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ABSTRACT: Spatial and temporal variations in oxygen partial pressure (pO2) during breath-hold can be exploited to obtain

important regional parameters of lung function. In the course of apnea, the oxygen concentration is known to decay

exponentially. Therefore, the initial pO2 (p0) can be used to represent local ventilation, and the oxygen depletion time

constant can characterize perfusion. The protocol, based on a nonlinear model of pO2 decay, was validated in six healthy

mice. Parametric maps of p0 and oxygen depletion time constant were obtained for pure 3He and 3He/air mixture. The mean

measured values of p0 were 77� 9mbar for the pure 3He insufflation and 107� 5mbar for 3He/air mixture, in agreement

with the predefined p0 values: 75� 15mbar and 123� 15mbar, respectively. The mean measured oxygen depletion

time constants were 6.5� 0.2 s for pure 3He and 7.1� 0.8 s for the 3He/air mixture, in agreement with physiology.
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INTRODUCTION

The partial pressure of oxygen (pO2) and its depletion
rate are important parameters in lung function assess-
ment. Alveolar pO2 can be used as a marker of ventilation
efficiency, and the oxygen depletion rate, which is related
to oxygen uptake, can be used to characterize perfusion. It
has been shown that measuring the time evolution of pO2

enables differentiation between normal and diseased
lungs in pulmonary embolism (1,2), obliterative bronch-
iolitis (3), sickle cell disease (4) and chronic obstructive
pulmonary disease (5). Previously reported pO2 measure-
ments in both animals (1,2,6–15) and human subjects
(3,4,6,10,16–18) were restricted to short breath-hold
periods when a linear model of pO2 decrease can be
assumed in the form:

pO2 ¼ p0 � Rt

where p0 is the initial pO2 and R is related to oxygen
uptake into the blood.

Rodents are often used for studying disease develop-
ment and following treatment involving new drugs. There
is a large number of available transgenic mouse models

for a variety of ailments affecting man. However, the high
metabolic rate of mice results in very fast pO2 decay times
of the order of a few seconds. Therefore, it is necessary to
study oxygen decay dynamics without using the
simplified model of linear decrease in pO2.

As the oxygen concentration in the lungs during apnea
is known to decrease exponentially (19), we proposed the
use of a more general model of pO2 decay in the form:

pO2 ¼ p0 expð�t=rÞ
where p0 is the initial pO2 and r is the oxygen depletion
time constant. We present the parametric maps of p0 and r
obtained for six healthy mice using this novel approach.
To be able to follow rapid changes in pO2, the fast spiral
single-breath method with a sliding window technique for
RF correction was exploited.

MATERIALS AND METHODS

Acquisition sequence

Of all the factors that influence the 3He signal in the lungs,
RF excitation and the presence of paramagnetic oxygen
are the dominant depolarization effects (6). To separate
these two factors, a single-acquisition pO2-sensitive
technique based on spiral sampling was developed.

A single experiment consisted of a series of N images
separated by a user-defined delay time t, except the first
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two images which were acquired without any delay
(Fig. 1a). The delay, t, was chosen individually for each
acquisition, depending on the expected T1,O2 relaxation
time. For all of the in vivo experiments, the shortest
possible twas used, equal to 527ms. In the case of in vitro
experiments, the delay time was varied between 1.3 s and
30.3 s. Acquisition with 12 interleaved Archimedean
spirals per image (20) was used with the following
imaging parameters: 1024 samples per spiral, flip angle
a� 68, TE¼ 2ms, TR¼ 27.3ms, field of view¼ 40mm,
and slice thickness¼ 60mm (projection images). The flip
angle was calibrated on a helium-filled syringe by
measuring the signal decay due to a train of quickly
repeated RF pulses. The first two sets from each series
were later reconstructed using the sliding window
technique (21,22), which is based on shifting the
reconstruction window along the two data sets so that
each consecutive image contains 12 spirals (Fig. 1b). As a
result of this procedure, 13 images were reconstructed
with the delay time of one TR (27.3ms) and with only one
RF excitation between consecutive images. This allows
the map of the RF flip angle of the object to be obtained on
a pixel-by-pixel basis. After RF correction, the series of N
images was used to determine the time dependence of
pO2.

