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Abstract

Objective To develope a self-gated free-breathing 3D

sequence allowing for simultaneous T1-weighted imaging

and quantitative T�
2 mapping in different breathing phases

in order to assess the feasibility of oxygen-enhanced 3D

functional lung imaging.

Materials and methods A 3D sequence with ultrashort

echo times and interleaved double readouts was imple-

mented for oxygen-enhanced lung imaging at 1.5 T. Six

healthy volunteers were examined while breathing room air

as well as 100 % oxygen. Images from expiratory and

inspiratory breathing phases were reconstructed and com-

pared for the two breathing gases.

Results The average T�
2 value measured for room air was

2.10 ms, with a 95 % confidence interval (CI) of

1.95–2.25 ms, and the average for pure oxygen was

1.89 ms, with a 95 % CI of 1.76–2.01 ms, resulting in a

difference of 10.1 % (95 % CI 8.9–11.3 %). An 11.2 %

increase in signal intensity (95 % CI 10.4–12.1 %) in the

T1-weighted images was detected when subjects were

breathing pure oxygen compared to room air. Furthermore,

a significant change in signal intensity (26.5 %, 95 % CI

18.8–34.3 %) from expiration to inspiration was observed.

Conclusions This study demonstrated the feasibility of

simultaneous T�
2 mapping and T1-weighted 3D imaging of

the lung. This method has the potential to provide infor-

mation about ventilation, oxygen transfer, and lung

expansion within one experiment. Future studies are nee-

ded to investigate the clinical applicability and diagnostic

value of this approach in various pulmonary diseases.

Keywords Lung imaging � T�
2 -mapping � T1-weighted

imaging � Oxygen-enhanced � Ultrashort echo time

Introduction

In recent years, several groups have demonstrated that

functional lung MRI using inhaled oxygen as a contrast

medium can be obtained using a clinical MR scanner.

These methods are largely based on measuring differ-

ences in T1 or T1-weighted images [1–7] with subjects

breathing pure oxygen compared to room air. As pure

oxygen is weakly paramagnetic, a T1 shortening is

observed when subjects are breathing pure oxygen versus

breathing room air due to an increased concentration of

oxygen in the air spaces and blood vessels. The detected

signal changes result from the process of oxygen transfer

involving three mechanisms—ventilation, diffusion, and

perfusion—which together are described as the oxygen

transfer function (OTF).

Recently, quantification of T�
2 was introduced as a

complementary technique to obtain functional lung infor-

mation. In diseases of the lung, impaired oxygen uptake

affects the local oxygen concentration in the alveoli, which

is reflected in a change in magnetic susceptibility at the

gas-tissue interface, and thus a change in T�
2 . The utility of
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regional T�
2 measurement for assessment of pulmonary

diseases was previously demonstrated [8, 9].

Since the difference in magnetic susceptibility between

blood and air space depends on the concentration of oxy-

gen in the respiratory gas, a reduction in T�
2 can be

expected with oxygen-enhanced imaging. Pracht et al. [10]

measured a decrease of approximately 10 % in T�
2 under

hyperoxic conditions, demonstrating the potential of T�
2 as

a new contrast mechanism for oxygen-enhanced functional

lung imaging. They attributed this change in T�
2 to the

increased difference in susceptibility between the gas in the

alveoli and the surrounding tissue, and concluded that this

approach presented a more direct route for ventilation

imaging compared to T1.

The purpose of this study was the simultaneous assess-

ment of both enhancement mechanisms in 3D imaging to

obtain broader information about the functionality in the

whole lung. Evaluation of T1-weighted imaging together

with quantitative T�
2 measurements, which enables the

correlation of information regarding ventilation and oxy-

gen uptake, may deliver more accurate information about

lung functionality, and is therefore of high clinical and

scientific interest. For example, measuring both T�
2 maps

and T1-weighted images together at different concentra-

tions of oxygen in the breathing gas has the potential to

allow for evaluation of ventilation/perfusion (V/Q) mis-

match without the need for contrast agents. V/Q mismatch

is a major cause of disturbances in blood gas levels, often

leading to clinical hypoxia, or low blood oxygen. In

T1-weighted images, the V/Q mismatch results in homog-

enous enhancement of signal intensity in response to

oxygen in the whole lung [13]. Together with the quanti-

tative T�
2 maps, the proposed method has the potential to

identify impaired areas and indicate the presence of ven-

tilation/perfusion mismatch.

