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Abstract
Objectives: Oxygen-enhanced MRI (O2-MRI) is 
frequently based on a block paradigm consisting 
of a series of consecutive T1-weighted scans ac-
quired during alternating blocks with inhalation 
of room air and of pure oxygen. This design re-
sults in a complex signal-time course for each 
pixel, which displays the oxygen wash-in and 
wash-out processes and provides spatially re-
solved information about the lung function. The 
purpose of the present study was to optimize the 
signal-time-course analysis in order to extract 
(pixelwise) the maximum amount of information 
from the acquired data, and to introduce an ap-
propriate cross-correlation approach for data 
sets containing the oxygen wash-in and wash-out 
periods. 

Materials and Methods: O2-MRI data of 11 
healthy volunteers were acquired with a multi-
slice inversion-recovery single-shot turbo-spin-
echo sequence at 1.5 Tesla; lung and spleen were 
manually segmented on all 44 acquired slices. 6 
different model functions were pixelwise fitted to 
the data and compared using the Akaike informa-
tion criterion. 4 different reference functions 
were compared for cross-correlation analysis. 

Results: The optimal model function is a piece-
wise exponential function (median enhancement 
in lung/spleen: 16.3 %/14.8 %) with different 
time constants for wash-in (29.4 s/72.7 s) and 
wash-out (25.1 s/29.6 s). As a new parameter, it 
contains the delay between switching the gas 

supply and the onset of the signal change 
(4.8 s/24.5 s). Optimal cross-correlation results 
were obtained with a piecewise exponential ref-
erence function, which was temporally shifted to 
maximize the correlation, yielding median corre-
lation coefficients of 0.694 and 0.878, median 
time delays of 7.5 s and 38.6 s, and median frac-
tions of oxygen-activated pixels of 83.6 % and 
92.2 % in the lung and the spleen, respectively. 

Conclusions: It was demonstrated that the pix-
elwise assessment of O2-MRI data is optimally 
performed with piecewise exponential functions. 
Cross-correlation analysis with a piecewise ex-
ponential reference function results in signifi-
cantly higher fractions of oxygen-activated pixels 
than with rectangular functions. 
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Introduction 
Oxygen-enhanced MRI (O2-MRI) has been success-
fully applied to visualize and assess pulmonary ven-
tilation and lung function quantitatively or semi-
quantitatively in several studies over recent years 
(1�21). The inhalation of pure oxygen (O2), which 
acts as a weakly paramagnetic contrast agent, de-
creases the longitudinal relaxation time, T1, of 
blood; the reduced relaxation time can then be de-
tected as (a relatively small) signal enhancement in 
T1-weighted MRI. 

Frequently, a block paradigm is used to en-
hance the contrast-to-noise ratio of O2-MRI consist-
ing of a series of T1-weighted scans acquired dur-
ing alternating blocks with inhalation of room air 
and of 100 % O2. This block design results in a 
signal-time course for each pixel containing infor-
mation about lung function and about properties of 
respiration and circulation. Two different acquisi-
tion schemes for such block paradigms were used 
in past studies: (a) data acquisition can be paused 
for a few minutes after switching the gas supply to 
allow for establishing the new steady-state signal 
(2�6), or (b) T1-weighted data can be acquired con-
tinuously, thus sampling the transition of the signal 
intensity towards the new steady-state value (7�14). 
An advantage of the first approach is that one has 
to deal only with static signal levels and that the 
signal difference between air and O2 acquisitions 
(typically calculated after data averaging within 
each block) is maximized. It has been suggested to 
evaluate this time course by calculating the cross-
correlation coefficient of each pixel response func-
tion and the (ideal) box-car waveform (3, 15). To 
quantitatively assess and compare the measured 
correlation coefficients in patients, the fraction of 
oxygen-activated pixels, fOAP, has been defined as 
the fraction of lung pixels with correlation coeffi-
cients greater than 0.5 (5, 6). 

In contrast, each pixel time course of the sec-
ond approach contains the transitional signal that is 
observed immediately after switching the gas sup-
ply. These intermediary signal intensities reduce 
the averaged signal calculated within each block 
and, thus, decrease the observed mean signal en-
hancement. In order to optimize the signal en-
hancement maps, it has been suggested to discard 
some of the early transitional acquisitions to in-
crease the observed signal enhancement (13). An 

advantage of the continuous data acquisition is that 
additional information about the O2 wash-in and 
wash-out process can be obtained by analyzing the 
dynamic signal-time course. This was done before 
by either determining the linear slope of the signal 
change (8, 9) or by fitting an exponential function 
to the O2 wash-in or wash-out data (7, 10, 12, 14). 
These studies demonstrated that, e. g., the slope 
correlates significantly with the pulmonary pathol-
ogy (8, 9). 

