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Background and purpose: Liver irradiations with intensity-modulated proton therapy (IMPT) often require motion
mitigation techniques that prolong treatment. A prototype spot-optimization algorithm was tested to evaluate
whether plan delivery time could be reduced while preserving quality.

Methods and materials: Fifteen patients previously treated with liver IMPT using breath-hold were re-planned
with nominal treatment planning system (TPS) settings and using a prototype spot-optimization algorithm in
which combinations of minimum Monitor Unit (MU) and layer-spacing settings were tested: 1MU/1MeV, 3MU/
3MeV, 1MU/5MeV, 5MU/3MeV. Spot-optimized and nominals plans were compared using standard dose-volume
histogram (DVH) metrics for targets and organs-at-risk. A Wilcoxon signed-rank test was applied (p < 0.05).
Delivery time for all plans were measured by creating and delivering IMPT quality assurance (QA) plans. Gamma
analyses were performed on all plans to test deliverability. Plans were considered deliverable if >90 % of points
passed a gamma criterion of 3 %/3mm.

Results: Minimal DVH differences were observed between nominal and spot-optimized plans. For the 3MU/3MeV
setting, no DVH metrics were significantly different. Median and interquartile range (IQR) delivery times for
these plans were 40 % (38 %-44 %) faster than nominal plans. 5MU/3MeV plans had median (IQR) delivery
times 59 % (52 %—-61 %) faster than nominal plans but had a small but significant increase in Livergg Dmean With
a median (IQR) difference of 0.2 Gy(RBE) (0.0-0.4 Gy(RBE)). QA analysis showed all spot-optimized plans were
deliverable.

Conclusions: The spot-optimization algorithm produced clinically deliverable plans with negligible DVH differ-
ences to nominal plans and reduced delivery time of liver IMPT by over one-third.

1. Introduction

Standard external beam radiation treatment of the liver is typically
done with photon therapy. Proton therapy has the potential to sub-
stantially reduce dose outside of the target in liver cancer treatments and
thus decrease side effects experienced by patients, notably radiation
induced liver damage (RILD) [1-4]. The favorable dose distribution of
protons depositing minimal dose after the Bragg peak and the small
number of beam angles in proton therapy leaves large parts of the
normal liver virtually without dose. However, due to respiration, the
liver is susceptible to motion during treatments. When using intensity-
modulated proton therapy (IMPT) this may result in unacceptable

dose distributions due to the interplay effect [5-7]. Centers treating liver
with IMPT therefore need to employ motion mitigation techniques to
ensure adequate dose delivery [8]. Techniques for motion mitigation
include abdominal compression [9,10], breath-holding (BH) [8,11],
phase gating [12-14], re-painting [6,15], or a combination of these
approaches. However, all the techniques mentioned decrease patient
comfort and/or prolong treatment time.

Treatment using BH can reduce the interplay effect and thus result in
better plan quality but can be difficult to tolerate for patients. Many
patients have poor performance status and struggle maintaining repro-
ducible breath holds. In IMPT, the amount of breath holds needed de-
pends on target size and field arrangements and ranges from one to low
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Fig. 1. Dose-volume parameters resulting from nominal plans and spot-optimized plans. Panels a-f (left-to-right, top-to-bottom), show parameters for CTV Dy (%),
CTV Dpin (%), Bowel Dpax (Gy(RBE)), Duodenum Dy, (GY(RBE)), Livergg Dmean (GY(RBE)), and Stomach Dy, (Gy(RBE)).Values on the x-axis represent the nominal
plans, y-values the spot-optimized plans. Points above the equivalence line thus indicate a higher dose when using the different spot-optimization settings.

double digits per field. An increased number of breath holds can lead to
patient fatigue and anxiety, prolonging treatment time and reducing
reproducibility, comfort, and ultimately, treatment quality.