However, 1H MRI of the lung poses significant chal-

lenges, with issues arising from cardiac and respiratory

motion, low proton density, and very fast signal decay.

Standard gradient-echo sequences and single-shot fast

spin-echo sequences with short echo times (TE) have both

been used for MRI of the lung [11, 12]. In addition, radial

acquisitions that provide ultrashort echo time (UTE) have

the proven ability to image the parenchyma with higher

signal intensity than standard methods [8, 13]. The

ultrashort echo time provides more signals from tissues

with short T�
2 , such the parenchyma, and offers the

potential for direct detection of lung tissue destruction.

The ability of regional T�
2 measurements with 3D PR to

detect pulmonary diseases has been reported in animal

models [8] as well as in human subjects [9]. The utility of

oxygen-enhanced T1-weighted 3D UTE for functional

imaging was demonstrated in a rat model [14] and

recently in human subjects [6, 7]. The drawback of radial

acquisitions is the nonuniform sampling density of the

k-space, which increases the image noise [15] and

requires a large number of projections for adequate

k-space coverage. Density-adapted (DA) sequences, in

which the gradient is designed to keep the average sam-

pling density constant, provide higher scan efficiency and

have been shown to be of benefit for lung imaging [16].

Johnson et al. [16] used a 3D DA-UTE sequence for high-

resolution structural lung imaging, and reported reduced

blurring artefacts, more efficient k-space sampling, and

higher signal-to-noise ratio (SNR). Further improved scan

efficiency can be achieved with twisted projection imag-

ing (TPI), which significantly reduces the total number of

projections required to fulfill the Nyquist criterion [17],

and thus is favorable for oxygen-enhanced T�
2 measure-

ment in 3D.

In this study, we employed a pulse sequence that pro-

vides the enhanced sampling efficiency of TPI combined

with retrospective respiratory self-gating. Retrospective

gating methods have been shown to be robust toward

unstable gating signals and irregular breathing, and have

the advantage over prospective gating methods to generate

arbitrary respiratory phases (e.g. expiration and inspiration)

[18]. T1-weighted signal intensity (SI) and quantitative T�
2

values were calculated from a multi-echo sequence and

compared for different breathing gases and different

breathing states in six healthy volunteers.

Materials and methods

Sequence design

Figure 1a shows the gradient trajectory of the proposed

multi-echo TPI sequence. Since the T�
2 of the lung paren-

chyma is very short at 1.5 T, sampling multiple readouts in

a single TR is not adequate to cover the complete T�
2 decay.

Therefore, two interleaved double readouts were used. The

first double readout acquired data at echo times of 0.07 ms

and 1.2 ms. In the next TR, data was acquired at echo times

of 0.6 ms and 1.73 ms.

Figure 1b shows the corresponding cone-shaped k-space

trajectory. Each trajectory starts at the k-space center as a

radial line up to a predefined k-space fraction p at

k0 = pkmax, and then twists to maintain a constant sampling

density according to the following equations [17]:

k tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3ck20Gþ k30
3

q

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k tð Þ4

k40
� 1

s
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U tð Þ ¼ r� arctan rð Þ
2 sin h

with gyromagnetic ratio c, polar angle h ð0\h\pÞ, and
azimuth angle U ð0\U\2pÞ. The factor p is the part of

k-space that is linearly sampled, and reduces the Nyquist

radius and thus the number of projections needed for fully

sampled data. The minimum value of p and the desired

gradient shapes are limited by maximal gradient strength

and slew rate. An iterative method was used to generate

efficient gradient waveforms. The method automatically

computes optimal gradient waveform (ramp-up-time, k0)

