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The role of image guidance in respiratory gated radiotherapy
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Abstract

Respiratory gating for radiotherapy beam delivery is a widely available technique, manufactured and sold by most of the
major radiotherapy machine vendors. Respiratory gated beam delivery is intended to limit the irradiation of tumours moving
with respiration to selected parts of the respiratory cycle, and thereby enable dose escalation and/or reduction of dose to

organs at risk.

Without adequate use of respiratory correlated image guidance on a regular basis, respiratory beam gating may however
have a detrimental effect on target coverage. Image guidance of tumour respiratory motion is therefore of utmost importance

for the safe introduction of respiratory gating.

In this short overview, suitable image guidance strategies for respiratory gated radiotherapy are reviewed for two cancer

sites; breast cancer and lung tumours.

The ultimate aim of successful radiotherapy is to
obliterate the target in question while leaving healthy
surrounding tissues undamaged. Because radiother-
apy is a non-specific treatment unavoidably leading
to irradiation of surrounding healthy tissues, great
emphasis is continuously put onto the development
of methods to shape a three-dimensionally tight dose
distribution around the target.

An important limiting factor to the success of
tightly conforming dose distributions is the ability to
aim the radiation beam precisely at the target in
question with minimal positional error. Positional
uncertainty is inherent in radiotherapy, and the
prevalent method to account for this is to irradiate
a volume larger than the target, an approach
standardized in ICRU reports 50 and 62 [1]. Intra-
fraction organ motion in the thorax or abdomen can
be of a large magnitude due to breathing, and was
until recently an unresolved problem of positional
error. All organs in the thorax and abdominal regions
are affected by breathing, although in different ways
and by various degrees. Primarily the lung itself, the
heart, liver, chest wall, breast and the diaphragm

move with respiration, but also structures such as the
kidneys and the prostate can be significantly affected
by respiration. A tumour will move along with the
organs depending on the tumour location and its
fixation to surrounding structures. For most organs
there will be motion in all three spatial directions,
and for some the inspiration and expiration motion
patterns differ from each other, a phenomenon
termed hysteresis. The magnitude of the motion is
highly dependent on location and is also highly
patient individual. Lung tumours have been re-
ported to exhibit motion up to >3 cm in the
cranio-caudal direction during normal respiration,
while others move only a few millimetres or not at all
[32,5,13]. In several studies, the median lung
tumour motion extent over the population of pa-
tients appear to be around 5-10 mm in the cranio-
caudal direction [13]. The breast only moves around
24 mm in the antero-posterior direction during
normal respiration, while the heart moves up to
several centimetres in the cranio-caudal direction
(with the diaphragm) [20,21,23,39].
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Breathing motion contributes not only to the
positional error during treatment delivery, but also
to positional errors in treatment planning, which are
of a systematic nature. For free breathing imaging,
the breathing motion contributes to the systematic
error, because the target may be off-set from its
mean position at the time of imaging.

During the 1990s, techniques of respiratory beam
gating were proposed to solve this problem
[25,21,35,22]. With these techniques, the radiation
beam is only turned on during a pre-specified period
of the respiration. The organ motion within the
radiation field is thus limited to the motion taking
place during the beam-on time specified by the
beam-on window. Respiratory gated radiotherapy
generally requires a motion sensor, a method of
determining a suitable beam-on period, a controller
to activate/deactivate the beam, acceptable beam
characteristics during beam-on time, and a means of
verification.

Respiratory gating techniques can and should be
used consistently in connection with simulation, CT
scanning, planning and treatment in order to obtain
consistency [13]. Treatment planning of gated
treatment requires knowledge of the patient anatomy
and dynamics within the window chosen for beam-
on. Some of this knowledge can be obtained with
fluoroscopy, but for computerized treatment plan-
ning, a CT-scan reflecting the relevant patient
anatomy is required. Such a CT-scan may be
obtained by running the CT-scanner with the same
“beam-on” window as will be used during treat-
ment, also referred to as prospective gated CT-
scanning. With this technique, the gating system
sends trigger signals to the scanner to acquire each
CT=slice in synchronisation with the respiratory
signal. Even better in many cases, a 4DCT scan
may be acquired for which the complete scan will
encompass several sets of slices, each set correspond-
ing to different phases of the breathing cycle, and
each set containing an adequate number of slices for
target imaging and dose planning [38,14].

