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ABSTRACT

Hyperpolarized (hp) 83Kr (spin I = 9/2) is a promising gas-phase contrast agent that displays sensitivity to
the surface chemistry, surface-to-volume ratio, and surface temperature of the surrounding environment.
This proof-of-principle study demonstrates the feasibility of ex vivo hp 83Kr magnetic resonance imaging
(MRI) of lungs using natural abundance krypton gas (11.5% 83Kr) and excised, but otherwise intact, rat
lungs located within a custom designed ventilation chamber. Experiments comparing the 83Kr MR signal
intensity from lungs to that arising from a balloon with no internal structure inflated to the same volume
with krypton gas mixture suggest that most of the observed signal originated from the alveoli and not
merely the conducting airways. The 83Kr longitudinal relaxation times in the rat lungs ranged from 0.7
to 3.7 s but were reproducible for a given lung. Although the source of these variations was not explored
in this work, hp 83Kr T, differences may ultimately lead to a novel form of MRI contrast in lungs. The cur-
rently obtained 1200-fold signal enhancement for hp 8Kr at 9.4 T field strength is found to be 180 times

below the theoretical upper limit.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Hyperpolarized (hp) noble gases [1,2] display dramatically in-
creased signal intensities in nuclear magnetic resonance (NMR)
spectroscopy and magnetic resonance imaging (MRI) enabling a
wide range of novel applications [3-5]. Biomedical interest in hp
gases began in the mid-1990s with proof-of-principle reports of
hp '?°Xe [6] and hp 3He [7] lung MRI. Hp 3He has proven particu-
larly valuable for studying lung ventilation distribution [8], alveo-
lar size [9,10], and O, partial pressure [11]. Recently, pulmonary
3He MRI was also demonstrated in very weak magnetic fields that
produced >He resonance frequencies of around 200 kHz [12]. Hp
129%e yields lower signal intensities than hp >He due to its lower
gyromagnetic ratio and generally lower polarization, but through
its high tissue solubility and 300 ppm chemical shift range [3] pro-
vides additional information about structure and gas exchange in
lungs [13-15], displays tissue-specific chemical shifts [16] and, in
conjunction with functionalized xenon biosensors, can be used
for molecular imaging [17,18].

However, neither hp 3He, hp '?°Xe, nor alternative techniques
using thermally polarized fluorinated gas species [19,20] can deliver
information about lung surface chemistry, which is intimately
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linked to certain lung diseases. For instance, acute lung injury
(ALI), including its most severe form acute respiratory distress syn-
drome (ARDS) [21], is characterized by changes in the lipid and pro-
tein composition of the pulmonary surfactant system. Additionally,
disease inducing aerosols such as tobacco smoke and mineral dusts
can both transiently and chronically alter the lung surface chemistry
[22,23]. The current lack of available imaging technologies that al-
low the early diagnosis of lung surface related pathologies is the
driving force to develop non-invasive, spatially resolved techniques
that provide information about pulmonary surface chemistry.

Recently, the development of hp 8Kr NMR and MRI was re-
ported [24,25]. Like '>°Xe and 3He (both nuclear spin I=1/2),
8Kr (I=9/2) can be hyperpolarized by spin exchange optical
pumping (SEOP) [26,27], and its relatively long gas-phase T; of
up to several hundred seconds at atmospheric pressure [28,29] al-
lows the gas to be separated from the reactive alkali metal vapor
without extensive depolarization [24]. Unlike hp '*°Xe or 3He, hp
83Kr has been shown to provide MRI contrast that is highly sensi-
tive to the surface chemistry in relatively low surface-to-volume
ratio environments [30,31]. Additionally, the longitudinal relaxa-
tion of hp 33Kr provides information about surface properties
including surface-to-volume ratio [30], surface hydration [32],
and surface temperature [24]. This sensitivity is caused by quadru-
polar interactions that strongly influence the longitudinal relaxa-
tion rate when krypton is in contact with surfaces.

For instance, the T; of hp 8Kr was shown to increase by up to a
factor of twenty if tobacco smoke condensate, which contains
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numerous hydrophobic constituents [22], was deposited on model
surfaces [31]. These large relaxational differences enabled T; con-
trast-weighted variable flip angle FLASH MR imaging [33] that pro-
vided spatially resolved information about both the location and
amount of tobacco smoke deposited on surfaces. The sensitivity
hp #3Kr displays to surface-to-volume ratio within porous materi-
als may also be of diagnostic value. Increased alveolar size due to
both natural aging [10] and chronic obstructive pulmonary disease
(COPD) progression [20] has been observed using hp *He apparent
diffusion coefficient (ADC) measurements, while other disorders,
such as ALl are associated with alveolar collapse and thus in-
creased surface-to-volume ratios.

