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We present a new method to determine in vivo the temporal
volution of intrapulmonary oxygen concentrations by functional
ung imaging with hyperpolarized 3Helium (3He

3
). Single-breath,

ingle-bolus visualization of 3He
3

administered to the airspaces is
sed to analyze nuclear spin relaxation caused by the local oxygen
artial pressure pO2(t). We model the dynamics of hyperpolariza-
ion in the lung by rate equations. Based hereupon, a double
cquisition technique is presented to separate depolarization by
F pulses and oxygen induced relaxation. It permits the determi-
ation of pO2 with a high accuracy of up to 3% with simultaneous
ip angle calibration using no additional input parameters. The
ime course of pO2 during short periods of breathholding is found
o be linear in a pig as well as in a human volunteer. We also
easured the wall relaxation time in the lung and deduced a lower

imit of 4.3 min. © 1999 Academic Press

Key Words: hyperpolarized gas MRI; functional imaging; MRI
f lung; intrapulmonary oxygen; oxygen concentration.

1. INTRODUCTION

The recent success of hyperpolarized gas imaging has
lated considerable interest in medical applications, espe

n lung studies. Since 1994, several groups have demons
he feasibility of magnetic resonance imaging (MRI) of ve
ated air spaces in animals and humans using nuclear
olarized3Helium (3He

3
) (1–7) or 129Xenon (8–11). First clin-

cal studies by Kauczoret al. (12, 13) have shown the diag
ostic potential of3He

3
imaging for lung diseases. In all the

xaminations, optical pumping of nuclear spins 1/2 serve
chieve a polarization level up to five orders of magnit
igher than equilibrium (Boltzmann) polarization. Here an

he following, polarizationP is defined by

P 5
N1 2 N2

N1 1 N2 , [1]

hereN1 (N2) denotes the number of spins parallel (ant
allel) to the external magnetic fieldB0.

1 This publication contains part of the Ph.D. thesis of A. J. Deninger.
 n
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In the beginning of3He
3

MRI, molecular oxygen has be
onsidered as an obstacle, as dipolar coupling between n
pins of3He and electronic spins of paramagnetic O2 leads to
apid longitudinal relaxation (14) and hence irreversible loss
yperpolarization. In some experiments, the effect was red
y flushing the lungs with4He prior to imaging [e.g
3, 7, 12)]. In this study, we pursue a contrary approach:
ecay of polarization in subsequent images acquired d
reathholding (inspiratory apnea) is used to determine r
tion rates which, in turn, enable precise quantification o
xygen partial pressure and its temporal evolution in the
pective volumes.
In a first publication on this topic (15), we reported about a

xperiment where global pulmonary oxygen concentration
etected by MRI, were compared with end-expiratory val
tatistical data from six pigs showed a strong correlatio
7.9% between results. Basing on this experience, we pr

n this work a procedure which allows simultaneous dete
ation of both the local, time-dependent oxygen partial p
ure and the local flip angle of MR excitations. An accurac
O2 of up to 3% has been reached. An MR image ba
nalysis ofpO2 within a silicon bag was carried out to ver
ur theory. The agreement with the preadjusted oxygen
entration was very good. Further experiments were perfo
n two pigs and one human volunteer. Imaging of a dead
ung also enabled to assess an upper limit of wall relaxatio
ung tissue in the absence of oxygen.

2. THEORY

Consider a ventilated area of the lung imaged by M
rreversible loss of the high nonequilibrium polarizationP of
nhaled3He

3
inside this volume is caused by three mechanis

hese are NMR excitations, relaxation due to the presen
olecular oxygen and wall relaxation by lung tissue. Fur

elaxation sources, namely by3He–3He dipolar coupling (16)
nd by magnetic field gradients (17, 18) may be neglecte
nder the present conditions. The three relevant effects
ow be discussed separately, leading to a system of two
 cou-
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208 DENINGER ET AL.
led differential equations modeling the dynamics of the
arization.

Let a be the flip angle of the magnetization by a single
ulse. If an image is acquired using a sequence consistingN
F pulses separated by a repetition timeTR, these excitation

esult in an apparent relaxation rateGRF given by

GRF~t! 5 2ln~cosa!/TR, [2]

hile samplingk-space.
Relaxation of 3He

3
by O2 is studied in (14), where the

ollowing rate was found (recalculated for body temperatu

GO2 5 0.38 z pO2bar21s21 5
pO2

j
, [3]

ith pO2 being the oxygen partial pressure (in bar) and
oefficientj 5 2.61 barz s.
The wall relaxation rateGw depends on the surface to v

me ratioS/V of the structure enclosing the gas and can h
e described by

Gw 5
1

h

S

V
, [4]

hereh is a specific relaxation coefficient of the wall mater
In addition to the relaxation rates [2] to [4],3He

