
Introduction

The lung is a complex organ that primarily accomplishes
gas transfer. A sufficient oxygen uptake by the blood in
the lung is essential. Therefore, the detection of altered
lung oxygen uptake is of great importance for clinical
diagnosis. In the lung, several pathological conditions
are characterized through impaired gas exchange pro-
cesses. Therefore, to evaluate lung function, one has to
address ventilation of the alveoli and diffusion of oxygen

into pulmonary capillary blood. For an imaging setting
with the aim of regional assessment of pulmonary
function, the direct use of oxygen as a contrast agent
(CA) is obviously interesting.

Oxygen-enhanced MR imaging of the lung has been
performed for the first time by Edelman et al. [1].
T1-weighted lung images while breathing room air were
compared with T1-weighted lung images while breathing
pure oxygen and a significant signal enhancement was
demonstrated. Breathing 100% oxygen instead of room
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Abstract This paper describes imag-
ing of lung function with oxygen-
enhanced MRI using dynamically
acquired T1 parameter maps, which
allows an accurate, quantitative
assessment of time constants of
T1-enhancement and therefore lung
function. Eight healthy volunteers
were examined on a 1.5-T whole-
body scanner. Lung T1-maps based
on an IR Snapshot FLASH tech-
nique (TE = 1.4 ms, TR = 3.5 ms,
FA = 7 �) were dynamically ac-
quired from each subject. Without
waiting for full relaxation between
subsequent acquisition of T1-maps,
one T1-map was acquired every 6.7 s.
For comparison, all subjects under-
went a standard pulmonary function
test (PFT). Oxygen wash-in and
wash-out time course curves of T1

relaxation rate (R1)-enhancement
were obtained and time constants of
oxygen wash-in (win) and wash-out
(wout) were calculated. Averaged
over the whole right lung, the mean

wout was 43.90 � 10.47 s and the
mean (win) was 51.20 � 15.53 s, thus
about 17% higher in magnitude.
Wash-in time constants correlated
strongly with forced expired volume
in one second in percentage of the
vital capacity (FEV1 % VC) and
with maximum expiratory flow at
25% vital capacity (MEF25),
whereas wash-out time constants
showed only weak correlation.
Using oxygen-enhanced rapid dy-
namic acquisition of T1-maps, time
course curves of R1-enhancement
can be obtained. With win and wout

two new parameters for assessing
lung function are available. There-
fore, the proposed method has the
potential to provide regional infor-
mation of pulmonary function in
various lung diseases.

Keywords Fast imaging � Lung
imaging � Oxygen- enhance-
ment � Pulmonary function �
T1-mapping



air increases the concentration of dissolved oxygen in
venous blood of the lungs by approximately five times [2].
This will shorten the T1 relaxation time of pulmonary
venous blood since dissolved oxygen is weakly paramag-
netic [3]. Although there exists another T1 effect, resulting
from the lesser portion of the likewise paramagnetic
deoxyhemoglobin while breathing 100% oxygen, it has
been shown that this has little bearing on T1 [4,5]. Thus,
since the effect of physically dissolved oxygen on the
proton spins of blood water is detected, oxygen transfer
can be visualized using oxygen as a CA in MR imaging.
Compared to other MRI approaches, which try to assess
regional pulmonary function using hyperpolarized noble
gas imaging [6,7], this one has the major advantage that
only standard hardware for proton imaging is needed. In
addition, molecular oxygen is one of the most abundant
molecules and widely available. But an obstacle still
remains, namely that various mechanisms are potentially
responsible for the observed signal changes, such as
ventilation, perfusion and diffusion, as has been empha-
sized in the past [8]. However, recently several investiga-
tors have reported that dynamic oxygen-enhanced MRI
reflects lung function [9–11]. But, because only relative
signal changes are detected in T1-weighted images, a
quantitative assessment of the pulmonary function by
this approach is critical, since T1-weighted sequences
strongly depend on the exact data acquisition parame-
ters. In T1-weighted inversion recovery (IR) experiments,
the inversion time (TI) determines the resulting image
contrast. The signal after waiting TI will vanish for a
certain T1, which may occur in the range of the lung T1, if
TI isn’t chosen appropriately. However, the slope of
signal enhancement won’t be constant throughout the
whole range of the lung T1 even using an optimized TI
[12], since the relative signal intensity is not a linear
function of T1. Therefore, T1-weighted images demon-
strate a different change of relative signals in lungs, which
show in fact the same changes in T1 during oxygen
enhancement, but which do not have the same magnitude
in their T1 values, e.g. T1 changes in one lung from
1200 ms to 1050 ms and from 1000 ms to 850 ms in the
other. In this case, although the alterations in T1 were the
same, a different oxygen transfer would be diagnosed by
using T1-weighted images. Therefore, this may probably
mimic pathology. As an alternative, we propose to
dynamically image lung function with oxygen-enhanced
MRI by using T1 parameter maps. This provides an
accurate, quantitative assessment of T1 relaxation rate
(R1)-enhancement vs. time during inhalation ofmolecular
oxygen, which is unbiased by the intrinsic T1 of the lung.

