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Purpose: The outcome of radiotherapy is a direct consequence of the dose delivered to the patient. Yet
image-guidance and motion management to date focus on geometrical considerations as a practical sur-
rogate for dose. Here, we propose real-time dose-guidance realized through continuous motion-including
dose reconstructions and demonstrate this new concept in simulated liver stereotactic body radiotherapy
(SBRT) delivery.
Materials and methods: During simulated liver SBRT delivery, in-house developed software performed
real-time motion-including reconstruction of the tumor dose delivered so far and continuously predicted
the remaining fraction tumor dose. The total fraction dose was estimated as the sum of the delivered and
predicted doses, both with and without the emulated couch correction that maximized the predicted
final CTV D95% (minimum dose to 95% of the clinical target volume).
Dose-guided treatments were simulated for 15 liver SBRT patients previously treated with tumor

motion monitoring, using both sinusoidal tumor motion and the actual patient-measured motion. A
dose-guided couch correction was triggered if it improved the predicted final CTV D95% with 3, 4 or 5
%-points. The final CTV D95% of the dose-guidance strategy was compared with simulated treatments
using geometry guided couch corrections (Wilcoxon signed-rank test).
Results: Compared to geometry guidance, dose-guided couch corrections improved the median CTV D95%
with 0.5–1.5 %-points (p < 0.01) for sinusoidal motions and with 0.9 %-points (p < 0.01, 3 %-points trigger
threshold), 0.5 %-points (p = 0.03, 4 %-points threshold) and 1.2 %-points (p = 0.09, 5 %-points threshold)
for patient-measured tumor motion.
Conclusion: Real-time dose-guidance was proposed and demonstrated to be superior to geometrical
adaptation in liver SBRT simulations.
� 2021 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 164 (2021) 175–182 This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
The foundation of radiotherapy is the link between delivered
dose and clinical outcome. Yet image-guided radiotherapy (IGRT)
typically uses purely geometrical considerations as a practical sur-
rogate for the more clinically relevant quantity of dose when align-
ing daily setup images with simulation images [1]. The geometrical
alignment is a simplification based on an assumption of patient
rigidity. More complex situations arise in case of deformations such
as differential motion of multiple targets or organs-at-risk (OAR)
that hinder perfect alignment of all structures simultaneously.

To address this issue, researchers have investigated the concept
of dose-guided patient setup, where the dosimetrically optimal
patient position is calculated based on the anatomy of the day.
This concept has been considered for both photon [2–4] and proton
[5–7] therapy. Similarly to IGRT methods, dose-guidance efforts
have focused on online correction for interfractional changes
observed in pre-treatment images. However, substantial anatomi-
cal changes also occur intrafractionally [8], potentially deteriorat-
ing the delivered dose.

Real-time dose-guidance would require both real-time tumor
localization and dose calculations. Real-time intrafraction motion
monitoring has in recent years become more accessible with mon-
itoring methods developed for standard linear accelerators (linac)
[9] and the commercialization of MR-linacs [10,11]. The increasing
interest in real-time motion monitoring has facilitated research in
real-time dose reconstruction [12–14]. Real-timemotion-including
tumor dose reconstruction during clinical liver stereotactic body
radiotherapy (SBRT) delivery was recently demonstrated [15].
However, tools are still lacking to use the real-time dose informa-
tion to evaluate and potentially improve an ongoing treatment. As
an example, it is not straightforward to determine which impact a
dose deficit in a partially delivered treatment will have on the final
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Real-time dose-guided radiotherapy
dose and how it may be compensated optimally by an intrafraction
treatment correction.

In this paper, we propose real-time dose-guidance and demon-
strate this concept in simulated SBRT delivery in the liver, where
dose is highly susceptible to motion. During simulated treatments
the final tumor dose of the fraction is continuously predicted in
real time both without intervention and with the emulated couch
correction that optimizes the final predicted tumor dose. This
dose-guidance is used to trigger an inter-field couch correction
when the dosimetric gain of the correction exceeds a pre-defined
threshold.
Materials and methods

Real-time dose-guidance

The methodology of real-time dose-guidance is sketched in
Fig. 1 and detailed in the following text. It was implemented as
an extension of a computer program, DoseTracker, developed in-
house for real-time motion-including dose reconstruction during
radiotherapy delivery [13–16]. DoseTracker uses a simple pencil
beam algorithm and assumes water density inside the patient con-
tour [16] as defined on the planning CT. The target motion is mod-
eled as rigid shifts within the static patient contour.

