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Abstract

Background. Intrafraction motion may compromise the target dose in stereotactic body radiation therapy (SBRT) of 
tumors in the liver. Respiratory gating can improve the treatment delivery, but gating based on an external surrogate 
signal may be inaccurate. This is the first paper reporting on respiratory gating based on internal electromagnetic 
monitoring during liver SBRT.
Material and methods. Two patients with solitary liver metastases were treated with respiratory-gated SBRT guided 
by three implanted electromagnetic transponders. The treatment was delivered in end-exhale with beam-on when the 
centroid of the three transponders deviated less than 3 mm [left-right (LR) and anterior-posterior (AP) directions] and 
4mm [cranio-caudal (CC)] from the planned position. For each treatment fraction, log files were used to determine the 
transponder motion during beam-on in the actual gated treatments and in simulated treatments without gating. The 
motion was used to reconstruct the dose to the clinical target volume (CTV) with and without gating. The reduction in 
D95 (minimum dose to 95% of the CTV) relative to the plan was calculated for both treatment courses.
Results. With gating the maximum course mean (standard deviation) geometrical error in any direction was 1.2 mm 
(1.8 mm). Without gating the course mean error would mainly increase for Patient 1 [to -2.8 mm (1.6 mm) (LR),  
7.1 mm (5.8 mm) (CC), 2.6 mm (2.8mm) (AP)] due to a large systematic cranial baseline drift at each fraction. The 
errors without gating increased only slightly for Patient 2. The reduction in CTV D95 was 0.5% (gating) and 12.1% 
(non-gating) for Patient 1 and 0.3% (gating) and 1.7% (non-gating) for Patient 2. The mean duty cycle was 55%.
Conclusion. Respiratory gating based on internal electromagnetic motion monitoring was performed for two liver 
SBRT patients. The gating added robustness to the dose delivery and ensured a high CTV dose even in the presence of 
large intrafraction motion.

Stereotactic body radiation therapy (SBRT) with 
tightly conformed target dose distributions, steep 
dose gradients, and high fraction doses is highly effi-
cient in therapy of primary and secondary liver tumors 
[1–6]. Accurate dose delivery is crucial to ensure 
tumor coverage and healthy tissue sparing [7]. How-
ever, for liver SBRT the treatment accuracy is chal-
lenged by tumor motion during treatment delivery, 
which can exceed several centimeters [8,9] and may 
lead to target doses that deviate substantially from  
the planned dose distribution to a static target [10].

The detrimental dose effects of the tumor motion 
may be mitigated by respiratory gating [11,12]. So 
far, gating in liver SBRT has mainly relied on exter-
nal surrogate monitoring rather than direct tumor 
motion monitoring [13–15] although the external 
monitoring can be inaccurate [16,17] and studies 
have emphasized the need for direct internal  
monitoring [14]. The Real-time Tumor-tracking 
Radiation Therapy (RTRT) system has been applied 
for respiratory gating during liver SBRT based on 
real-time localization of implanted gold markers by 
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stereoscopic x-ray fluoroscopy [18], but this imaging 
system is not readily available and the x-ray imaging 
adds ionizing radiation to the patient.

As an alternative, an internal real-time position 
signal may be provided by implanted electromag-
netic transponders, such as the Calypso system, 
which has been used extensively in the prostate [19] 
and was recently CE marked and cleared by the US 
Food and Drug Administration for general implanta-
tion in soft tissues. The first use of Calypso in a liver 
patient took place at University of Louisville in 
March 2015 [20]. Phantom studies have demon-
strated high dosimetric accuracy of Calypso-guided 
gating [21], but to our knowledge no results on the 
accuracy in a clinical setting have been published so 
far. In this paper on our first experiences, we report 
on the feasibility and the geometric and dosimetric 
accuracy for the two first liver SBRT patients treated 
with Calypso-guided respiratory gating at Aarhus 
University Hospital.