3
exchange

ith the nonexcited surroundings affects the polarizationP(t)
nside an imaged slice. LetP9(t) be the polarization in thes
onimaged volumes, which decreases only due to oxyge
all relaxation. In a simplifying “two compartment mode
ne then obtains two rate equations describing the tem
volution ofP andP9, which are coupled by a term (P 2 P9)
riving the mutual gas exchange, e.g., by diffusion. Intro

ng two characteristic coefficientsg and g9, these equation
ead

Ṗ 5 2GO2~t! P 2 GRF~t! P 2 GwP 1 g~P9 2 P! [5]

Ṗ9 5 2GO2~t! P9 2 GwP9 2 g9~P9 2 P!. [6]

ere we have assumed that within the lung tissue,GO2 andGw

o not vary significantly on the scale of a typical diffus
ength acquired during the time of measurement. Boun
egions have to be treated differently and are not consid
ere. Furthermore, we take the initial polarizationP0 [ P(t 5
) to be the same in the entire lung.
We will present analytical solutions for two different exp

mental conditions. These are:

(a) All spins in the lung are equally excited. This grea
implifies matters and is to be preferred in practical app
ions. In this case, the effect of gas exchange is rend
-

)

e

e

.

nd

ral

-

ry
ed

-
ed

nobservable, i.e., (P 2 P9) ' 0 for all times. Experimentally
t can be achieved either by use of thick slices in 2D te
iques, or by 3D acquisitions covering the entire inhaled
me of 3He

3
.

(b) The volumeV of the imaged partition is thin compar
o the surrounding volumeV9 with which diffusive contac
xists within the time scale of a typical imaging sequence

his caseg andg9 scale according to the ratio of the volum
nvolved, henceg9 5 g z V/V9. Thusg9 may be neglected

! V9.

The solutions of [5] and [6] will now be discussed separa
or the two cases specified above.

In case (a) the rate equation [5] is easily integrated.
nalysis ofP(t) we assume that images be taken at fixed ti

n (n 5 0, 1, 2 . . . ,n). These are, for instance, the samp
imes of centralk-space linesk 5 0, which yield the main
ontrast in each image. Denoting the signal intensitie
ictures taken at timest n by An, a solution of [5] is given b

An 5 A0~cosa! nNe2Gwtne2* 0
tnGO2~t!dt. [7]

n case (b), we first solve Eq. [6] under the conditiong9 5 0
nd insert the solution forP9 into Eq. [5]. For convenience, w
lso introduce a time averaged RF relaxation rate

G# RF 5 2nN ln~cosa!/Ttot [8]

n index number of last image,Ttot 5 t n duration of measure
ent) which substitutes for the nonsteady time cours
RF(t). Thereby the solution of [5] yields for the signal inte
ities

An 5
A0

g 1 G# RF

$G# RF~cosa! nNe2~Gw1g!tn

3 e2* 0
tnGO2~t!dt 1 ge2Gwtne2* 0

tnGO2~t!dt%. [9]

or g3 0 (which is equivalent to the thick partition limit), [
educes to [7]. In general, Eq. [9] provides a basis to deter
as movements within the lung from changes in image in
ities. A qualitative confirmation has been observed ex
entally. However, as results are still subject to further in

igation and do not fall within the scope of this publicati
hey are not discussed any further.

For data analysis, it is simpler to work with logarithm
ignal intensitiesEn, normalized to the initial intensityA0,
veraged over a given region of interest (ROI):

En ; lnSAn

A0
D . [10]

isregarding wall relaxation, which will be justified by exp
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209TIME-DEPENDENT O2 QUANTIFICATION BY 3He MRI
ments described in Section 4.1, theEn still depend on botha
nd GO2. In order to determine both effects separately,
arameterGRF which is accessible to the MR operator has to
aried between images, so that MR induced relaxatio
iscriminated from oxygen relaxation (GO2). In our experi-
ents, a double acquisition technique proved successful

eries of images are taken, while either the RF amplitude o
nterscan timet 5 (t n11 2 t n) was changed between seri
he idea is best illustrated by a simple example. Consider
f images with a single thick slice (i.e., suppressing diffus
ffects). If images are taken in equidistant interscan t
hence,t n 5 n z t), Eq. [7] can be rewritten

En 5 Nn ln~cosa! 2 E
0

nt

GO2~t!dt. [11]

ethod 1

The second set of images is acquired retainingt, but mul-
iplying a by a factor ofk. AssumingpO2 and its time deve
pment to be equal in a given ROI during both series, thEn

alues of corresponding images can be subtracted giving

En~a! 2 En~ka!