for a given readout length, field of view (FOV), and res-

olution in order to reach k0 most rapidly. In contrast to the

original TPI, where a new k-space trajectory is calculated

for each projection, only one cone-shaped trajectory is

employed. The whole k-space is then covered by rotating

the same cone by the projection angles # ð0\#\pÞ and

u ð0\u\2pÞ [19].
To achieve a flexible sampling in time, a series of

Nproj quasi-random 2D Niederreiter numbers k1
(0\ k1 B 1) and k2 (0\ k2 B 1) [18] were generated to

determine the azimuth angle # = arccos (2k1 - 1) and

the polar angle u = 2pk2, respectively [20]. This

approach generates an approximately uniform distribution

of the projections and broadens the reconstruction to any

temporal window.

Density compensation function

Reconstruction of MRI images from data sampled on

arbitrary k-space trajectories requires a determination of

the sampling density compensation function (DCF). To

demonstrate the homogeneous sampling density of TPI, the

DCF was simulated and compared with 3D UTE and 3D

DA-UTE, given the same spatial resolution

(128 9 128 9 128), for a fully sampled (60,000 projec-

tions) and an undersampled (10,000 projections) case

(Fig. 2). In 3D UTE, the sampling density is /1/k2, and as

expected, shows a non-constant DCF / k2. In 3D DA-UTE,

the non-constant sampling density is compensated after

k0 = pkmax in the radial direction, resulting in a constant

DCF for the fully sampled case. As 3D DA-UTE does not

provide constant sampling density in the angular direction,

the DCF needs to be adapted in the undersampled case;

data beyond the Nyquist radius are weighted less by

employing an additional low-pass filter such that under-

sampling artefacts are suppressed, resulting in a loss of

image resolution. In contrast, TPI already delivers constant

sampling density in the radial and the angular direction at a

smaller number of projections. Thus, no density compen-

sation is required above k0, and no low-pass filter must be

applied, thereby providing full image resolution. In this

study, the appropriate DCFs, including low-pass filtering in

the case of undersampling, were calculated according to

the criterion proposed by Pipe et al. [21].

Retrospective gating

Given the long acquisition times required for 3D imaging,

the use of breath-hold acquisitions in this setting is

impractical. Instead, a retrospective gating approach using

the k-space center (DC) signal [18, 22] offers the advantage

of reconstructing images in expiratory and inspiratory

phases. Since every k-space trajectory starts at the center of

the k-space, the DC signal is intrinsically available with

each projection. Respiratory and cardiac motions induce

changes in the DC signal, which can thus be used for

Fig. 1 Density-adapted gradient trajectories Gx (red), Gy (green),

and Gz (blue) of the proposed multi-echo TPI sequence, consisting of

first readout followed by a short rephaser gradient and second readout

(a). Dashed vertical line illustrates the time points of data acquisition.

Data at TE1 = 70 ls and TE3 = 1,200 ls were acquired in one TR.

In the next TR, all gradients were shifted in time by 530 ls to acquire

data at TE2 = 600 ls and TE4 = 1,730 ls. Corresponding k-space

trajectory (b) with cone-angle h twists between k0 and kmax so that a

constant sampling density was achieved
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gating. Assessment of the DC signal changes resulting

from respiratory motion was made using the coil element

of the body matrix near the liver-lung interface, which

shows the highest sensitivity toward the respiratory motion.

Fig. 3 shows a temporally smoothed DC signal, in which

the respiratory cycle can be clearly observed. Thresholds

were manually chosen at approximately one-third of each

respiratory cycle to reconstruct lung images at inspiratory

and expiratory phases.

