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EXPERIMENTAL

Two-dimensional and three-dimensional
oxygen mapping by 3He-MRI validation

in a lung phantom

Abstract The aim of this study was to
validate oxygen-sensitive *He-MRI in
noninvasive determination of the
regional, two- and three-dimensional
distribution of oxygen partial pressure.
In a gas-filled elastic silicon
ventilation bag used as a lung
phantom, oxygen sensitive two-

and three-dimensional *He-MRI
measurements were performed at
different oxygen concentrations which
had been equilibrated in a range of
normal and pathologic values. The
oxygen partial pressure distribution
was determined from *He-MRI using
newly developed software allowing
for mapping of oxygen partial
pressure. The reference bulk oxygen
partial pressure inside the phantom
was measured by conventional

Introduction

respiratory gas analysis. In two-
dimensional measurements, image-
based and gas-analysis results
correlated with 7=0.98; in three-
dimensional measurements the
between-methods correlation
coefficient was 7=0.89. The signal-to-
noise ratio of three-dimensional
measurements was about half of that of
two-dimensional measurements and
became critical (below 3) in some data
sets. Oxygen-sensitive *He-MRI
allows for noninvasive determination
of the two- and three-dimensional
distribution of oxygen partial pressure
in gas-filled airspaces.

Keywords Oxygen - He magnetic
resonance imaging - Validation - Lung

Previous studies used imaging sequences without slice

*He-MRI has been shown to be a sensitive technique for
functional imaging of the lung [1—4] and could have broader
application by distribution of the hyperpolarized gas [5]. In
contrast to other lung imaging modalities like computed
tomography [6], it does not rely on morphologic visualiza-
tion of lung parenchyma. Instead, the hyperpolarized gas
filling the pulmonary airspace exhibits high and homoge-
neous signal intensity in normal lungs [7, 8]. The presence
of ventilation defects is a characteristic finding in a variety
of lung diseases [9].

The presence of paramagnetic molecular oxygen in the
alveolar gas shortens T1 of inhaled hyperpolarized *He. T1-
shortening is proportional to ambient oxygen partial pres-
sure (PO,), which then can be determined by T1-weighted
measurements of hyperpolarized *He (Py;.05) [10].

selection [11]. These sequences yield sufficient in-plane
resolution, but there is a lack of spatial resolution in the
direction perpendicular to the imaged plane. Py;.O, measure-
ments using such imaging sequences have been validated
by results of respiratory gas analyzers [12]. In slice-selec-
tive 2D imaging, diffusive *He exchange between excited
and unexcited slices systematically “blurs” regional oxygen
measurements depending, inter alia, on slice thickness [11].
More recent developments in sequence design now also
allow the generation of 3D data sets, exciting all spins
within the imaged volume simultaneously and thus avoid-
ing measurement-induced polarization gradients. The cur-
rent study intends to perform the first validation of a 3D
oxygen-sensitive *He-MRI sequence in a lung phantom and
to compare it with a 2D sequence as validated before.
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Methods
Imaging

Gas polarization and packaging have been described in the
literature [13—16]. An elastic silicon manual ventilation bag
(SilkoBag, Ruesch, Erlangen, Germany) with a volume of
500 ml served as a lung phantom [12]. This phantom was
connected to an intensive-care-type mechanical ventilator
(Servo 900 C, Siemens Medical Solutions, Erlangen, Ger-
many) and a microprocessor-controlled gas delivery device
(US and international patent no. PCT/EP98/07516). The
ventilator was set to administer a tidal volume of 406+1 ml
at 13 cycles per minute in a constant-flow and volume-
controlled ventilation mode. For measurements, 59+24 ml
hyperpolarized *He (degree of polarization approximately
55%) was introduced as the initial portion of the tidal
volume. Imaging was performed during a manual inspira-
tory ventilation hold, using a double-acquisition algorithm
as described previously [10-12, 17]. For reference measure-
ment, respiratory gas analysis was performed using a freshly
calibrated side-stream respiratory gas analyzer (Capnomac
Ultima, Datex, Helsinki, Finland). Gas analysis was per-
formed immediately after imaging to avoid gas motion
artifacts.

Several PO, levels in the normoxic and hypoxic range
were produced by mixing nitrogen with room air. The tidal
volumes delivered by the respirator and the amount of *He
administered for paired acquisitions were measured and
reproduced as exactly as possible.