Although hp 83Kr has been explored as a surface sensitive con-
trast agent in model systems, the feasibility of hp ®3Kr lung MRI
must still be demonstrated. Fast T; relaxation during inhalation
and when inside the alveolar regions could potentially depolarize
hp #Kr to unobservable levels. Previous studies with desiccated
canine lung tissue showed promising T; times of about 10 s [25],
but the surface chemistry and microscopic surface morphology
found in vivo will be substantially different than those of desic-
cated tissue. Also, these earlier experiments were performed by
rapidly shuttling hp 3Kr into a pre-evacuated sample to reduce
T, relaxation during transfer, but this technique is obviously
unsuitable for in vivo work or ex vivo studies of intact lungs. In this
work, we report the first hp #3Kr NMR spectra, T; data, and hp 83Kr
MRI from freshly excised, but otherwise intact, rat lungs obtained
with natural abundance krypton gas (11.5% 83Kr) using a novel de-
vice for ventilating excised lungs. Additionally, a discussion of the
maximum future improvements to the hp 83Kr signal intensity is
presented.

2. Materials and methods
2.1. NMR spectroscopy and MR imaging

Experiments were performed on a Chemagnetics CMX II
400 MHz NMR spectrometer in a 9.4 T, wide-bore (89 mm) super-
conducting magnet equipped with an imaging system (Resonance
Research, Billerica, MA) consisting of triple axis gradient coils
(100 G/cm x, y axes and 720 G/cm z axis) and low-noise linear gra-
dient amplifiers. Spectra and images were obtained using a cus-
tom-built probe with a single saddle coil for excitation and
detection tuned to the 15.4 MHz %Kr resonance frequency. A
15 min SEOP period was applied between consecutive hp gas deliv-
eries to replenish the non-equilibrium #3Kr polarization.

The T, values reported in this work were calculated by nonlin-
ear least-squares fitting of the hp 83Kr signal as a function of time,
and corrected for the number of (24°) RF observation pulses. The
image was produced from a series of 16 traces acquired using a
non-selective, gradient-echo sequence with phase encoding gradi-
ents incremented in each hp gas delivery. To reconstruct the image,
acquisition matrices were zero-filled to 32 points in both dimen-
sions and apodized using a sine bell squared function before Fou-
rier transformation in each dimension. Image processing was
performed in MATLAB R2006a (Version 14.2; Math-works, Natick,
MA).

2.2. Spin exchange optical pumping

SEOP of 83Kr [1] was performed in untreated, cylindrical Pyrex
cells (length = 125 mm, ID = 24 mm) as previously described [24].
The krypton mixture was produced from research grade gases (Air-
gas, Radnor, PA) and contained 25% krypton (natural abundance,
99.995% pure), 5% N, (99.9997% pure), and 70% helium
(99.9999% pure). Pump cells containing ~1g of rubidium

(99.75%; Alfa Aesar, Ward Hill, MA) were housed in a quartz and
aluminum oven to maintain even heating (438 +5 K) and main-
tained above ambient pressure (~120 kPa) to avoid atmospheric
contamination. Light (794.7 nm) from two 30 W Coherent FAP
diode-array lasers (line width ~2 nm) was directed via fiber optic
coupling cables through a circular polarizer onto the pump cell.
SEOP occurred in the fringe field of the superconducting magnet
at approximately 0.05T using a ‘stopped flow mode’ where the
gas flow was stopped for 15 min. The rubidium vapor was then
separated from the hp gas mixtures by an air-cooled trap at the
outlet of the pump cell, and the hp %3Kr gas was then transferred
into the lungs as described in Section 2.4.

2.3. Animal care and usage

The Institutional Animal Care and Use Committee of the Univer-
sity of Colorado at Denver and Health Sciences Center approved the
protocol used in this work. Seven healthy, male Sprague-Dawley
rats (Charles River Laboratories, Inc., Wilmington, MA) were accli-
mated to altitude (~1600 m) for at least 14 days while being fed a
normal diet and weighed 193-266 g at the time of lung excision.
The rats were anesthetized with ketamine (80 mg/kg) and xylazine
(16 mg/kg) (MWT Veterinary Supply) delivered intraperitoneally.
The trachea was clamped at time of inhalation to avoid collapsing
the airways while removing the heart and lungs from chest cavity.
The right ventricle was injected with 100 USP units heparin (Amer-
ican Pharmaceutical Partners, Inc., Schaumburg, IL) and allowed to
circulate for 10-15 s before the heart and lungs were excised en
bloc. The trachea was then cannulated with an indwelling 16-gauge
stub adapter tube positioned 5 mm above the bifurcation of the
lungs.