The purpose of this study was threefold: first, to
develop a method for the rapid dynamic acquisition of
T1-maps, second, to obtain time course curves of
R1-enhancement during switching from room air to
100% oxygen and vice versa and thus to obtain time
constants of oxygen wash-in and wash-out and third, to

experimentally demonstrate the feasibility of imaging
pulmonary function with this approach.

Materials and methods

Imaging experiments were performed using a 1.5-T whole-body
imager (Magnetom VISION, Siemens Medical Systems, Erlangen,
Germany) with a peak gradient amplitude of 25 mT/m and slew
rates of 83 T/m/s. For signal reception a four-element body phased
array coil was used in all studies.

Rapid dynamic acquisition of T1-maps

A method for a rapid measurement of the T1 values in the human
lungs at an acceptable spatial resolution has been proposed in the
past [13]. The basic imaging technique of this method is a Snapshot
version [14] of the Tomrop sequence [15] which was first proposed
by Look and Locker [16]. First, the magnetization is inverted by
applying a nonselective inversion pulse. The relaxation of the
longitudinal magnetization is then detected by a series of 16
Snapshot FLASH images. The relaxation behaviour of the
longitudinal magnetization Mz in this inversion recovery (IR)
Snapshot FLASH experiment is determined by an effective
longitudinal relaxation time T �1 , that is smaller than T1 [17]. It
has been further shown that Mz approaches M�, a saturation value
that is below the equilibrium value M0. Thus, the relaxation process
is governed by the following equation:

MzðtÞ ¼ M� � ðM0 þM�Þ � expð�t=T �1 Þ ð1Þ

If the condition TR < T �1 holds true, with a repetition time TR, the
saturation value M� of the longitudinal magnetization can be
simplified to [17]:

M� ¼ M0 � T �1 =T1 ð2Þ

For the evaluation of T1, a three-parameter fit of image intensities is
performed on a pixel-by-pixel basis according to the equation