Beam gating is offered by several manufacturers of
treatment machines, and the systems offered com-
mercially for respiratory monitoring and beam gating
all make use of a surrogate for the respiratory
tumour motion, such as external optical markers,
pressure belts or spirometers. A gating window can
be defined by placing thresholds on the respiratory
signal from the surrogate monitoring system, which
can be used to automatically (or manually) trigger
the treatment beam to be turned on and off (see
Figure 1). Respiratory correlated image guidance is
of utmost importance in the safe implementation of
respiratory beam gating due to the large intra- and
inter-fraction variations in respiratory pattern affect-
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ing tumour motion, as has been shown previously
[11,16,34]. In [34], the standard deviation of
systematic variations in mean tumour position (mo-
tion baseline) was found to be 3.9 mm, and in [16]
large variations in motion patterns were found intra-
fractionally including variations in both motion
extent and trajectory pattern.

Basically, the image guidance is needed to ensure
that the treatment scenario as closely as possible
mimics the scenario seen in the image for treatment
planning, in the case of respiratory gating the phase-
specific CT-image (gated or picked from a 4DCT
scan).

A number of the commercially available systems
on the market for respiration monitoring and/or
beam gating (and tumour tracking) offer an image
guidance solution as a complement to the surrogate
respiration monitoring [9,31,27]. However, these
commercially available gating systems also allow
use of the gated beam delivery without the necessary
amount of image guidance to ensure that this can be
done safely. Furthermore, for several of the available
systems, the image guidance (hardware and soft-
ware) offered is inadequate although it provides a
means of performing imaging in synchronization
with the respiration.

In the following, we will go through the need for
image guidance for the safe implementation of
respiratory beam gating in two different cancer sites;
breast cancer, and lung cancer.

Respiratory gating for breast cancer
radiotherapy

Tangential field breast cancer radiotherapy is mainly
employed adjuvantly to breast-conserving surgery in
otherwise healthy women to improve local control
and survival. In these cases, a primary concern is
unwanted pulmonary and cardiac irradiation, which
implies a risk of late toxicity. Cardiac mortality is
reported to be higher in patients receiving radio-
therapy for left-sided breast cancer than in patients
receiving radiotherapy for right-sided breast cancer
by ~1% [26]. In [30], the relative risk of heart
disease is reported up to above 2% with effective
heart radiation doses of 2-4 Gy, and increased
cardiac morbidity as well as mortality has been
reported in [8], especially in combination with
smoking.

During inspiratory chest wall expansion, the heart
is pulled inferiorly, increasing the distance to the
breast and lymph nodes, and for this reason, breath-
ing adapted radiotherapy has been investigated for
breast cancer. It has been shown that by treating only
in the inspiration phase of free breathing or breath-
ing with enhanced inspiration, the doses to both
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Figure 1. A respiratory signal obtained from the RPM™ system (Varian Medical Systems, Inc) showing the vertical motion of an optical
marker placed on a patient’s chest wall versus time. Two horizontal lines overlayed on the breathing curve indicate a chosen gating window
in the expiration phase of breathing, and below a step curve indicates beam on and off times.

heart and lungs can be reduced significantly
[20,18,28]. Administering radiation only during
deep inspiration has shown reductions of heart doses
up to 80-90% (of volume receiving more than 50%
of prescription dose), corresponding to a decrease in
cardiac mortality risk down to 19, (calculated by a
normal tissue complication probability model [19]).
Because breast movement with respiration is small
(24 mm, [20]), the question of respiratory target
immobilization is of less importance for this site.
Since the breast is furthermore an external structure,
an external optical marker positioned near the breast
and used for respiration monitoring will mimic the
motion of the breast closely, and thus the correlation
of respiration phase and target position is simple.
The need for image guidance is in this case rather
uncomplicated. Standard image guided setup of the
patient using KV or MV images will ensure the
correct positioning of the bony anatomy, which is
not affected by respiration. Additionally, images
should be acquired to ensure the correct positioning
of the breast within the gating thresholds. This can
be done using MV portal images in the beam’s eye
view acquired within the gating window. When this
verification is performed immediately before treat-
ment, the correct positioning of the breast through-
out the beam-on time can be inferred from the
monitoring of the external marker position as a
surrogate for the breast position. Some portal
imaging devices are capable of performing imaging
in cine-mode during beam on, as illustrated in
Figure 2. Such a facility can be used to verify the
actual breast position during beam-on in an off-line
review setting, as an additional safety measure. In
our clinic, we use kV-kV orthogonal imaging for
bony anatomy setup of the breast cancer gating
patients in a no-action-level protocol on the first
three days of treatment. Additionally, we perform

MV imaging in the gating window on the first
treatment day, and cine portal imaging on a weekly
basis as a verification tool. Over 43 patients, we have
measured average residual motion of 1.5mm left-
right, 2.3mm anterior-posterior and 2.3mm super-
ior-inferior (reported in [4]), which is within
expected magnitudes for an enhanced inspiration
breathing protocol [19].