Therefore, reducing the number of breath holds needed could sub-
stantially increase efficiency, quality and patient comfort. While there is
ongoing research in increasing IMPT dose rate [16,17], machines in
current clinical operation can often not increase dose rate without
additional hardware upgrades. However, accounting for the machine
specifications in plan optimization could be used to create plans that can
be delivered faster on current machines [18-21].

Current iterations of IMPT optimization algorithms typically do not
optimize delivery time. In this study, we evaluated a prototype beam
optimization algorithm which uses spot-optimization. We investigated
whether taking minimum Monitor Units (MU) and energy layer-spacing

explicitly into account during the optimization process would reduce
delivery time. We evaluated the performance of this prototype algorithm
for liver IMPT in terms of plan quality, plan delivery time, and plan
deliverability.

2. Materials and methods
2.1. Patients

Under a retrospective Institutional Review Board (IRB) approved
protocol, we identified 15 consecutive liver patients that were previ-
ously treated at our institution with IMPT and BH. These patients
included a variety of target sizes, fractionation schemes and planning
techniques. For all plans a proton relative biological effectiveness (RBE)
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Table 1
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Dose-volume parameters from the nominal plans and different spot optimization settings. Nominal column shows median (IQR) plan values, other columns show the
median (IQR) of the differences from the spot optimization plans and the nominal plan. Asterisk (*) denotes a statistically significant difference to nominal plans (p <

0.05).
Parameter Nominal 1IMU/1MeV 3MU/3MeV 1IMU/5MeV 5MU/3MeV
Body Dpax [%] 105 0 0 0 0
(103-111) (0-2)* (-1-0) (-1-1) (-1-2)
CTV Dpax [%] 103 0 -1 0 0
(100-106) (0-3)* (0-0) (0-0) (0-0)
CTV Vi05 [%] 0 1 0 0 1
(0-0) 0-3)* (-1-0) 0-1) (0-1)
CTV Dpin [%] 83 0 1 0 0
(66-88) (-1-2) (0-1) (-1-3) (0-3)
Bowel Dpax [GY(RBE)] 39.3 0.0 0.2 0.2 0.2
(17.7-40.8) (-0.1-0.2) (-0.1-0.8) (0.0-0.8) (0.0-1.0)
Duodenum Dy« [Gy(RBE)] 12.3 -0.1 0.1 0.4 0.1
(2.4-31.2) (-0.4-0.3) (-0.2t0 0.4) (0.0-0.9) (-0.1-0.7)
Heart Dipean [GY(RBE)] 1.1 -0.1 0.0 0.0 0.0
(0.5-2.1) (-0.1-0.1) (0.0-0.1) (0.0-0.2) (0.0-0.1)
Kidney R Dyean [GY(RBE)] 0.1 0.0 0.0 0.0 0.0
(0.0-0.1) (0.0-0.0) (0.0-0.0) (0.0-0.1) (0.0-0.0)
Livergs Dmean [GY(RBE)] 11.3 -0.1 0.2 0.2 0.2
(7.7-14.0) (-0.3-0.1) (0.0-0.4) (0.1-0.5)* (0.0-0.4)*
Spinal Cord Dy,.x [GY(RBE)] 1.0 -0.1 0.1 0.1 0.2
(0.3-3.5) (—0.6-0.0) (0.0-0.4) (0.0-0.3) (0.0-0.3)
Stomach Dpax [GY(RBE)] 38.9 0.0 0.0 0.3 0.6
(6.4-43.5) (-0.1-1.3) (-0.2-0.1) (0.0-0.7) (0.0-1.0)

of 1.1 was used and the per-fraction dosage varied from 3-7 Gy(RBE)'
(median: 4 Gy(RBE)). Target volumes varied from 60-2302 cm® (me-
dian: 141 ecm®) and both single-field optimization and multi-field opti-
mization plans were used. All relevant patient data was anonymized and
exported to a system with the prototype algorithm. Our institution’s
dosimetric beam data and other clinical settings were copied into this
external environment to emulate our treatment machine and to allow for
delivery of the created plans on our treatment machine.