Material and methods

Patients, planning, and treatments

This paper reports on the first two patients treated 
with Calypso-guided respiratory gating at Aarhus 
University Hospital. After providing informed con-
sent, the patients received liver SBRT in 3 fractions 
in the period 16–23 April 2015 following an approved 
clinical trial protocol on Calypso-gated liver SBRT. 
Patient 1 was a 76-year-old female treated for a sol-
itary liver metastasis [clinical target volume (CTV): 
74 cm3] from breast cancer. Patient 2 was a 77-year-
old male treated for a solitary liver metastasis from 
colorectal cancer (CTV: 26 cm3). Guided by ultra-
sound, each patient had three electromagnetic tran-
sponders implanted percutaneously with 14G needles 
in close proximity to the metastasis (Calypso Soft 
Tissue Beacon Transponders, Varian Medical  
Systems, Palo Alto, CA, USA). A four-dimensional 
computed tomography (4DCT) scan and a breath-
hold end-exhale CT scan, both with 2 mm slice 
thickness, were acquired the day after transponder 
implantation. The end-exhale scan was acquired with 
intravenous contrast (150-mL Visipaque 270, GE 
Healthcare, Little Chalfont, UK). For Patient 2,  
target delineation and planning were performed on the 
contrast-enhanced end-exhale scan. Patient 1 was not 
able to hold breath throughout the end-exhale scan. For 
this patient, the end-exhale phase of the 4DCT was 
used for planning as this was a better representative for 
the internal anatomy at the end-exhale position during 
free breathing. An in-house developed frame with a 
vacuum cushion was used for patient immobilization. 
No abdominal compression was used.

The planning target volume (PTV) was formed 
by expanding the CTV by 5 mm margins in the left-
right (LR) and anterior-posterior (AP) directions 
and 10 mm in the cranio-caudal (CC) direction. 
Both patients had a seven-field conformal plan with 
a CTV mean dose of 100% of the prescription dose 
and minimum target doses of 95% to the CTV and 
67% to the PTV, i.e. a non-uniform PTV dose dis-
tribution with 50% higher dose in the central part 
[22,23]. Following a risk-adapted strategy, fraction 
doses of 18.75 Gy (Patient 1) and 20.6 Gy (Patient 
2) were prescribed to the 100% dose level. Each tran-
sponder was delineated, and its center-of-mass posi-
tion with respect to the isocenter was recorded.

The respiratory-gated treatments were delivered 
in free breathing with a TrueBeam accelerator (ver-
sion 2.0) equipped with a Calypso 3.0 system (Varian 
Medical Systems). The dose rate was 600 monitor 
units (MU) per minute. The transponder positions 
were recorded at 25 Hz by the Calypso system, and 
the treatment beam was gated off when the centroid 
position of the three transponders deviated from the 
planned position by more than 3 mm in the LR or 
AP direction or more than 4 mm in the CC direc-
tion. After patient positioning the treatment couch 
was adjusted such that the target position reported 
by Calypso was inside the gating window at end 
exhale and had a mean value of approximately zero 
in all three directions during the open gate time 
intervals. A cone beam (CB) CT scan was acquired 
in this position and registered to the exhale planning 
CT scan in order to confirm that the Calypso tran-
sponders were close to their planned positions at 
exhale and that the spinal cord was less than 10 mm 
from its planned position [corresponding to the 
planning organ at risk volume (PRV)]. No couch 
shift was performed based on the CBCT scan, but 
the couch was adjusted between treatment beams if 
baseline drift caused misalignment of more than  
2 mm between the end exhale position and the  
gating window.

Data analysis

Two types of log files were retrieved after each treat-
ment: 1) Calypso log files with the recorded tran-
sponder motion, an approximate beam-on flag based 
on a radiation monitor, and the performed couch 
shifts; and 2) TrueBeam trajectory log files with the 
delivered MU and the accelerator beam-hold status 
recorded every 20 milliseconds. The two log files 
were synchronized by temporal alignment of accel-
erator beam-holds with Calypso recorded target 
motion outside of the gating window. The synchro-
nization was used to determine the target motion 
during beam delivery in the open-gate periods. Note 
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that models the motion of a rigid target as multiple 
isocenter shifts in an in-house built software pro-
gram (Matlab) and utilizes the clinical treatment 
planning system for the dose calculation [Eclipse 
11.0, Anisotropic Analytical Algorithm (AAA),  
Varian Medical Systems]. A 1.5 mm bin width was 
used, i.e. all target positions within a 1.5  1.5  1.5 
mm3 cube were given the same isocenter shift. For 
the first fraction and for the entire treatment course 
consisting of three fractions, the CTV mean dose 
(Dmean) and the minimum dose to 95% and 99% 
of the CTV (D95 and D99) with and without gating 
were calculated and compared with the planned 
doses.

Results

Three Calypso transponders were implanted within 
close proximity of the target lesion in the liver in both 
patients without complication and with only minor 
pain related to the procedure.