MzðtÞ ¼ A� B � expð�t=CÞ ð3Þ

where A ¼ M�; B ¼ M0 þM� and C ¼ T �1 [17]. Knowing A;B and
C, one can derive M�, M0 and T �1 , and the longitudinal relaxation
time T1 can be calculated after a rearrangement of Eq. (2).
However, for a dynamic acquisition of T1-maps Eq. (1) holds true
only if the spin system has again reached the thermodynamic
equilibrium before each new inversion pulse occurs. Therefore, to
fulfil Eq. (1) a relatively long intermediate delay time Dt, which
should be on the order of five times T1, is required between
subsequent T1-maps. In view of the objective to evaluate fast
processes by dynamically acquired T1-maps, a shortening of this
intermediate delay time is strongly desirable. One possible
approach to shorten Dt has already been reported [18]. In [18],
Deichmann et al. modified the described sequence and applied a
90� saturation pulse directly after the acquisition of a T1-map.
Thereafter the original sequence, starting with the next inversion
pulse, followed consecutively after a considerably shorter interme-
diate delay time Dt. It was further shown how the Eqs. (1) and (3)
must be modified in this case to calculate the correct T1. The major
drawbacks of this approach are the need for another radio
frequency pulse and, as a consequence of this saturation pulse,
the nulling of the longitudinal magnetization. In order to achieve
an acceptable amount of longitudinal magnetization before the
next T1-map, a certain waiting time after the saturation pulse is
mandatory. Therefore, we propose a more straightforward
approach, which has an improved signal-to-noise ratio (SNR) per
unit time. We report here the feasibility of the use of the original
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sequence without modification and without waiting for the full
relaxation for the dynamic acquisition of T1-maps. The calcula-
tions, which must be done to obtain the correct T1 values, are as
follows. After acquisition of a T1-map, an absolute minimum delay
Dt must still be used. After Dt, the magnetization, starting from M�,
has reached the magnetization Ma due to free T1 relaxation. At this
point the next inversion pulse is applied and the next T1-map
acquired. Because Ma was inverted instead of M0, the relaxation
curve which is sampled by the imaging sequence, is given by

MzðtÞ ¼ M� � ðMa þM�Þ � expð�t=T �1 Þ ð4Þ

A three-parameter fit now determines, on a pixel-by-pixel basis,
M�, Ma and T �1 . Thus, for calculating T1 according to Eq. (2), the
information about M0 is missing and must be evaluated. This is
done as follows. Following the inversion pulse, if no image
acquisition would be done, Mz would reach M� after the time t�M
due to free T1-relaxation. Therefore, M� is given by

M� ¼ M0 � ð1� 2 � expð�tM�=T1ÞÞ ð5Þ

and Ma is given by

Ma ¼ M0 � ð1� 2 � expð�ðtM� þ DtÞ=T1ÞÞ ð6Þ

Equations (5) and (6) can be combined to

M0 ¼
expðDt=T1Þ �Ma �M�

expðDt=T1Þ � 1
ð7Þ

Now, the longitudinal relaxation time T1 can be obtained by solving
the equation system of Eqs. (2) and (7) using a numerical solving
routine. The intermediate delay time Dt between subsequent
acquisition of T1-maps must be greater than 0, but in principle Dt
can be chosen to be any other value.

Initially, phantom experiments were performed. The phantom
consisted of ten cylindrical sample tubes filled with water and
different concentrations of the CA Endorem (super paramagnetic
iron oxide (SPIO) AMI-25). The different concentrations of SPIO
were 0.0250, 0.0231, 0.0213, 0.0194, 0.0175, 0.0156, 0.0138, 0.0119,
0.0100 and 0.0081 mmol/l. Eleven rapid dynamic T1-maps were
acquired to obtain ten T1-maps where the relaxation of the
magnetization started at Ma. These were then compared to ten
reference T1-maps, acquired after an intermediate delay time Dt of
several minutes to assure complete relaxation of the spins. The
series of rapid dynamic T1-maps were performed at four different
delay times Dt, between 2.1 and 5.1 s.

In vivo experiments

Before performing oxygen-enhanced MRI, we compared our new
approach in vivo with the conventional method of measuring T1.
The in vivo test consisted of the acquisition of six rapid dynamic
T1-maps (five experiments in which the relaxation of the magneti-
zation started at Ma) with Dt ¼ 3:1 s and of five reference T1-maps
with Dt of several minutes. These measurements were performed in
the lungs of three healthy volunteers during inspiration and
expiration breath-hold (BH) in one volunteer, only during inspira-
tion BH in another one and only during expiration BH in a third.
Regions of interest (ROI) were drawn in upper, middle and whole
right lung and in upper left lung. In each ROI the average of the T1

values was calculated.