2.2. Spot-optimization

For each patient, several sets of plans were created. A nominal
reference plan was generated using Eclipse non-uniform proton opti-
mizer (NUPO) V.18 (Varian Medical Systems, Palo Alto, California,
USA). The optimization of the nominal plans was identical to the way
plans were generated in our clinic. When optimizing treatment plans,
NUPO V.18 created a proton fluence with preset fixed energy layer-
spacing. After the optimization, a post-processing step adjusted each
spot in the plan to comply with machine limitations. The machine lim-
itations set in our clinic were 3 MeV fixed layer-spacing and a minimum
MU of 1, which corresponded to a Bragg peak dose-area product of
0.012-0.013 Gy(RBE) -cm?, depending on beam energy.

The prototype algorithm, called RapidScan (Varian Medical Systems,
Palo Alto, California, USA) is an extension of NUPO V.18 that allows the
user to enter a minimum MU and layer-spacing setting which will then
be taken into account during spot-optimization (in contrast to this being
a post-processing step without spot-optimization). By reducing the
number of lowly-weighted (i.e. low MU) spots and energy layers in a
plan the delivery time could possibly be reduced. The spot-optimization
is implemented by adding a term to the optimization cost-function
penalizing spots that violate the chosen settings. A strength setting is
given to the user which determines the weight of this cost term. The
strength is converted to weight using a non-linear function proportional
to Strength" with n = 5.

For this study, we created a treatment plan with our clinical
parameterization (1MU/3MeV) and four spot-optimized plans with the

1 Gy(RBE) refers to nomenclature of International Commission on Radiation
Units and Measurements (ICRU) Report 93: Prescribing, Recording, and
Reporting Light Ion Beam Therapy (https://doi.org/10.1093/jicru_ndy025).

following minimum MU and layer-spacing settings: 1MU/1MeV, 3MU/
3MeV, 1IMU/5MeV, and 5MU/3MeV. These settings explored the effects
of both changing the minimum MU and layer-spacing. Ideally, an
optimal choice of parameters would result in high quality plans and fast
delivery time. The 1IMU/1MeV scenario was added to test whether the
additional degrees of freedom in layer-spacing during optimization
would improve plan quality compared to nominal plans. A fixed strength
of 75 was used for the spot-optimization objectives; the effect of
changing the strength was not investigated. Aside from the parameters
specific to spot-optimization, all objectives and robustness settings in the
optimization were identical to the nominal plans. We employed robust
optimization on target parameters with +3.5 % range uncertainty and
+5 mm setup uncertainties in all directions. After optimization, the
nominal plans were normalized to the same Vgsy, that was used
clinically.

2.3. Plan delivery time and plan deliverability

Our patient-specific IMPT quality assurance (QA) workflow was used
to evaluate delivery time and test plan deliverability. Plans were
exported from the prototype environment into our clinical environment
for delivery on our proton machine, a Varian ProBeam Compact system.
QA plans were generated which keep spot, MU, and range shifter set-
tings identical to the patient plans but override gantry angles to zero.
These plans were irradiated onto a IBA Matrixx detector (IBA Dosimetry
GmbH, Schwarzenbruck, Germany) underneath a stack of solid water
(stack size dependent on approximate target depth).

Plan delivery time was measured with a stopwatch. Plan deliver-
ability was assessed by comparing field-by-field planned and measured
dose using a gamma index [22] of 3 %/3mm with a goal of >90 %
passing. This represents our clinical IMPT QA passing criterion.