N
5 n lnS cosa

coskaD . [12]

f the left-hand side of [12] is plotted againstn, ln (cosa/cos
a) and furtherona are obtained from the slope. In a seco
tep, Eq. [11] of either dataset is corrected for flip angle eff
ndGO2 is extracted by a fit.

ethod 2

The second set of images is acquired with the same
mplitude, but with a differentt. In this case, subtraction
orrespondingEn values results in elimination of the (cosa)
erm in Eq. [11]:

j z ~En~t1! 2 En~t2!! 5 E
0

nt2

pO2~t!dt 2 E
0

nt1

pO2~t!dt.

[13]

hus, information about the temporal development ofpO2 is
btained. By correcting Eq. [11] for this relaxation effe
epolarization by RF excitations can be computed.

3. METHOD AND MATERIALS

.1. Production and Administration of3He
3

The technical details of production and supply of3He
3

at the
niversity of Mainz have been reported elsewhere (19–22).
riefly summarized, hyperpolarization is achieved by direct
 g
e
e
is

o
he
.
et

n
s

s,

F

,

i-

al pumping from the metastable 1s2s3S1 state at 1 mbar pressu
sing a Krypton arc-lamp pumped LNA (La0.85Nd0.15MgAl 11O13)
olid state laser. A two-stage titanium piston compressor ac
lishes compression to convenient pressures of 1 to 6 bar pr

ng polarization. The apparatus described in (22) reaches nuclea
pin polarizations of up to 50% at a flow of 3.53 1018 atoms/s an
till 40% at 83 1018 atoms/s. The gas is filled into glass c
volume 360 . . . 500 ml,pressure typically 3 bar). For expe
ents reported upon here, uncoated cells made of low iron co
upremax glass (Schott Glaswerke, Mainz, Germany) with r
tion times of 20 to 70 h were used. They can be closed by a
ock and disconnected from the filling system. For transport t
R imaging unit at the Department of Radiology, cells are st

nside a shielded 0.3 mT guiding field. Inside the MR scanne
3He
3

samples are connected to a gas administration unit des
nd built by our group. The device permits administration of3He

3

oli of fixed volume (20 . . . 500 ml atatmospheric pressure) in
he inspiratory tidal volume at any predefined time, with h
ccuracy (65 ml) and negligible loss of hyperpolarization.
rinciple is as follows.3He

3
is allowed to expand into a flexible b

ositioned within a rigid cylinder, which can be pressurize
xpel the gas via a switch valve out of the bag and into a shor

eading to the mouth of the imaged subject. The entire ga
inistration unit is controlled by a PC. While the administra
nit is placed within the homogeneous field inside the scanne
C control unit is set up in an adjacent room. Volunteer
atients can either breathe spontaneously through the appli
nit, or ventilation can be supported by a commercial respi
nit.

.2. Study Objects

3.2.1. Phantom experiment.In order to test the predictio
f the theory outlined in Section 2, anin vitro experiment wa
erformed imaging3He

3
in a silicon bag. The volume of the b

as 560 ml including deadspace from tubings. The bag
onnected to a respirator unit (Servo 900 C, Siemens-E
rlangen, Germany) and ventilated with O2-enriched air (ox
gen concentration 22%). The respirator operated at an e
ressure of'20 mbar. A wooden board was put onto the

o squeeze out the air during “exhalation.” A previous m
urement of wall relaxation in a similar bag had establish
all relaxation time of2(40 min), hence wall relaxation effec
ould be neglected in the imaging experiment.

3.2.2. Animal model. With animal care committee a
roval, two pigs (286 1 kg) underwent volume controlle
entilation (15 breaths per minute, tidal volume 5806 13 cm3,

nspiratory oxygen concentration 21%). Anesthesia was m
ained by intravenous administration of piritramide (1.2
g21) and thiopental (15 mg kg21 h21). Intraarterial and intra
enous femoral catheters served for pressure monitoring
rug administration. After stabilization, the animals were tr

erred into the MR scanner and positioned supine.3He
3

was
iven by the application unit via an endotracheal tube. W
all
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210 DENINGER ET AL.
elaxation in the lung was measured after cardiac arres
een induced by KCl injection under anesthesia (see Se
.1).

3.2.3. Human subject.A healthy male volunteer (age
ears, weight 72 kg) was placed inside the scanner in su
osition. The gas applicator was used to administer3He

3
via a

outh piece during spontaneous breathing. During ima
reathholds were maintained with the nose clamped.
Images were acquired during inspiratory apnea. After in

nspiration of 60 ml of the inspiratory O2/N2 mixture from dead
olumes of gas applicator tubings, a bolus of3He

3
was admin

stered, followed by a second O2/N2 bolus. Bolus volumes we
0 cm3 3He

3
1 (400 6 13) cm3 O2/N2 in the phantom exper

ent, 100 cm3 3He
3

1 (420 6 13) cm3 O2/N2 in the anima
odel, and 180 cm3 3He

3
1 (610 6 40) cm3 O2/N2 in the

uman volunteer. End-expiratory oxygen concentrations
ot monitored in this study. The phantom experiment dem
trated excellent agreement between the adjusted oxygen
entration and MR-determined results.