In vivo experiments

All studies were performed during free breathing using a

clinical 1.5 T MRI system (MAGNETOM Avanto; Sie-

mens Healthcare, Erlangen, Germany). For signal

reception, a six-element body array and six elements of a

spine array were used in all studies. Six healthy volun-

teers (one female, five male) were examined in supine

position. In accordance with institutional regulations,

written informed consent was obtained from each vol-

unteer prior to the study. Non-rebreathing face masks

were used for air supply. The volunteers were instructed

to completely exhale during breathing. The breathing gas

consisted of either room air or 100 % oxygen, and was

delivered through a face mask. After the gas was swit-

ched, a 5-min waiting time was implemented to avoid

wash-in effects.

The excitation consisted of a non-selective hard pulse

50 ls in duration. Empirical research indicated that a flip-

angle of 10� and TR of 7 ms were a good compromise

between T1 weighting to detect changes in T1, fast imaging,

and sufficient SNR for simultaneous T�
2 quantification.

Within each TR, two readouts were acquired. For sub-

sequent TRs, the start of acquisition was shifted by 530 ls
to yield echo times of 0.07/1.2 ms and 0.6/1.73 ms,

respectively. A field of view (FOV) of 50 9 50 9 50 cm

and 64 readout points, with a readout window length of

850 ls, were used to achieve an isotropic resolution of

3.9 9 3.9 9 3.9 mm3.

A read oversampling of 6 was used to prevent aliasing

artefacts in the readout direction. The trajectories were lin-

early sampled up to a fraction p = 0.49, and then twisted to

Fig. 3 Signal magnitude at k-space center plotted against number of

projections during free-breathing imaging at TE of 0.07 ms. Views

corresponding to green and red segments were used to reconstruct

images at expiration and inspiration, respectively

Fig. 2 Central section of

simulated DCF of 3D UTE, 3D

DA-UTE, and TPI for 6 9 104

(fully sampled case, a) and 104

(undersampled case, b)
projections. Note the constant

sampling density for TPI
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yield a cone with U ¼ 8�. The number of projections

acquired was 14 9 104 (7 9 104 per double-echo), leading

to a total acquisition time of 16 min 20 s for each gas.

Image reconstruction was performed offline using

MATLAB software (MathWorks, Natick, MA). The

k-space data were gridded using a Kaiser-Bessel interpo-

lation kernel [23] and Fourier-transformed using fast

Fourier transform.

The signal intensity time course for each pixel was mo-

noexponentially fitted over the four echo times (TE) using the

following equation: S TEð Þ ¼ SI � expð�TE=T�
2 Þ, where SI is

the relative T1-weighted spin density. To demonstrate the

feasibility of the method, T�
2 and relative spin density values

were compared for one coronal posterior slice far from the

heart and one coronal anterior slice through the heart. T�
2 and

SI valueswere determined fromROIsdrawn in thewhole right

and left lung. Large values from the vessels that would skew

the distribution of parenchymal T�
2 values were excluded

using a manually selected threshold based on SI.

Relative percentage signal change DSIgas and DSIres are
used to express changes in relative SI due to the respiratory

gas and to the volumetric change

DSIgas ¼ 100 � SIO2
� SIair

SIO2

DSIres ¼ 100 � SIEx � SIIn

SIEx

with signal intensity with subjects breathing pure oxygen

(SIO2
) and room air (SIair) at inspiration (SIIn) and expi-

ration (SIEx).

The relative percentage change DT�
2 is calculated as

DT�
2 ¼ 100 �

T�
2;air � T�

2;O2

T�
2;air

with T�
2 during breathing of room air (T�

2;air) and oxygen

(T�
2;O2

).

DT�
2 can be expressed as

1

T�
2

¼ 1

T2
þ cB0 þ cvB0

where T2 is the conventional transverse relaxation time,

and cDB0 and cvB0 are changes in frequency due to mac-

roscopic magnetic field gradients and mesoscopic magnetic

field inhomogeneities dependent on the magnetic suscep-

tibility v (e.g., at gas-tissue interfaces). Therefore, the

difference of inverse T�
2 measured at room air and 100 %

oxygen

D
1

T�
2

� �

¼ D
1

T�
2;O2

� 1

T�
2;air

 !