2.4. Lung ventilation

Following excision, the lungs, with the heart still attached, were
placed in a Pyrex ventilation chamber (ID=24 mm and
height = 100 mm; see Fig. 1a) and immersed in isotonic saline solu-
tion (0.9% NaCl, pH 5.5; Baxter Heathcare Corporation, Deerfield,
IL). The lungs were then inflated with 4-5 ml of air and transported
at 277 K to the imaging facility. To prevent flooding of the airways
and hp #Kr from escaping before entering the lung, the trachea
was tightly sutured to the stub adapter tube affixed to the bottom
of the inflation chamber. Upon inflation, experiments were per-
formed only if no gas bubbling was observed either at the location
of the sutures or from the lungs themselves indicating that the gas
entered and remained within the lungs. Consequently, three of the
seven sets of lungs were not used for experiments.

Hp &3Kr needed to reach the lungs quickly enough to avoid sub-
stantial T; relaxation during transfer while maintaining at most a
slight overpressure to prevent lung damage. Therefore, the hp
83Kr was transferred (see Fig. 1b) after 15 min of SEOP by pressure
equalization from the SEOP cell to a pre-evacuated (pressure
<10Pa) Pyrex storage cell (length=80 mm, ID=24 mm). After
the pressure equalized, the valve separating the storage cell from
the Pyrex transfer tubing was opened, and the hp gas flowed from
the storage cell through the inner tube (ID =2 mm) and past the
entrance of the lung. The lungs were inflated by applying a slight
suction above the saline solution and deflated by applying a slight
overpressure. In doing so, the lungs were ventilated with 6 ml of hp
gas, as monitored by saline solution displacement. Although the
presence of a breathable concentration of paramagnetic oxygen
was previously shown to lower the T; of 83Kr by only about 20%
[25], it, along with other gases [29] could introduced variability
to the observed relaxation. Therefore, prior to experiments, the
lungs were repeatedly ventilated with nitrogen gas to remove
residual air and thus provide consistent initial conditions for the
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Fig. 1. Apparatus for delivering hp #*Kr to lungs. The thick, solid arrows indicate the
direction of hp 83Kr flow. (a) Ex vivo lung ventilation chamber. The lungs were
inverted (trachea pointing down) and completely immersed in a physiological
saline solution. The lungs were then inflated with 6 ml of hp gas mixture by
applying a slight suction and deflated by applying slight overpressure. Hp #*Kr
flowed past the entrance to the lungs and was pulled into the lungs during inflation.
(b) Hp %3Kr transfer system. The storage cell was evacuated to less than 10 Pa, and
hp 83Kr was transferred from the SEOP cell by pressure equalization (final pressure
~110 kPa). The valve was then opened, and gas flowed from the storage cell,
through the inner tube, and past the entrance to the lung. Hp #3Kr was either pulled
into the lung during inflation or flowed through the outer tube to the ambient air.

experiments described in this work. Further, the flow of the hp gas
past the lungs was monitored by a flow meter located at the exit of
the hp-gas transfer system into the ambient air to assure that no
backflow took place during the inhalation procedure.

3. Results and discussion
3.1. Spectroscopy and MR imaging of lungs

Fig. 2a displays a representative hp ®3Kr NMR spectrum from
excised rat lungs following a 90° RF pulse. The highest hp 83Kr sig-
nal intensities that were previously obtained from the 25% krypton
mixture used in this work were enhanced approximately 4500
times over that of thermally polarized krypton at 9.4 T. This
enhancement corresponded to a spin polarization of about 1%
[32]. However, this intensity was only observed by vacuum shut-
tling hp ®Kr into the detection region. The signal enhancement
from lungs in the current work was probably reduced about 50%
by relaxation during the relatively slow hp gas transfer from the
pump cell [32] and further reduced during the brief (~1 s) resi-
dence time in the lung prior to the application of RF pulses. Despite
these polarization losses to relaxation, the spectra still displayed
acceptable signal-to-noise ratios of 50-60 depending on SEOP effi-
ciency and possibly individual-to-individual differences in the
lungs. Note that the signal from thermally polarized ®3Kr could
not be observed at all from the lungs.