In the simulations, DoseTracker calculated the planned dose for
each control point in the plan immediately before treatment start
(label 1 (L1) in Fig. 1). For conformal plans, a single planned dose
calculation was made per field. For the intensity modulated plans,
the sliding window motion of a field was discretized into 166 con-
trol points for which the planned dose was calculated. The dose
was calculated in the same grid as originally used by the treatment
planning system, but only in the clinical target volume (CTV)
extended with a margin to account for motion. During treatment
delivery, a synchronized stream of accelerator parameters (L2)
and target positions (L3) were sent to a data queue using Unified
Data Protocol (UDP) at a frequency of 21 Hz. In a continuous loop,
DoseTracker emptied the data queue, calculated the dose incre-
ment in the moving target since the last calculation and added this
dose increment to previous dose calculations to obtain the cumu-
lative dose distribution delivered to the moving target up to the

current time point, DReconstructed
Delivered (L4). The real-time calculation of
Fig. 1. Real-time dose-guidance workflow with loops for dose reconstruction and dose-gu
description in the text.
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the delivered dose was performed for the same calculation points
as the pre-calculated planned dose (L1).

After each dose calculation, the delivered number of monitor
units (MU), the target motion and the cumulative reconstructed
dose were added to the internal history (L5).

The real-time dose-guidance loop continuously checked the
internal history (L5) and estimated the remaining fraction dose,

DEstimated
Remaining (L7), by convolving the part of the pre-calculated planned

dose that remained to be delivered (L6) with the motion observed
so far. In this study, the convolution was performed with the target
motion observed in the previous 40 seconds. The final fraction dose
was then estimated as the sum of the delivered and estimated
remaining dose (L8):

DEstimated
Final ¼ DReconstructed

Delivered þ DEstimated
Remaining ð1Þ

After each estimation of the final fraction dose, the dose within
the CTV was interpolated to a 1 mm grid and used to construct the
CTV DVH and extract the CTV D95% (minimum dose to 95% of the
CTV).

To support real-time dose-guided couch corrections, the final
fraction dose was additionally calculated with emulated couch
shifts by shifting the estimated remaining dose before it was added
to the delivered dose. The optimized couch shift was determined as
the couch shift that maximized the final CTV D95%. The couch shift
optimization was implemented with the Nelder-Mead algorithm
[17]. A constraint was applied to the couch shift optimization algo-
rithm, whereby couch shifts that would result in a mean position
error larger than 1 cm were not carried out. This was done to avoid
a non-viable strategy in which CTV D95% is increased simply by
moving the patient towards the accelerator head, which can hap-
pen when all remaining treatment fields come from nearly the
same direction. The estimated final fraction dose with the opti-
mized couch shift (L9) was given by:

DEstimated
Final;optimized ¼ DReconstructed

Delivered þ DEstimated
Remaining;optimal shift ð2Þ

The real-time dose-guidance loop continuously calculated

DEstimated
Final and DEstimated

Final;optimized and triggered a dose-guided couch correc-

tion if the difference in CTV D95% between DEstimated
Final;optimized and DEstimated

Final

exceeded a pre-defined threshold value (L10).
idance running in real-time during a simulated treatment. The numbers refer to the
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Treatment simulations with real-time dose-guided radiotherapy

Treatment delivery with real-time dose-guided couch correc-
tions was simulated for 15 liver SBRT patients previously treated
on a TrueBeam linear accelerator (Varian Medical Systems, Palo
Alto, CA) with tumor motion monitoring by implanted electromag-
netic transponders (Calypso, Varian Medical Systems) [8]. The PTV
was generated by expanding the CTV with 5 mm axial and 7 mm
(n = 12) or 10 mm (n = 3) cranio-caudal (CC) margins. The pre-
scribed CTV mean dose was 48 Gy for four patients with primary
liver tumors and 45 Gy (n = 1), 56.25 Gy (n = 9), or 61.8 Gy
(n = 1) for eleven patients with one (n = 9), two (n = 1) or three
(n = 1) liver metastases. All treatments were given in three frac-
tions. Seven-field intensity modulated (n = 8) or 3D conformal
(n = 7) plans covered at least 99% of the CTV with 95% of the pre-
scription dose and the PTV with 67% of the prescription dose
[18,19]. In this study, the treatments were simulated using the
original plans, but the patient-measured motion trajectories were
adjusted to free-breathing delivery with cone-beam CT (CBCT)
setup to the mid-ventilation position in order to investigate motion
mitigation by real-time dose-guidance rather than respiratory gat-
ing. This adjustment process has been previously described [8].
More details on the plans, treatments and motion can be found
in Worm et al. [8].