.3. MR Image Acquisition

Measurements were performed within a conventional w
ody scanner atB0 5 1.5 T (Magnetom Vision, Sieme
edical Systems, Erlangen, Germany). MR transitions

ignals were transmitted by a dedicated custom-built
Fraunhofer Institut, St. Ingbert, Germany) which was a
ing construction with a sensitive volume of 3653 3403 450
m3 (L 3 W 3 H), double resonant on the3He Larmor

requency at 48.44 MHz as well as on that of1H at 63.86 MHz
2D FLASH gradient echo sequence was used with repe

ime TR 5 11 ms, echo timeTE 5 4.2 ms, field of view (32
m)2, acquisition matrix 813 128, image acquisition tim
.9 s. Thek-space was sampled in a centric reordering fash
F excitation amplitudes were 5, 10, or 20 Volts, time inter
between images ranged from 1 to 7 s. Thick partition

oronal orientation (120 mm in phantom and pigs, 180 m
he human lung) were utilized.

.4. Data Analysis

Images were analyzed on a PC using standard sof
program NMRWin medical imaging system, version 3
erman Cancer Research Center, Heidelberg, Germany
reselected ROI within the image, the distribution of p

ntensities as well as the mean intensity were computed
2-bit resolution. Chosen ROIs typically comprised 50 to
ixel, corresponding to an area of 0.8 to 7 cm2. Obviously, a
ean intensity is meaningful only if the intensity distribut

n the ROI is sufficiently homogenous and does not contain
nstance, major blood vessels, or large airways out of w

3He
3

has been driven into the alveoles by the second O2/N2

olus.
The mean intensitiesM were then corrected for the noises,
hich introduces a bias in the Fourier transformed quantitM.
y
ad
on

ne

g,

l

re
n-
on-

le

d
il
l

n

n.
s
n
n

re
,
n a
l
th
0

r
h

ince signal to noise ratios were always larger than 3, a
orrected intensityAcorr can be obtained via the approxim
ormula (23, 24)

Acorr 5 ÎM 2 2
2

p
s 2. [14]

his requires but a simple postprocessing of data.
Previous experiments, in which a glass cell filled with3He

3

as imaged, had established an approximate empirical re
etween the variationDM of M and pixel numberL of a ROI

DM } sL 20.45, [15]

hich is slightly weaker than the usualL21/ 2 law. Equation
15] is used to compute error bars in the following examp

The experiment aims not only at the determination of
ean oxygen concentration in a particular ROI but also o
recise change during apnea. The demands on signal-to
atio (SNR) and data analysis are thus unusually high. Th
llustrated in Fig. 1, where we have simulated the time ev
ion of 3He polarization inside the lung during a typical im
ng sequence, both for a time-constant oxygen partial pre
nd one decreasing at a typical rate. The relative differ
P/P between both polarization decays develops slowl

ime but attains no more than 14% (relative) for the last im
aken 15 s after inspiration.

FIG. 1. Simulation of the decay of3He polarizationP(t) in the lung during
maging. The broken line refers to a constant oxygen partial pressure of
ar, corresponding to inhalation of room air into a pig’s functional resi
apacity (FRC). The full line depicts the case of an oxygen partial pre
ecreasing at a rate ofR 5 0.0035bar/s. The steep slopes occur due to oxy
elaxation plus RF excitations during image taking, the shallow ones sole
o oxygen relaxation between images.
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211TIME-DEPENDENT O2 QUANTIFICATION BY 3He MRI
4. RESULTS

Single-breath, single-bolus imaging of3He
3

was achieve
ith good SNR (6 . . .90). Different oxygen concentration

heir temporal evolution as well as corresponding flip an
ould be quantified simultaneously from magnitude im
nalysis. In this section, results of image analysis will
resented with typical examples.

.1. Determination of Intrapulmonary Wall Relaxation

In a first, exploratory experiment the effect of wall rel
tionGw was searched for in a deoxygenized lung of a dea
y double acquisition sampling with varied flip angles (met
in Section 2). Immediately after inducing cardiac arr

xygen was washed out by ventilating with pure nitrogen
bout 15 min. Subsequently, two series of 11 images each

aken, with RF amplitudesURF 5 10 V in the first andURF 5
V in the second series. Partition thickness was 120 m

oronal orientation in order to excite3He
3

spins in the entir
ung volume. Interscan timet was 7 s. ROIs within differen
arts of the lung were examined. Figure 2 refers to a RO
15 pixel (6.5 cm2) within the cranial right lung. Shown is th
ifference of logarithmic intensities (Eq. [12]), plotted aga

