 400 and 500 ms, respectively), re-
sulting in a total experiment duration of 8 minutes.

Before each experiment, the flip angle of the RF pulses was carefully ad-
justed to 90° by applying a train of 4 RF pulses with center frequency at the
gas resonance. The adjustment was repeated and the amplitude of the RF
pulses fine-tuned until no FID signal could be detected after pulses 2—4.
With the center frequency between the tissue and blood resonances, the du-
ration of the rectangular RF pulses was adjusted to give minimum excitation
of the alveolar gas, i.e. the first zero crossing of the sinc-shaped frequency
response of the RF pulse was adjusted to correspond to the gas resonance.
The excitation of the gas signal was measured in a separate experiment and
was found to be approximately 7° (data not shown).
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Parametric analysis

The data analysis was made with software implemented in MATLAB
(MathWorks, Natick, MA). After zero and first order phase corrections,
Lorentzian shape functions were fitted to the gas, tissue and blood peaks of
each spectrum. The peak amplitudes of the fitted functions were corrected
for the 7 relaxation decay of the HpXe in the reservoir during the course of
the experiment. Because the repetition time within the averaging loop in-
creased with increasing delay A(n), the peak amplitudes were additionally
corrected for the 7 relaxation in the lung during the data accumulation,
using a fixed 7 relaxation of 30 s in the gas phase (21). The functions

S, (A)=S,, CXP(—A/Tg) + 8, (gas peak)

) [15]

S(A) =S, (1 - CXP(—A/TI)) +8A  (tissue and blood peaks)
were fitted to the amplitudes of the gas, tissue and blood peaks, as function
of the delay A. The resulting time constant 7, from the tissue peak was used
for calculation of the total diffusion length (Z, Eq. [8]). The intercept, S,
and slope, §), from the tissue and blood peaks were used to calculate Z,, L,
Q and M, according to Egs. [11] and [12]. These calculations were per-
formed using Ostwald solubility coefficients ;= 0.1, 4,,=0.09, Agsc=0.2
(18) and a fixed hematocrit A= 0.45 (22,23). Additionally, the alveolar ra-
dius was estimated using Eq. [14] and the relative blood volume was calcu-
lated as #BV =L./L. p-values, comparing the LPS-treated group with the
controls, were calculated using the Student’s #test (double-sided, unequal
variance).

Results

Xe spectroscopy

In all spectra, gas, tissue, and blood signals were clearly visible with tissue
signal SNR ranging from 20 (shortest delay A) to 80 (longest delay A). The
tissue and blood signals were well separated at 198 ppm and 212 ppm re-
spectively, with amplitudes approximately half of the gas signal amplitude.
The 7, relaxation of xenon in the reservoir was in the range 60—80 min, cor-
responding to a maximum signal decay of about 0.9 during the experiment.
A representative set of spectra is shown in a stacked plot (Fig. 6).
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Parametric analysis

The fit of the functions given by Eq. [15] to the tissue, blood, and gas am-
plitudes yielded R values of 0.98 £ 0.02 (tissue), 0.99 + 0.02 (blood) and
0.95+0.04 (gas) in the control group (mean* SD). In the LPS-treated
group, the corresponding values were 0.99 £0.02, 0.97 £0.09 and
0.90 £ 0.09, respectively. A representative example of the fit is presented in
Fig. 7.

In the control group, the time constant 7, was determined to 30 £ 3 ms
using the tissue signal and to 26 £ 5 ms using the blood signal. The ratio of
the tissue and blood time constants was 1.17 £0.23. In the LPS-treated
group, the corresponding time constants were 41 + 6 ms (tissue) and
33 4+ 10 ms (blood) with ratio 1.28 £ 0.22. Due to its lower standard devia-
tion, the tissue time constant was selected for calculation of the total diffu-
sion length, L. The time constant of the gas signal, 7, was 257 £ 137 ms in
the control group and 195 + 104 ms in the LPS-treated group.

Significant differences in total diffusion length (Z) and tissue thickness
(L) were found between the control group and the LPS-treated group,
whereas no significant difference in capillary diffusion length (L), perfusion
(Q), mean transit time (M), relative blood volume (#BV) or alveolar radius

(r,) could be detected (see Table 1).