The use of kV image guidance is less suited for
breast cancer gating verification, as the breast is not
easily recognized in kV images. However, on-board
kV may be used to image the position of the

Figure 2. Illustration of the acquisition of portal MV images in
the beam’s eye view for one of the tangential fields throughout a
gated breast cancer treatment. At least one image is acquired in
each gating window.



diaphragm rather than the breast, in radiographic
images or fluoroscopic images before or during
treatment (for gantry mounted systems however in
angles different than the treatment beam angle), or
in 4D CBCT images before treatment. The heart
moves with the diaphragm, and imaging of the
diaphragm position can therefore be used as a
good surrogate for the heart position. The heart is
the most important organ at risk in breast irradia-
tion, and it may therefore be of some relevance to
verify the heart position in addition to the breast
position for the breast cancer gating treatment.

Respiratory gating for lung tumour
radiotherapy

Radiotherapy is widely used in the treatment of
locally advanced lung cancer. Curative radiotherapy
requires high radiation doses, but the amount of
normal lung in the high-dose region is generally the
dose-limiting factor. For NSCLC stage I and II,
radiotherapy can provide local disease control with a
control rate of 80-90% and a 3-year survival of
around 50% [2,29]. For locally advanced NSCLC
(stage III), the 2-year survival is 10-30%, and the
toxicity is the dose-limiting factor [3]. A general
agreement does not exist in the literature as to the
cut-off magnitude for radiation dose to healthy lung,
but our local guideline states that no more than 30%
of the volume of the ipsilateral lung should receive
more than 20 Gy, and that the contralateral lung is
completely spared.

Lung tumours have been shown to move substan-
tially — up to more than 3 cm — even during shallow
breathing. Thus, reduction of tumour motion, and
thereby internal treatment margins, is of importance
to maximize the dose. Respiratory gated treatment
provides a possibility of motion (and thereby mar-
gin) reduction. Furthermore, the lung volume (and
hence the lung tissue density) varies during respira-
tion, and following anatomical changes and/or elec-
tron transport changes may favour certain breathing
phases.

In the case of lung cancer, the use of external
surrogates for respiration monitoring, such as those
used in the commercially available gating systems,
does not give a direct monitoring of the actual
tumour position and motion. With a (good) choice
of surrogate, there will be a correlation between the
surrogate and the actual tumour motion, however
the correlation will not be ideal, and it will not be
stable over time [16,7]. The use of beam gating
assumes knowledge of the tumour position, although
the systems act on surrogates, and it is therefore
mandatory to employ image guidance to establish
the correlation between the surrogate and the
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tumour motions. The variations in the correlation
between surrogate and tumour can be divided into
four different types; mean position shifts (transla-
tion), amplitude changes (scaling), phase shift
changes (latency), and changes in correspondence
(breakdown of correlation model, including breath-
ing frequency changes). All of these variations can
take place both on intra- and inter-fractional basis,
and can be of a substantial magnitude. Interfraction
baseline variations have been shown to have a
standard deviation of ~4 mm [34], and amplitude
variations have been shown to be slightly smaller
[11] although still of a substantial magnitude.
Intrafractional baseline and amplitude variations
are also reported [11,16], and phase shift variations
can be as large as several tenths of seconds intra- and
inter-fractionally [16,7]. Some examples of synchro-
nous external surrogate and tumour motion mea-
surements are shown in Figure 3 (from [17]).

Accounting for these variations inter-fractionally
requires image guidance immediately before beam
on in each treatment fraction. Accounting for the
variations intra-fractionally requires imaging during
beam-on either continuously (fluoroscopic) or occa-
sionally (single radiographic images).

In order to account for baseline (mean position)
shifts, a technique is needed in which the respiratory
motion of the tumour can be imaged and quantified
to the extent that a baseline can be established. This
requires imaging over at least one entire breathing
cycle, and corresponding quantification of tumour
positions within the timeframe of the images. It is
imaginable that 4D cone-beam CT, respiratory
correlated fluoroscopy or repeated radiographs could
potentially accomplish this, given that suitable soft-
ware is provided to establish a quantification of the
tumour position in the images, and find a corre-
sponding baseline to which setup can be performed.

Imaging of amplitude changes likewise requires a
technique in which the respiratory motion of the
tumour can be imaged and quantified, and a setup to
the correct target position in the chosen gating phase
of respiration can be performed.

In order to account for phase shifts, a technique is
needed which allows the synchronous recording of
the respiratory surrogate and the tumour motion
over several breathing cycles. In our estimation,
imaging over 5-10 breathing cycles will be necessary
in order to establish the internal/external correlation
to an extent that a possible phase shift can be
quantified. Furthermore, a method and a software
tool for quantifying the phase shifts is necessary. It is
imaginable that respiratory fluoroscopy or repeated
radiographs can accomplish this. Once a phase shift
has been identified, an action has to be taken to shift
the beam gating window to accommodate the phase
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Figure 3. Three examples of synchronous recordings of external optical marker (blue) and tumour respiratory motion (magenta). The
optical marker (RPM™) is positioned on the chest wall of a patient, and the vertical motion is recorded. The tumour has implanted gold
seeds, which have been automatically tracked in fluoroscopic movies. For two of the cases, the cranio-caudal tumour motion is shown and

for one case the medio-lateral motion. (From [17]).

shift with minimal tumour motion in the desired
phase of respiration. The system should allow for
such action to be taken and for subsequent imaging
for verification.