¼ c vO2�vair
� �

B0

reflects changes in susceptibility due to an increased oxygen

concentration in the alveoli, and thus was used to calculate

difference maps with the assumption that this measure

reflects lung function better than direct T�
2 differences.

Results

Measurements from all subjects were completed success-

fully, and images of expiratory and inspiratory states were

reconstructed using DC gating, with a mean number of

24,077 and 20,284 projections for expiratory and inspira-

tory phases, respectively. Using the Nyquist criterion, this

results in undersampling factors of 1.07 and 1.27.

Table 1 provides T�
2 values and percentage changes in

T1-weighted SI of two representative coronal slices for

each subject and the corresponding mean values with 95 %

confidence intervals (CIs).

Regional T�
2 mapping

Figure 4 shows typical T�
2 maps in expiratory and inspi-

ratory phases for subjects breathing 100 % oxygen as well

as room air. For all subjects, T�
2 was highest during

breathing room air in expiratory state, and decreased

approximately 10.1 % (95 % CI 8.9–11.3 %) when

breathing pure oxygen in the posterior slice. The average

T�
2 was 2.10 (±0.19) ms when breathing room air and 1.89

(±0.16) ms when breathing oxygen in expiration. In all

subjects, a difference in T�
2 between the two respiratory

phases was observed. T�
2 decreased by 5.7 % (95 % CI

3.7–7.7 %) from expiratory to inspiratory phase.

For the expiratory state, the T�
2 values in the anterior

slice near the heart were lower for all subjects (3.6 %,

95 % CI 2.3–5.0 %), but showed a comparable decrease of

10.2 % (95 % CI 9.6–10.7 %) when subjects were

breathing pure oxygen.

Figure 5 displays representative subtraction maps of

inverse T�
2 in the expiratory state as a result of switching

the breathing gas from room air to pure oxygen, which

directly illustrates the differences arising from altered

susceptibility of the two breathing gases. A change in T�
2 in

the expected range of 10 % can be observed in all slices.

Regional spin density mapping

Figure 6 shows the T1-weighted images of the posterior

and anterior coronal slice for one subject. The SI increased

in both respiratory phases when subjects were breathing

pure oxygen. For the posterior slice, the increase was

approximately 11.2 % (95 % CI 10.42–12.05 %) in expi-

ration and 12.7 % (95 % CI 10.0–15.4 %) in inspiration.

For the anterior slice, the increase was approximately

11.6 % (95 % CI 10.9–12.3 %) in expiration and 11.9 %

(95 % CI 7.5–16.4 %) in inspiration.
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Percentage-change maps of T1-weighted images in

different orientations are displayed in Fig. 7. This

directly and quantitatively displays the transfer of oxygen

into the blood as the result of ventilation, perfusion, and

diffusion.

SI was also compared between the two respiratory

phases. SI was highest in the expiratory state and, as

expected, changed significantly with lung volume. In the

posterior slice, changes of approximately 26.5 % (95 % CI

18.8–34.3 %) were observed when subjects were breathing

room air and approximately 25.3 % (95 % CI

17.7–32.9 %) with subjects breathing pure oxygen. In the

anterior the slice, signal intensity changed by 23.5 %

(95 % CI 13.6–33.4) when subjects were breathing room

air and 23.15 % (95 % CI 13.2–33.1 %) with subjects

breathing pure oxygen.

Between anterior and posterior slices, a difference in

signal intensity of 18.0 % (95 % CI 15.2–20.8) in expira-

tion and 14.9 % (95 % CI 11.3–18.4) in inspiration was

observed.

Discussion

In this study, T1-weighted imaging and T�
2 quantification

were combined in a multiparametric evaluation of lung

function in 3D using a clinical 1.5T scanner.