Discussion

The pulmonary tissue compartment in the model is composed of the alveo-
lar liquid lining, the epithelium, a very thin interstitial space, and the endo-
thelium. The thickness of the blood-gas barrier is known to vary around the
capillaries (24). However, as the '”’Xe NMR measurement was not spatially
resolved in the present investigation, the tissue thickness calculated from the
xenon uptake time-constant should be regarded as an average value for the
alveolar-capillary membrane thickness, including tissue separating neigh-
boring capillaries and perivascular interstitial space. Our measurement of the
average membrane thickness agrees well with the actual dimensions of the
membrane, which has been measured to 5-6 um in the rat using micro-
scopic methods (25) as well as with NMR techniques (26). The membrane
thickness is an important indicator of the diffusing capacity of the lung,
since the diffusing capacity is inversely proportional to this thickness (4). A
reduced diffusing capacity caused by loss of alveolar surface area will how-
ever not be revealed by the uptake time constant. The uptake time constant
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is inversely proportional to the gas diffusion coefficient. Since the diffusion
coefficients are similar for xenon (1.107 m’s ' (16)) and for oxygen
(1.7:10” m” s™' (27)), one can expect that the dynamics of the xenon uptake
is not much different from that of oxygen.

Although the model is a simplification of the actual lung morphology, the
experimental results agree in several respects with the predictions from the
theoretical analysis. The model uses equal time constants for the initial sig-
nal buildup in both tissue and blood, which agrees with the measured
“tissue” and “blood” time constants having a ratio close to unity. We have
established a statistically significant difference in the Xe uptake time con-
stant — and hence in the membrane thickness — between the control animals
and the LPS-treated group of animals. The difference in length was related
to the “tissue” thickness only, whereas the “capillary” thickness was equal in
both groups. This finding is logical, since the acute inflammatory lung in-
jury caused by the LPS is expected to increase the alveolar wall thickness, but
not to alter the capillary blood volume within the lung.

In addition, we have shown that it is possible to measure perfusion using
the xenon uptake method. The slopes and intercepts of the dissolved-phase
'Xe signals after the initial exponential buildup are used for calculation of
the quantities mean transit time, perfusion, and relative blood volume.
Other studies on rats using non-NMR methods have reported a total pul-
monary blood flow of approx. 2 ml/s (28), a total capillary volume of ap-
prox. 1 ml (29), and a total alveolar wall volume of 1 ml (29). From these
data, the perfusion can be calculated to 1 ml-s™'/ml, the mean transit time to
0.5 s and the relative blood volume to 0.5, which are in fair agreement with
the corresponding values obtained in the present study.

The mean transit time did not differ between the control group and the
LPS group. This observation further supports the assumption that the total
blood volume, and thus the “blood thickness”, remained unaffected by the
LPS treatment. We note that the mean transit time is one order of magni-
tude larger than the observed uptake time constant (30 ms in the control
group, 41 ms in the LPS group). Consequently, the xenon concentrations in
blood and tissue are well equilibrated before the blood leaves the alveolar
capillary. The ratio between the uptake time constant and the mean transit
time would thus indicate whether the gas exchange is perfusion or diffusion
limited. The calculated lung perfusion and relative blood volume differed
between the groups, although not significantly (p=0.13 and p=0.19, re-
spectively). The tendency for reduced perfusion and relative blood volume

V-13



in the LPS-treated group is consistent with an increased total volume (tissue
plus blood) in the treated group, at unaltered blood flow.

Among the calculated model parameters, the total diffusing thickness, Z,
is obtained directly from the uptake time constant, 7;, in contrast to the
other parameters, which rely on the slope and intercept of the uptake curves.
The present study was limited by the need for several averaged accumula-
tions in order to obtain spectra with sufficient SNR, resulting in accumula-
tion times of several seconds for the longest delays A. This is undesirable,
since the alveolar gas signal decreases after inspiration due to the 7 relaxa-
tion in the lung and the transport of xenon to the capillary. The 7 relaxa-
tion was compensated for, whereas a compensation for the signal drop
caused by removal of xenon from the alveolus could not be done. Therefore,
we believe that the slope and intercept values were more difficult to deter-
mine accurately than the uptake time constant, and thus that the parameter
L is the most reliable measure of pathological condition. The inverse of the
uptake time constant, 7;', is moreover expected to be a very sensitive indi-
cator of alveolar membrane thickening, as it is a quadratic function in L. We
further note that the measurement of the alveolar radius in this study
(~8 um) resulted in an underestimation compared to the expected value of
about 35 um (29). Of the measured signals during the experiment, the gas
signal was the most difficult to quantify, with a more fluctuating amplitude
than the tissue and blood peaks. The fluctuating signal amplitude caused
difficulties to obtain reproducible results from the gas peak. We therefore
believe that the current implementation of the method needs improvements
before reliable measurements of the alveolar radius can be made.