Experimental protocol

The experiments were performed on a 2 T magnet
(Oxford Instruments, Oxford, UK) interfaced with the
MRRS console (Guildford, UK). For gas polarization, a
home-built spin-exchange polarizer was used (23,24).
In vitro experiments were performed on a syringe filled
with mixtures of 3He and air with delay time, t, of
1.3–30.3 s depending on the mixture composition. With
local ethics committee approval, six female c57BL/6
mice (body weight 22–26 g, mean 24 g) were anesthetized
by intraperitoneal injection of sodium pentobarbital, and
tracheotomized. The animals were placed supine in an
Alderman-Grant coil inside the magnet, and their lungs
were insufflated with 0.8ml gas. Each animal underwent
four consecutive inhalations separated by appropriate
delays to allow the normal oxygen concentration in the
lungs to be restored. The first two insufflations were
performed with 0.8ml pure 3He, and the other two with
0.5ml 3He mixed with 0.3ml air. The gases were
premixed in a syringe and immediately administered
through the endotracheal tube into the mouse lungs.
During the following breath-hold, a series of 12
projection images was acquired with delay time
t¼ 527ms between consecutive images (total acquisition

Figure 1. Schematic of the acquisition sequence (a) with sliding window diagram
(b). Each image consists of 12 interleaved spirals. im, Image; sw, sliding window
image.
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384 K. CIEŚLAR ET AL.



time 5.6 s). Insufflation with pure 3He was performed to
assess the residual oxygen content in the functional
residual capacity (FRC) of the animal’s lungs. The
purpose of repeating the experiment with the same gas
composition was to obtain both transverse and coronal
projection series.

Image reconstruction and analysis

For image reconstruction and processing, software
written in IDL (RSI; Boulder, CO, USA) was developed.
Spiral images of matrix size 256� 256 were recon-
structed using a gridding algorithm (25,26). Two
user-defined regions of interest (ROIs), one selected
within the imaged object and the second in the
background, served to estimate the signal-to-noise ratio
(SNR) and the standard deviation of noise s. The signal in
each pixel was then corrected for noise according to the
scheme proposed by Gudbjartsson and Patz (27). Finally,
the images were masked so that only pixels with signal
above a predefined threshold were used in further
analysis. The threshold was calculated individually for
each image series and was based on the noise level of the
first image according to:

Threshold ¼ Mean noise figureþ 3s (1)

From the first two images in each series, 13 images were
reconstructed using the sliding window technique, and a
map of RF flip angle was constructed on a pixel-by-pixel
basis (128� 128). Assuming a¼ 68, p0¼ 100mbar,
r¼ 6 s, the overall decrease in signal due to both RF
excitation and the presence of O2 during the acquisition of
the first two images (655ms) is of the order of 15%, of
which the RF contribution exceeds the pO2 component
sevenfold. Therefore, neglecting the pO2 relaxation effect
during the acquisition of the first two images, signal decay
due to RF excitation alone is given by:

SðnÞ ¼ Sð0ÞcosnðaÞ (2)

where S(n) is the signal intensity in the nth image of the
sliding window series, and a is the flip angle.

Fitting ln(S) against the sliding window image number
n gives the value of the flip angle for every pixel of the
image, providing the flip angle map of the imaged object.
The RF correction was performed on a pixel-by-pixel
basis by dividing the signal in each consecutive image in
the series by the term cos12ma, where a is the flip angle in
a particular pixel and m is the image number.

After the flip angle correction, the actual pO2

measurement was performed. As described by Deninger
et al. (6,7), the signal intensity Sm in the series of m
images can be expressed in the following way:

Sm ¼ S0 exp½�j�1

Zmt

0

pO2ðt0Þdt0� (3)

where j¼ 2.6 (bar� s) at body temperature (28).
Assuming the decrease in pO2 in the form:

pO2 ¼ p0 expð�t=rÞ (4)

the time of evolution of the integral of pO2 can be
extracted from:

�j½lnðSm=S0Þ� ¼
Zmt

0

pO2ðt0Þdt0 ¼
Zmt

0

p0 expðt0=rÞdt0

(5)

which can be evaluated as follows:

� j½lnðSm=S0Þ� ¼ p0r½1� expð�t=rÞ� (6)

where t¼mt.
Fitting the data with the expression on the right side of

eqn (6) gives the p0 and r values in each pixel.
Figure 2 illustrates the basic idea of the theoretical

approach outlined above. The theoretical temporal
evolution of the pO2 integral is plotted for different p0
and r values. In the case of no oxygen uptake (r¼1), the
pO2 integral increases linearly (Fig. 2a), while significant
deviation from linearity is observed for r¼ 6 s, expected
in vivo (29–31). Varying the initial pO2 at constant r
changes the curve saturation level as shown in Fig. 2(b).