The 3D radial readout is based on a TPI sequence that

provides ultrashort echo times and optimal scan efficiency,

which allows for simultaneous quantitative T�
2 mapping

Fig. 4 T�
2 maps (in ms) for one anterior and one posterior coronal

slice at expiration and inspiration of room air and pure oxygen

Table 1 Quantitative T�
2 values (in ms) with mean ± deviation at

inspiration (In) and expiration (Ex) with subjects breathing room air

(Air) and pure oxygen (O2), as well as the relative percentage signal

changes due to respiratory gas (DSIgas) at expiration and volumetric

change (DSIres) in coronal slices (posterior and anterior), for each

subject

In, Air Ex, Air In, O2 Ex, O2 T�
2 [%] DSIgas [%] DSIres [%]

Coronal posterior slice

Subject 1 2.15 ± 0.45 2.37 ± 0.41 1.89 ± 0.43 2.10 ± 0.38 11.4 10.2 42.2

Subject 2 2.11 ± 0.44 2.22 ± 0.42 1.83 ± 0.39 2.01 ± 0.36 9.5 10.6 22.2

Subject 3 1.95 ± 0.50 2.10 ± 0.45 1.73 ± 0.45 1.85 ± 0.41 11.9 11.8 22.1

Subject 4 2.11 ± 0.51 2.20 ± 0.43 1.85 ± 0.45 1.98 ± 0.37 10.0 12.5 20.1

Subject 5 1.79 ± 0.41 1.87 ± 0.39 1.65 ± 0.34 1.71 ± 0.38 8.6 11.5 24.8

Subject 6 1.77 ± 0.40 1.85 ± 0.40 1.61 ± 0.33 1.68 ± 0.35 9.2 10.8 27.8

Mean 1.98 ± 0.15 2.10 ± 0.19 1.76 ± 0.10 1.89 ± 0.16 10.1 11.2 26.5

95 % CI 1.89–2.10 1.95–2.25 1.67–1.84 1.76–2.01 8.87–11.3 10.42–12.05 18.78–34.29

Coronal anterior slice

Subject 1 2.13 ± 0.52 2.25 ± 0.42 1.95 ± 0.50 2.00 ± 0.41 11.1 10.6 41.5

Subject 2 2.04 ± 0.44 2.12 ± 0.38 1.81 ± 0.43 1.91 ± 0.36 9.9 11.3 15.2

Subject 3 1.88 ± 0.52 2.01 ± 0.44 1.68 ± 0.50 1.80 ± 0.44 10.4 11.4 15.5

Subject 4 2.05 ± 0.43 2.11 ± 0.44 1.80 ± 0.43 1.89 ± 0.42 10.4 12.7 18.5

Subject 5 1.77 ± 0.39 1.84 ± 0.39 1.59 ± 0.31 1.66 ± 0.39 9.8 12.3 21.1

Subject 6 1.78 ± 0.40 1.81 ± 0.36 1.65 ± 0.40 1.64 ± 0.39 9.4 11.3 29.8

Mean 1.94 ± 0.14 2.02 ± 0.15 1.74 ± 0.12 1.81 ± 0.13 10.2 11.6 23.5

95 % CI 1.83–2.05 1.90–2.15 1.65–1.84 1.67–1.88 9.60–10.74 10.87–12.33 13.63–33.40

The percentage change DT�
2 is added for the expiratory phase as well as the average values with standard deviation and the 95 % confidence

intervals of the mean values
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and T1-weighted SI mapping of the whole lung. In contrast

to the original TPI, only one trajectory was implemented,

which simplified the correction of gradient imperfections.

As can be seen from Fig. 2, the sequence that was

employed provides almost constant sampling density, even

for a low number of projections. However, it does show a

moderate wave pattern, which can be attributed to locations

where the rotated cones intersect and thus deviate slightly

from a perfectly constant DCF.

The use of quasi-randomly distributed projection angles

enabled sequence capacity for retrospective respiratory

self-gating. In all subjects, the DC signal reflected the

respiratory motion, and data from expiratory and inspira-

tory phases were selected retrospectively to calculate T�
2

maps as well as T1-weighted SI maps in 3D. As demon-

strated, the number of 7 9 104 projections acquired was

sufficient to provide nearly fully sampled inspiratory and

expiratory data in all subjects.