A series of 59 to 63 T1-maps was dynamically acquired in eight
subjects while breathing room air, switching to 100% oxygen and
again switching to room air. All 16 lung images of a T1-map were
obtained during a single breath-hold within 3.6 s. The intermediate
delay time Dt was again chosen to 3.1 s, thus one T1-map was
acquired every 6.7 s. Three volunteers were imaged at end-
expiratory BH and five at end-inspiratory BH. During the time
delay Dt between subsequent T1-maps, the subjects did exactly one
inspiration and one expiration. Two ROIs were drawn in the upper
right and whole right lung and the average value of all R1 values,
which were located inside a ROI, was calculated. Thus, a time
course curve of R1-enhancement could be drawn for each ROI. For
administration of breathing gas we constructed a breathing system
that was non-rebreathing and allowed for fast switching between
air and pure oxygen. The flow rate was 15–25 l/min, as was found
to be optimal in [19]. The volunteers breathed through the same
kind of mouthpiece as employed in the clinical lung function
laboratory. Breathing through the nose was avoided by using a
nose clamp. The volunteers were placed in supine position and a
single coronal slice in the dorsal section of the lung was imaged.
The entire experiment took 10–15 min. Informed consent was
obtained before each study, with approval of the state ethics
committee.

Imaging parameters for Snapshot FLASH imaging in vivo are
shown in Table 1. The imaging parameters for the phantom
measurements were identical, except that the dynamic approach
was performed with four different intermediate delay times Dt. The
total acquisition time (TA) for one image was thus 224 ms and the
image matrix was zero-filled to 256 � 256. For excitation, a
Gaussian-shaped pulse with duration of 384 ls was used. For spin
inversion, a nonselective hyperbolic secant pulse with duration of
10.24 ms was applied.

Lung function parameters and comparison to pulmonary function
test (PFT)

To obtain parameters for evaluating lung function, the time course
curves of the two ROIs were fitted to two exponential curves for
each ROI, because oxygen wash-in occurs exponentially [20]. The
time course curve was therefore divided into two parts. Directly
after switching from air to 100% oxygen, a wash-in curve was fitted
and thus a wash-in time constant win was obtained according to

R1ðtÞ ¼ aþ b � ð1� expð�t=winÞÞ ð8Þ

where a, b are fit parameters and t is the time. For obtaining the
wash-out time constant wout, the segment directly after switching
from pure oxygen to room air was taken and was fitted with the
equation

R1ðtÞ ¼ cþ d � expð�t=woutÞ ð9Þ

where c and d are fit parameters.
For comparison, the volunteers underwent routine pulmonary

function testing. The PFT comprised several examinations on a
body plethysmograph, which has an integrated spirometry unit
(Masterlab, Jaeger, Wuerzburg, Germany). Several variables of
pulmonary function were assessed, including dynamic and static
lung volumes, arterialized blood gases and the diffusing capacity. In
the comparison between PFT and dynamic MRI, only the dynamic
variables of forced expired volume in one second as a percentage of

Table 1 Imaging parameters
for Snapshot FLASH imaging
in vivo

Method TE
(ms)

TR
(ms)

FA0 Slice
thickness
(mm)

Matrix FOV
(mm2)

TA
map (s)

D t Start.
mag.

Reference 1.4 3.5 7 15 64 � 128 500 � 500 3.6 3 min M0

Dynamic 1.4 3.5 7 15 64 � 128 500 � 500 3.6 3.1s Ma
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the vital capacity ðFEV1 % VC) and maximal expiratory flow at
25% of forced vital capacity (MEF25) were used and, in addition,
the diffusing capacity of the lung for carbon monoxide ðDLCOÞ.
DLCO was measured using a steady-state technique [21]. Data were
compared with normal standards [22].