To qualitatively assess if hp 8Kr reached beyond the finer air-
ways and penetrated into the alveoli without depolarization, the
signal from the lungs was compared to that arising from 6 ml of
hp krypton mixture in a balloon with no internal structure that
had been inflated using the same ventilation system. The 83Kr T,
inside the balloon exceeded 40 s when fully inflated, so the signal
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Fig. 2. Hp %3Kr NMR spectroscopy. (a) Typical hp #Kr spectrum from excised rat
lungs at 9.4 T. (b) Signal intensity decay curve of hp 83Kr in rat lungs resulting from
both longitudinal relaxation and RF. Data points are signal intensities of the hp 83Kr
spectra obtained from a series of 24° RF pulses normalized to the signal intensity
resulting from the first pulse. The error bars are the standard deviations in the
baseline noise.

intensity was not substantially affected by relaxation. The signals
from lungs were found to be around 30-50% of that observed from
the inflated balloon. These intensities are substantially greater
than would be expected from #3Kr confined to the anatomical dead
space (i.e., the volume of the conducting airways) alone, which typ-
ically constitutes less than 5% of the total lung volume [34,35].
Therefore, a substantial fraction of #3Kr lung signal intensity must
have originated from the alveolar region.

Fig. 3 shows an MR image (x, y projection with no slice selec-
tion) of hp #Kr in an excised rat lung with 2.3 x 2.3 mm image res-
olution (raw data) that was obtained from 16 single acquisitions
with incremented gradients. The dashed, white line surrounding

Fig. 3. Ex vivo hp ®*Kr MR image of a rat lung in the transverse plane. The image was
reconstructed from 16 individual SEOP/gas delivery cycles. Each phase encoding
step in the x, y lung image was acquired from a single hp 83Kr delivery using no slice
selection and resulted in 2.3 x 2.3 mm resolution (raw data). Note that the z-axis is
defined as being the direction of the applied magnetic field. The image scale is
displayed in the upper right hand corner, and the white, dashed ring indicates the
location of the inner wall of the ventilation chamber.
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the image indicates the location of the inner wall of the ventilation
chamber. Several morphological features are readily observed in
the image. The separation between the right and left lung is easily
seen, as is a dark area between these two high signal intensity re-
gions. This dark region corresponds to the location of the heart,
which contained no hp #Kr. When the lungs were inflated to
6 ml outside the superconducting magnet, the sides of the lung
were observed to touch the inner inflation chamber wall. From
the image, it appears that substantial signal intensity extends to
the chamber wall and was not merely confined to the major
airways.

3.2. Longitudinal relaxation in lungs

Fig. 2b shows a typical hp 8Kr T; decay curve in an excised rat
lung. The data points are hp 83Kr signal intensities obtained from a
series of 24° RF pulses. These relatively long pulses were necessi-
tated by the modest hp #Kr signal intensity and were found to
be a reasonable compromise between obtaining acceptable sig-
nal-to-noise ratios and maintaining non-equilibrium polarization
long enough to adequately observe T; decay. The T; values were
typically several seconds and were reproducible for a given lung
for several hours after excision, but a T; range 0.7 to 3.7 s was ob-
served in various lungs (see Table 1). T; times in this range should
allow in vivo hp ®Kr MRI in rats, which breath 1-5 times per
second.

Due to of the small gyromagnetic ratio of 33Kr (4% of 'H) com-
pared to 3He (76% of 'H) and '?°Xe (28% of 'H), the presence of
20% 0, was previously found to reduce the 8Kr T; time in desic-
cated canine lung tissue by only 18% from 10.5 to 8.6s [25]. In
comparison, the 3He T; time is reduced from hundreds of hours
in the absence of paramagnetic species [36,37] to 10-20 s in lungs
containing a breathable oxygen mixture [38]. The T; of 3Kr was
also shown to be much less affected by paramagnetic surface
impurities than that of '2°Xe [31,32]. Thus, paramagnetic species
in the lung will be unlikely to prevent surface sensitive T; contrast
in hp #3Kr MRI. The small gyromagnetic ratio of 83Kr provides a fur-
ther advantage for MRI beyond the reduction of paramagnetic
relaxation. Due to the low resonance frequency of %Kr (i.e.,
15.4 MHz at 9.4 T) the inductive losses typically found in whole
body MRI are expected to be small at any reasonable field strength
[39].