Kruger et al. [7] used 38,000 projections and a total scan

time of 5–6 min for T1-weighted oxygen-enhanced (OE)

lung imaging with a 3D radial UTE sequence and real-time

prospective gating to end-expiration. In contrast, with the

self-gated approach proposed in this study, two double

readouts with 70,000 projections were acquired in approxi-

mately 16 min. This allows for the possibility of retrospec-

tive reconstruction to arbitrary breathing states (e.g.,

expiration and inspiration). Moreover, in addition to the T1
weighted images that are available, the multi-echo sequence

also provides the possibility for quantitative T�
2 mapping.

To yield appropriate echo times for the T�
2 assessment, a

high receiver bandwidth and two interleaved double-echo

readouts were used. Since multiple echoes are acquired

within two subsequent TRs, misregistration between dif-

ferent echoes is avoided. Because the center of the k-space

is heavily oversampled, this method is insensitive to major

motion artefacts. As can be seen in the anterior slices

through the heart (Figs. 4, 6), artefacts originating from

cardiac motion are sufficiently suppressed.

Fig. 5 Subtraction maps

Dð1=T�
2 Þ of the expiratory phase

between the two breathing gases

in coronal (a), transverse (b),
and sagittal (c) orientation

Fig. 6 T1-weighted images of one anterior and one posterior coronal

slice at expiration and inspiration for subjects breathing room air and

100 % oxygen
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The echo times were chosen such that the oxygen-

induced T�
2 changes could be detected. This required the

acquisition of echoes at TEs where fat and water protons

are in different in-phase and out-of-phase states, which

leads to incorrect T�
2 values in pixels containing both fat

and water protons that are assumed not to be found in the

lungs.

Evaluation in all slices and orientations was beyond the

scope of this paper, and as a proof-of-principle, T�
2 ratios

and relative SI were determined only in one posterior and

one anterior coronal slice. T�
2 maps, as shown in Fig. 4,

were calculated for all subjects for the different breathing

gases and breathing states. As can be seen, a dispersion of

T�
2 from lower to higher values from upper to lower lung

was observed in all subjects, which may be attributable to a

more highly perfused lower lung in the supine position, as

the subtraction images in Fig. 5 show a more uniform

distribution, which indicates a relatively uniform ventila-

tion of the lung in the healthy subjects. Therefore, it can be

assumed that this T�
2 gradient refers to a gravitational or T2

effect.

The expected changes in T�
2 and relative SI within dif-

ferent respiratory phases and different breathing gases were

detected in all subjects. As can be seen in Table 1, mean T�
2

decreased 8.6–11.4 % in the posterior slice and 9.4–11.1 %

in the anterior slice in expiration after breathing pure

oxygen. This is consistent with results reported by Pracht

et al. [10], which indicated an approximate 10 % decrease

in T�
2 in a single expiratory slice during breath-hold. The

authors posited that the effect of increased oxygen satura-

tion in the blood could be neglected, as expected blood

susceptibility changes were smaller than 1 %. Thus, under

the assumption that T�
2 is not altered by saturated hemo-

globin (e.g., due to increased perfusion), the regional T�
2

changes can be directly attributed to ventilated areas.

In expiration, a decrease in T�
2 (1.6–5.1 %) between the

posterior and anterior slices was observed in all subjects.

This was not observed for the inspiratory phase, however,

which may be attributable to low SNR.

In the posterior slice far from the heart, a mean change

in T�
2 of 5.8 % was observed between expiratory and

inspiratory states. Therefore, a smaller change in T�
2 was

observed than when measuring during breath-hold [11].

This is consistent with the work of Yu et al. [24], who

reported minor changes in T�
2 (\0.1 ms) between the two

respiratory phases when data was acquired during free

breathing. The same decrease during breathing was not

observed in the anterior slice, which may be due to low

SNR in inspiration or weaker breathing in the anterior lung.