Results

Phantom experiments

The results of the described approach on the phantom
are shown in Fig. 1. There is excellent agreement of the
dynamically acquired T1 values and the reference T1

values. The squares of the correlation coefficients R2 are
approximately 1:000 ðp < 0:0001Þ and highlight the
equality of the T1 values measured with both methods.
The standard deviations of the T1 measurements are all
less than 0.7%. In the case of the largest T1 value and the
smallest Dt of 2.1 s, the highest deviation of 2.15% from
the dynamically acquired value 1481.9 � 9.0 ms to the
reference value of 1450.0 � 1.4 ms was observed. For
Dt ¼ 3:1 s, which was used in all other experiments, the
largest deviation from a reference value was 0.3%.

In vivo experiments

All examinations were performed safely and without
complications. None of the volunteers reported discom-
fort and no adverse reactions could be noticed. The
intermediate delay time of Dt ¼ 3:1 s was sufficient to
expire and inspire exactly once. As an example, a
dynamically acquired T1-map and a corresponding
reference T1-map is presented in Fig. 2. The position of
the diaphragm differs slightly, but the equivalence of the
quality of both maps can be clearly seen. Table 2 shows
the results of the T1 measurements in three healthy
volunteers. The mean of five dynamically acquired
measurements is compared with the mean of five
reference measurements from four different ROI and
depicts an excellent match of dynamically acquired and
reference T1 values. A correlation of the 16 dynami-
cally acquired T1 values with their 16 reference values
results in a very good correlation coefficient of
R ¼ 0:97 ðR2 ¼ 0:95; p < 0:0001Þ. In most cases the
standard deviation of the dynamically acquired T1 values
is slightly higher than that of the reference values.

Time course curves of R1-enhancement in the ROI
from upper right and whole right lung of volunteer 7 are
displayed in Fig. 3. After 80.4 s the room air was
switched to 100% oxygen, after which R1 increases
exponentially and almost reaches a new steady state after
281.4 s, when the oxygen is switched back to room air. R1

Fig. 1 Results of the phantom measurements are shown. The mean of
ten dynamically acquired T1 values versus the mean of ten reference T1

values are drawn for ten different sample tubes. For the dynamic
acquisition of the T1 measurements, four different intermediate delay
times Dt were studied. For each Dt a linear regression has been made
and the squares of the correlation coefficients R2 of all four lines are
approximately 1.000 (p < 0:0001). The standard deviation of the T1

measurements is smaller than the symbols

Fig. 2 Grey scaled T1-maps of
human lung are shown and
below the left lungs a part of the
spleen. a One T1-map out of a
series of dynamical acquired
maps, with intermediate delay
time Dt ¼ 3:1s. b Reference
T1-map, acquired after the
magnetization had reached the
equilibrium magnetization M0.
Both T1-maps show equivalent
quality
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then starts to decay exponentially back to the baseline.
The time constants of wash-in and wash-out of all eight
volunteers are listed in Table 3. The overall average of
wash-in time constants is 47.21 s in upper and 51.20 s in
whole right lung. The overall average of wash-out time
constants is 45.79 s in upper and 43.90 s in whole right
lung. Thus, wash-in time constants in the upper right
lung are on average about 3% and in the whole right lung
about 17% higher in magnitude than the wash-out time
constants. A significant difference between measure-
ments done in inspiration or expiration BH was not
observed, though it seems that the time constants of
those time course curves during BH in end-inspiration
are slightly greater than those where the BHs were done
in end-expiration.