Imaging was performed with a 1.5-T whole-body scan-
ning system (Magnetom Vision, Siemens Medical Solutions,
Erlangen, Germany) equipped with a broadband amplifier
and a double-resonant coil (Fraunhofer Institut, St. Ingbert,
Germany) to measure at the Larmor frequency of *He (48.5
MHz). The following measurements were performed:

1. 2D measurements using a pulse sequence as validated
in previous studies [12] (coronal orientation; repetition
time, TR, 11.0 ms, echo time, TE, 4.2 ms, « 2.7°
bandwidth 163 Hz/pixel, no slice selection; acquisition
matrix 81x128; field of view, FoV, 320 mm; resolution
3.95%2.5 mm; time of acquisition 1 s).

2. 3D measurements using a 3D spoiled gradient echo
pulse sequence (coronal orientation; TR 3.8 ms, TE 1.3
ms, « 0.5°; bandwidth 488 Hz/pixel, number of par-
titions 16; acquisition matrix 44x128; FoV 500 mm;
resolution 5.68%3.91 mm; time of acquisition 2.7 s).

Centric phase encoding was used in 2D sequences, cen-
tric reordering in the phase encoding direction and linear
phase order in slice directions in 3D sequences. Sinc inter-
polation was used in all three directions to result in a final
matrix size of 256x256 for 2D and 256x128%32 with a
rectangular field of view of 4/8 for 3D measurements. The
reconstructed partition thickness was 15.6 mm. Each se-
quence was performed in a double-acquisition mode with a

short 2D, 7=1s; 3D, 7;=2.7 s) and a long (2D and 3D,
7,=4.0 s) interscan interval to mathematically exclude the
effect of radio frequency pulsing from that of molecular
oxygen in the analysis of serial images [10, 17]. All other
imaging parameters were kept constant within the pulse
sequence. Each acquisition comprised a series of eight single
images obtained during one inspiratory hold, with side-
stream test gas suction of the gas analyzer either turned off
or—for selected measurements—turned on at a flow rate of
200 mL/min.

Measurements were performed at several differently
equilibrated oxygen concentrations:

0% (corresponding to a PO, of 0.00 bar)

6% (corresponding to a PO, of 0.06 bar)

10% (corresponding to a PO, of 0.10 bar)

13% (corresponding to a PO, of 0.13 bar)

20.9% (room air, corresponding to a PO, of 0.21 bar)
0.0 and 20.9% with ongoing gas suction (200 mL/min)
via the respiratory gas analyzer to mimic a continuous
volume loss of the “model alveolus” during incomplete
inspiratory hold in vivo, e.g., by slow expiration

A e

These preset oxygen concentrations were, of course, di-
luted by the instantaneous addition of the *He gas just prior
to imaging and consecutive gas analysis.

Image analysis

Images were postprocessed on a personal computer, using
self-developed software based on PV-WAVE (Visual Nu-
merics, Boulder, Colorado, USA). Calculation of PO,
based on the decay of the signal intensity (4,_,) in » serial
images during O, exposures, i.e., inflation holds, of dif-
ferent duration [77(n—1) or 7»(n—1)] follows the relationship

in () ) () ) =000

and has been described before [18]. Noise correction ac-
cording to the method of Gudbjartsson [19] was applied.
Images with insufficient signal-to-noise ratio (SNR) (SNR<3)
were excluded from analysis [20].

The software provides automatic detection of *He-tagged
airspace, and calculates Py.O, either region-of-interest-
based or pixel-by-pixel-based to allow for parameter map-
ping. Further details are beyond the scope of this publication
and the reader is referred to the dedicated literature [21, 22].
In order to limit the noise of the PO, maps, pixels were
averaged over a 4x4 neighborhood, yielding a final matrix
size of 64x64 for 2D and 64%32 for 3D images, respec-
tively. Mean Py.O, values and their standard deviations, as
well as the mean oxygen shift rate RO, values for a linear
temporal change of Py.O, and their standard deviations,
were calculated in all *He-containing slices for the various
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oxygen concentrations. For 3D measurements, median val-
ues for each measurement (over all acquired slices) were
determined. A slice profile was calculated by subtraction of
the mean for all slices combined from each mean of the
respective slice.