Each patientwas simulatedwith three types of tumormotion tra-
jectories of increasing complexity: (1) Sinusoidal motion in the
cranio-caudal direction with 4 s period and 20 mm peak-to-peak
amplitude and with the mean position being offset 4 mm and
8mmin the cranial direction. This represented regular andeasilypre-
dictable motion with interplay effects. (2) The Calypso-measured
internal tumor motion without intrafraction drift after the first field.
Here, themeasuredmotion during each field was shifted to have the
samemean position as the first field. It represented irregular respira-
tory motion without intrafraction baseline drift. (3) The Calypso-
measured internal tumor motion. It represented motion traces simi-
lar to what would be expected in clinical practice including both
irregular motion and intrafraction baseline drift.

In a first series of simulations, each treatment was simulated
without dose-guided couch corrections to investigate the ability
of Eq. (1) to predict the final CTV dose error during treatment deliv-
ery. The prediction accuracy was quantified as the difference
between the predicted final CTV DD95% after each treatment field
and the actual final CTV DD95% of the fraction. Here, DD95% is the
motion-induced loss in D95% compared to the planned dose (calcu-
lated in L1 in Fig. 1). In a second series of simulations, a dose-
guided inter-field couch correction was triggered if the estimated
final gain in CTV D95% exceeded 3, 4 or 5 %-points. The couch cor-
rection performed was the one that maximized the estimated final
CTV D95% in Eq. (2). For comparison, these simulations were addi-
tionally run with a couch correction performed at the same time
points as the dose-guided couch shifts, but with the couch being
shifted to geometrically reset the mean tumor position, using the
last 40 seconds of motion data, rather than being dose-guided.
For the fractions with couch corrections, the final CTV DD95%
was compared between dose-guidance, geometry guidance and
simulations with no corrections using a Wilcoxon signed-rank test
at a significance level of 5% in MATLAB (ver. R2019b, The Math-
works, Inc.).
Computation time

The simulations were run on Intel Core i7-8700 CPUs. The com-
putation times were logged during the real-time simulations. The
mean calculation times for the dose reconstruction and dose-
guidance loops were calculated for each fraction and the median
and range hereof were reported.
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Results

Dose prediction

In the treatment simulations without couch corrections, the
final CTV DD95% was predicted with highest accuracy for the sinu-
soidal motion (root-mean-square error (RMSE) below 0.5 %-points)
and lowest accuracy for the Calypso motion (RMSE of 2.00 %-
points) (Fig. 2). The accuracy of the predicted CTV DD95% in gen-
eral improved as a treatment fraction progressed, as less weight
was put on the estimated remaining dose and more weight was
put on the reconstructed dose delivered so far (Fig. 3). For the sinu-
soidal motion, the maximum error in the predicted CTV DD95%
was below 2 %-points (Fig. 3.A-B). The median error was about
0.2 %-points after the first field and decreased as the treatment
progressed. For Calypso motion without drift, the maximum pre-
diction error was 6.3 %-points with the largest median error being
0.5 %-points after the second field (Fig. 3.C). For Calypso motion,
the errors were larger with a maximum prediction error of 12.6
%-points and a median error that decreased steadily from 1.3 %-
points after the first field to 0.3 %-points after the sixth field
(Fig. 3.D).
Dose-guidance

Fig. 4.A (green and blue curves) shows a simulation of dose-
guidance with Calypso-measured tumor motion. Inter-field couch
corrections were triggered when the optimized couch shift (green
curve) improved the estimated final CTV D95% with at least 4 %-
points compared to the estimate without a couch shift. In this frac-
tion, a dose-guided couch correction was triggered once after the
second field, where it was estimated to improve D95% with 4.7
%-points. For comparison, Fig. 4.A also shows D95% for the two
alternative simulations with a geometry guided couch correction
that resets the mean geometrical error after the second field
(red) and without any couch correction (black). CTV DVHs for the
different scenarios are presented right after the couch correction
(Fig. 4.B) and at the end of treatment (Fig. 4.C). In this example,
the final CTV D95% was 77.5 %-points (no correction), 81.9 %-
points (geometric couch correction) and 84.3 %-points (dose-
guided couch correction).