Because routine PFT can only evaluate global lung
function, only the time constants of whole right lung
were compared with parameters of the PFT. Fig. 4
depicts that FEV1 %VC (as a percentage of the reference
value) correlates strongly with the wash-in time constant
win ðR2 ¼ 0:82; p ¼ 0:00199Þ, whereas the correlation
with the wash-out time constant is suboptimal
ðR2 ¼ 0:33; p ¼ 0:13555Þ. In Fig. 5 an excellent correla-
tion of win with MEF25 (as a percentage of the reference
value) can be seen ðR2 ¼ 0:91; p ¼ 0:00026Þ and again
a weak correlation of wout with MEF25
ðR2 ¼ 0:46; p ¼ 0:06368Þ is visible. Fig. 6 shows a cor-
relation of the DLCO measurements of seven of the
volunteers (as a percentage of the reference value)
with their time constants, but DLCO correlates with
neither win ðR2 ¼ 0:00; p ¼ 0:93643Þ nor wout ðR2 ¼ 0:18;
p ¼ 0:33984Þ. The DLCO measurements of one volunteer
had to be discarded, because he had been smoking
shortly before the examination, which gave abnormally
high DLCO results.

Discussion

The present study demonstrates the potential to image
lung function by dynamic acquisition of T1-maps during
oxygen enhancement. A new approach for a rapid
dynamic acquisition of T1-maps was introduced. The T1

values in the human lung range from 800 ms to 1400 ms
[8,19,23,24]. The results of the measurements on a
phantom, which consisted of tubes with T1 in the range
of 700–1450 ms, clearly illustrated its feasibility for lung
T1-mapping. In addition, the comparison of the new
approach with the reference in vivo showed excellent
correlation of the measured T1 values. Thus, we conclude
that T1 measurements can be measured dynamically and
accurately using the new approach.

The T1 decay time is a fundamental specific property
of the tissue. Thus, acquiring quantitative T1-maps is
more precise than simple acquisition of T1-weighted
sequences. With this new rapid dynamic T1-map acqui-
sition technique, time course curves of R1-enhancement
can be obtained, and, by switching the breathing gas,
wash-in and wash-out time constants can be derived.

Table 2 Mean dynamic
acquired T1 values and mean
reference T1 values of five mea-
surements in each case in four
different ROIs (upper, middle,
whole right and upper left lung)
are shown in ms for three
subjects

Subject Breath-hold Mean � SD

ROI 1 ROI 2 ROI 3 ROI 4

1 Exp-dynamic 1224.6 � 40.0 1297.4 � 28.8 1299.2 � 26.7 1241.7 � 47.5
Exp-reference 1239.6 � 13.9 1286.6 � 10.2 1282.9 � 8.5 1268.3 � 17.4
Insp-dynamic 1123.4 � 18.3 1243.1 � 25.6 1210.1 � 20.1 1129.4 � 40.7
Insp-reference 1140.4 � 13.5 1226.8 � 37.6 1210.1 � 33.1 1131.7 � 26.3

2 Exp-dynamic 1144.1 � 47.4 1369.1 � 43.5 1343.2 � 37.5 1284.2 � 44.0
Exp-reference 1172.3 � 19.2 1396.7 � 14.1 1367.8 � 9.2 1300.3 � 13.2

3 Insp-dynamic 1185.0 � 23.0 1209.3 � 11.5 1223.9 � 9.7 1210.2 � 11.2
Insp-reference 1164.3 � 17.7 1211.0 � 23.0 1213.6 � 16.6 1200.3 � 25.4

Fig. 3 An example of a time course curve of R1-enhancement can be
seen from the upper and whole right lung of a healthy volunteer. After
80.4 s the room air was switched to 100% oxygen and after 281.4 s gas
was switched back to room air. Both time course curves were fitted by
two exponential curves, in each case after switching gases. For the
upper right lung time constants of wash-in win ¼ 38:09� 0:85 s and
of wash-out wout ¼ 22:63� 2:60 s were determined. For the whole
right lung time constants of wash-in and wash-out were
win ¼ 36:88� 0:80 s and wout ¼ 29:22� 3:86 s
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This new approach is clearly favourable compared to
dynamic T1-weighted imaging. In [9,11] linear slopes of
signal intensity change were derived. However, oxygen
wash-in and wash-out occurs exponentially [20], which
can definitely be seen in the time course curves measured
in this study. A simplified linear approach, to be tolerant
of noisy data, was not needed here, as was proposed in
[11].