The purpose of the present study was to opti-
mize the signal-time-course analysis in order to 
extract (pixelwise) the maximum amount of infor-
mation from the continuously acquired data, and to 
introduce an appropriate cross-correlation ap-
proach for data sets containing the O2 wash-in and 
wash-out periods. For the first aim, we evaluated 
and compared six reference functions modeling the 
complete O2 wash-in and wash-out process with 
different numbers of fit parameters. Then, the op-
timal model function was used to establish refer-
ence values and the statistical distributions of the 
parameters in healthy volunteers. Finally, based on 
these results, we proposed and compared different 
reference functions for the cross-correlation analy-
sis and determined the fraction of oxygen-activated 
pixels in O2-MRI with continuous scanning. 

Methods 
We examined 11 non-smoking, healthy volunteers 
(7 male and 4 female) aged between 20 and 36 
years; the volunteers gave written informed consent 
to participate in the study, which had local Ethics 
Committee approval. 

All volunteers were imaged with a T1-weighting 
multi-slice inversion-recovery half-Fourier-
acquisition single-shot turbo-spin-echo (HASTE) 
sequence implemented on a 1.5-Tesla whole-body 
scanner (Magnetom Sonata, Siemens Healthcare, 
Erlangen, Germany) with a high-performance gra-
dient system providing a maximum gradient 
strength of 40 mT/m and a maximum slope of 
200 T/(m·s). An 8-channel phased-array thorax coil 
system was used for signal reception. An optimized 
inversion time, TI, of 1300 ms was chosen for T1-
weighting (15); images were acquired with linear k-
space readout in phase-encoding direction (from 
left to right), a minimized echo time, TE, of 11 ms, 
and a receiver bandwidth of 795 Hz/pixel. The in-
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plane image resolution was 3.1×3.1 mm² (matrix 
size 128×128, field of view 400×400 mm²); the ge-
neralized autocalibrating partially parallel acquisi-
tion (GRAPPA) technique was applied for parallel 
imaging with an acceleration factor of 2 (24 k-space 
lines were acquired in the k-space center immedi-
ately before the actual data acquisition to deter-
mine the GRAPPA reconstruction weights). The 
multi-slice sequence was based on an interleaved 
inversion and readout of 4 coronal slices (11) with a 
slice thickness of 8 mm and a slice distance of 
16 mm. The data readout was both ECG and respi-
ratory-triggered to ensure readout during end-
expiration and in the diastolic phase; double-
triggering has been suggested to optimize the im-
age quality in O2-MRI of the lung (6). The arms of 
the subjects were positioned above the head to 
minimize aliasing artifacts. 

Each examination consisted of a series of 80 
consecutive respiratory-gated acquisitions divided 
into 4 equally long blocks with alternating inhala-
tion of room air and O2 (20×air, 20×O2, 20×air, 
20×O2). Thus, the total acquisition time was 80 res-
piratory cycles, i. e., it varied between about 8 and 
12 minutes depending on the individual respiratory 
frequency, and the block duration of O2 or air ad-
ministration varied between about 2 and 3 minutes. 
The breathing gas was administered by a tightly 
fitting non-rebreathing respiratory face mask cover-
ing mouth and nose and with a gas flow of ap-
proximately 20 L/min. 

Lung tissue and the spleen were segmented 
manually in all 11 data sets (44 slices). Then, bright 
vessels were automatically removed from the lung-
tissue regions by defining the brightest 20 % of all 
lung-tissue pixels in each slice (maximum intensity 
projection over all repetitions) as vessels. Finally, 
image data were spatially smoothed by applying a 
Gaussian image filter with a size of 5×5 pixels and a 
width (standard deviation) of 2 pixels to all ac-
quired slices. 

The data post-processing and evaluation con-
sisted of two separate parts. First, we searched for 
an optimal fitting function to the dynamic O2-MRI 
data. In the second part, quantitative parameters 
determined with the optimal fitting function were 
used to establish an improved technique for cross-
correlation analysis of dynamically acquired O2-
MRI data. All data post-processing (segmentation, 

smoothing, parameter fitting, and cross-correlation 
analysis) was performed with in-house developed 
dedicated software based on the free dynamic pro-
gramming language Tcl/Tk. 

 

For the first part of the evaluation, we restricted 
the data sets to the acquisitions #1 to #60, i. e., we 
discarded the last 20 acquisitions since these con-
tained (in principle) the same dynamic data as ac-
quisitions #21 to #40. By discarding these acquisi-
tions, each data set consisted of 20 base line repeti-
tions followed by 20 repetitions during O2 wash-in 
followed by 20 repetitions during O2 wash-out; 
thus, the subsequent analysis was based on an 
identical number of wash-in and wash-out acquisi-
tions. Including acquisitions #61 to #80 as well 
would result in an over-representation of the wash-
in process in the subsequent analysis, which might 
induce a bias in the derived results. 

In order to reduce the remaining influence of 
respiratory motion, the diaphragm position was 
semi-automatically evaluated in all slices, and ac-
quisitions with displaced liver-lung interfaces (of 
more than 1 pixel) were discarded. 