For calculation of the p0 and r maps, a grid of 64� 64
was imposed on the RF-corrected images, resulting in a
bin size of 1.6mm2. In addition to computing the
parametric maps (RF flip angle, p0 and r), the processing
procedure enables user-selected ROI analysis. ROIs of
any shape and size for local pO2 measurement can be
chosen manually in different parts of the lungs. The mean
signal in the ROI is then processed in the same manner as
described above for each bin.

The in vitro experiments were performed in a syringe
with predefined 3He/air mixtures. Therefore, constant
pO2(t)¼ p0 was assumed, and the appropriate integral

in the form
Rmt
0

pO2ðt0Þdt0 ¼ p0t was fitted to the data.

Simulation

To investigate the influence of the SNR on the accuracy of
the pO2 measurement, a simulation program written in
IDL was developed. For this purpose, a reference spiral
image was acquired on a 3He-filled syringe phantom. A
series of copies of this data set was produced, and the
signal decay was simulated assuming an exponential
pO2 decay model with the following parameters:
p0¼ 100mbar, r¼ 6 s, number of images¼ 12, corre-
sponding to the experimental conditions. Each individual
spiral was weighted according to eqn (3) and followed by
image reconstruction. The SNR of the image was varied
by the addition of artificially generated Gaussian noise.
The parametric maps of p0 and r were generated for each
SNR value ranging from 23 to 120, and the mean p0 and r
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values together with their standard deviations were
computed.

RESULTS

In vitro experiments

In order to verify the accuracy of the proposed
pO2-sensitive technique, in vitro acquisitions were
performed on a plastic syringe filled with pure 3He and
different 3He/air mixtures (3.5, 4.5 and 6.0ml air mixed
with 5ml 3He). For each experiment, 5ml 3He was drawn
from a storage syringe into a 10ml probe syringe. In the
case of experiments with 3He/air mixtures, the probe was
connected through a valve to an air-filled syringe from
which an appropriate volume of gas was taken. The
mixing was performed at ambient pressure, and, as a
result, the total volume of the gas mixture was not
constant. The mean measured p0 values were 12, 83, 105
and 114mbar corresponding to the expected values of 0,
88, 101 and 116mbar, respectively. A comparison of the
estimated (p0,E) and the measured initial pO2 values
(p0,M) is presented in Fig. 3. The uncertainties of p0,E
were calculated on the basis of the dead volume of the
valve (0.25ml) and the mixing precision. The Dp0.M
values are the standard deviation errors of the mean p0,M
calculated over the whole map. The linear fit in the
form p0,M¼ aþ bp0,E yielded: a¼ 12.0� 2.5mbar, and
b¼ 0.87� 0.25.

In vivo experiments

The pO2 measurements were carried out using pure
3He (0.8ml) and 3He/air mixture (5.0ml/3.0ml). For each
mouse, a series of images of lungs filled with pure
3He was obtained in coronal and transverse orientation

(Fig. 4), as well as transverse and coronal series of images
for the 3He/air mixture. The correction of the depolar-
ization effect due to RF excitation was performed on the
basis of the flip angle map calculated for each acquisition
(Fig. 5). After the correction, the parametric maps of
initial partial pressure of oxygen (p0) and the depletion
rate time constant (r) were computed for both types of
inhaled gas composition (Fig. 6). Mean p0 and r values
together with their standard deviations were evaluated
(Table 1). Out of the two acquisitions performed for each
animal and each gas composition (in the coronal and the
transverse orientation), the image series with higher
initial SNR of the two was chosen for parametric
mapping. The p0 and r values for each pixel of the image
were obtained by fitting the time evolution of the integral
of pO2 according to eqn (6) (Fig. 7a). To prove the

Figure 3. Comparison of the estimated and measured p0
values in vitro. The dashed line shows the linear fit to the
data, with the slope equal to 0.87�0.25 and intercept of
12.0� 2.5mbar.

Figure 2. Theoretical plots of the temporal evolution of the pO2 integral for
different p0 and r values. (a) Comparison of the plots for constant p0¼120mbar
with (r¼ 6 s) and without oxygen uptake (r¼1). (b) Comparison of plots for
different physiological p0 values (70, 120, 170mbar) at constant r (6 s).
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relevance of using the exponential model of pO2 decay for
data analysis, a comparison plot from the same ROI using
the linear model is shown (Fig. 7b). The linear fitting was
performed by the method proposed by Deninger et al.
(6,7). Table 1 also contains the estimation of the linear
oxygen depletion rate, R, for each acquisition (for details
see Discussion).