A slight difference could be measured between mean
wash-in and wash-out time constants. The wash-in time
constants were found to be greater than wout on average.
This may be explained by the contribution of the
pulmonary blood flow. Oxygen does not only enter the
alveoli by a wash-in process, but also moves out through

the alveolocapillary membrane and thus, the pulmonary
blood flow works towards wash-out and against wash-in.
Another group obtained oxygen wash-in and wash-out
by dynamically acquired T1-weighted images [10]. In
accordance with the present work, win was measured
greater than wout, however their time constants were half
the magnitude of those seen here. This could be due to
two reasons. First, they used a T1-weighted signal
intensity versus time curve instead of a quantitative time
course curve of R1-enhancement for their exponential
fitting and second, they measured without BH. In
addition in our study the volunteers breathed once for
every map obtained for 3.1 s and for 3.6 s they held their
breath. Thus, approximately half the time of the entire

Table 3 Summary of wash-in
and wash-out time constants of
upper and whole right lung in
eight healthy volunteers. Time
constants are given in seconds

Volunteer Breath-hold Upper r. lung Whole r. lung

win � SD wout � SD win � SD wout � SD

1 Insp. 83.01 � 16.57 56.22 � 15.59 76.24 � 17.27 52.25 � 12.19
2 Insp. 33.60 � 6.88 46.79 � 25.81 30.69 � 9.12 35.60 � 19.82
3 Insp. 43.23 � 11.25 30.61 � 11.83 54.61 � 13.33 32.16 � 6.92
4 Insp. 41.26 � 8.17 56.94 � 25.15 37.68 � 8.68 42.61 � 14.54
5 Insp. 47.32 � 9.87 54.32 � 12.54 64.03 � 15.43 50.82 � 14.44
6 Exp. 43.93 � 9.98 47.43 � 18.31 59.74 � 13.75 51.88 � 24.15
7 Exp. 38.09 � 0.85 22.63 � 2.60 36.88 � 0.80 29.22 � 3.86
8 Exp. 47.22 � 7.17 51.39 � 2.60 49.73 � 14.66 56.66 � 11.07
Mean � SD Insp. 49.68 � 19.28 48.98 � 11.03 52.65 � 18.69 42.69 � 8.93
Mean � SD Exp. 43.08 � 4.62 40.48 � 15.59 48.78 � 11.46 45.92 � 14.66
Mean � SD All 47.21 � 15.18 45.79 � 12.58 51.20 � 15.53 43.90 � 10.47

Fig. 4 The graph shows strong correlation between the wash-in time
constants of the whole right lung of eight healthy volunteers and their
forced expired volume in one second as a percentage of the vital
capacity (FEV1 % VC, percentage predicted). The linear regression
model (black line) yields a correlation coefficient R ¼
�0:91 ðR2 ¼ 0:82; y ¼ �1:05xþ 149:50; p ¼ 0:00199). Whereas cor-
relation with the wash-out time constants (grey line) is suboptimal
(R2 ¼ 0:33; y ¼ �0:34xþ 76:09; p ¼ 0:13555)

Fig. 5 The graph shows weak correlation between the wash-out time
constants of the whole right lung of eight healthy volunteers and their
maximum expiratory flow at 25% vital capacity (MEF25, percentage
predicted). The linear regression model (grey line) yields a correlation
coefficient R ¼ �0:68 (R2 ¼ 0:46; y ¼ �2:38xþ 214:24; p ¼
0:06368). Correlation with wash-in time constants (black line) is
excellent (R2 ¼ 0:91; y ¼ �0:34xþ 81:63; p ¼ 0:00026)
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examination the volunteers were breath-holding and
therefore, wash-in and wash-out time constants appear
to be greater than they should be if breathing were
normal. In principle, it is also possible to use the
approach of this study to measure time course curves
of R1-enhancement without BH of the volunteers. This
would also enable further reduction of the intermediate
delay time Dt, since no time for breathing between
subsequent T1-maps is needed. However the T1-maps
acquired without BH may show severe motion artefacts,
especially in the lower lobes near the diaphragm.
Additionally the T1 values will differ slightly from their
reference values if Dt is very short, as can be seen in the
results of the phantom. What is also unclear is the
influence of BH position on the time constants. This
question cannot be answered by this study due to the low
number of volunteers examined.