2.4. Plan comparison and statistical analysis

The nominal plans were considered the reference plans, as those
represent current clinical practice. Statistical significance of the differ-
ences of several dose-volume metrics were assessed with a Wilcoxon
signed-rank test (p < 0.05) between the nominal and spot-optimized
plans. Dose-volume metrics were CTV Vips0, CTV Dpax, CTV Dpyin,
non-involved effective Liver (Livergs) Dmean, Bowel Dyax, Duodenum
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Fig. 2. Boxes illustrate the quartile ranges for 25 % to 75 % of the values,
whiskers show values within 1.5x the interquartile range, line depicts median
value, square the mean value, black diamonds represent outliers, asterisks
denote significant difference to nominal plans (p < 0.05). TOP: Plan delivery
times measured for nominal and spot-optimized plans. ¢) Gamma passing rates
for the nominal and spot-optimized plans with 3 %/3mm fields.

Dmax, Heart Dpean, Kidney R Dpean, Stomach Dy, and Spinal cord Dypax.
Reported dose differences are the median and interquartile range (IQR)
differences between the nominal and spot-optimized plans.

Plan delivery and spot-analysis metrics were analyzed similarly to
dose-volume metrics. Plan delivery metrics were delivery time and
gamma passing rates. The spot analysis was completed using an in-house
script (Matlab 2023a, MathWorks, MA, USA) that reports total number
of spots and energy layers, as well as the minimum, arithmetic mean,
and maximum MU of all plans. Median and IQR are reported for these
metrics.

Robustness was assessed as a binary “acceptable or not” based on
clinical judgement. Analytical comparative tests between robustness of
nominal and spot-optimized plans were not completed.

Physics and Imaging in Radiation Oncology 34 (2025) 100763

3. Results
3.1. Plan comparison

Overall, differences in dose-volume metrics between the optimiza-
tion techniques were minimal (Fig. 1). Compared to nominal plans, the
only significant differences were an increase in Body and CTV Dy, with
median (IQR) differences of 1 % (0 %—2%) and 1 % (0 %-3%), respec-
tively, when using the 1MU/1MeV setting, and an increase in Livergs
Dmean for 1IMU/5MeV and 5MU/3MeV spot-optimized plans. The me-
dian (IQR) differences for these were 0.2 Gy(RBE) (0.1-0.5 Gy(RBE))
and 0.2 Gy(RBE) (0.0-0.4 Gy(RBE)), respectively. Differences of organs-
at-risk on average were below 1 Gy(RBE) compared to the nominal
plans. With respect to the CTV, the spot-optimization showed an in-
crease in both max and min dose, but differences again were not sig-
nificant (p > 0.05 for all comparisons) (Table 1).

The increased degrees of freedom by giving the optimizer a 1 MeV
layer-spacing with the 1MU/1MeV setting did not result in increased
plan quality. In fact, there were several plans where the 1MU/1MeV
setting resulted in higher OAR dose (p > 0.05 for all comparisons).
Evaluations of plan robustness resulted in no clinically relevant differ-
ences between the different optimization techniques and the robustness
of all plans was deemed acceptable.

3.2. Plan delivery time and plan deliverability

The median (IQR) delivery time for nominal plans was 201 s
(130-313 s). Optimizing with 1MU/1MeV resulted in median (IQR)
delivery times 40 % (32 %-59 %) longer than the nominal plans. Opti-
mization with 3MU/3MeV, 1MU/5MeV, and 5MU/3MeV resulted in
median (IQR) delivery times 40 % (38 %-44 %), 26 % (13 %-33 %), and
59 % (52 %-61 %) faster than nominal plans, respectively. All differ-
ences to nominal plans were statistically significant (Fig. 2).

From these results, it appears that changing the minimum spot-
weight setting to 3 MU in spot-optimization has the largest relative ef-
fect on delivery time compared to nominal plans. The switch from a
minimum of 3 MU to 5 MU resulted in additional gains in delivery speed.
Using a 5 MeV layer-spacing instead of the standard 3 MeV had a smaller
impact on delivery time than adjusting the MU settings (Table 2).