Simulation results

The simulation was performed to investigate the effect of
gradually increased noise in the image on the sensitivity
of the proposed measurement technique. Figures 8 and 9
present the results of the simulation for p0 and r,
respectively. It can be seen that, regardless of SNR, the p0

Figure 4. Native coronal (a) and transverse (b) images of mouse lungs (field of
view¼ 40mm; slice thickness¼60mm).

Figure 5. In vivo pure 3He image (a) and the corresponding RF flip angle map (b).
The mean flip angle was 4.3� 1.18. (c) A typical plot used for RF flip angle
estimation for one particular pixel; n denotes the sliding window image number
[eqn (2)].
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values are systematically underestimated (by approxi-
mately 5%), and the r values are overestimated by about
the same amount. Although the accuracy of the p0 and r
measurement is good, the precision is low, especially in
the case of r determination.

DISCUSSION

The purpose of this study was to measure the time
evolution of pO2 in mice using the exponential model of

pO2 decay. Previous studies have shown the feasibility
of using a linear model of pO2 decay during short
breath-hold periods in humans and various animals (pigs,
rabbits and guinea pigs). For humans, the period of linear
decrease in pO2 can be as long as 40 s (16). However, the
length of this period depends on the metabolic rate per
unit mass (29), and for mice it is expected to last only up
to 4 s. Therefore, to be able to follow the time evolution of
pO2 accurately, it is necessary to use the nonlinear O2

concentration decay model and to shorten the imaging
time. The relevance of using the exponential pO2 decay

Figure 6. Exemplary results of insufflations with 3He/air mixture (a–c) and pure 3He (d–f). The initial
images from each series are presented (a,d) together with corresponding p0 maps (b,e) and r maps (c,f).
Mean parameter values are: p0¼ 112�59mbar, r¼6.6� 4.4 s for 3He/air mixture; p0¼ 84�43mbar,
r¼6.4� 4.6 s for pure 3He.

Table 1. Summary of RF flip angle, p0 and r mapping. The measured values are given as mean� sd

Mouse 1 Mouse 2 Mouse 3 Mouse 4 Mouse 5 Mouse 6

Pure helium (expected p0 value¼ 75� 15mbar)
SNR 103 92 69 118 121 93
a (8) 4.3� 1.1 5.1� 1.5 4.5� 1.6 5.9� 1.6 6.1� 2.0 6.1� 2.0
p0 (mbar)a 64� 40 86� 52 84� 43 76� 45 68� 48 85� 40
r (s) 6.6� 4.1 6.8� 4.8 6.4� 4.6 6.5� 3.7 6.2� 5.0 6.2� 5.0
R (mbar/s)b 9.7� 8.5 12.6� 11.7 13.1� 11.6 11.7� 9.6 11.0� 11.8 13.7� 12.8

Mean measured p0¼ 77� 9mbar, r¼ 6.5� 0.2 s

Helium/air mixture (expected p0 value¼ 123� 15mbar)
SNR 74 32 43 46 41 25
a (8) 5.9� 1.4 6.3� 1.7 6.3� 1.9 6.1� 1.9 6.6� 2.1 6.3� 2.3
p0 (mbar)a 112� 59 99� 55 107� 58 108� 50 102� 38 111� 50
r (s) 6.6� 4.4 7.1� 5.2 8.3� 4.7 6.7� 4.8 7.7� 2.9 6.0� 5.2
R (mbar/s)b 17.0� 14.4 13.9� 12.8 12.9� 10.1 16.1� 13.7 13.2� 7.0 18.5� 18.1

Mean measured p0¼ 107� 5mbar, r¼ 7.1� 0.8 s
aBased on the gas mixture composition and the animal’s FRC, assuming [O2]¼ 15% in the FRC of the mouse lungs.
bComputed as the ratio of the mean values of p0 and r.
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model is illustrated in Fig. 7, where use of both the linear
and nonlinear approach for the same ROI is compared.
The spiral acquisition scheme proposed in this work
enables a series of images required for pO2 measurement
to be obtained in less than 6 s, making it suitable for
imaging of mouse lungs during breath-hold. This time can
be further reduced by acquiring fewer images in the series
or by reducing the number of spirals per image.