We then normalized all data pixelwise to their 
mean value over the 20 initial baseline (air) acquisi-
tions to obtain relative enhancement data. Only 
acquisitions #21 to #60 were used for the following 
analysis, in which we compared six different model 
functions, fm(t; p), m = 1�6, for the evaluation of 
the signal-time course (see Fig. 1); here, t denotes 
the time point within the time course and p denotes 
the set of all other model parameters: 

1. f1(t; p) = rect(t;  Renh, ∆t): a rectangular 
function (box-car waveform) with 2 free pa-
rameters (the relative enhancement, Renh, 
and the time delay, ∆t, between switching 
the gas supply and the onset of the signal 
change) 

2. f2(t; p) = pw_lin(t;  Renh, τin, τout, ∆t): a 
piecewise linear function with 4 free pa-
rameters (the relative enhancement, Renh, 
the (normalized) wash-in up-slope, 1/τin, the 
(normalized) wash-out down-slope, �1/τout, 
and the time delay, ∆t) 

3. f3(t; p) = pw_exp(t;  Renh, τin, τout) : a piece-
wise exponential function with 3 free pa-
rameters (the relative enhancement, Renh, 
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the wash-in time constant, τin, and the 
wash-out time constant, τout) 

4. f4(t; p) = pw_exp(t;  Renh, τin/out, ∆t): a 
piecewise exponential function with 3 free 
parameters (the relative enhancement, Renh, 
only a single time constant, τin/out, for wash-
in and wash-out, and the time delay, ∆t) 

5. f5(t; p) = pw_exp(t;  Renh, τin, τout, ∆t): a 
piecewise exponential function with 4 free 
parameters (the relative enhancement, Renh, 
the wash-in time constant, τin, the wash-out 
time constant, τout, and the time delay, ∆t) 

6. f6(t; p) = pw_exp(t;  Renh, τin, τout, ∆t, ∆t�): a 
piecewise exponential function with 5 free 
parameters (the relative enhancement, Renh, 
the wash-in time constant, τin, the wash-out 
time constant, τout, the time delay, ∆t, de-
scribing the onset of the wash-in process, 
and the time delay, ∆t�, describing the on-
set of the wash-out process). 

The model functions were fitted pixelwise to the 
relative enhancement data using non-linear fitting 
with a box-constrained Levenberg-Marquardt im-
plementation. The start value for fitting the relative 
enhancement, Renh, was estimated as the mean 
relative enhancement over acquisitions #26 to #40; 
this parameter was constrained to the range from 0 
to 100 %. The start value of the wash-in and wash-
out time constants was set to 40 s for the exponen-
tial model functions and to the duration of the sec-
ond room-air block divided by the start value of 
Renh for the linear model function; in both cases, the 
parameters were constrained to the range from 
0.5 s to 200 s. The start values of the time delays, 
∆t and ∆t�, were set to 0 and constrained to the 
range from 0 to 100 s or 200 s for ∆t and ∆t�, re-
spectively. A special procedure was required for the 
parameter fitting of the rectangular function, since 
the discontinuities of this function did not allow the 
direct application of the Levenberg-Marquardt al-
gorithm. In this case, the optimal time delay, ∆t, 
was determined as the time delay with the maxi-
mum correlation between the rectangular function 
and the signal-time curve; then, the optimal relative 
enhancement, Renh, was fitted with the Levenberg-
Marquardt algorithm. 

 
Figure 1: Six different model functions fm(t; p) with a set, p, 
of 2 to 5 free parameters (relative signal enhancement Renh; 
time delays ∆t, ∆t‘; wash-in and wash-out times τin, τout) for 
pixelwise fitting of O2-MRI data; �rect�: rectangular func-
tion, �pw_lin�: piecewise linear function, �pw_exp�: piece-
wise exponential function. 

 

To assess the quality of the different fits, we 
first calculated for each pixel (with position r) and 
each model function the normalized sum of the 
squared differences, Ssq, between the fitted model 
functions, fm(t; p(r)), (the index m denotes the 6 
different functions) and the original data points, 
s(r, t).  
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(the number, N, of data points could vary because 
of the motion correction). Then, the optimal fit 
function was determined using the corrected 
Akaike information criterion (cAIC), CAkaike(r, m) 
(22), which is a measure based on the sum-of-
squares difference, Ssq(r, m), the number, N, of 
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data points, and the number, K, of free fit parame-
ters: 
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The optimal fit function is the one with the minimal 
cAIC. The probability that the model is the best 
among all considered models, i. e., that it approxi-
mates the data best without overfitting, is quanti-
fied by the Akaike weights (22): 
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median values of CAkaike(r, m) and wAkaike(r, m) were 
compared after averaging over all slices (lung with-
out bright vessels and spleen) and all volunteers. 

The model function with the lowest cAIC (or, 
equivalently, with the highest Akaike weight) was 
then used to calculate maps and averages (median 
value, 16th and 84th percentile) of all model pa-
rameters; parameters were evaluated separately for 
the spleen and the 4 different slices of the lung as 
well as for the total lung tissue. 