Figure 1 shows the internal target motion at frac-
tion 2 for each patient. A gradual baseline drift for 
Patient 1 resulted in an internal mean position dur-
ing the last field that was shifted 3.5 mm to the  
right, 11.4 mm cranially, and 3.9 mm posteriorly 
relative to the mean position during the CBCT scan 
(Figure 1, left). Three couch corrections were per-
formed during this fraction to compensate for the 
baseline drift (Figure 1, left). A similar baseline drift 
also occurred during fractions 1 and 3 for this patient 
as seen by the large mean errors in simulated treat-
ments without gating in Table I. Although Patient 2 
had a much more stable baseline position there was 
still a tendency to cranial drift that resulted in a mean 
position during the last field that was 5.3 mm (frac-
tion 1), 2.5 mm (fraction 2), and 3.0 mm (fraction 
3) more cranial than the mean position during the 
CBCT scan.

that the temporal alignment neglected beam gating 
latencies and therefore resulted in small overestima-
tions of the open-gate target displacement when the 
gate turned on and underestimations of the displace-
ment when the gate turned off.

For comparison, non-gated treatment delivery 
was simulated for each treatment fraction in order to 
estimate the would-be intra-treatment target motion 
during beam-on without gating. First, the recorded 
motion relative to the isocenter was corrected for any 
inter-field couch shifts in order to obtain the internal 
target motion within the patient as it would have 
been without intervention during treatment. The 
corrected motion curve was then offset to a mean 
position of zero during the 60 seconds CBCT scan 
in order to mimic a CBCT setup with alignment of 
the target to its mean position during the setup 
CBCT scan and no further imaging during the treat-
ment session. It reflects our current standard liver 
SBRT treatments guided by implanted gold fiducial 
markers. For Patient 2, the Calypso signal was not 
available during the CBCT scan because lateral cen-
tering of the couch during the scan moved the tran-
sponders outside of the Calypso localization volume. 
For this patient, the recorded motion in the last 60 
seconds before the couch centering was assumed to 
represent the motion during CBCT scanning. In the 
non-gated treatment simulations, we assumed that 
each treatment beam was delivered without interrup-
tion with a constant dose rate of 600 MU/minute  
and with the same starting time relative to the motion 
trajectory as in the actual gated treatments. For each 
fraction, the mean and standard deviation of the 
intra-treatment target position was calculated for 
both the actual gated treatment and the simulated 
non-gated treatment.

The dosimetric impact of the motion was esti-
mated by reconstruction of the delivered CTV dose 
by an experimentally validated method [24,25] 



Figure 1. Calypso-recorded liver tumor motion at fraction 2 for both patients in the left-right (LR), cranio-caudal (CC), and anterior-
posterior (AP) directions. The motion has been corrected for couch shifts, which were performed at the times indicated by vertical red 
lines. Shaded areas indicate the time for the CBCT scanning (dark gray, Patient 1), simulated CBCT scanning (dark gray, Patient 2), and 
beam delivery (light gray). Beam pauses due to gating are not shown. The Calypso signal was unavailable while the couch was rotated 
between the third and second last beam for Patient 1 and during the actual CBCT scan for Patient 2 due to lateral couch centering.
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The duty cycle, i.e. the fraction of the gated field 
delivery time with beam on, was in mean 54% for 
Patient 1 and 55% for Patient 2 (Table I). The mean 
time between the CBCT scan and treatment start 
and the mean treatment duration were 9.0 minutes 
and 18.0 minutes, respectively, for Patient 1 and 9.1 
minutes and 12.1 minutes for Patient 2 (Table I). As 
expected from the gating window of  3 mm in  
the LR and AP directions and  4 mm in the CC 
direction the distributions of geometrical errors  
in the gated treatments were within these limits  
(Figure 2). Without gating and intrafraction couch 
corrections the error distributions would be mark-
edly broader due to substantial respiratory induced 



Figure 2. Distribution of geometrical errors for Patient 1 and 2 during beam-on at fraction 1 and accumulated for all three fractions in 
the actual treatments with respiratory gating and in simulated treatments without gating. The numbers indicate the mean (upper number) 
and the standard deviation (lower) of the geometrical error in the left-right (LR), cranio-caudal (CC) and anterior-posterior (AP) 
direction.

Table I. Treatment data for each fraction (Fx) for the two patients (Pt), including number of couch shifts, time 
from CBCT scan to start of the first field (Tstart), time between start of the first field and end of the last field 
(Ttreatment), and the mean error during beam-on in the actual treatments with respiratory gating and in simulated 
treatments without gating.