Results
2D measurements

Preset oxygen concentrations were modified by the amount
of *He gas introduced into the phantom. Thus, the respec-
tive O,-sensitive *He measurements were performed within
an atmosphere containing 0.000, 0.066, 0.100, 0.134, and
0.195 bar PO, at constant bag volume as determined by the
gas analyzer after image acquisition. The measured PO,
values during image acquisitions with ongoing gas loss of
200 mL/min were 0.000 and 0.192 bar, respectively. The
median SNR in the first image of each series was 27.8
(range 11.2-81.5) (Fig. la, cf. Fig. 1b). Nevertheless, the
last two images of the acquisition with long interscan
interval 7 at 0.100 bar PO, had insufficient SNR (SNR<3)
and were excluded from postprocessing together with the
two corresponding images of the respective acquisition with
short 7.

Figure 2a shows the comparison between gas analysis
and 2D *He-MRI-based Py;.0, measurements in the con-
stant-volume lung phantom (Pearson’s correlation coeffi-
cient 7=0.98, correlation for all 2D measurements 7=0.96).
The measurements had a mean bias of —0.027 and precision
limits from —0.056 to 0.002 (Fig. 3a). Thus, there is a small
systematic overestimation of PO, by *He-MRI. The mean
oxygen shift rate RO, in the constant-volume phantom was
found to range from 0.03 to —1.19 mbar/s, indicating a trend
to decreasing Py.O, during inflation hold; however, this
rate was not found to differ significantly from 0 (p>0.1).

Fig. 1 a 2D image set of a lung
phantom with 1-s (upper row)
and 4-s (lower row) interscan
interval. Measurement with
room air. The difference in signal
loss between the two series is
easily depicted. b Typical 3D
image set of medial slices of the
lung phantom with 2.7-s (upper
row) and 4-s (lower row) inter-
scan interval. Measurement with
room air. The signal-to-noise
ratio is markedly lower when
compared with 2D measure-
ments. The signal-to-noise ratio
in the last image of each series is
insufficient; such images were
excluded from evaluation.

There was no statistical association between the observed
decrease in the rate and the PO, measured by 2D He-
MRI (Fig. 4a). The oxygen shift rate in the phantom with
ongoing gas suction was 0.30 mbar/s at 0.000 bar and 0.98
mbar/s at 0.192 bar PO,, indicating increasing Py.O,
during inflation hold.

3D measurements

The respective 3D measurements were performed at 0.000,
0.068, 0.107, 0.134, and 0.197 bar in the constant-volume
bag as determined by the gas analyzer, and at 0.188 bar with
gas loss from the bag at 200 mL/min. The 3D images had
lower SNR compared with the 2D images (first images of
each series, mean 14.0, standard deviation 8.1). Thus, the
SNR was insufficient (less than 3) in the last image of three
series and in the last two images of two other series and the
corresponding values were excluded from Py.O, calcula-
tion (Fig. 1b). In all but one series, the SNR of the two most
peripheral signal-containing slices was also insufficient,
requiring exclusion of these images from the evaluation.

Figure 2b shows the respective comparison of the O,-
sensitive *He-MRI with the conventional measurements.
Pearson’s correlation coefficient was =0.89 for constant-
volume measurements, and 7=0.9 for all 3D measurements.
There was a mean bias of —0.0043 and the precision limits
were from —0.075 to 0.067 (Fig. 3b).

A slice profile of the measurements illustrates that slices
close to the center produce quite consistent values, whereas
slices at the periphery show a systematic drift to higher
values.

The oxygen change rate RO, was measured to be be-
tween 1.6 and —4.4 mbar/s in the constant-volume phan-
tom. The medians of the RO, decrease drifted to more
negative values at higher P3O, measured by 3D *He-MRI
(Fig. 4b).
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Fig. 2 a Correlation of the Py.0,/PO, determinations by 2D
oxygen-sensitive *He-MRI and gas analysis. Filled dots constant-
volume phantom; open dot phantom with gas loss of 200 mL/min
during image acquisition. Dots and error bars show the mean and the
standard deviation of the mapped Py.O, distribution, respectively.
Regression analysis excludes values measured during constant gas
depletion. b Correlation of the Py.0,/PO, determinations by 3D
oxygen-sensitive *He-MRI and gas analysis. At a correlation of as
good as 0.9 very low values seem to be overestimated, higher values
underestimated. Dots and errors bars show the median and the range
of all slices containing the *He signal. Regression analysis excludes
values measured during constant gas depletion.

