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Purpose: To clinically implement and characterize real-time motion-including tumor dose reconstruction
during radiotherapy delivery.
Methods: Seven patients with 2–3 fiducial markers implanted near liver tumors received stereotactic
body radiotherapy on a conventional linear accelerator. The 3D marker motion during a setup CBCT scan
was determined online from the CBCT projections and used to generate a correlation model between
tumor and external marker block motion. During treatment, the correlation model was updated by kV
imaging every three seconds and used for real-time tumor localization. Using streamed accelerator
parameters and tumor positions, in-house developed software, DoseTracker, calculated the dose to the
moving tumor in real-time assuming water density in the patient. Post-treatment, the real-time tumor
localization was validated by comparison with independent marker segmentations and 3D motion esti-
mations. Dose reconstruction was validated by comparison with treatment planning system (TPS) calcu-
lations that modeled motion as isocenter shifts and used both actual CT densities and water densities.
Results: The real-time estimated tumor position had a mean 3D root-mean-square error of 1.7 mm
(range: 0.9–2.6 mm). The motion-induced reduction in the minimum dose to 95% of the clinical target
volume (CTV D95) per fraction was up to 12.3%-points. It was estimated in real-time by DoseTracker dur-
ing patient treatment with a root-mean-square difference relative to the TPS of 1.3%-points (TPS CT) and
1.0%-points (TPS water).
Conclusions: The world’s first clinical real-time motion-including tumor dose reconstruction during
radiotherapy was demonstrated. This marks an important milestone for real-time in-treatment quality
assurance and paves the way for real-time dose-guided treatment adaptation.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 139 (2019) 66–71
The utility of stereotactic body radiotherapy (SBRT) is clearly
increasing [1]. High accuracy at each individual fraction is essen-
tial, but also challenged by intrafraction motion and anatomical
changes [2–5]. For liver SBRT, studies on dose reconstruction has
demonstrated that motion can substantially deteriorate the tumor
dose [6–8]. These motion-including dose calculations were per-
formed post-treatment with no possibility to intervene in case of
unacceptable dose errors. Real-time motion-including dose recon-
struction was recently demonstrated in simulated treatments [9–
11] and phantom treatments [12], but it has not yet been applied
during actual patient treatments. Here, we present the world’s first
clinical real-time motion-including tumor dose reconstruction
during radiotherapy delivery.
Methods

Real-time motion-including tumor dose reconstruction was
performed with the in-house developed program DoseTracker
[12] at a total of ten treatment fractions for seven patients treated
with SBRT for primary hepatocellular carcinoma (n = 1), cholangio-
carcinoma (n = 1), or one (n = 3) or two (n = 2) liver metastases.
Each patient had 2–3 fiducial markers implanted near the lesion
(s). A planning target volume (PTV) was constructed by expanding
the clinical target volume (CTV) with 5 mm in the left–right (LR)
and anterior-posterior (AP) directions and 10 mm in the cranio-
caudal (CC) direction. The prescribed mean CTV dose was 48 Gy
in three or six fractions (primary tumors) or 56.25 Gy in three frac-
tions (metastases). A treatment planning system (TPS, Eclipse 13.7,
Varian Medical Systems, Palo Alto, CA) was used to design a three-
arc volumetric modulated arc therapy (VMAT) plan that covered
the CTV with 95% and the PTV with 67% of the prescribed dose.
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Abdominal compression was used for all but one patient (due to
discomfort). Patient setup was based on a cone-beam CT (CBCT)
scan with match on the gold markers.
Fig. 1. Workflow of the study. See the text for details. During treatment delivery, the tum
with linac parameters to DoseTracker, which calculated both the actual (motion-includin
the real-time COSMIK localization (bottom left) and DoseTracker dose (bottom right).

Fig. 2. Time-resolved doses to a point. Actual (red, thin) and planned (black, thick) (A) t
cranial part of the tumor (indicated by the white dot in Fig. 4) as calculated in real-time b
tissue densities) (right). Differences between DoseTracker and the TPS can be seen in Fig
referred to the web version of this article.)
As illustrated in Fig. 1, the dose reconstruction relied on real-
time tumor motion monitoring by an in-house developed method
of Combined Optical and Sparse Monoscopic Imaging with
or position was estimated in real time by the COSMIK method and streamed along
g) and planned (static) tumor dose in real-time (top). Post-treatment verification of

ransient and (B) cumulative dose during the first 50 s of a fraction in a point in the
y DoseTracker (left) and post-treatment by the treatment planning system (TPS, CT
. 3. (For interpretation of the references to colour in this figure legend, the reader is



ig. 3. Tumor motion and motion-induced dose error in a point. (A) Tumor motion
the cranio-caudal direction during the first 50 s of a fraction. (B) Transient dose

rror and (C) cumulative dose error in the point shown in Fig. 2 (white dot in Fig. 4)
s calculated in real time by DoseTracker (red, thin lines) and post-treatment by the
eatment planning system (TPS CT tissue density) (black, thick lines). Absolute
ansient dose errors larger than 5 cGy/s were associated with large tumor
xcursions as indicated with ticks on the time axis. (For interpretation of the
ferences to colour in this figure legend, the reader is referred to the web version of
is article.)