mage numbern. The slopem 5 ln[(cos a)/(cos 2a)] is
xtracted by a linear fit with ax2 per degree of freedom (p.d.
f 0.42, givingm 5 0.00137(1). From this the flip angle for
excitation is found to bea 5 1.73(1)°. The value varie

ignificantly across the total image: in the caudal right lu
5 1.78(1)° was measured; in the caudal left lung, the v
asa 5 1.97(1)°. The discrepancy is attributed to inhom
nieties in the response of the transmit/receive coil and

osses; i.e., the RF amplitude is not constant over the im
olume. This effect necessitates local flip angle calibration
ccurate functional imaging.
Figure 3 depicts the intensitiesB (t ) 5 A (t )(cos a)2nN

FIG. 2. Determination of flip anglea from subtracted logarithmic inte
itiesEn. The slopem of the graph is equal to ln(cosa/cos 2a).
n n n n
s
e
e

ig
d
t,
r
re

in

f

t

,
e
-
F

ed
r

fter correction for flip angle depolarization. A time constan
ongitudinal relaxationT1 5 261(4) s isfitted to the data wit

x2 of 1.11 p.d.f. The uncertainty ofDa gives rise to a
ystematic error of62.5 s. The result deserves a few rema
he value is consistent with another one measured in a
uinea pig (1) where “observable signal” is reported to ha
een found after 3.5 min. However, some residual oxy
ight still contribute to relaxation. An actual oxygen par
ressure of only 9 mbar would suffice to produce the meas
elaxation time, an amount we consider possible. In other
f the lung, relaxation times of 246(6) s (caudal right lung)
42(4) s (caudal left lung) were measured, which may be t
s a hint toward slightly higher residual oxygen concentrat
ence, our value of 261 s should be understood as a lower
f an intrapulmonary wall relaxation time

T1w 5 G w
21 . 261 s. [16]

ven this lower limit, though, yields a remarkably large s
ific relaxation time coefficient (Eq. [4]) ofh . 22 h/cm,
ssuming spherical alveoles with an average diameter o
m. The value ofh is larger than that of most bare gla
urfaces and a number of metallic coatings (21). Taken at fac
alue, it means that nondiseased broncho-alveolar surfac
irtually devoid of radicals or other depolarizing paramagn
enters. For our case, wall relaxation turns out to be a n
ible effect and is omitted in further analysis from now.

.2. In Vitro Measurement of pO2

Imaging of a silicon bag ventilated with a preselected o
en concentration served to test the reliability of our MR-ba
xygen measurement. Considering the adjusted oxygen a

ure, given bolus volumes and the excess pressure o

FIG. 3. Measurement of wall relaxation. IntensitiesBn(t n) at timest n 5
z t, t 5 7 s are corrected for flip angle depolarization.T1 5 261(4) s is

tted from the monoexponential decay.
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212 DENINGER ET AL.
espirator unit as listed in Section 3, one calculates a val
he oxygen partial pressure ofpO2 5 0.193 bar.

Like in Section 4.1, imaging was performed with differ
F amplitudes (method 1). However, to minimize any sys
tic errors resulting from variations in gas composition, o
ne imaging sequence was run: 7 images withURF 5 5 V were

aken, followed immediately by 6 images withURF 5 20 V.
artition thickness was 120 mm in coronal orientation, in
can time wast 5 2.67 s. The analysis was carried out
escribed in the previous example. Within a ROI of 405 p
6.3 cm2), a flip angle of 1.08(2)° for 5 V excitation was
omputed. Since the gas admixture does not change durin
ime of measurement, it is reasonable to postulate thatpO2 5
onst. Thus Eq. [7] can be rearranged to yield

pO2 5
j

tn
$nN ln~cosa! 2 En%. [17]

onsidering the temperature dependence ofj according to
14), a value of j 5 2.40 bar z s, corresponding to roo
emperature, must be used here. The result of the measur
s shown in Fig. 4, where the right-hand side of Eq. [17
lotted versus time. The assumption of a constant ox
artial pressure is confirmed: the slope of a linear fit is
ithin errors. Taking into account systematic errors due to
ngle calculation and the 2% intrinsic uncertainty ofj (14), we
btain a mean value ofpO2 5 0.195(5) barwith a x2 of
.27 p.d.f. This value is in excellent agreement with the pr
alue, validating this means of oxygen determination.