Additionally, the T; time of hp 3Kr has been shown to increase
with increasing surface temperatures presumably due to decreased
surface adsorption times [24]. This observation suggests that phys-
iologically relevant temperatures will result in slower relaxation.
Longer T, times are also to be expected in larger animals due to lar-
ger alveoli that presumably lead to decreased surface-to-volume
ratios. For instance, the average alveolar diameter is about
225 pum in adult human lungs but only 94 and 58 pm in rats and
mice, respectively [40].

Table 1
T; data from individual rats?

Mass of rats® (g) Hp ®3Kr Ty (s)°

245 3.74 £ 0.41
3.66 +£0.39
210 243+0.13
2.33+0.20
210 1.55£0.11
193 0.67 £ 0.04
0.64 £ 0.01
0.65 £ 0.01

2 Three lungs were not used for experiments because of damage during transport.
P Mass of rat prior to lung excision.
¢ Errors are * one standard deviation in the residuals resulting from the fit.

3.3. Signal-to-noise in lungs

Like early hp '*°Xe lung MRI [6], hp ®3Kr MRI will require signif-
icant improvements in signal intensity to be biomedically useful.
However, isotopically enriched krypton mixtures have yet to be
exploited and would immediately improve the observed signal-
to-noise ratio by nearly an order of magnitude. Even larger
enhancements may be gained from improved #*Kr SEOP that cur-
rently generates only about 0.3% spin polarization in a mixture of
95% krypton and 5% nitrogen. Although a higher spin polarization
was obtained with more dilute krypton mixtures (i.e., ~1% polari-
zation with 25% krypton mixtures), improved signal intensity was
not achieved because of the current lack of a technology that al-
lows for concentrating hp krypton without extensive
depolarization.

However, improvement in gas delivery methods [41], better
pump cell designs [42], higher laser powers [43], and line-nar-
rowed laser sources [44] have vastly increased the hp 3He and
129%e NMR signal intensities and production rates. Similar
improvements should also advance work with hp #3Kr, and, to-
gether with isotopic enrichment, lead to signal enhancements high
enough for in vivo applications, at least for small animal studies.
However, it is important to understand the theoretical limit for
spin I>1/2 signal enhancement. At an ambient temperature T
and magnetic filed strength B, the maximum theoretically possible
enhancement factor is

3kgT
Bo.T _ B ) 1
o = 1o 1+ 1) W

as derived in the Appendix. For 83Kr at 300 K and 9.4 T, the enhance-
ment limit is f24T3%0K — 2.2 x 10°. Thus, the 1200-fold #Kr signal
enhancement currently obtained for 95% krypton mixtures [24]
can be further improved by ~180 times before the absolute maxi-
mum is reached. Note that for spin I > 1 nuclei the signal intensity
is not directly proportional to the spin polarization at high polariza-

tion values (see Appendix for details).

4. Conclusions

This work demonstrates that hp #3Kr MRI of intact, excised
lungs is possible with natural abundance krypton gas. An improve-
ment of up to 180 times the currently obtained signal is theoreti-
cally possible, leaving significant room for improvements
through the advancement of SEOP technology. An additional in-
crease in the signal-to-noise ratio of almost an order of magnitude
is possible using isotopically enriched krypton. The ®3Kr T; time
found in lungs ranged from 0.7 to 3.7 s and should be long enough
for in vivo work with small animals. The 83Kr T; relaxation is ex-
pected to be insensitive to the presence of paramagnetic species
such as oxygen and therefore capable of providing surface sensitive
MRI contrast. Although no attempts have been made to observe a
pathology specific contrast in lungs, the experiments presented
here are a necessary step in developing hp 83Kr NMR and MRI into
useful biomedical tools. Earlier work focused on the T; of hp #Kr
but MRI contrast could also be obtained by exploiting T, as was
done in work with thermally polarized '*'Xe (I=3/2) in aerogels
[45]. Additional sources of contrast with hp #Kr may be Ty, quad-
rupolar evolution under spin-lock conditions [46,47], and multiple
quantum filtering [48-50].
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Appendix Hyperpolarization. in spin I > 1/2 nuclei