Differences in gamma pass rates for delivered plans were not sig-
nificant for the 3 %/3mm criterion (p > 0.05). All fields of the spot-
optimized plans with 3MU/3MeV and 5MU/3MeV setting passed the
¥y > 90 % for 3 %/3mm criterion used in our patient-specific IMPT QA
workflow and were thus considered deliverable. For the nominal plans,
as well as 1IMU/1MeV and 1MU/5MeV plans one field across the cohort
each failed our QA with rates of 88-89 % (Fig. 2).

3.3. Spot analysis

For the nominal plans, the median (IQR) mean spot weight was 7 MU
(6-10 MU). Spot-optimization significantly decreased the median (IQR)
mean spot weight for 1IMU/1MeV plans to 4 MU (3-5 MU) and signifi-
cantly increased it for 3MU/3MeV, 1MU/5MeV and 5MU/3MeV plans to
9 MU (7 -11 MU), 9 MU (7-14 MU), and 11 MU (9-13 MU), respectively
(Fig. 3).

Maximum spot weights were also significantly increased from 163
MU (107-223 MU) in nominal plans to 291 MU (150-354 MU) in 3MU/
3MeV plans, 298 MU (190-324 MU) in 1MU/5MeV plans, and 242 MU
(162-376 MU) in 5MU/3MeV plans. In two cases for the 3MU/3MeV
plans, and in one case each for the 1IMU/5MeV and 5MU/3MeV plans,
the maximum MU exceeded 500 MU in a single spot.

The median (IQR) number of spots decreased from 2832
(1755-3689) in nominal plans to 2748 (1434-3431) in 3MU/3MeV
plans, though this difference was not significant. In contrast, the in-
crease observed in 1MU/1MeV plans to 5698 (3107-10092) spots, and
the decrease observed in 1MU/5MeV 2093 (1350-4152) and 5MU/
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Table 2
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Delivery times and relevant plan parameters across different optimization settings. The table lists the number of fields, dose per fraction (fx), CTV volume, and the
delivery time for the entire plan. Delivery times are shown for the nominal plan as well as the spot-optimized plans with the listed settings. Additionally, the final two
rows show median and IQR for the differences in plan delivery time for spot-optimized plans compared to nominal plans. Values in parentheses indicate a decrease in
delivery time relative to the nominal plans. Asterisk (*) denotes statistical significance (p < 0.05).

Patient # Fields Dose per fx [Gy(RBE)] CTV Volume (cm3) Nominal 1MU/1MeV 3MU/3MeV [s] 1MU/5MeV 5MU/3MeV [s]
[s] [s] [s]

1 3 5.0 83 110 193 77 89 53

2 2 4.0 113 113 158 68 72 47

3 3 3.3 62 125 208 90 76 77

4 2 4.0 141 129 187 78 97 53

5 2 4.0 60 131 198 77 124 58

6 3 3.0 152 150 252 113 97 80

7 4 7.0 97 187 272 116 138 76

8 3 4.5 411 201 280 124 132 71

9 3 4.0 95 214 269 122 198 87

10 2 6.0 138 238 305 131 209 92

11 4 4.0 473 298 508 183 266 149

12 3 3.0 752 327 431 193 222 156

13 3 4.5 855 428 576 235 312 165

14 3 4.0 2302 532 700 280 393 172

15 3 4.0 2299 571 756 314 493 202

Median 3 4.0 141 201 272 122 138 92

IQR 2-3 4.0-4.5 96-613 130-313 203-470 84-188 97-244 65-153

Difference between Spot-Optimized and Nominal Plan Delivery Time 1MU/1MeV 3MU/3MeV 1MU/5MeV 5MU/3MeV

Median +40 %* (40 %)* (26 %)* (59 %)*

IQR

32 %-59 %

(38 %-44 %)

(32 %-59 %)

(32 %-59 %)
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Fig. 3. Boxplots analyzing the a) Mean MU per spot, b) Max MU per plan, ¢) number of spots per plan, and d) number of energy layers per plan for the nominal and
spot-optimized plans. Asterisk denotes significant difference to nominal plans (p < 0.05).

