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Abstract. Respiratory organ motion is a key problem in proton therapy
and in many other treatments. This paper presents a novel retrospective
gating method for 4D (dynamic 3D) MR imaging during free breath-
ing to capture the full variability of respiratory organ deformation. In
contrast to other imaging methods, a constant breathing depth or even
strict periodicity are not assumed. 3D images of moving organs can be
reconstructed for complete respiratory cycles by retrospective stacking of
dynamic 2D images using internal image-based gating. Additional noise
reduction by combining multiple images significantly increases the signal-
to-noise ratio. The resulting image quality is comparable to breath-hold
acquisitions. Although the method was developed for proton therapy
planning, the new possibilities to study respiratory motion are valuable
to improve other treatments and to assess gating techniques, which rely
on stronger assumptions about the breathing pattern.

1 Introduction

Respiratory organ motion is a complicating factor in proton therapy and other
treatments. Especially for dynamic dose delivery, exact knowledge of organ mo-
tion and its influence on the dose distribution is crucial. The aim of the proposed
method was to provide realistic 4D data (dynamic 3D images) of organ motion
for the evaluation of dose delivery methodologies in proton therapy and for the
assessment of external gating techniques. Existing 4D imaging methods are lim-
ited to strongly simplified breathing patterns or achieve only modest spatial or
temporal resolutions. In this paper we present a novel method that can capture
the full variability of organ motion. The method, which is applicable to any
organ affected by respiratory motion, will be shown for the liver as an example.

The main component of liver motion is a cranio-caudal shift, usually in the
range of 0.5-2.5 cm for quiet breathing [1,2]. As quantified in [2], the liver ad-
ditionally shows motion in anterior-posterior (1-12mm) and left-right direction
(1-3mm) as well as non-rigid deformations (up to 2 cm). The breathing pattern
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may vary within short time scales in amplitude, frequency and shape. To cap-
ture this variability, we use MR Imaging. In contrast to CT, volunteers are not
exposed to ionizing radiation and the orientation of the scanned slices can be
chosen freely. Nevertheless, some gating methods are common for MR Imaging
and CT, and therefore 4DCT is also considered in the following summary.

MR Imaging techniques are constantly evolving, but the required trade-off
between resolution, acquisition speed and signal-to-noise ratio still prevents a
detailed examination of organ motion in real-time. Dynamic 3D MR sequences
like Fast Field Echo Planar Imaging (FFE-EPI) applied in [3] achieve high acqui-
sition frequencies, but suffer from a reduced image quality and resolution if large
regions like the lung or the liver are scanned. To overcome this trade-off, there
are two main approaches, here denoted as breath-hold imaging and slice stack-
ing. Breath-hold imaging uses static 3D volumes at different breathing depths
determined for example with a stretch transducer [2] or a standard MR naviga-
tor [4]. One problem is that subjects may not be able to hold their breath for
long periods like 40 s [4]. Additionally, breath-hold images do not capture how
the organ is deformed during motion. Even if the breath-hold positions lie in
the range of free breathing, the hysteretic organ deformation between inhalation
and exhalation cannot be captured [3].

For slice stacking, one or a few 2D slices are scanned during a number of
breathing cycles. Frames from these 2D sequences are retrospectively stacked
to 3D images. The slice stacking methods found in the literature apply various
gating methods, which use for example the tidal lung volume [5], infrared markers
placed on the abdomen [6,7] or the abdominal skin detected in CT images [8].
In [7], an alternative internal gating method was proposed, which assumes a
constant breathing amplitude.

To the author’s knowledge, all gating methods that are currently used make
strong assumptions on the regularity of the respiratory motion and parameterize
this motion with a one-dimensional phase. Although respiration clearly shows
a repetitive character, which is also exploited in this work, a reduction of the
respiratory organ deformation to one parameter neglects all residual variability
and may be a too coarse approximation in some cases. The purpose of the pro-
posed imaging method is to overcome this issue and to reconstruct accurate 4D
images from free-breathing sequences in an improved quality.