 

The second main part of the data evaluation 
was focused on the application of cross-correlation 
approaches to dynamic O2-MRI data. We defined 
four different reference functions, rm(t), m = 1�4, 
to calculate the cross-correlation coefficients for 
each pixel time course: a rectangular box-car func-
tion, r1(t), as used in earlier publications (3, 5, 6, 
15) and a piecewise exponential function, r2(t), sim-
ilar to the optimal model function found in the first 
part of this study (see Fig. 2). The timing parame-
ters for the piecewise exponential function were 
defined fixed as approximations to the median val-
ues over all lung pixels determined in the first part 
of this study. The cross-correlation coefficients, cCC, 
defined as 
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(the bar over a function denotes its mean value over 
all time points) were calculated for these two origi-
nal functions and, additionally, for a set of time-
shifted reference functions, rm(t; ∆tCC), m = 3,4 (see 
Fig. 2). In the latter case, the correlation coeffi-

cients were calculated separately for 40 discrete 
time shifts, ∆tCC, by moving the first onset of the 
enhancement in the reference function from the 
20th to the 21st � 60th acquisition within the time 
course. Then, the maximal correlation coefficient 
and the corresponding temporal shift, ∆tCC, over all 
shifted functions were pixelwise determined. 

 

 
Figure 2: Four reference functions for cross-correlation 
analysis. r1(t): rectangular function (box-car waveform); 
r2(t): piecewise exponential function. The functions r3,4(t; 
∆tCC) are defined similar, but with an additional delay pa-
rameter, ∆tCC, that allows for temporal shifting of the func-
tion until maximum correlation is obtained. 

 

We determined the median values, the 16th, 
and 84th percentile of the cross-correlation coeffi-
cients and of the temporal shifts evaluated over all 
segmented pixels (in all volunteers and all slices) 
for all four cross-correlation approaches. The frac-
tion of oxygen-activated pixels, fOAP, (i.e., with 
cCC > 0.5) was calculated separately for each volun-
teer for the four used reference functions. The frac-
tions of oxygen-activated pixels were then statisti-
cally compared with a paired Wilcoxon signed-
ranks test. 

Results 
The segmented lung tissue in all 11 volunteers 
(over all 4 acquired slices) consisted of 89 539 pix-
els after removing the bright vessels; the seg-
mented spleen tissue consisted of 8 836 pixels. The 
retrospective motion correction based on the dia-
phragm position resulted in an average acceptance 
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rate of 90.3 % (standard deviation: 15.0 %). The 
median values of the corrected Akaike information 
criterion and the Akaike weight evaluated over all 
pixels are listed in Table 1; an example of the re-
gional distribution of the Akaike weights for all 
model functions is shown in Fig. 3. The model func-
tion with the minimal cAIC in lung tissue was the 3-
parameter exponential model without delay pa-
rameter (f3(t; p) = pw_exp(t;  Renh, τ1, τ2), median of 
the cAIC: 135.4), closely followed by the 4-
parameter exponential model (f5(t; p) = pw_exp(t;  
Renh, τ1, τ2, ∆t), median of the cAIC: 135.8). The 
model function with the minimal cAIC in spleen 
tissue was the 4-parameter exponential model 
(f5(t; p) = pw_exp(t;  Renh, τ1, τ2, ∆t), median of the 
cAIC: 46.3). Thus, the 4-parameter exponential 
model, f5(t; p), was chosen for the subsequent 
quantitative analysis of O2-MRI. 

The median values of the fit parameters for f5(t; 
p) over all evaluated pixels are summarized in Ta-
ble 2. Typical relative signal enhancements were 
between 15 % and 20 % with a moderate regional 
variance (16th to 84th percentile) between 8 % and 
28 %. Typical time constants for O2 wash-in and 
wash-out were between 25 s and 30 s; here, a lar-
ger regional variance was found with values rang-
ing from 5 s to 80 s. There is no obvious position 
dependence of the parameters within the lung in 
anterior-posterior direction. Noteworthy are the 
substantial differences of the time delay, ∆t, in the 
lung (∆t = 4.8 s) and the spleen (∆t = 24.5 s) as 
well as the prolonged wash-in time constant of 73 s 
in the spleen. Parameter maps of a volunteer are 
shown in Fig. 4 and (color-coded) in Fig. 1 of the 
Supplemental Digital Content. 

 

Table 1: Median values of the corrected Akaike information criterion and the Akaike weight in all compared model functions 

Model function Corrected Akaike information 
criteriona, CAkaike 

 Akaike weightb, wAkaike 

 Lung 
tissue 

Spleen 
tissue 

Average 
of both 

 Lung 
tissue 

Spleen 
tissue 

Average 
of both 

f1(t; p) = rect(t;  Renh, ∆t) 146.2 86.4 116.3  0.014 < 0.001 0.007 

f2(t; p) = pw_lin(t;  Renh, τin, τout, ∆t) 137.5 48.3   92.9  0.094 0.148 0.121 

f3(t; p) = pw_exp(t;  Renh, τin, τout) 135.4 66.7 101.1  0.251 < 0.001 0.126 

f4(t; p) = pw_exp(t;  Renh, τin/out, ∆t) 136.3 52.6   94.5  0.152 0.022 0.087 

f5(t; p) = pw_exp(t;  Renh, τin, τout, ∆t) 135.8 46.3   91.1  0.142 0.151 0.147 

f6(t; p) = pw_exp(t;  Renh, τin, τout, ∆t, ∆t�) 138.2 47.5   92.9  0.039 0.105 0.072 

a Minimal corrected Akaike information criterion is printed bold in each column. 

b Maximal Akaike weight is printed bold in each column. Akaike weights do not sum to 1 since the median over all voxels (of 
an asymmetric distribution of weights) is displayed; for each single voxel, the sum of all weights is 1. 