Comparison of the time constants with parameters of
PFT showed good correlation in the case of win. The
correlation of wout with the PFT parameters was only
weak. A probable explanation may be inherent to the
way the experiment was performed. After switching the
breathing gas, the oxygen wash-in was examined for
201s; the wash-out, after another switching, was exam-
ined for only 120 s. After these 201 s the oxygen wash-in
was nearly completed, whereas the wash-out after 120 s
was not (Fig. 3). Thus, the fit for the wash-in time
constants could be calculated more accurately than that
for the wash-out time constants.

Both parameters, MEF25 and FEV1 % VC, are
strongly related to the ventilation of the subject.
Therefore, we conclude that wash-in and wash-out
time constants can depict ventilation and pulmonary
function. By calculation of pixel-by-pixel maps of
wash-in and wash-out time constants, a new tool for
a regional assessment of pulmonary function could be
developed. Because wash-in and wash-out time con-
stants differ from each other, we gain two new
parameters for a MRI-based PFT. However, a corre-
lation between DLCO and R1-enhancement could not be
observed, as was shown between DLCO and signal
intensity enhancement in a dynamic T1-weighted
approach by Müller et al. [11]. This contradiction
may be explained by the possibility that the
T1-weighted approach may lead to a wrong diagnosis,
as was stated in the introduction. Another reason for
the discrepancy may be that Müller et al. [11] used a
simplified linear fit to signal intensity data, instead of
exponential fitting. In addition, it is probable that the
patients examined in [11] showed not only a correlation
of signal intensity enhancement with DLCO, but also a
correlation with MEF25 and FEV1 % VC. However,
the issue of correlation between time constants and
PFT ventilation parameters was not explored by
Müller et al. [11]

For an assessment of differences in the oxygen uptake
in anterior–posterior dimensions, it is necessary to
acquire several slices. Although only a single slice was
imaged in this study, this is not a major drawback of the
new approach. With parallel imaging, for example, it
should be possible to acquire three to four slices in an
interleaved fashion. In addition, because of the very short
time needed for the experiment, it could be easily
repeated three times in half an hour. Thus, in half an
hour twelve slices could be examined and, therefore, the
whole lung could be evaluated.

Volunteers easily cooperated, in particular with the
breath-holding pattern. Therefore, our approach pro-
vides an easily tolerable method of regional pulmonary
function testing. In comparison to ventilation imaging
techniques using hyperpolarized gases, only standard 1H
imaging hardware is needed. Compared to other 1H PFT
imaging approaches the quantitative rapid dynamic
acquisition of T1-maps probably has a higher potential
for diagnosing lung diseases, especially those related to
ventilation defects, and is more accurate than working
with T1-weighted techniques. Further studies using this
technique should be performed on patients with regional
ventilation defects to explore further the prospect for
diagnosing pulmonary diseases with this new approach.
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Fig. 6 The graph shows no correlation of the diffusing capacity
(DLCO, percentage predicted), neither with the wash-in time
constant (black line; R2 ¼ 0:00; y ¼ 0:06xþ 43:73; p ¼ 0:93643)
nor with the wash-out time constant (grey line; R2 ¼ 0:18;
y ¼ �0:47xþ 89:65; p ¼ 0:33984) of the whole right lung of seven
healthy volunteers
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