.3. In Vivo Measurement of pO2 in the Porcine Lung

In this section, we present an example ofin vivo oxygen
etermination, as obtained from double acquisition samp
ith varied interscan timet (method 2). An anesthetized p

FIG. 4. Measurement of oxygen partial pressurepO2 in a silicon bag
ogarithmic intensities, corrected for flip angle depolarization, are resca
ive pO2.
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ent
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nderwent controlled ventilation with room air (oxygen c
entration 21%). After3He

3
bolus injection, a series of 8 imag

ith t1 5 7 s was acquired during inspiratory apnea ('50 s).
fter a short interval to ensure stability of vital parameter
econd series of 8 images witht2 5 1 s was taken. R
mplitude was 10 V in both series, partition thickness was
m in coronal orientation.
The oxygen partial pressurepO2(t) is determined from th

equence of normalized logarithmic intensitiesE1, E2 . . . En

ia Eq. [13]. The procedure is simplified if we assume a p
hat the time dependence ofpO2 be linear

pO2~t! 5 p0 2 Rt, [18]

here R is the rate of oxygen decrease. This is certain
easonable first-order approximation which has also been
rmed in another control animal by measurements of
xpiratorypO2(t) after periods of inspiratory apnea for times

o 35 s. There a rate ofR ' 0.002bar/s was found.
Equation [13] can then be integrated giving

j z ~En~t1! 2 En~t2!!

5 np0~t2 2 t1! 2
R

2
n2~t2 2 t1!~t2 1 t1!. [19]

ivision by n(t 2 2 t 1) yields

yn 5 j
En~t1! 2 En~t2!

n~t2 2 t1!
5 p0 2 RSn

2
~t1 1 t2!D . [20]

omparison with Eq. [18] shows that the experimental q
ities yn just equal the searched for oxygen partial pressu

yn 5 pO2~t#n! [21]

t mean timest#n 5 n(t 1 1 t 2)/ 2.
In Fig. 5 we have plotted the course ofpO2(t#n) obtained via

q. [21] within a ROI in the middle section of the right lu
hich comprises 89 pixel and covers an area of 1.39 cm2 (no.
in Table 1). We indeed observe a linear decrease ofpO2 with

ime, thus confirming our assumption a posteriori.
A linear fit to the data yieldsp0 5 0.193(6) bar andR 5

.0039(3) bar/s with a x2 of 0.91 p.d.f. Consistent wit
hysiology, the initial oxygen concentration is found to

ower in the functional residual capacity (FRC) of the lung t
n inspired air. The rateR found for this particular ROI i
omewhat higher than the integral expiratory value of 0
ar/s mentioned before. However, oxygen uptake is know
ary locally, as well as between different individuals a
hysiological situations; so the larger value found from ou
eems to us quite possible.
Once the temporal evolution ofp is determined, the fli

to
O2
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213TIME-DEPENDENT O2 QUANTIFICATION BY 3He MRI
ngle a remains the only unknown parameter in Eq. [1
onsidering the uncertainties of intensities as statistical

hose ofp0 andR as additional systematic errors, thet 5 1 s
eries yieldsa 5 3.36(10)° and thet 5 7 s seriesa 5 3.2(4)°.
ote that the relative error is significantly higher in the la
ase, asGO2 represents the dominant relaxation mechan
see Section 5).

.4. In Vivo Measurement of pO2 in the Human Lung

Images of the lungs of a human volunteer were taken du
reathhold after3He

3
had been administered during sponta

us inspiration of room air. For reasons of comparison with
orcine lung (Section 4.3), a single thick slice (180 m
oronal orientation) was imaged. Two subsequent serie
ight images each witht1 5 1 s andt2 5 5 s,URF 5 5 V were

aken. Image analysis was carried out in the same manne
ection 4.3.
The ROI in the example of Fig. 6 is situated in the upper

ung (no. 4 in Table 1) and comprises 221 pixel (3.45 cm2). The
xygen partial pressure extracted from the double acquisit
lotted as a function of time. Again, a linear decrease is fo
east squares fitting yields an initial pressurep0 5 0.145(5)
ar and a gradient 0.0017(2) bar/s (x2 5 0.86). In compariso

o the ROI from the pig lung (Fig. 5),p0 andR turn out 25 and
8% lower, respectively. The flip anglea as determined from

het 5 1 s series is 1.33(10)°. A calculation based on thet 5
s series gives 1.4(5)°, consistent with the first value.
In Table 1 we have compiledp0 and R values of variou

OIs from the porcine lung and the human lung. The posit
f the respective ROIs are shown in Fig. 7. For the pig lung
catter is about 0.9% forp0 and 4.5% forR. For the huma
ung, the respective values are 7.8 and 14.1%.