 

Table 2: Parameters of oxygen dynamics in healthy volunteers (median values, 16th�84th percentile), evaluated with f5(t; p) 

Region Renh (%) τin (s) τout (s) ∆t (s) 

Lung slice 1 (anterior) 16.3   (7.6�30.4) 33.8   (2.1�96.1) 26.4   (0.5�92.5)   6.3   (0.0�25.2) 

Lung slice 2 17.0   (9.2�29.9) 31.5   (3.4�84.1) 26.7   (5.8�71.3)   5.0   (0.0�25.3) 

Lung slice 3 15.9   (9.4�25.9) 28.8   (8.5� 71.8) 25.4   (3.8�61.2)   6.5   (0.0�18.2) 

Lung slice 4 (posterior) 16.3 (10.7�27.8) 27.3 (10.7�77.3) 23.3   (8.3�53.8)   0.9   (0.0�13.6) 

Lung    (all slices) 16.3   (9.5�28.1) 29.4   (6.9�79.4) 25.1   (5.4�64.8)   4.8   (0.0�18.9) 

Spleen (all slices) 14.8   (8.1�20.6) 72.6 (44.4�184.6) 29.6 (14.3�50.5) 24.5 (13.6�41.8) 
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Figure 3: Parameter maps showing the regional distribution of the Akaike weights for the six compared model functions. The 
highest weights (indicating the best fit function) were obtained with f3 in the lung and with f5 in the spleen. 

 

 
Figure 4: Parameter maps obtained by fitting the piecewise exponential 4-parameter model function, f5(t; p) = pw_exp(t;  Renh, 
τin, τout, ∆t), to multislice O2-MRI data from a healthy volunteer. 1st row: relative signal enhancement Renh; 2nd row: O2 wash-in 
time constant, τin; 3rd row: O2 wash-out time constant τout; 4th row: time delay, ∆t , between oxygen switching and the signal 
response. (The heterogeneous parameter distribution in the spleen is caused by partial volume effects of superposed stomach 
signal.). Color-coded maps of these results are provided as Fig. 1 of the Supplemental Digital Content (see below at the end of 
the manuscript). 
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Figure 5: Parameter maps obtained by cross-correlation analysis of multislice O2-MRI data from the same healthy volunteer as 
in Fig. 4. Rows 1 to 4 show the correlation coefficients (cCC) of the signal-time course with different reference functions (rec-
tangular wave, r1(t); piecewise exponential function, r2(t); rectangular wave shifted to obtain maximum correlation, r3(t; ∆tCC); 
piecewise exponential function shifted to obtain maximum correlation, r4(t; ∆tCC)). Rows 5 and 6 show the delay, ∆tCC, with 
maximum correlation corresponding to rows 3 and 4. (The heterogeneous parameter distribution in the spleen is caused by 
partial volume effects of superposed stomach signal.) Color-coded maps of these results are provided as Fig. 2 of the Supple-
mental Digital Content (see below at the end of the manuscript). 
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Table 3: Comparison of cross-correlation results with different reference functions 

Region cCC ∆tCC (s)  fOAP (%) 

 

Reference function for  
cross-correlation; 
cf. Fig. 2 

median (16th�84th percentile) 
evaluation over all voxels 

 median over 
all volunteers 

r1(t) rect. 0.470 (0.236�0.671) �  39.5* 

r2(t) exp. 0.664 (0.387�0.847) �  75.6† 

r3(t; ∆tCC) rect. 0.668 (0.440�0.817) 31.0 (19.4�50.7)  83.0 

Lung 

r4(t; ∆tCC) exp. 0.694 (0.438�0.860)   7.5   (0.0�22.5)  83.6 

r1(t) rect. 0.341 (0.004�0.520) �    0.2* 

r2(t) exp. 0.628 (0.344�0.822) �  86.4† 

r3(t; ∆tCC) rect. 0.823 (0.592�0.891) 64.9 (50.6�79.3)  92.5 

Spleen 

r4(t; ∆tCC) exp. 0.878 (0.611�0.945) 38.6 (23.9�52.5)  92.2 

* significantly lower (paired Wilcoxon signed-ranks test; p < 0.01) than with reference functions r2, r3, r4 

† significantly lower (paired Wilcoxon signed-ranks test; p < 0.01) than with reference functions r3 and r4 

 