Fig. 5 compares the final CTV DD95% distributions for dose-
guidance using the 4 %-points trigger threshold, geometry
guidance and no couch corrections. The DD95% distributions for
the 3 %-points and 5 %-points trigger thresholds are shown in Sup-
plementary Figs. 1-2, while Table 1 summarizes key numbers for
the CTV DD95% distributions. For all motion types, geometry
guided couch corrections significantly improved CTV DD95% when
compared to no couch correction (p < 0.01). Dose-guidance further
improved the median CTV DD95% compared to geometrical correc-
tions with a statistically significant difference in all cases except for
Calypso tumor motion with 5 %-points trigger threshold (p = 0.09,
Table 1). The dose-guided couch correction differed up to 6.9 mm
from geometrically shifting the tumor to a mean position of zero
(Table 1). It typically involved an over-compensation for the cur-
rent geometrical error such that CTV sub-volumes systematically
under-dosed in the first part of a treatment were moved well into
the high dose volume to minimize dose deficits in these sub-
volumes in the remaining part of the fraction. An example of the
over-compensation can be seen in Supplementary Fig. 3 for the
same case as presented in Fig. 4.

A movie is available in the supplementary material which may
elucidate how the method works in practice. In the movie,
real-time calculated data from two simulations are shown in a
way that could also be displayed during clinical use. The movie



Fig. 2. The real-time predicted CTV DD95% versus the final CTV DD95% in simulations without couch corrections. The unity line indicates perfect agreement between
predicted and final CTV DD95%. 15 fractions were simulated with sinusoidal motion (A-B) and 45 fractions were simulated with Calypso-measured motion (C-D). For each
simulated fraction, the predictions are shown after 1–6 out of 7 treatment fields. The numbers indicate the root-mean-square error (RMSE) of the predicted CTV DD95%.

Real-time dose-guided radiotherapy
shows the evolvement of both the CTV DVH and the D95% through-
out a fraction.
Computation time

The median number (range) of calculation points was 53,622
(6,866 – 148,570). The median (range) of the mean calculation
time was 75 ms (52 ms – 199 ms) for the dose reconstruction loop
(L4 in Fig. 1) and 1358 ms (28 ms – 6665 ms) for the dose-guidance
loop (L5-L10).
Discussion

In this study, a new concept of real-time dose-guidance was
proposed and its ability to maximize the tumor dose through
inter-field couch corrections was investigated for liver SBRT. The
real-time dose-guidance approach improved the final CTV D95%
compared to geometry guidance for all 12 investigated combina-
tions of tumor motion type and couch shift trigger threshold, with
the improvement being significant for 11 combinations. While the
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real-time dose-guidance loop in Fig. 1 is a new development in this
study, the real-time dose reconstruction loop that feeds into it was
recently demonstrated clinically for liver SBRT [15], indicating that
a clinical translation of real-time dose-guidance is feasible.

A key element of the real-time dose-guidance is the continuous
estimate of the final dose of an ongoing treatment including
motion effects. This estimate was obtained by combining real-
time reconstruction of the tumor dose delivered so far with a pre-
diction of the remaining motion-including dose. It enables real-
time construction of final DVHs of an ongoing treatment for the
first time. This is an important step forward since the DVH is a fun-
damental tool for both dose evaluation and optimization in radio-
therapy, but only the DVH of a full treatment fraction provides
useful and easily interpretable information. The real-time compar-
ison of DVHs for the current patient position and the dose opti-
mized position allows informed decision-making on treatment
interventions based on the clinically relevant metric of absorbed
dose. As an example, a dose deficit caused by random errors from
breathing motion cannot be compensated by a couch correction,
but if it is caused by a systematic error, dose-guidance will esti-
mate both the dosimetric gain obtained by a couch correction



Fig. 3. Boxplot of the absolute dose error in the real-time predicted final CTVDD95% for sinusoidal motion (A-B) and Calypso-measured motion (C-D) after delivery of 1–6 out
of seven treatment fields. Outliers, shown as plus signs, are defined as values further from the quartile lines than the interquartile range times 1.5.
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and the optimal couch position that compensates best for the dose
deficit.