Discussion

Image-based and, hence, spatially resolved determination
of gas-phase Py;.0, using oxygen-sensitive *He-MRI was
validated in this study, using an already published 2D pulse
sequence and a 3D pulse sequence in a simple lung phan-
tom. Conventional respiratory gas analysis was used as a
reference. Six different oxygen concentrations ranging be-
tween anoxic gas and normal dry room air served for val-
idation; this covers the full range of physiologically and
pathologically occurring levels of alveolar PO, in mammals
breathing air.
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Fig. 3 a Constant-volume (filled dots) and “gas-exchange” (open
dot) Bland—Altman plot for the regression in Fig. 2a with a slightly
negative median bias and a range of measurement results. b Bland—
Altman plot for the regression in Fig. 2b. 3D measurements show a
slightly positive median bias; the absolute range of measurement
errors is on the order of that of the 2D measurement. The Bland—
Altman analyses in a and b exclude gas-exchange values.

Oxygen partial pressure Py.O,

Currently, most 3He-MR image-based Py.0, measure-
ments use 2D pulse sequences [10, 17, 23] with or without
slice selection. 2D sequences offer sufficient SNR and in-
plane resolution and yield robust measurements [17, 18].
The SNR in the newly introduced 3D measurement was
only about half of that obtained in 2D imaging. When
sequence parameters are kept constant 3D images have 4
times the signal intensity of 2D images [24]. In the present
study though, the slice thickness was not constant as the 2D
sequence omits slice selection whereas the 3D sequence
yields a considerable improvement in spatial resolution. A
partition thickness of 15 mm still appears less than optimal
with regard to lung structure and the dimensions of pul-
monary acini, i.e., the functional units of the lung, but it
already approaches the limit of spoiled gradient echo se-
quences, as used in the present study. However, super-
imposition of regions with different PO, is already reduced
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Fig. 4 Rate of oxygen decrease during inspiratory inflation hold
against Py;.0, measured by *He-MRI. a 2D measurements show no
correlation with Py.O,. Although the correlation in 3D measurements
(b) is not strict, higher oxygen concentrations tend to produce higher
errors in the oxygen decrease rate as no oxygen consumption is
expected in a phantom.

substantially when compared with measurements w1th0ut
slice selection. Administration of sufﬁ01ently high *He de-
grees of polarization thus becomes crucial in 3D measure-
ments to obtain sufficient SNR.

The 2D series demonstrate a good and practically useful
correlation between measurements with a small systematic
overestimation of PO, by *He-MRI. In 3D measurements,
correlation with conventional gas analysis is a little less
strong, but is still close to 0.9. Nevertheless, the standard
deviation of the results of the 3D measurements within a
single partition is larger, which is probably due to the lower
SNR of the source images. Another two potential error
sources may explain why the results obtained from 2D and
3D measurements vary slightly. First, in 2D measurements,
the difference between 7 and 7, is 3 s (71=1 s vs. =4 s),
whereas in 3D measurements it is only 1.3 s (77=2.7 s vs.
=4 s), owing to the longer imaging time required for 3D
imaging. This leads to a poorer discrimination between the
signal-destroying effects from high-frequency pulsing and
oxygen. Second, in 3D measurements more images had to
be excluded from the image analysis owing to the low
SNR. This leaves fewer images for Py.O, calculation in
the 3D imaging series. However, Bland—Altman analysis
(Fig. 3b) shows deviations from the gas analysis for the 3D

measurements which are comparable to those of the 2D
measurements.

The partition profile of the 3D measurements showed
increasing inaccuracy for slices at the periphery of the
phantom. Falsely high Py.O, values may have been de-
termined in these partitions for several reasons. The long
respiratory tubing required for inflation and deflation of the
phantom inside the scanner increases the chance of gas
leakage from the circuit and, hence, gas redistribution from
the phantom into the tubing during the measurement. This
may cause the phantom to shrink slightly during MRI ac-
quisition, which in turn would move parts of the phantom
out of peripheral partitions and thus accelerate apparent
signal decay. Also, in a phantom or other structure with very
smooth edges, partial volume averaging becomes a source
of error in peripheral partitions. Although correlation was
only marginally different after omitting these partitions, it is
recommended to neglect images in the Py O, calculation
which contain significant partial volume averaging.