Based on the results in Table 2, we chose a 
wash-in time constant of 30 s and a wash-out time 
constant of 25 s for the exponential reference func-
tions used for the cross-correlation analysis. The 
results of the compared cross-correlation ap-
proaches are presented in Table 3. The median 
values of the correlation coefficients over all pixels 
ranged from 0.34 with the fixed rectangular refer-
ence function to 0.88 with the shifted exponential 
function. Generally, the correlation coefficients 
depended more strongly on the reference function 
in the spleen than in the lung. The highest correla-
tion coefficients were found with the shifted expo-
nential function in both organs. The delay, ∆tCC, 
was about 7 s in the lung when evaluated with the 
exponential reference function; it was approxi-
mately 30 s longer in the spleen than in the lung 
with both reference functions. The delay was about 
25 s longer with the rectangular than with the ex-
ponential reference function in both organs. Pa-
rameter maps are shown in Fig. 5 and (color-
coded) in Fig. 2 of the Supplemental Digital Con-
tent. 

The fractions of oxygen-activated pixels were 
significantly lower (p<0.01) with the fixed rectangu-
lar reference function than with all other functions. 
It was also significantly lower (p<0.01) with the 
fixed exponential function than with those two ref-
erence functions that were shifted to obtain the 
maximum correlation. 

Discussion 
In the present study, we provided a detailed analy-
sis of the properties of the signal-time course in O2-
MRI by evaluating several model functions for the 
complete wash-in/wash-out process with different 
numbers of parameters. It was demonstrated that 
the experimental data are best fitted (evaluated by 
the corrected Akaike information criterion) by a 
piecewise exponential function with four free pa-
rameters: the relative signal enhancement, Renh, the 
time constants of signal increase (O2 wash-in) and 
decrease (O2 wash-out), τin and τout, and the time 
delay, ∆t, between switching the gas supply and 
the onset of the signal change. This result is in 
good agreement with the fact that the global O2 
concentration in the lung exhibits exponential time 
dependence after switching the O2 concentration of 
the supplied gas (23). It furthermore indicates that 
the signal quality (in terms of temporal sampling 
rate and signal-to-noise ratio) is sufficient to reflect 
this exponential dependence; in the case of very 
low signal quality, the fit with the zeroth-order (rec-
tangular) or first-order (linear) approximation of the 
exponential would be expected to show comparably 
good fit properties. 

Reference values of these four parameters were 
established for our group of 11 non-smoking, 
healthy volunteers. The relative signal enhance-
ment of about 16 % in the lung agrees well with 
earlier results by Müller et al. and Löffler et al. (9, 
15), but were slightly lower than the enhancements 



Dietrich O, Attenberger UI, Ingrisch M, Maxien D et al.  Signal dynamics in oxygen-enhanced MRI 

Invest Radiol 2010; 45(4): 165�173 (accepted: 22 November 2009) Page 10 of 15 

of 20 % to 25 % reported in some other studies (5, 
14, 19, 20). 

Pulmonary O2 wash-in and wash-out times 
found in this study are in the range from 25 s to 
30 s and agree well with results by Hatabu et al. 
(7), who also observed slightly longer wash-in than 
wash-out time constants. This difference has been 
explained in earlier studies as a consequence of 
pulmonary perfusion, which transports O2 away 
from the lung and, thus, works towards wash-out 
and against wash-in (7, 10). Our time constants for 
O2 wash-in agree well with those found in a study 
of preoperative oxygenation using end-tidal oxy-
graphy by Berry and Myles (24), although the au-
thors state in their publication that the time for 
alveolar denitrogenation is subject to several fac-
tors such as the tidal volume and the ventilatory 
frequency. Comparing with other MR-based stud-
ies, our results lie between lower values of 17 s 
reported by Ohno et al. (14) and higher ones of 
about 45 s to 50 s found by Arnold et al. and Naish 
et al. (10, 12). Generally, these time constants are 
promising as indicators for several pulmonary pa-
thologies such as emphysema, fibrosis, etc., which 
are known to cause an inhomogeneous dynamic 
distribution of inhaled gases (23); these inhomoge-
neities can now be depicted and quantified based 
on the maps of wash-in/out time constants. 

In the spleen, the analysis of the O2-induced 
signal changes has the advantage that the baseline 
tissue signal is substantially higher than in the lung 
and, thus, the signal-to-noise ratio of the dynamic 
signal-time course is higher as well. Hence, pa-
rameter fitting and the comparison of different 
model functions can be performed with higher reli-
ability than in the lung tissue as indicated by the 
lower values of the Akaike information criterion. 
Our results show a similar relative signal enhance-
ment in the spleen as in the lung, which is consid-
erably lower than the values around 50 % reported 
by Tadamura et al. (25). This may be explained by 
the different inversion times used in both studies; 
the inversion time of 1300 ms used in the present 
study was optimized for lung tissue and may be too 
long for an optimal signal contrast in the spleen, 
which has a shorter T1 time of about 800 ms to 
1000 ms (25, 26). We found a substantially longer 
wash-in time (of about 70 s) in the spleen than in 
the lung reflecting the longer time required to 
reach a steady-state O2 concentration in the blood 