FIG. 5. Temporal development ofpO2 in the lung of a living pig. Value
f p0 andR are obtained from linear fitting and extrapolation.
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5. DISCUSSION

The aim of this study was to demonstrate a quantita
etermination of time-dependent intrapulmonary oxygen
entrations. The method relies on controlled variation of
ngle or interscan time within one or between two subseq
eries of MR images. Analysis is based on the implicit un
tanding that all other physiological and physical param
emain unchanged; for instance, it must be assumed that
xygen densities and oxygen uptake are the same in
eries. If the series are acquired consecutively within o
ingle sequence, this condition is not fulfilled ifpO2 Þ const;
ence, two separate imaging series were chosen for thein vivo
easurements of Sections 4.3 and 4.4. Since image inten
re always normalized to the initial signal,3He

3
bolus volume

re noncritical in our calculations, as long as the gas com
ition in the lung is not changed greatly. Due to the g
eproducibility of 3He

3
volumes (Section 3.1), variations

xygen dilution resulting from different bolus volumes lead
relative error ofpO2 of less than 0.5%, which is negligible.

esidual volume of about 850 ml in the pig lung was assum
his holds true as long as the total inspiratory volume rem
onstant, a requirement met automatically if volume contro
entilation is utilized. Clearly, care must be taken in the cas

freely breathing subject, since large variations in br
olumes lead to substantially different intrapulmonary oxy
oncentrations despite equally sized3He

3
boli. However, in the

xample of Section 4.4 the volunteer reproduced his mean
olume of 850 ml with an accuracy of640 ml. Considering a
0-ml variation of both inspiratory and residual volume (0
and 2 l, respectively), we estimate the contribution to

elative error ofpO2 to be about 1.1%.
The double acquisition technique has the obvious disad

age of not being economical in terms of gas consumption.
ight therefore conceive of a single acquisition sequence
more intricate pattern of nonequal interscan times or

FIG. 6. Temporal development ofp
O2 in the lung of a human volunteer.
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214 DENINGER ET AL.
ombined variation ofa andt and a more complex analysati
lgorithm. Such investigations are currently under way.
These difficulties nonwithstanding, the accuracy in eva

ion of pO2 is remarkable. In the example of the pig (Sec
.3),p0 and decrease rateR are determined with relative erro
f 3 and 7%, respectively. For the first time, this accuracy
een achieved in a local measurement within an area o
rder of 1 cm2.
High signal-to-noise ratios are crucial in these experime

TAB
Results of Initial Oxygen Partial Pressure p0, Decrease Ra

(Volume Controlled Ventilation) and a

ROI number

ROI size
p

[ba[pixel] [cm2]

ig
1 71 1.11 0.18
2 89 1.39 0.19
3 57 0.89 0.19
4 74 1.16 0.19
uman
1 129 2.02 0.1
2 129 2.02 0.1
3 177 2.77 0.1
4 221 3.45 0.1
5 249 3.89 0.1

Note.ROI positions are shown in Fig. 7. Values fora are calculated from

FIG. 7. 3He
3

lung images of (a) a pig and (b) a human volunteer. Exe
n Table 1. Field of view is (320 mm)2
.
-

s
he

s.

ence, signal intensities should be optimized; i.e., one sh
im for maximum nuclear polarizations. In future experime

he use of multislice 2D imaging sequences is conceiv
lthough an extension of the method to thinner slices will h

o consider the loss in SNR due to the decreased numb
pins contributing to the image. Preliminary studies h
hown, however, that a reduction from a whole lung slice
0-mm partition only results in a loss in SNR by a factor o

o 3, if a central slice of the lung is chosen. Moreover, if e

1
R and Flip Angle a for Different ROIs from a Pig Lung
uman Lung (Spontaneous Breathing)

R
[bar/s]

a
[degrees]

x2

[p.d.f.]

6) 0.0039 (3) 3.65 (5) 1.3
6) 0.0039 (3) 3.36 (10) 0.9
7) 0.0035 (4) 3.51 (7) 0.9
7) 0.0039 (4) 3.68 (8) 1.5

5) 0.0022 (3) 1.55 (7) 1.1
6) 0.0025 (3) 1.07 (13) 0.8
8) 0.0028 (5) 1.11 (20) 1.0
5) 0.0017 (2) 1.33 (10) 0.8
4) 0.0021 (2) 1.28 (8) 1.3

e respective sets of images witht 5 1 s.

ary ROIs selected for analysis are shown. Results obtained in these RO
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215TIME-DEPENDENT O2 QUANTIFICATION BY 3He MRI
hinner or more peripheral compartments are imaged, the
n SNR could generally be compensated for by means of h
ip angles. In the experiment of Section 4.4, flip angles ran
rom 1° to 1.5° (see Table 1), so an increase of the
mplitude by a factor of up to 3 is easily feasible with
estroying too much signal. A determination of oxygen c
entrations on a scale of1 . . . 2 cm3 can thus be envisaged
It ought to be pointed out that the measured decrease rR

s not totally identical with the rate of oxygen uptake by
ung. In the case of a ventilator-maintained inspiratory bre
old, the respirator unit supports a constant pressure i

ung; i.e., volume loss by oxygen uptake is compensated f
utomatic supplementation of an equal volume of room
neglecting the minute release of CO2 by the lung). In the
pontaneously breathing human volunteer, this balanc
aintained by air being introduced from anatomical de

pace. In both cases, however, the oxygen concentration
upplemental air is 21%. The oxygen uptake rateRu is thus
elated toR via