Pt Fx 

Duty 
cycle  
(%)

Couch 
shifts 

(number)
Tstart 
(min)

Ttreatment 
(min)

Mean error gating 
(mm)

Mean error  
no gating (mm)

LR CC AP LR CC AP

1 1 34 4 16.0 28.3 1.5 0.5 0.7 3.1 6.9 2.0
1 2 63 3 5.1 13.5 0.8 0.9 0.3 3.4 8.0 3.7
1 3 65 4 6.0 12.2 0.3 0.7 0.5 2.0 6.2 2.0
2 1 53 3 11.2 18.8 1.2 1.5 0.3 0.2 1.7 0.4
2 2 60 1 8.3 9.4 0.3 0.7 0.5 0.0 1.4 0.1
2 3 51 0 7.7 8.1 0.6 1.0 0.2 0.0 0.9 0.3

motion for both patients, and Patient 1 would have 
considerable mean errors caused by the baseline drift 
(Figure 2, Table I). Patient 2 would not have larger 
mean errors without gating than with gating due  
to the relatively stable baseline position (Figure 2, 
Table I).

The dose reconstruction for fraction 1 and for the 
entire treatment course showed good agreement 
between the CTV dose delivered with gating and the 
planned CTV dose (Figure 3, Table II). Without  
gating the intrafraction motion would markedly 
degrade the target coverage for Patient 1 with 3.6% 
reduction in the CTV mean dose and 12.1% reduc-
tion in CTV D95 accumulated over the treatment 
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Figure 3. Left: Planned dose distributions in a coronal plane in the center of the CTV (red contour) and PTV (blue), and reconstructed 
dose distributions in the gated treatments and in the simulated non-gated treatments accumulated over fractions 1–3 for Patients 1 and 
2. Dose levels  95% are shown. Right: Corresponding dose-volume histograms for the CTV.

Table II. Difference between delivered and planned CTV dose at 
the gated treatments and at simulated treatments without gating 
for both patients (Pt) at fraction 1 (Fx 1) and accumulated over 
all three fractions (Fx 1–3).

Pt Fx

With gating (%-point) Without gating (%-point)

Dmean D95 D99 Dmean D95 D99

1 1 0.7 1.2 2.1 4.9 16.7 24.7
1 1–3 0.4 0.5 0.5 3.6 12.1 20.3
2 1  0.1 0.5 0.8 1.6 2.2 2.4
2 1–3 0.0 0.3 0.5 1.2 1.7 1.7

course (Figure 3, Table II). For Patient 2, the dosi-
metric impact of intrafraction motion would be much 
smaller due to smaller motion and smaller baseline 
drift.

Discussion

Liver SBRT was delivered to two patients with respi-
ratory gating based on internal real-time localization 
of implanted electromagnetic transponders. Motion 
analysis and dose reconstruction showed that the gat-
ing and the intra-fraction couch corrections largely 
improved the CTV dose coverage for Patient 1, while 
the dosimetric gain of the gating was smaller for 
Patient 2 who had less respiratory motion and base-
line drift. The electromagnetic transponder system 
provided real-time internal motion monitoring on a 
conventional linear accelerator without the need for 
ionizing radiation or image processing known from 

x-ray localization. For both patients, the treatment 
delivery was efficient with mean duty cycles of 
approximately 55% and considerably less time spent 
in the treatment room at fractions 2 and 3 compared 
to the first fraction (Table I). At fractions 2–3, the 
mean time between CBCT scanning and treatment 
start was slightly shorter for Patient 1 (5.5 minutes) 
than for Patient 2 (8 minutes), for whom the couch 
was moved laterally to its center position during  
the scan. However, the treatment delivery time  
(from first to last field) was longer for Patient 1 (12.9 
minutes vs. 8.8 minutes) due to non-coplanar fields  
and more inter-field couch adjustments. While this 
first report demonstrates the clinical feasibility and 
potential accuracy improvements of Calypso-guided 
respiratory gating for liver SBRT, inclusion of more 
patients is obviously required for a thorough and sta-
tistically sound investigation of the gating technique 
and its potential benefits.

A gradual systematic intrafraction tumor drift in 
the cranial direction was observed at all fractions for 
both patients although this drift was considerably 
larger for Patient 1 for whom it would have resulted 
in large CTV dose degradation without the gating 
and intrafraction couch corrections . A similar sys-
tematic drift of the liver has previously been observed 
in magnetic resonance imaging (MRI) [26].

It should be noted that CTV dose reductions are 
to be expected in case of substantial tumor motion 
in the simulated non-gated treatments since the 
PTV dose gradually decreased from 95% to 67% 
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outside the CTV. The centrally peaked PTV dose 
prescription allows for a higher CTV dose than 
obtainable with a uniform isotoxic PTV dose. The 
better alignment of the CTV with the high dose 
volume obtained with gating at the same time 
increases the tumor dose and reduces the healthy 
tissue dose compared to non-gated treatments. In 
our standard non-gated liver SBRT treatments, we 
apply abdominal compression to reduce the respira-
tory motion. Therefore, the dosimetric impact of 
the respiratory motion may be less than in the sim-
ulated non-gated treatments.