This first investigation of real-time dose-guidance focused on a
relatively simple scenario where the dose to a rigidly translating
target was optimized through inter-field couch corrections.
Although the final CTV D95% was estimated continuously, the
couch was only corrected between fields as a trade-off to correct
gross dose errors with only little impact on the treatment work-
flow, since the correction could be handled during beam-off. In
the case of few fields, which is typical for arc treatments, intra-
field couch shifts may also be performed during beam interrup-
tions. Although dose-guidance was superior to geometry guidance
in all the studied cases, it will be more important for more complex
cases that are not easily understood from geometry alone. One
example is when dose deficits caused by rotational motion
[20,21] are to be compensated by translational couch corrections.
Another example is when conflicting dosimetric requirements
arise because several targets or OARs move relative to each other.
The continuous dose estimation could also be used for motion
adaptation on other time scales ranging from repair of suboptimal
doses from previous fractions to baseline drift adaptation by trail-
ing [22] and real-time dose-guided motion adaptation by gating or
tracking. For gating, the decision on gate-on or gate-off would rely
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on the dosimetric consequences, ideally considering both target
and OARs, rather than only the target position. For tracking, the
beam-target realignment, or the multi-leaf collimator (MLC) adap-
tation in case of MLC tracking, would similarly be based on dose
optimization rather than optimizing the beam geometry to resem-
ble the planned geometry as much as possible.

During the simulated treatments, the remaining fraction dose
was estimated in a simple way as the planned remaining dose con-
volved with the tumor motion observed in the last 40 seconds. This
neglects both interplay effects and potential changes in the motion
pattern such as motion irregularities and baseline drift. For the
sinusoidal motion, the end-of-fraction CTV D95% was in general
predicted accurately (Fig. 2.A-B and 3.A-B), indicating that inter-
play effects were small in agreement with previous studies using
regular motion [23]. The Calypso-measured motion had consider-
ably larger dose prediction errors (Fig. 2.C-D and 3.C-D), probably
because the motion used for dose convolution was a poorer repre-
sentation of the motion during the remaining treatment. This was
particularly the case for Calypso motion, which included both
irregular motion and baseline drift. Large prediction errors may
be worrisome when the predicted dose is used for treatment deci-
sions, but it should be noted that couch corrections based on
geometry guidance would have the same issues of changing drift



Table 1
Number of fractions with couch correction, three-dimensional difference between geometric and dose-guided couch corrections, and loss in CTV D95% (DD95%) compared to
planned dose. The p-values compare geometry and dose-guidance for the fractions where a shift was triggered.

Motion Type Trigger
Threshold

Fractions with
0/1/2 couch
corrections

Correction
difference (mm)
Median (range)

DD95% Dose-guidance
(%-points) Median
(range)

DD95% Geometry
guidance (%-points)
Median (range)

DD95% No
correction (%-points)
Median (range)

p-value
Geometry vs
dose-guidance

Sine 4 mm offset 3% 0/15/0 1.24 (0.16–2.94) 6.0 (2.7–11.5) 6.5 (3.0–13.2) 16.0 (7.2–27.0) <0.01
4% 1/14/0 1.27 (0.17–2.95) 6.1 (2.7–11.5) 7.2 (3.0–13.2) 16.1 (7.2–27.0) <0.01
5% 5/10/0 1.42 (0.49–2.95) 8.1 (3.8–11.5) 9.4 (4.3–13.2) 19.0 (11.5–27.0) <0.01

Sine 8 mm offset 3% 0/15/0 1.70 (0.22–3.28) 7.1 (4.7–13.0) 8.6 (5.4–15.5) 30.1 (16.2–41.0) <0.01
4% 0/15/0 1.70 (0.19–3.43) 7.1 (4.7–13.0) 8.6 (5.4–15.5) 30.1 (16.2–41.0) <0.01
5% 0/15/0 1.70 (0.22–3.28) 7.1 (4.7–13.0) 8.6 (5.4–15.5) 30.1 (16.2–41.0) <0.01

Calypso without drift 3% 18/27/0 2.21 (0.60–4.34) 2.1 (0.0–15.2) 3.4 (1.1–14.8) 7.1 (3.3–28.6) <0.01
4% 31/14/0 2.16 (0.50–4.09) 2.1 (0.0–15.2) 3.1 (1.1–14.8) 9.6 (3.6–28.6) <0.01
5% 35/10/0 2.48 (0.51–4.09) 2.4 (0.5–15.2) 3.8 (2.2–14.8) 11.3 (5.9–28.6) 0.02