R 5 Ru~1 2 0.21!, [22]

hich means that oxygen uptake in the various ROIs of T
is about 25% greater than the listed values ofR.
As for the flip angle, it is in principle possible to compute

alue by measuring the voltage that produces ap/2 pulse on a
hermally polarized3He sample. This calibration method w
pplied in former experiments of our group [see e.g., (12)].
owever, there are at least two drawbacks to this: first,
ngles vary when the load of the coil is changed, he
onditions are different for each individual subject. Sec
ne must account for local magnetic field variations, ma
ue to inhomogenieties of the transmit/receive coil. For q

itative applications, one would thus have to calibratea indi-
idually for every subject and various spatial positions.
se of interscan delay variation circumvents this problem
ip angle depolarization is eliminated mathematically in
etermination ofpO2. In a further step, the dataset of eit
eries may then be used to calculatea locally. In all ROIs of
he examples in Sections 4.3 and 4.4, flip angles comp
rom the first series were consistent with those from the
nd, the set with shortert giving more accurate results.
For this study, the centric-reordering sampling schem

pposed to a sequentially ordered or variable flip angle25)
cheme, was chosen for reasons of mathematical simp
he comparison line (k 5 0) is insensitive to RF depolariz

ion effects in the initial image. This advantage is paid fo
lightly deteriorated spatial resolution (as compared to var
ip angle sampling) and contrast (as compared to sequ
rdering). However, we believe the differences to be ra
mall: A recent investigation by Knight-Scottet al. (26) has
hown that both image quality and SNR of constant flip a
nd variable flip angle sequences are comparable, the ga
ss
er
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NR of variable flip angle sequences being likely to be neg
y spatialB1 field inhomogenieties.
Care must be taken that signal intensities, especially o

rst images where maximum nuclear polarization is availa
tay well within the linear response range of the electro
therwise, the entire algorithm is doomed to failure. Furt
ore, for determination ofpO2, values for flip anglea and

nterscan delayt should be chosen such as to allowGO2 to
revail the relaxation process in one series of images. R

hat 1/GO2 is typically of the order of 10 . . . 20 sdepending o
O2. This longitudinal relaxation time has to be compared w

he mean depolarization time by RF pulses. By rearrangin
xpression forG# RF (Eq. [8]), we find

T# 1,RF 5
1

G# RF

5
2 t

N ln~cosa!
<

2t

Na 2 . [23]

he approximation holds fora [radian]! 1. In the example o
ection 4.3, valuesa 5 56 mrad (= 3.2°) andt 5 7 s give a
ean RF depolarization timeT# 1,RF 5 55 s, which is distinctly

arger thanT1,O2. Moreover, ifR is measured via variation oft,
he accuracy depends on the differenceDt 5 t2 2 t1. Con-
idering thatR is determined from the slope of a linear fit (E
20]), the errorDR of which is calculated by means of t
atrix of covariance, it is straightforward to show thatDR

cales proportional to (Dt2 1 2t1Dt)21. So DR is minimized
or large Dt. This justifies the choice of parameters for
etermination of time-dependentpO2 in Sections 4.3 and 4.4

6. CONCLUSION AND PERSPECTIVES

The in vivo effect of O2 upon the longitudinal relaxatio
ime T1 offers an instrument for analysis of intrapulmon
xygen concentrations. Appropriate selection of operato
essible parameters of image acquisition allows one to d
ine regionalpO2, its time course, and regional flip angles. T
ccuracy of the presented method is, overall, at least equiv

o conventional methods of oxygen analysis in respira
ases. The superiority of this novel approach lies both i
bility to provide high regional resolution, and in its nonin
iveness. Since intrapulmonary distribution ofpO2 is governed
y both regional ventilation, regional perfusion, and oxy
ptake, the method constitutes a new approach to lung fun
nalysis. We know that in lung diseases, the distributio
xygen is often not homogenous due to disturbances of v

ation, perfusion, or mismatch of both. The final assessme
he method as well as a proper evaluation of its med
otential requires, of course, an extension of these mea
ents to a larger sample of healthy volunteers as we
atients with lung disease. This task can only be fulfilled
eans of an automatic computer controlled analysis of reg
xygen concentration and uptake. The mathematical fou

ion has been provided in this paper and its implementation
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he postprocessing software is in preparation. This will a
nline acquisition and processing of data, and instantan
vailability of diagnostic information to the physician.
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