In principle, the HpXe uptake study provides the same information as the
CO transfer test, as both methods assess the membrane-related and the vas-
cular aspects of lung function. The quantity obtained from the CO function
test, DL, is a function of lung surface area, membrane thickness, and blood
volume. However, the latter physiological quantities are not easily obtained
from the CO transfer test. In contrast, the '*’Xe method enables direct
quantification of the most important physiological parameters from the ini-
tial uptake dynamics of the gas. With some increase in '*Xe polarization
and a greater total volume of hyperpolarized gas available for the study, it
may also be possible to differentiate Xe uptake in several regions of interest
within the lungs by means of localized NMR spectroscopy. Another exten-
sion of the present study would be a complementary quantitative method for
measuring lung ventilation using HpXe, which would open the exciting
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prospect of more comprehensive characterization of lung function with a
single diagnostic modality.

Conclusions

A mathematical diffusion model was derived, allowing the quantification of
lung physiological parameters from the uptake dynamics of hyperpolarized
'Xe, as measured by a NMR spectroscopy method. We demonstrate a sim-
ple relationship between the uptake time constant and the effective diffusion
length across the respiratory membrane. Furthermore, quantitative informa-
tion about pulmonary perfusion can be extracted. Thus, a major advantage
of the method is that the two main components of lung function — mem-
brane diffusing capacity and pulmonary perfusion — are obtained in a single
study.

The method was employed for comparison of a control group of rats ver-
sus a group of LPS-treated rats. A statistically significant increase in the dif-
fusion length, related to a thickening of the alveolar wall was measured in
the latter group, whereas no significant differences in perfusion related pa-
rameters were observed. We therefore conclude that the proposed method is
able to distinguish alterations related to diffusive capacity from alterations of
pulmonary perfusion. The method may be complemented with ventilation
imaging using hyperpolarized xenon, for improved diagnosis of the lung
function.
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Table 1. Summary of the calculated parameters using the diffusion model as de-

scribed in the theory section. Values are given as mean + SD.

Parameter Control group LPS group p-value
Control vs. LPS

Total diffusion length 8.6+0.5 10.0+0.8 0.00013

(L=LAL), um

Tissue thickness (L), um 49+0.9 6.4+1.2 0.0080

Blood thickness (L), um 3.6+0.8 36%1.3 0.95

Perfusion (O), ml s/ml 1.5+£0.3 1.3+£0.2 0.13

Mean transit time (M), s 0.30£0.11 0.29+£0.10 0.68

Relative blood volume (rBV) 0.43+£0.10 0.36+£0.12 0.19

Alveolar radius (r,), um 87132 85+2.1 0.89
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Figure 1. The single-alveolar diffusion model. F = pulmonary blood flow around the
alveolus, C, = alveolar '®Xe concentration, C, = tissue '**Xe concentra-
tion, C_= capillary ®Xe concentration, L, = tissue thickness, L. = average
diffusion length through capillary, V, = alveolar volume, V, = tissue vol-

ume, V. = capillary volume around a single alveolus.
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Figure 2. Numerical solution of the partial differential equation (Eq. [1]) describing
the xenon concentration in the alveoli, tissue and capillary compartments.
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Figure 3.
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Error in the estimated diffusion length when using the approximate ex-
pression (Eq. [8]). For varying diffusion lengths and pulmonary blood
flows, the estimated diffusion length L was calculated according to Eq. [8],
using the true time constant t, obtained from a numerical solution of Eq.
[1]. The total pulmonary blood flow was equally distributed across a total
of 1-10° alveoli.



Figure 4.
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lllustration of the acquired NMR signals and the parameters needed for

calculation of tissue thickness, capillary thickness, perfusion, mean transit
time and alveolar radius.
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Figure 5. Schematics of the ventilator operation and NMR data acquisition. A repe-
tition cycle consisted of 18 air breaths followed by 3 xenon breaths. After
the last xenon inspiration, a 90° RF pulse was applied to destroy the sig-
nal in tissue and blood, followed by a second 90° RF pulse generating a
FID from the xenon in tissue and blood. The interpulse delay A(n) was in-
creased between successive repetitions.
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Figure 6.
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A representative set of spectra obtained from a naive rat. The 12 spectra
correspond to increasing delays A, during which the xenon diffuses from
the alveoli to the capillaries. The decreasing amplitude of the alveolar gas
signal due to the uptake of xenon is readily observable.
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Figure 7. The peak amplitudes (circles) of tissue and blood xenon signals in a repre-
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sentative control animal and a LPS-treated animal, as function of the de-
lay time A. The solid and dashed lines show the fit of Eq. [15] to the data.
In the figure, the amplitude of the LPS-treated animal has been scaled to
give equal amplitude as the control at 200 ms delay time.
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