2 Methods

2.1 Data Acquisition

We propose an imaging method, which follows the slice stacking approach and
captures the respiratory motion using free-breathing 2D MR images. In contrast
to all techniques presented above, we use sagittal slices. This allows to track
vascular structures during complete breathing cycles with minimal out-of-plane
motion. Another advantage of this slice orientation is the reduction of blood flow
artifacts in the liver region due to the beating of the heart.
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Fig. 1. (a) Navigator slice N0. Regions 1-3 are considered for gating in Sect. 2.2.
(b) Schematic acquisition sequence.

To illustrate the 4D reconstruction, we start with a 2D image sequence of a
dedicated slice called the navigator slice N0 (Fig. 1). Patient instruction ensures
that this sequence captures a variety of different breathing depths. The aim is to
reconstruct complete 3D images for all navigator frames in a complete breathing
cycle. Therefore we need to acquire and identify fitting 2D images all across the
liver. However, distant slices acquired during different breathing cycles are not
directly comparable to the navigator slice. Different motion in distant slices can
either reflect the relative motion in these regions or a change in the breathing
pattern. To establish a relation between distant slices, we acquire pairs of slices,
each pair containing the navigator slice, which is used for gating, and a data
slice (Fig. 2a). The navigator slice stays at the same position for every pair p,
whereas the position of the data slice is shifted across the liver. Each pair of
slices is scanned for a certain time (Fig. 2b). The data and navigator frames of
pair p acquired at times t1 and t2 are denoted Dp,t1 and Np,t2 . N0,t is the pure
navigator sequence, which is acquired twice as fast as the pairs of slices.

The 2D images were acquired on a 1.5T Philips Intera whole body MR
system (Philips Medical Systems, Best, NL) with a Steady State Free Precession
sequence, SENSE factor 1.7 and halfscan, 192x192 pixel and 1.8x1.8mm2 in-
plane resolution, flip angle 70◦, TR=3.1ms, 175ms acquisition time per frame,
with a coil array consisting of four rectangular elements. For pairs of slices,
navigator and data frames were acquired alternately. At each of 30 slice positions
we acquired 150 data frames and 150 navigator frames with 6mm slice thickness
and 3 mm overlap, yielding 3mm through-plane resolution.

(a)

inhal.

exhal.

pair 1 (N1, D1) pair 2 (N2, D2)
t

sc
h
em

at
ic

b
re

at
h
in

g
d
ep

th

Fig. 2. Acquisition scheme. (a) Pairs of slices consisting of data slices Dp and a common
navigator slice Np. (b) Schematic acquisition sequences for two pairs of slices.
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2.2 Internal Gating

To find matching 2D images, which can be stacked together to a 3D image, we
propose an internal gating method based on the navigator images. This internal
gating is less error-prone than external gating, which may fail to derive the
accurate state of the organ from an external signal. To describe the proposed
method, we consider a navigator frame N0,i acquired at time i, for which a
matching data frame D1 is searched. N0,i−1 and N0,i+1 are the neighboring
navigator frames of N0,i, whereas a candidate frame D1,j is embraced by the
navigator frames N1,j−1 and N1,j+1 (Fig. 3). The proposed comparison is based
on the assumption that the frames N0,i and D1,j show the same respiratory state,
if the preceding navigator frames as well as the subsequent navigator frames are
sufficiently similar. Thus, only navigator frames, which show the same slice of the
liver, are compared to find fitting data frames. Therefore, different amplitudes
or phase shifts at distant slices have no negative influence.

There are various possible similarity measures to compare the navigator
frames. The evaluated options range from a simple sum of squared intensity
differences to more sophisticated measures like the Mahalanobis distance in the
eigenspace of the navigator frames. Since the goal is accurate slice fitting, a nat-
ural approach is to compare the position of prominent vascular structures and
thus to directly quantify shift errors. This approach was chosen in the following
and confirmed by the results. Figure 1a shows the three regions in the navigator
frames that were considered in the presented example. The position of these
regions was determined by template matching based on normalized cross cor-
relation. Note that the apparent 2D translation detected by template matching
may differ from the actual liver deformation, which in general has also an out-of-
plane component. However, a similar apparent motion of all considered regions
in both the preceding and the following navigator frames strongly indicates that
the actual 3D deformation is similar as well.