For non-gated treatments in a free-breathing sce-
nario, the treatment planning is typically performed 
on the mid-ventilation phase of a 4DCT scan [27]. 
However, the prolonged acquisition time of 4DCT 
scans complicates the timing of intravenous contrast 
injection, and 4DCT scans may have severe motion 
artifacts that compromise the target delineation 
accuracy [28]. An advantage of the end-exhale gating 
applied in this study was the possibility to plan the 
treatment on a contrast enhanced motion artifact 
free exhale breath-hold CT scan, where the target 
and Calypso transponders could be delineated 
directly without any need for image registration and 
structure propagation between CT volumes. Using 
the exhale CT scan with 2 mm slice thickness we 
roughly estimate that the center-of-mass position of 
each transponder could be identified within an 
uncertainty of 0.5 mm in the axial plane and 1 mm 
in the CC direction, We still acquire a 4DCT scan 
as a part of our Calypso gating protocol in order to 
verify patient compliance and reliability of the end-
exhale breath-hold CT in the free-breathing treat-
ment scenario.

Implanted gold fiducial markers are often applied 
in image-guided liver SBRT [29] and may be used 
for intra-treatment motion monitoring by the stan-
dard imagers of a conventional linear accelerator 
[10,27]. Unlike gold markers, the Calypso transpon-
ders generate MR artifacts that reduce the potential 
utilization of post-treatment MRI, but not CT, in 
follow-up of the patients. The Calypso transponder 
has a diameter of 1.8 mm and requires a 14G (2.1 
mm outer diameter) needle for implantation. In 
comparison, our conventional gold fiducial marker  
of 1.0 mm diameter only needs an 18G (1.2 mm 
outer diameter) needle for implantation. The com-
plication risk increases with increasing diameter of 
the needle used to perforate the liver. Thus, implan-
tation of Calypso transponders has an increased risk 
compared to gold fiducials. Complications, mainly 
bleeding and infection, can usually be managed non-
operatively. The risk for complication is considered 
to increase by two-fold for the Calypso transponders 
compared to gold fiducials [30]. Experience from 

other types of needle-based procedures in the liver, 
such as core biopsies, shows that the procedure 
results in minor pain in approximately 30% of the 
patients and severe pain in less than 3%. The fre-
quency of moderate to severe bleeding is less than 
0.5% [31].

However, the Calypso transponders have the 
advantage of 3D localization without use of ionizing 
radiation. None of the marker-based localization 
methods provide the actual tumor position as the 
markers are typically not implanted directly in the 
tumor in order to avoid seeding of tumor cells [29]. 
Direct tumor monitoring requires imaging with soft 
tissue contrast, e.g. by ultrasound [32] or MRI 
[16,33,34], which is currently not commercially 
available for gated treatments at a conventional linear 
accelerator.

The applied dose construction method neglects 
internal tissue deformation and models internal tar-
get motion as rigid motion of the entire patient 
[24]. The mean dose error in the high dose volume 
by this simplification was estimated to be around 
1% when averaged over the entire breathing cycle 
for a liver SBRT patient with large breathing 
induced displacements of nearly 3 cm [10]. Patient 
1 in the current study had similarly large breathing 
motion (Figure 1) so errors of the same magnitude 
may be expected for the reconstructed dose distri-
butions for this patient in Figure 3. A possible CTV 
shift relative to the transponder positions is unknown 
and not accounted for in the dose reconstruction.

Although the improvements in geometric accu-
racy with the Calypso-guided respiratory gating may 
allow margin reductions, we used our standard CTV-
PTV margins for non-gated treatments in this study. 
Experience with more patients and more thorough 
data evaluation (e.g. of migration assessed by the 
individual transponder positions) will form the basis 
for possible treatment improvements, such as margin 
reductions and real-time motion adaptation by  
multi-leaf collimator (MLC) tracking, rather than  
by gating. Calypso-guided MLC tracking has been 
clinically demonstrated for prostate treatments on  
a conventional linear accelerator [35] and could 
prove very valuable for liver SBRT due to the large 
target motion.

In summary, respiratory gating based on the 
internal motion of electromagnetic transponders was 
reported for the first time for liver SBRT. For one  
of two patients, the improved accuracy of gated  
compared to standard non-gated treatment delivery 
resulted in a largely improved CTV dose coverage.
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