and tissue outside the lung. Physiologically, one 
should differentiate between the time constants 
that describe the changing O2 concentration in the 
alveolar volume, in the pulmonary capillaries, and 
in the tissue of other organs. While the O2 concen-
tration in the alveolar volume depends mainly on 
the respiratory parameters as mentioned above, 
longer time constants are observed in the blood 
pool and in particular in other organs because of 
the additional time required to reach a new steady-
state O2 concentration in tissue. Generally, this 
longer wash-in time (and its considerable regional 
variation with an 84th percentile of 185 s) should 
be taken into account in all studies (outside the 
lung) that rely on T1-weighted signal changes after 
O2 inhalation; we recommend an O2 inhalation pe-
riod of at least three times the wash-in time, i.e., of 
several minutes in order to obtain an optimal signal 
response. We are not aware of any other studies 
that report O2 wash-in and wash-out time constants 
of the spleen. 

A new parameter of our model function, which 
was not considered in former studies, is the time 
delay, ∆t, that describes the interval between 
switching the gas supply and the onset of the signal 
change in the considered organ. This time delay is 
relatively short in lung tissue; the median value of 
about 5 s is in the range of single respiratory cycle. 
It is, however, substantially longer in the spleen 
(with a median of about 25 s) indicating perhaps 
the difference between O2 accumulation in the 
pulmonary capillaries on the one hand and the 
change of O2 concentration in the arterial blood 
pool as well as the circulation times to the spleen 
on the other hand. Further studies in patients with 
pulmonary diseases are required to investigate 
whether this new parameter can help in the charac-
terization of diseased lung areas, which might be 
hypothesized to show a delayed onset (i.e. in-
creased ∆t) of O2 enhancement due to locally re-
stricted ventilation associated with a delay of local 
O2 delivery. Outside of the lung, as e. g. in the 
spleen, ∆t might correlate to the global lung func-
tion of patients, since delayed pulmonary oxygena-
tion will induce related delays in all other organs as 
well; again, further patients studies are required to 
correlate the ∆t in the spleen with any disease-
related parameters. 

We have demonstrated that the time-dependent 
relative signal enhancement in T1-weighted O2-MRI 
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is optimally fitted by a (piecewise) exponential 
model. It can be shown (cf. Appendix 1) that the 
observed behavior of the dynamic relative signal 
enhancement is in good approximation propor-
tional to the time-dependent change of the O2 con-
centration in blood or tissue. Thus, the calculated 
time constants (wash-in and wash-out times, τin and 
τout, as well as the delay, ∆t) describe physiological 
tissue properties independent of the chosen meas-
urement technique such as the pulse sequence or 
the sequence parameters. Hence, these quantitative 
results can be expected to be less examination-
dependent than, e. g., the absolute or relative en-
hancement ratios or the slope of the signal 
changes. 

 

Based on these results, we proposed and com-
pared different approaches to analyze the cross-
correlation properties and the fraction of oxygen-
activated pixels in O2-MRI with continuous scan-
ning. We have shown that in dynamic O2-MRI both 
the correlation coefficients and the fractions of 
oxygen-activated pixels depend significantly on the 
reference function used for cross-correlation analy-
sis. With a box-car waveform as used in earlier 
studies (3, 5, 6, 15), the correlation parameters are 
substantially underestimated when the pixel time-
course contains dynamic information from the O2 
wash-in and wash-out periods: e. g., by a factor of 
more than 2 in the spleen when comparing the 
(conventional) unshifted rectangular and the shifted 
exponential reference function. In the lung, the 
median correlation coefficient was below 0.5 with 
the conventional rectangular reference function; 
with all three other approaches it was between 0.65 
and 0.70 in excellent agreement with Mai et al. (3). 
The optimal median correlation coefficient in the 
spleen was almost 0.9, which demonstrates the 
generally better signal-to-noise ratio in the spleen 
compared to the lung. 

If the maximum correlation coefficient of a set 
of temporally shifted correlation functions is de-
termined, then the temporal shift, ∆tCC, can be ob-
tained as an additional parameter, which has a very 
similar interpretation as the time delay, ∆t, deter-
mined by data fitting in the first part of our study 
and which might also be helpful, e. g., for the char-
acterization of diseased lung areas in patients. If 
evaluated with the piecewise exponential function, 

∆tCC is about 7.5 s in the lung and, thus, is compa-
rable to the value of ∆t of about 5 s. In the spleen, 
∆tCC is about 39 s, which is somewhat longer than 
the corresponding value of ∆t of about 25 s. This 
difference, however, may be explained by the long-
er O2 wash-in time in the spleen that was not incor-
porated into the reference function (which was 
fixed for all pixels to the median values found in 
lung tissue); a longer delay increases the cross-
correlation coefficient for spleen tissue by compen-
sating the non-optimal shape of the reference func-
tion to a certain degree. 

The observed difference of ∆tCC of about 25 s 
between correlation with the rectangular and the 
exponential reference functions agrees approxi-
mately with the shift of about 20 s that is required 
for a maximum correlation of the ideal rectangular 
and exponential functions. 