Calypso 3% 21/23/1 2.35 (0.51–6.89) 2.6 (0.4–16.6) 3.5 (1.6–17.3) 7.7 (2.9–33.2) <0.01
4% 26/19/0 2.28 (0.51–6.56) 3.3 (0.4–16.4) 3.8 (2.2–17.3) 10.0 (4.4–33.2) 0.03
5% 31/14/0 2.67 (0.51–6.43) 4.4 (1.5–16.6) 5.6 (2.2–17.3) 15.1 (4.5–33.2) 0.09

Fig. 4. A: Examples of the final CTV D95% estimated continuously during a simulated fraction with Calypso motion. The CTV D95% estimation (equation (1)) is shown for three
different simulations. (1) Without couch corrections (black). (2) With dose-guidance (blue) where a single dose-guided couch correction was performed after field 2 because
the optimal correction (green), as calculated by equation (2), improved the predicted CTV D95% by more than the threshold of 4 %-points. (3) With geometry guidance (red),
where a couch correction to reset the geometrical error was performed at the same time as the dose-guided correction was performed. The gray and white background
shadings show the seven treatment fields. B: The planned and predicted CTV DVHs right after the dose guided couch correction was triggered. C: The final CTV DVHs along
with the predicted CTV DVHs right after the dose guided couch correction was triggered.

Real-time dose-guided radiotherapy
patterns potentially making a couch correction obsolete and even
detrimental. However, as seen from Fig. 5, correcting the couch
based on the available data, is still better than doing nothing.

The geometry guided couch corrections in this study were per-
formed at the same time points as the dose-guided corrections.
This was done to compare the efficacy of correction strategies that
used the same number of corrections. Another choice made in this
study was to use the last 40 second motion history to predict the
remaining fraction dose. It allowed averaging over multiple breath-
ing cycles while still adapting reasonably fast to baseline shift by
discarding old data. A shorter motion history may be more appro-
priate for more frequent adaptations. As an example, Fast et al.
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used the motion from the previous three respiratory cycles in sim-
ulations of geometry-guided tumor trailing for liver SBRT [22].

In this paper, relatively large CTV dose deficits were found
partly because the treatment plans were designed with small mar-
gins for respiratory gating [8] while the simulations used free
breathing. Additionally, the PTV was planned to be covered by
67% of the prescription dose following our institutional protocol.
Although this inhomogeneous PTV dose prescription makes the
CTV dose less robust to motion it allows considerably higher CTV
doses for the same normal liver irradiation than possible with a
homogeneous PTV dose prescription [24]. The observed tendency
of dose-guidance to over-compensate for the current geometrical



Fig. 5. Boxplots of the end of fraction CTV DD95% for real-time dose-guidance with an inter-field couch correction being triggered when it leads to a predicted gain in CTV
D95% of at least 4 %-points. The numbers specify the p-value when comparing dose-guided couch corrections, geometry guided couch corrections and no intrafraction
corrections. Only fractions where a shift was applied are included. The boxplots for trigger thresholds of 3 or 5 %-points are available in the supplementary material.
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error is likely more pronounced for inhomogeneous PTV dose pre-
scriptions because a CTV underdosage is best compensated for by
shifting the underdosed CTV part well into the high dose region.

It should be noted that the dose calculations, and thus the real-
time optimized CTV D95% in this study were based on a simplified
in-house developed dose calculation algorithm that assumes water
density inside the patient contour16. Despite the simple algorithm,
comparisons with a commercial treatment planning system found
that the motion-induced reduction in CTV D95% for the patients
and plans in this study was estimated with an acceptable root-
mean-square error of 1.8% [14]. For dose reconstruction in the tho-
rax, a more accurate dose algorithm would likely be needed. Addi-
tionally, future work would need to include experiments to test a
potential clinical implementation as well as to validate the
method.
Conclusions

In conclusion, a method for real-time prediction of the full
radiotherapy fraction dose was developed and used to estimate
the treatment correction that would optimize the final tumor dose
coverage. The real-time dose-guidance was shown to be superior
to geometrical adaptation in liver SBRT treatment simulations. It
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allows informed decision making on treatment intervention based
on the most relevant parameter, namely the final dose to the
patient. It paves the way for new strategies for dose-guided
intrafractional motion adaptation that explicitly weigh conflicting
dose considerations to several targets and OARs.
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