68 Real-time doses for moving tumors in the clinic
Kilovoltage X-rays (COSMIK [13]). At each session, the COSMIK
program streamed the position of an external marker block on
the patient’s abdomen and all kV images from the linac via a
research frame grabber system (iTools Capture, Varian Medical
Systems). Before treatment onset, COSMIK segmented the marker
positions in all CBCT projections, estimated the 3Dmarker trajecto-
ries using a probability-based method and used this to establish a
correlation model between the external marker block motion and
the internal three-dimensional (3D) motion of each implanted
marker [13]. This did not delay treatment start, since it was com-
pleted during the manual CBCT match and couch correction proce-
dures. During treatment delivery, COSMIK continuously estimated
the internal 3D marker position in real time from the marker block
motion. The correlation model was updated with automatic mar-
ker segmentation from kV images acquired during beam pauses
every 3 s [13]. Marker segmentations with a low confidence were
rejected and not used for model update [13]. COSMIK assumed
the same tumor position relative to the markers as at treatment
planning and broadcasted the tumor position and all accelerator
parameters to DoseTracker at 9.5 Hz as Unified Data Protocol
(UDP) messages. In a continuous loop, DoseTracker used a simpli-
fied pencil beam algorithm [14] that assumed water density of the
patient to calculate the dose in real-time to the same calculation
points as used by the TPS within the PTV. The dose was first calcu-
lated in the isocenter plane by convolving a pencil beam kernel
with a field intensity function (defined by the MLC aperture and
jaws), and then scaled in depth to all calculation points [14]. At
each calculation time, the dose increment in each point was calcu-
lated both as actually delivered with the real-time estimated
tumor position and as planned without motion. The calculation
of actually delivered dose used the streamed actual accelerator
parameters, while the calculation of the planned dose used accel-
erator parameters from the treatment plan.

Post-treatment, the accuracy of the real-time marker localiza-
tion and dose reconstruction was estimated by comparison with
more accurate calculations (Fig. 1, bottom). The markers were seg-
mented in all intra-treatment kV images using cylindrical marker
templates [15] and manually corrected if the segmentation error
exceeded two pixels as deemed by visual inspection. The 3D mar-
ker positions for each kV image were estimated by the probability-
based method used for Kilovoltage Intrafraction Monitoring (KIM)
[16], reported to have sub-millimeter accuracy [17]. Using these
3D positions as ground truth, the root-mean-square (RMS) local-
ization error of COSMIK at the time of kV imaging was calculated
for the marker constellation centroid.

A ground truth tumor dose with the real-time estimated tumor
motion was obtained by generating a plan that emulated motion as
multiple isocenter shifts and calculating this motion-encoded plan
in the TPS [18] using Acuros XB 13.7.14 (Varian Medical Systems).
The TPS calculations were performed both with the actual CT tissue
density and with water density to investigate the impact of the
water density assumption of DoseTracker. The real-time calculated
doses from DoseTracker were imported into the TPS and compared
with the ground truth dose in terms of the difference between the
planned static CTV dose and the actual CTV dose with motion. The
motion-induced reductions in the mean CTV dose (DDmean) and
minimum doses to 95% and 98% of the CTV (DD95 and DD98) were
compared between DoseTracker and the TPS. Furthermore, the
time-resolved dose in a selected calculation point in the tumor
1.2 cm cranially from the isocenter was compared between Dose-
Tracker and the TPS for one fraction. Here, the time resolved dose
in the TPS was obtained by accumulating the dose in each 0.5� gan-
try rotation interval during the VMAT delivery [19], which corre-
sponded to a time resolution of approximately 0.6 s. For each
fraction, all cumulative point doses of DoseTracker were compared
with the corresponding TPS CT doses for both the actual motion-
including dose and the planned dose. The mean and the standard
deviation of the dose error of DoseTracker were calculated and
used to represent the systematic and random dose reconstruction
error of DoseTracker at a fraction.

Results

In the patient recruitment period, real-time dose reconstruction
was attempted for twenty treatment fractions for eight consecu-
tive liver SBRT patients. The real-time dose reconstruction was,
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however, only successful for the ten included fractions (covering
seven patients). The failed real-time dose reconstructions were
due to user preparation errors (n = 2), system crash (n = 1), com-
munication failures between COSMIK and DoseTracker (n = 5) or
inactivated COSMIK correlation model updates (n = 2).