To compare frames, we define a cost function c(i, j), which should be small
if the navigator frame N0,i and the data frame D1,j show the same respiratory
state. Therefore, we require that each region r is at a similar position in the
two preceding navigator frames N0,i−1, N1,j−1 and in the subsequent navigator
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Fig. 3. (a) Navigator frame N0,i, for which a matching data slice D1,j is searched in
sequence (b) by comparing the neighboring navigator frames
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frames N0,i+1, N1,j+1. The following cost function sums up the vectorially added
deviations of the considered regions in the preceding navigator frames ∆Xr

−1 and
the deviations in the subsequent navigator frames ∆Xr

+1. With coordinate axes
in anterior-posterior and cranio-caudal direction, xr

i and yr
i are the coordinates

of region r at time i. With P the number of tracked regions we define

c(i, j) =
P∑

r=1

∥∥∆Xr
−1 + ∆Xr

+1

∥∥ =
P∑

r=1

∥∥∥∥

(
xr

j−1 − xr
i−1

yr
j−1 − yr

i−1

)
+

(
xr

j+1 − xr
i+1

yr
j+1 − yr

i+1

)∥∥∥∥. (1)

Compared to the simple Euclidean distance, the vectorial displacements capture
the actual motion more consistently and proved to be more robust. The best
matching data frame D1,j∗ for a given navigator frame N0,i is found at time

j∗ = arg min
j

c(i, j) . (2)

For the navigator frame N0,i, the best matching data frames from each pair
of slices Dp,j∗ , p = 1, 2, 3, . . ., are combined to a 3D stack. Such a stack is recon-
structed for every navigator frame N0,i, N0,i+1, N0,i+2, . . . in an entire breathing
cycle to obtain a complete 4D data set with the temporal resolution of the pure
navigator sequence N0 (5.7Hz).

2.3 Noise Reduction

The acquired images show a considerable amount of noise due to their short
acquisition time and high spatial resolution. To improve the 4D reconstruction, a
straight-forward noise reduction was applied. The developed gating method was
used to find not only one but several frames showing possibly similar respiratory
states. These frames were averaged, which artificially prolonged the acquisition
time of the resulting image. Assuming additive noise, an averaging over M frames
reduces the variance of the noise by a factor of M . The number of frames that can
be averaged is limited by the duration of the acquisition session. In the presented
example, the acquisition time was 30min and five frames were averaged.

3 Results and Evaluation

The proposed imaging method was performed for six healthy volunteers. A 4D
data set of a male volunteer is used to illustrate the method in the following. For
comparison, Fig. 4a shows three cuts through a breath-hold image close to re-
laxed exhalation. A 3D image reconstructed from 30 free-breathing images using
the proposed method is shown in Fig. 4b. The blood vessels and liver boundaries
exhibit no major discontinuities. Note that Fig. 4b shows the reconstructed 3D
image that is most similar to the breath-hold image. However, the free-breathing
image looks different from the breath-hold image, because the latter cannot cap-
ture the shape of the moving organ, which undergoes a hysteretic deformation
between inhalation and exhalation. Figure 4c shows the same free-breathing
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(a) Breath-hold image.
(b) Reconstruction from
free-breathing 2D images.
(c) Reconstruction from
free-breathing 2D images with noise
reduction. Average over five images.
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Fig. 4. Orthogonal cuts through 3D images of the right liver lobe

image with additional noise reduction as discussed in Sect. 2.3. The signal-to-
noise ratio is remarkably improved and the resulting images achieve the quality
of breath-hold acquisitions. The averaging of several images did not introduce
significant blurring, which indicates that the number of acquisitions at each posi-
tion was sufficient and enough similar frames were found. The darkband artifact
through the dome of the liver can be shifted by proper shim adjustment.