The pO2-sensitive method was validated in vitro for
different gas mixtures, showing close agreement of the
measured p0 values with the predefined ones. The

non-zero p0 value measured in the syringe filled with
pure 3He can be explained by the dead volume of the
valve. The pO2 of 12mbar is equivalent to an oxygen
volume of about 0.06ml, corresponding to 0.28ml air, in
conformance with the estimated dead volume of
approximately 0.25ml. Comparison of the estimated
and measured p0 values shows that the measurement
technique may slightly underestimate the true p0, in
conformance with the simulation results (Fig. 8).

The in vivo experiments were conducted with two
different gas compositions: pure 3He and 3He/air mixture.
The following assumptions were made to estimate the p0
values shown in Table 1: (1) the FRC of mouse lungs was
about 0.5ml (30); (2) the oxygen concentration in the
FRC was approximately 15% (32): (3) the estimated dead
volume of the tracheotomy tube and the valve was
0.27ml. According to West (32), the partial pressure of
dry gas in the lungs can be computed in the following
way:

p0 ¼ ½O2�½pATM � pðTÞ� (7)

where [O2] denotes volume percentage of oxygen, pATM is
the ambient pressure, and p(T) is the water vapor pressure
depending on temperature [p(T)¼ 62.66mbar at body
temperature]. As the lungs were insufflated at about
20 cmH2O above atmospheric pressure (19.61mbar), the
final equation used to estimate p0 was:

p0 ¼ ½O2�ð1013:25þ 19:61� 62:66Þ � 970½O2� (8)

The oxygen concentration was calculated from the
known gas volumes including the oxygen content in the
FRC. The uncertainties of the estimated p0 values take
account of the mixing precision and the dead volume.

The pure 3He insufflation resulted in the mean
measured p0 value of 77� 9mbar, and the mean
measured p0 value for the mixture of air and 3He was
107� 5mbar (Table 1). In the case of both mixture
compositions, the p0 values obtained are in conformance
with physiology (32).

The values of the depletion rate time constant were
found to be in the range 6.0–8.3 s. To be able to compare
the values of rwith literature data on oxygen consumption
in mice, the linear depletion rate R was estimated.

Figure 7. Example of the temporal evolution of the integral of pO2in vivo for
insufflation with 3He/air mixture (ROI size¼1.6mm2) (a). For comparison, a corre-
sponding plot was obtained using the linear approach (b).

Figure 8. Percentage error of the mean measured p0 value
as a function of SNR. The dashed lines correspond to the
þ5%and�5%error of the simulated value. The dotted lines
show the standard deviation of each measured p0 value.

Figure 9. Percentage error of the meanmeasured r value as
a function of SNR. The dashed lines correspond to the þ5%
and�5%error of the simulated value. The dotted lines show
the standard deviation of each measured r value.
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Expanding eqn (4) in the Taylor series gives:

pO2ðtÞ ¼ p0 expð�t=rÞ ¼ p0ð1� t=r þ . . .Þ
¼ p0 � ðp0=rÞt þ . . . ¼ p0 � Rt þ . . . (9)

The mean values of R¼ p0/r were computed for each
animal and each insufflation. The literature values for the
rate of oxygen consumption are 0.5–1.1ml/min (30,31)
for a mean body weight of 24 g, corresponding to about
6–15mbar/s. The values found in the experiment are in
agreement with these reference values except for two
cases, which were slightly out of this range.
The rate of oxygen consumption is expected to be

proportional to pO2(16). As shown in Fig. 10, a positive
linear correlation coefficient of 0.85 is observed between
p0 and R. This relationship reflects the match between
oxygen depletion rate and pO2 gradient between the
alveolus and capillary blood.
The dispersion of the p0 and r parameters is quite high

(reaching 50% for the whole map). This high variability is
in agreement with the simulation results, providing
evidence that it is related to the inherent measurement
errors. Nevertheless, it is comparable to the dispersion of
the previously reported results of pO2 mapping using
3He-MRI (13) as well as other modalities (33–37). Hence,
the inhomogeneity of the p0 and r maps may also reflect
the physiological conditions in the lungs. In view of the
low precision of the measurement technique, parameters
calculated as means over large ROIs seem to be more
appropriate for estimating ventilation and perfusion in
mouse lungs.

CONCLUSIONS

This study demonstrates the possibility of assessing
alveolar pO2 in mouse models using hyperpolarized 3He.
The time evolution of pO2 was measured using a new
approach assuming a nonlinear O2 concentration decay

model. Parametric maps of initial pO2 and depletion rate
time constant, r, were obtained with in-plane resolution of
1.6mm2. The results of this work show the relevance of
using a nonlinear pO2 decay model when imaging time
and O2 depletion time constant are comparable.
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