In order to generate subtraction maps for the two

breathing gases, the inverse ratios Dð1=T�
2 Þ were used

rather than DT�
2 , with the expectation that this would

directly display the susceptibility change due to an

increased amount of oxygen in the breathing gas, thereby

providing more accurate information regarding ventilation.

Since the images originate from two subsequent measure-

ments, they show slight misregistration artefacts, and

additional studies are needed for image registration to

avoid misinterpretation.

The expiratory T1-weighted images showed increases

in signal intensity of 10.2–12.5 % in the posterior and

10.6–12.7 % in the anterior slice when subjects were

breathing pure oxygen, which is in good agreement with

other findings [1, 5]. These changes, which are best seen

Fig. 7 Percentage-change maps

DSIgas of T1-weighted images of

expiratory phase in coronal (a),
transverse (b), and sagittal

(c) orientation
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in percentage subtraction maps such as those displayed

in Fig. 7, show the oxygen content in the lung resulting

from ventilation, perfusion, and diffusion. As was noted

with the T�
2 subtraction maps, these images also suffer

from minor misinterpretation due to motion. However, a

key feature of respiratory self-gating is that T�
2 and SI

maps are already registered to the same respiratory state,

and thus regional changes can be observed on a pixel-

by-pixel basis.

Furthermore, a decrease in signal intensity between

posterior and anterior slices was clearly seen in all subjects.

This demonstrates the vertical gradient in lung tissue

density caused by gravity, the so-called Slinky effect [25].

Similar to the findings reported by Hatabu and Theil-

mann [11, 12] an increase in signal intensity was detected

at maximum expiration compared to inspiration. Signal

changes in the posterior slice ranged from 20.1 %–42.2 %

among the six subjects. These changes are attributable to

the increased gas fraction in the lung during inspiration,

resulting in decreased lung density, while tissue and blood

volumes remain constant. In the anterior slice, changes in

signal intensity ranged from 15.2–41.5 %. In some sub-

jects, the degree of change was lower in the anterior slice

than the posterior slice, which will require further inves-

tigation. The application of advanced 3D registration

algorithms in mapping inspiratory and expiratory states to a

joint state is expected to provide quantitative information

on lung volume, capacity, and lung expansion.

The chief drawback to the approach presented here is

that the scan time is still relatively long, with approxi-

mately 16 min per breathing gas required to robustly

extract all of the parameters in 3D, as discussed above.

Strategies such as compressed sensing [26] may help to

reduce imaging time by a factor of 1.5–2.0, with no loss in

functional information. Additional study limitations

include the large amount of data acquired and the relatively

long reconstruction times associated with the non-Carte-

sian imaging module.

The scanner’s body/spine receiver coil array provided

sufficient sensitivity for all cases. However, the general

applicability of this approach must be tested, especially in

patients with more irregular or shallow breathing. It is

important to note that even in subjects with very irregular

breathing, there is still the possibility of reconstructing the

data to an intermediate breathing state by averaging over

all of the projections. This approach will lead to temporal

blurring, particularly at the lung-liver interface, but still

may provide the desired functional information over a wide

area in the lung.

In future studies, the approach presented here will be

clinically evaluated towards improved diagnosis of several

lung diseases, with a focus on the availability of joint

information regarding ventilation, OTF, and lung expan-

sion/capacity.

Conclusions

In this work, the feasibility of the simultaneous measure-

ment of quantitative T�
2 and T1-weighted images in 3D at

different breathing phases was demonstrated in a proof-

of-principle study. A reduction in T�
2 and an increase in

T1-weighted signal intensity when subjects were breathing

oxygen versus room air was consistent with data reported

in the literature. This method also provides information

regarding lung expansion and gas volume fraction in 3D.

Further evaluation of all slices is necessary to verify these

results and to characterize the value of the 3D data. Future

studies are needed to investigate the clinical applicability

and diagnostic value of this approach in various pulmonary

diseases.
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