Fully assessing the feasibility of hp 8Kr lung MR requires a dis-
cussion of the fundamental limits to hyperpolarization. For the
general case of spin I > 1/2 nuclei with a Boltzmann population
distribution, it is possible to define a spin polarization, P, as

v Irrﬂ I(e(m+1)yhBO/I<BT _ emyhBU/kBT)
Y

where m represents the z-quantization numbers of the nuclear
spinl, By is magnetic field strength, y is the gyromagnetic ratio of
the nucleus, and y/|y| accommodates the sign of y. All of the popu-
lation terms above other than those of the highest and lowest en-
ergy states cancel, and Eq. (A1) simplifies to

P= , (A1)

[ myhBg /kgT
ZmZJe YhBo /kg

y elthBo/ksT _ @-IyhBo/ksT

- |’)}‘ Z;:JemyhBO/kBT

(A2)

For the thermal equilibrium at high temperatures (i.e., T>> |y|hBo/
kg), Eq. (A2) further simplifies to
21 |y|hBo

P= 21+1 kgT (A3)
in general and leads to the familiar P = |y|aBo/(2ksT) for spin I=1/2
systems. For spin [ > 1/2 systems, non-Boltzmann population distri-
butions are in principle possible, but the thermal equilibrium
(Boltzmann) polarization, Py, can be calculated through Eq. (A2)
at any temperature or Eq. (A3) at high T.

The hyperpolarization, Pyp, can be related to Py, by defining an
enhancement factor,

Bo.,T _ <Bo ;/cBo,T
fhp _Shp/stp ’

where Sﬁ“ is the hp signal measured at the magnetic field strength
By and Stl‘;*T is the thermally polarized signal obtained at the same
magnetic field and at a temperature T. Defining

_ pBoT  fBo.T
Phpfptp 'fhp ’

the previously observed hp #3Kr enhancement of 1200 over the
thermal signal obtained for 95% krypton mixtures at 9.4 T and
300K corresponds to P24 ™%X = 0.27%. Thus, a further improve-
ment over the currently obtained polarization of more than 350
times is theoretically possible.

However, the concept of polarization is problematic for hp spin
I>1/2 systems, which may not possess Boltzmann-like population
distributions. For spin [ > 1 systems, the use of P may also be mis-
leading when discussing the maximum hp signal intensity even if a
non-equilibrium, but Boltzmann-like, population distribution is
generated. For a general spin I system at any temperature, the sig-
nal intensity can be expressed as

-1 ( + )Z(e(mﬂ)yhBU/kBTiemyth/kBT)

5= AL py2em=tCim (Ad)
7] Zin :7’e~/tho/kBT

with

(Cr)® = (L' = 1L |1 ) (A5)

being the transition matrix elements obtained using

LLm)y = h/IT+ 1) —m'(m = 1)|I,m +1). (A6)

In Eq. (A4), the factor (C,f,n,)2 and m’=m+1 are used for spin systems
with positive gyromagnetic ratios. For negative gyromagnetic ra-

tios, (C,fm,)2 and m’=m are used. The term A in Eq. (A4) is a constant
containing all contributions to the signal intensity other than 7, By,
and the populations of the various quantum states. In the high tem-

perature limit Eq. (A4) simplifies to
s 2A1°IN°B]

3 keT
Using Eq. (A3) for the polarization at high temperatures, Eq. (A7)
can be rewritten as

S — A72h?B, WR (A8)

A+ 1). (A7)

However, the relation S « P of Eq. (A8) fails at high P (i.e., low spin
temperature). Thus, feasibility of hp ®3Kr lung MRI is better dis-
cussed in relation to the maximum possible thermal signal
SBT=0K that would be observed at a given field strength and at
0 K. Thus,

Spo T = Ay h?Bo(Clpy_))* = Ay*h*Bo2l (A9)
and the maximum enhancement factor becomes

fBol = Spo 0Kk . (A10)

max

where S’fg‘T is the thermal polarization at By and T as described in Eq.
(A4) in general and by Eq. (A8) at temperatures T > |y|hBo/kg. Eq. (1)
in the main text follows from Eq. (A10) at conditions where Eq. (A8)
is valid.

Note that for the simplest case of an I = 1/2 system, Eq. (1) in the
main text reduces to f2! = P! at all temperatures and field
strengths. Unlike spin I = 1/2 systems, the signal enhancement fac-
tors for 83Kr is not directly proportional to the maximum polariza-
tion. The maximum polarization enhancement for #3Kr at 9.4T field
strength and 300 k is 4.5 x 10° fold, whereas the maximum possi-
ble signal enhancement is 2.2 x 10° fold.
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