In addition to the visual assessment of the reconstructed data sets, which
showed well fitting 3D images, a rigorous validation is desirable but not straight-
forward. However, the proposed frame matching algorithm can be tested exper-
imentally to evaluate the plausibility of the 4D data. To test if matching data
frames are found, a leave-one-out experiment was performed. A sequence of nav-
igator frames N1 and data frames D1 (288 frames in total) at 3 cm distance was
considered. For each data frame D1,i in this sequence, the best matching data
frame D1,j was searched among the remaining frames (i �= j) according to the
cost function c(i, j) defined in Eq. (1). The similarity of the selected data frame
D1,j∗ to the “ideal” left-out frame D1,i was quantified as the deviation of four
selected regions within D1 (Fig. 5) determined by template matching based on
normalized cross correlation. While the respiratory motion ranged up to 11mm
in this example, the resulting mean deviations of the considered regions were in
the range of 0.3-0.4mm, which is less than half a voxel (0.9 mm).

4 Discussion and Outlook

The developed technique allows for the reconstruction of 4D data sets show-
ing the detailed deformation of an organ during free breathing including the
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Fig. 5. Leave-one-out experiment. (a) The data frame D1,j∗ (found by navigator com-
parison) is compared to the “ideal” left-out frame D1,i. (b) Mean error and its standard
deviation for four regions.

hysteretic deformation between inhalation and exhalation. As opposed to other
4D imaging techniques, no strict assumptions on the regularity of the respira-
tory motion such as constant breathing depth or even periodicity are made. This
allows to better study the intra-subject as well as the inter-subject variability of
respiratory motion and to analyze these variations statistically. Provided that a
sufficient amount of raw data was acquired, 4D data sets can be reconstructed
for arbitrary amplitudes, frequencies and shapes of the breathing pattern.

Evaluation experiments have shown that the proposed gating method accu-
rately finds fitting 2D images with minimal deviations based on the dedicated
navigator slice, even if the considered slices are several centimeters apart. A
gating scheme with overlapping pairs of neighboring slices as an alternative but
would likely lead to error propagation from one overlapping pair to the next one.

For a rigorous validation of the proposed method, either experiments with
a realistically deformable phantom or an in silico simulation of the entire data
acquisition chain are possible. The second option will be investigated in the
future work, for example to determine the maximum viable distance between a
data slice and the navigator slice.

A common limitation for all slice stacking methods is that only breathing
cycles can be reconstructed, for which all necessary frames were captured across
the liver. If particularly deep breathing is only acquired at some of the slice
positions, the method fails to reconstruct a complete 4D data set. This issue was
addressed by instructing the volunteers to intentionally breath deeply during
parts of each acquisition, which ensured that a variety of breathing depths was
captured at each slice position.

Another observed issue was the drift of the exhalation position during the ac-
quisition of most data sets. This drift ranged up to 7mm in one case. On the one
hand, this issue is aggravated by the long total acquisition time of half an hour
in our studies. But on the other hand, the problem of variation beyond a regular
breathing cycle is simply ignored by other 4D imaging approaches and can now
be addressed specifically with the proposed method. Drift and other irregulari-
ties are recognized and handled by the internal gating technique. One possibility
to alleviate the impact of organ drift is to change the acquisition sequence. The
applied procedure selects a slice and completely captures its dynamic behavior



4D MR Imaging Using Internal Respiratory Gating 343

before moving to the next spatial position. An interleaved sequence, which goes
back and forth through all slices, would increase the probability that we acquire
sufficient data for a complete 4D reconstruction before a major drift occurs.

Despite the discussed limitations, the obtained results demonstrate the po-
tential of the proposed method for 4D imaging in surpassing quality. The tech-
nique is applicable to any organ that undergoes respiratory motion like the lung
or the kidneys and can be implemented using a standard MR scanner without
additional equipment. Although the proposed method was developed for proton
therapy planning, the new possibilities to study realistic respiratory motion are
valuable to improve many other techniques, first of all conventional radiation
therapy planning. Other particularly interesting applications are the evaluation
and the comparison of gating techniques that inherently rely on stronger assump-
tions about the respiratory motion. Furthermore, generic motion data, which is
not patient specific, is useful for the evaluation of dose delivery methodologies
and anatomical simulations or for advanced applications like model-based seg-
mentation or tracking. Numerous research projects in these fields may profit
from a more accurate and more reliable 4D imaging using the proposed method.
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