Breakdown of the correlation between external
surrogate marker and tumour motion is the most
difficult type of variations to detect and account for.
In order to establish a correlation model, synchro-
nous recording of the respiratory surrogate and the
tumour motion over several breathing cycles (5-10) is
necessary, and a method for performing the model-
ling must also be available. Model breakdowns can be
detected by repeated imaging of this type, combined
with software for detection of deviations from ex-
pected conditions. In order to account for a model
breakdown, a new correlation should be established
based on synchronous recording of the respiratory
surrogate and the tumour motion. The correct gating
window should then be re-identified on the surrogate
respiratory signal based on this new model.

Model breakdowns and amplitude variations may
be counter-acted by use of coaching of patients to
regular breathing patterns. Audio and visual coach-
ing may enhance regularity of breathing, by stabiliz-

ing amplitude and frequency magnitudes [15,6].
The success of coaching strategies depends to a
large degree of patient compliance, and lung cancer
patients may have some difficulties following in-
structions due to their poor lung function.

A solution covering all of these issues directly
would be gating directly based on imaging the
position of internal markers as described in [33].
However, this solution is not an off-the-shelf com-
mercially available system (although it was manu-
factured by Mitsubishi Electronics Co, Ltd), and it
requires continuous imaging during treatment which
may add a significant amount of dose (especially skin
dose) to the patient (in our own measurements on a
simulator — Acuity, Varian Medical Systems — one
minute of fluoroscopic imaging gave approximately
70 mGy skin dose).

Discussion

Breathing adaptation is a relatively new addition to
external radiotherapy for tumour sites affected by
the movements related to breathing. It will poten-
tially improve therapy outcome by allowing reduced



treatment margins and/or increased anatomical se-
paration leading to enhanced tumour control and
lower complication rates [13]. Respiratory beam
gating is the most commonly used breathing adapta-
tion technique, and is offered in several commer-
cially available systems. Other breathing adaptation
techniques include breath-hold techniques (volun-
tary and controlled) [41] and dynamic motion
tracking in which the beam “chases” the target
during its respiratory motion [12,24]. In the simpler
end, motion inclusion techniques can be based on
4DCT scans to cover the target respiratory motion
with treatment field margins on a patient individual
basis [40].

The systems most frequently investigated for
respiratory gating are those employing spirometry
or external marker monitoring to represent the
position of the internal anatomy. Each system has
specific advantages that appear to be applicable to
specific cancer types, e.g. free breathing appears to
be more appealing to lung cancer patients than
forced breath-holding.

Treating patients using respiratory gating implies
subtle clinical decisions, such as whether to treat
during expiration or inspiration and how much
target motion can be reduced at the expense of
increased treatment time. The optimal parameters
for use of the techniques in each cancer group are
still in the process of being established [10].

The benefits of respiratory gating are best docu-
mented for the case of breast cancer. Significant
reductions in cardiac and pulmonary doses can be
obtained, not so much due to target immobilization,
but owing to organ separation caused by lung
inflation in the inspiration phase of breathing [20].
The clinical feasibility of the technique (both breath-
hold and free breathing) has been shown in several
studies [19,27].

Lung cancer is the site most frequently studied for
respiratory gating. The potential benefits are clear,
but challenges are many and some still unsolved.
Respiratory gating can provide target immobilization
and thereby in principle reduction of doses to organs
at risk and/or tumour dose escalation [36]. However,
owing to the complex mobility of lung tumours with
respiration, the accurate tumour position during
respiratory gating is presently only well-known if
internal markers for real-time tracking are used [10].
Methods to correlate internal and external breathing
motion and coaching for achieving regular breathing
patterns are presently being explored. Furthermore,
it is still not well-established whether inspiration or
expiration is the most favourable breathing phase for
respiratory gated lung radiotherapy. Despite all these
complications, respiratory gating is used clinically
for lung cancer at several centers in conjunction with
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either direct tumour tracking or extensive positional
verification (such as frequent portal imaging) [37].

For all cancer sites, there are only few studies
reporting clinical outcome, owing primarily to the
small number of patients yet treated with the
techniques, and the limited time span yet available
for outcome evaluation.

Declaration of interest: This study has been partly
funded by a research grant from Varian Medical
Systems, Inc.
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