On average, 169 intra-treatment kV images (range: 82–201)
were acquired at each fraction. The treatment was in mean delayed
by 0.5 s per image acquisition as the gantry was rotated back in
order to resume the VMAT treatment. The COSMIK program
performed real-time marker segmentation in 91.5% of the intra-
treatment kV images (range: 58–100%). Post-treatment segmenta-
tion in all images showed that the mean (range) RMS localization
error of COSMIK at a fraction was 0.8 mm (0.2–2.1 mm) (LR),
1.1 mm (0.6–2.0 mm) (CC), 0.9 mm (0.3–1.6 mm) (AP), and
1.7 mm (0.9–2.6 mm) (3D).

The mean PTV volume was 59.5 cm3 (range: 31.4–84.4 cm3)
with 3197 (range: 1694–4520) calculation points in a regular grid
with 2.5 mm (LR, AP) and 3 mm (CC) spacing. DoseTracker was
allowed to average over UDP messages spanning up to 500 ms
[12], but in general reconstructed the actual and planned dose
increments in all calculation points at the same 9.5 Hz rate as the
UDP messages from COSMIK: 96.8%, 1.8% and 1.4% of the dose cal-
culations spanned one, two and more UDP messages, respectively.
The real-time calculated time-resolved actual and planned dose in
the single test point was very similar to the ground truth TPS CT
Fig. 4. Final tumor dose for a fraction. Top: Planned and actual dose distributions in the c
system (TPS CT density) (right) after delivery of the whole fraction. The dose color wash
respectively. Figs. 2 and 3 show the time-resolved dose in the point indicated by a whi
actually delivered (red, thin) for the DoseTracker (left) and TPS (right) doses. The motion
colour in this figure legend, the reader is referred to the web version of this article.)
dose (Fig. 2). Substantial dose errors, i.e. deviations between the
actual and planned transient dose in the point, were associated
with larger tumor excursions caused by respiration (Fig. 3). Despite
its simplified algorithm, DoseTracker reconstructed dose errors
well for the test point (Fig. 3B-C). Comparing the cumulative dose
of all calculation points, the mean (systematic) error in the recon-
structed DoseTracker dose at a fraction was on average 3.2%-points
(range 0.4–8.3%-points). DoseTracker thus tended to over-estimate
the absolute dose. However, the systematic mean dose reconstruc-
tion error at a fraction was often quite similar for the actual dose
and the planned dose with a mean (maximum) absolute difference
of 0.8%-points (2.9%-points). Therefore, the systematic error of
DoseTracker tended to cancel out when the motion-induced error
was calculated as the difference between the actual and the
planned dose. The standard deviation (random) dose error of Dose-
Tracker at a fraction was on average 3.2%-points (range: 2.0–5.3%
points). DoseTracker calculated CTV Dmean with a mean error of
4.0%-points (range �2.8 to 9.9%-points, RMS error: 5.3%-points)
for the actual motion-including dose and 4.4%-points (range �2.4
to 9.8%-points, RMS error: 5.8%-points) for the planned static dose.
Fig. 4 shows the reconstructed cumulative tumor doses at a frac-
tion with CTV Dmean of 97.2% (actual) and 101.8% (planned) in
the DoseTracker calculation and 95.5% (actual) and 100% (planned)
in the ground truth TPS CT calculation. Note that the dose color
display for DoseTracker has been scaled to the DoseTracker mean
oronal slice through the isocenter for DoseTracker (left) and the treatment planning
range is 95–107% of the mean CTV dose as calculated by DoseTracker and the TPS,
te dot. Bottom: Dose volume histograms for the CTV as planned (black, thick) and
-induced reduction in CTV D95 is indicated. (For interpretation of the references to
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CTV dose in the figure. Since DoseTracker over-estimated both the
actual and planned dose by approximately the same amount, it
gave good estimations of the motion-induced DDmean (4.5%-
points vs 4.5 %-points with the TPS), DD95 (13.4%-points vs
12.3%-points) and DD98 (15.3%-points vs 14.3%-points).

The motion resulted in CTV dose reductions of up to 4.5%-points
(Dmean), 12.3%-points (D95), and 14.3%-points (D98) as calculated by
the TPS (CT densities). The motion-induced reduction in CTV dose
coverage reconstructed in real-time by DoseTracker agreed well
with the TPS with RMS differences over all fractions and tumors
of 0.9%-points (DDmean), 1.3%-points (DD95) and 1.5%-points
(DD98) (Fig. 5, top). Outliers were mainly caused by the water den-
sity approximation in the current version of DoseTracker as seen
by a substantially better agreement between DoseTracker and
TPS water density calculations (Fig. 5, bottom).