2D measurements slightly overestimated conventional
PO, measurement, whereas data acquired during a constant
gas loss of 200 mL/min from the phantom by test gas
aspiration tended to decrease the overestimation or under-
estimated PO,. In numerical simulations of the double-
acquisition setup, the superimposition of a constant gas
signal loss from the volume of interest and two exponential
signal decays (from oxygen and radio frequency excitation)
led to a nonlinear decrease in apparent *He-based PO,
measurements, depending on the rate of the linear loss. This
explains most of the “reversed” bias observed in our 2D
experiments with constant-flow gas aspiration. Neverthe-
less, since signal loss due to gas leakage might be nonlinear
or cause premature attrition of the SNR, any respiratory
movement or intrapulmonary “pendelluft” will affect mea-
surement of oxygen relaxation in a largely unpredictable
way. Shrinkage of the phantom would only influence the
signal intensity of the peripheral partitions or the margins of
the phantom in the central partitions, as the gas concentra-
tion and the partition volume containing *He signal remain
fairly constant. Consequently, peripheral partitions in 3D
measurements and 2D measurements tend to misinterpret
PyO, in the same sense. Thus, in general, 3D analysis
appears more robust against the effects of superimposed
gas volume losses from the volume of interest.

Error sources independent of the type of imaging se-
quence are, e.g., spin relaxation by surface properties of the
bag or small errors in barometric measurements and ven-
tilator circuit pressure determination. Since comparable
silicon bags have relaxation times of 40—50 min [12], a
significant influence by the bag’s surface relaxation seems
unlikely. The total errors of atmospheric pressure measure-
ment within the bag are safely assumed to be less than 20
mbar and would therefore account for a bias of only less
than 2% of the assumed true PO,, which is not large enough
to fully explain the observed bias. The observed bias of the
PuO, is also close to the measurement errors of the O,
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analyzer system, which are given by the manufacturer as
less than 2% of the full measurement scale. Thus, this may
well contribute to systematic errors in the observed range of
1.7% O,.

Oxygen exchange rate RO,

As there was no oxygen consumption during the measure-
ments, a tendency to overestimate the oxygen decrease rate
RO, cannot be fully excluded, although there was no
statistically significant difference from 0 in 2D measure-
ments. In 3D measurements, there appeared to be a cor-
relation between the measured PO, and the measured
RO,, in the sense that higher PO, levels produced higher
oxygen decrease rates. As measurements at higher PO, in
general show a lower SNR owing to the signal destruction
by molecular oxygen, it is likely that the SNR influences the
results of RO, significantly. Thus, measurements of oxygen
decrease by 3D measurements seem critical under the ob-
served circumstances. 2D measurements did not show this
kind of relationship. However, there might still be some
convective gas movement following the inflation of the
phantom to the peak inspiratory pressure, which would take
place, for a short duration, right at the beginning of the
measurement. The ceasing of convection could then de-
crease the intensity of contact between *He atoms and
paramagnetic oxygen molecules over the measurement
period, which may result in decelerating the relaxation and
thus, decrease of “apparent PO,” over time.

These mechanisms discussed for the large phantom al-
veolus are not entirely transferable to the human lung,
where convective gas transport only takes place in the cen-
tral airways and restricted diffusive motion should be the
only gas transport mechanism in inspiratory breath hold.

Spatial resolution of the Py.O, maps appears limited
when the resolution of the source images has to be further

reduced. However, spatial resolution as in computed tomo-
graphy is not essential for oxygen mapping. If spatial reso-
lution of the maps can be improved to that of the source
images with further optimization of the SNR, oxygen par-
tial pressure maps yield spatial resolution which may ap-
proach the dimensions of the functional respiratory units of
the lung.

Recently, there have been publications on pulmonary
ventilation and perfusion imaging using *He-MRI with in-
travenous application of paramagnetic gadolinium contrast
medium or by combination of "He-MRI and proton MRI
[25, 26]. Since the PO, in the lung is a result of the balance
between ventilation and perfusion, determination of the
V/Q ratio is feasible with knowledge of the ox;fgen—he—
moglobin binding curve. Thus, oxygen-sensitive “He-MRI
may develop into a rapid noninvasive technique to scan for
regional ventilation/perfusion mismatch, where appropriate
supported by other *He-MRI modalities to clarify the sources
of mismatch [27-31].

Conclusion

2D and 3D oxygen-sensitive *He-MRI is an evolving
method to noninvasively map the regional distribution of
oxygen partial pressure in gas-filled spaces.

2D projection measurements are robust but are limited by
superimposition. 3D measurements can reduce this short-
coming markedly but require exact application of highly
polarized gas to yield sufficient SNR. This approach allows
for spatially resolved oxygen partial pressure mapping which
may, with further optimization of the SNR, approach the
dimensions of the functional respiratory units of the lung.
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