The median fraction of oxygen-activated pixels 
depended strongly on the applied cross-correlation 
approach. It was below 50 % and, thereby, signifi-
cantly lower with the fixed rectangular reference 
function used in earlier studies than with all other 
functions. With the time-shifted reference func-
tions, we obtained fractions of oxygen-activated 
pixels of about 83 % in healthy volunteers, which 
agrees excellently with the result of 81.7 % re-
ported by Molinari et al. (6). In the spleen, even 
higher fractions of oxygen-activated pixels (greater 
than 90 %) were found. 

Generally, the cross-correlation techniques have 
the advantage that they are computationally less 
expensive than the non-linear fitting of a function 
with four free parameters; in addition, they are 
more robust in the presence of noise and of respi-
ratory motion artifacts, both of which are typical for 
lung tissue in O2-MRI. However, the full informa-
tion content of the acquired data including the time 
constants for O2 wash-in and wash-out can only be 
retrieved by the non-linear fitting procedure. A 
certain limitation of both techniques is that exact 
timing information of each acquired image is re-
quired for the analysis, since the respiratory trig-
gering results in non-equidistant timing of the indi-
vidual acquisitions. This timing information had to 
be extracted from the archived data sets prior to 
the subsequent image post-processing steps. 

 



Dietrich O, Attenberger UI, Ingrisch M, Maxien D et al.  Signal dynamics in oxygen-enhanced MRI 

Invest Radiol 2010; 45(4): 165�173 (accepted: 22 November 2009) Page 12 of 15 

In conclusion, we provided a detailed analysis 
of the properties of the pixelwise evaluated signal-
time course in O2-MRI of the lung and the spleen 
demonstrating that the experimental data are best 
fitted by a piecewise exponential function. As a new 
parameter, the time delay between switching the 
gas supply and the onset of the signal change was 
introduced. We could also demonstrate that cross-
correlation techniques can be significantly im-
proved for the application in oxygen-enhanced MRI 
data acquired continuously over the O2 wash-in and 
wash-out periods. Evaluating the full signal-time 
course either by model fitting or by cross-
correlation allows extracting more information from 
the acquired data than in previous studies. 

Appendix 
In this Appendix we show that the observed behav-
ior of the (T1-weighted) dynamic relative signal 
enhancement, ∆S(t)/Sair, is in good approximation 
proportional to the time-dependent change of the 
O2 concentration, ∆cO2(t), in the pulmonary blood 
or tissue. 

The longitudinal relaxation rate, R1, of lung tis-
sue depends linearly on the O2 concentration, cO2, 
in the lung tissue including O2 physically solved in 
blood, or (once a steady state is reached) on the O2 
concentration, cO2,gas, in the breathing gas (21): 
 R1 = R1,0 + r1 · cO2 = R1,0 + fOT · cO2,gas 
with the relaxation rate without oxygen, R1,0, the 
relaxivity of molecular oxygen, r1, and the effective 
oxygen-transfer function, fOT. In the following, we 
define the oxygen-transfer function, fOT, for O2 con-
centrations ranging from 0 to 1 (and not to 100 %), 
i. e., a typical value for a healthy volunteer is 
fOT ≈ 0.1 s�1 (21). The description based on the oxy-
gen-transfer function has the advantage that the 
concentration of the O2 concentration in the breath-
ing gas is much better accessible than the actual O2 
concentration in the tissue. 

The dependence of the signal on the O2 concen-
tration seen with a T1-weighting inversion-recovery 
experiment with inversion time, TI, is 
 S(cO2) = S0 [1 � 2 exp(�TI · R1(cO2))] 
 = S0 [1 � 2 exp(�TI · (R1,0 + r1 · cO2))] 
 = S0 � 2 S0 exp(�TI · R1,0) exp(�TI ·  r1 · cO2)), 
where S0 denotes the fully relaxed signal. This ex-
pression can be approximated by linearizing the 
last exponential (using exp(�x) ≈ 1 � x for suffi-

ciently small x), since the exponent, TI · r1 · cO2 = 
TI · fOT · cO2,gas ≈ 1.3 s · 0.1 s�1 · cO2,gas = 0.13 · cO2,gas 
(with cO2,gas ranging from 0.21 to 1) is considerably 
lower than 1: 
 S(cO2) ≈  
 S0 � 2 S0 exp(�TI · R1,0) (1 � TI ·  r1 · cO2). 

Thus, the signal difference between two meas-

urements with different O2 concentrations, (1)
O2c  and 

(2)
O2c , is 
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which is proportional to the change of the O2 con-
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enhancement with respect to the signal during the 
inhalation of room air, which was determined in the 
present study, is therefore also proportional to the 
change of the O2 concentration, 
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and, thus, the quantitative evaluation of the relative 
signal enhancement reflects the properties of the 
actual O2 concentration in lung tissue. 
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Supplemental Digital Content 
 

 
Figure 1 of the Supplemental Digital Content (cf. Fig. 4 above) 
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Figure 2 of the Supplemental Digital Content (cf. Fig. 5 above) 
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