Discussion

In this study, real-time motion-including tumor dose recon-
struction during patient treatments was demonstrated for the first
time by combining in-house developed real-time methods for
tumor motion monitoring and dose calculation. Sufficiently fast
dose reconstruction for real-time use was obtained by a simplified
dose algorithm that nevertheless estimated the motion-induced
tumor dose reduction accurately. It should be noted that the
motion monitoring and dose calculation only rely on standard
equipment on a conventional linear accelerator, making the
methods portable to most linear accelerators. Although this first
demonstration focused on the tumor dose and assumed rigid
Fig. 5. Reduction in tumor dose coverage. Motion-induced CTV dose reduction for all
planning system (TPS) using both CT (top) and water densities (bottom). The graphs show
(right). The red circles indicate the case used in examples in Figs. 2–4. The unity line indic
mean-square difference between DoseTracker and the TPS. (For interpretation of the refer
article.)
motion, the real-time dose reconstruction could also be performed
for organs-at-risk and include more complex motion such as rota-
tions [20] and deformations if such motion were available in real
time, e.g. by MR imaging.

While DoseTracker modeled motion as rigid tumor shifts inside
the patient, the TPS in effect shifted the entire patient in dis-
cretized steps of 1.5 mm [18]. This difference between methods
is only expected to give small tumor dose differences, which justi-
fies the use of the TPS isocenter shift method as ground truth in
this study. Since the goal was to quantify the dose reconstruction
accuracy, it should be acceptable to use the slightly imprecise
real-time COSMIK localization data as tumor motion in the com-
parisons between DoseTracker and TPS. DoseTracker estimated
the absolute dose relatively poorly with a CTV Dmean RMS error
of 5.8%-points. We ascribe the dose overestimation to an overly
simple scaling of the dose with the MLC aperture, where Dose-
Tracker uses an equivalent square field that has the same area as
the total area of the MLC aperture. However, the reduction in
CTV dose coverage caused by motion was reconstructed more
accurately with RMS errors of 0.9–1.5%-points for CTV DDmean,
DD95 and DD98 since errors present in both the motion dose and
static dose tended to cancel out when the two doses were sub-
tracted. The better agreement of DoseTracker with TPS water cal-
culations than with TPS CT calculations (Fig. 5) suggests that
tissue density modeling could improve the accuracy of Dose-
Tracker substantially. Tissue density modeling will most likely also
be required for application of DoseTracker in the lung. Adding this
will increase the computation time, but we do not anticipate major
issues. Other potential improvements of DoseTracker include
tumors and fractions as calculated by DoseTracker plotted against the treatment
the reduction in CTV mean dose (DDMean) (left), D95 (DD95) (middle), and D98 (DD98)
ates perfect agreement of dose error reconstruction. The numbers indicate the root-
ences to colour in this figure legend, the reader is referred to the web version of this
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modeling of skin obliquity and off-axis factors. Furthermore, the
robustness of the integrated system with COSMIK motion monitor-
ing and DoseTracker dose reconstruction must be improved as five
out of twenty attempts of real-time dose reconstruction failed due
to communication errors between COSMIK and DoseTracker (while
user errors or hardware malfunction caused five other failures).

Other researchers have pursued real-time treatment validation
[9–11,21,22]. However, these studies either disregarded motion
[21,22] or they were used pre-clinically without any evaluation
until the end of the treatment fraction [9–11]. All of these studies
additionally relied on a number of pre-calculations, limiting their
applicability to a certain range of treatment scenarios. In contrast,
DoseTracker calculates doses in completeness at treatment with-
out the limitation of pre-calculations within a conceived set of
treatment scenarios.

This study was entirely observational without treatment inter-
ventions based on the real-time reconstructed tumor dose. How-
ever, the dose reconstruction could be used for dose-guided
intrafraction treatment adaptation on several time scales ranging
from couch corrections between treatment fields to real-time
adaptation by gating or tracking [23]. For real-time adaptation,
the latency must be low. The latency is here the total time for
the dose calculations (typically less than 100 ms; 96.7% of the dose
calculations finished before next information in the 9.5 Hz feed
arrives) and motion adaptation. Image-guided MLC-tracking has
a total latency of about 300 ms [24], but COSMIK is faster since it
uses an optical feed [25]. However, for this study we did not log
times to analyze this in further detail. Ultimately, real-time adap-
tation seems realistic. On an interfraction timescale, the indication
of large dose errors by DoseTracker could be used to trigger more
accurate dose reconstructions and interfraction plan adaptations.
In the long term, better knowledge of actually delivered doses
may lead to more accurate dose–response relationship models,
which currently suffer from a plethora of uncertainties with
respect to delivered dose. We believe that DoseTracker could help
provide a piece of that puzzle.

In conclusion, the world’s first clinical real-time motion-
including tumor dose reconstruction during patient treatments
was implemented. This marks an important milestone for real-
time in-treatment quality assurance and paves the way for
intrafraction dose-guided treatment adaptation.
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