3MeV 1808 (1148-2488) spots, were significant. All changes in number
of energy layers per plan were significant: nominal plans used 26
(21-31) layers, while 1IMU/1MeV used 73 (61-90), 3MU/3MeV used 25
(20-30), 1MU/5MeV used 16 (13-19), and 5MU/3MeV used 23
(20-30).

Minimum MUs for all plans matched the minimum MU settings in the
optimization (1 MU for the nominal, 1MU/1MeV, and 1MU/5MeV
plans, 3MU for 3MU/3MeV plans and 5MU for 5SMU/3MeV).
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4. Discussion

In this study, median (IQR) delivery time of IMPT liver BH treat-
ments was shown to decrease by 40 % (38 %-44 %) when using spot-
optimization with 3 MU minimum and 3 MeV layer-spacing settings,
compared to nominal settings. No significant changes in plan quality
were seen for this parameterization. The 5MU/3MeV setting showed
additional time savings but a slight increase in Livergs Diean dose. This
highlights the need for clinical assessment to evaluate whether the
additional time savings is an acceptable trade-off for the increased dose
to the liver.

The spot analysis indicated that the 3MU/3MeV spot-optimization
significantly increased mean and maximum spot weights, while the
total number of spots decreased but not significantly. All parameters
were significantly increased for the 1MU/5MeV and 5MU/3MeV plans.
Proton therapy planners generally attempt to avoid excessive weight in
single spots to reduce the risk of local toxicity, heterogeneous dose
distributions, and uncertainty during delivery. Therefore, it is advisable
for planners using this new, or similar, algorithm(s) to monitor plans for
highly weighted spots and assess clinical concern on a per-treatment
basis. Future iterations of the spot-optimization algorithm should
implement a feature for planners to set a maximum MU during
optimization.

Our results are in general agreement with previous studies
[19-21,23,24] that have investigated the temporal implications from
adjustments in IMPT delivery dynamics. Although these investigations
vary by treatment sites, tumor sizes, and delivery machines, the common
theme of a possible reduction in delivery time (ranging from approxi-
mately 20-50 %) with no, or minimal, loss of plan quality is similar.
Collectively, these results suggest that the high degeneracy [25] of
current optimization algorithms are able to overcome certain constraints
on the degrees-of-freedom in IMPT planning.

Zhu [21] et al. investigated the effect of energy layer variation in the
reduction of treatment time for 7 patients and delivered those plans on a
machine similar to this study. Their median (IQR) reduction of nominal
to fastest reported treatment times, normalized to target volume size and
dose level, was 32 % (25 %-33 %) while ours was 59 % (52 %-61 %).
The greater reduction on similar, cyclotron-based, treatment machines
may illustrate that the increase in minimum MU could potentially play a
larger role in decreasing delivery times than energy-layer spacing for
cyclotron systems as the nozzle current is generally controlled by the
minimum MU per energy layer [20]. Essentially, increasing the mini-
mum MU allows for the system to operate at a higher effective dose-rate,
ergo decreasing delivery time. For slower energy-layer switching de-
liveries, such as synchrotrons, greater energy-layer spacing may have a
greater impact on delivery time.

This study had several limitations. The planning study was per-
formed with identical optimization parameters across all spot-
optimization settings, namely a 75-strength objective on the minimum
MU setting. The intent of using a constant strength setting for all plans
was to investigate how much time saving could be expected with min-
imal changes to a typical planning workflow. However, it is possible that
varying strength setting may result in a more optimal setting which
yields faster delivery and/or higher plan quality. As a further limitation,
the current version of the algorithm does not allow for adaptive energy-
layer settings per energy-layers as suggested in previous studies [21].

The scope of this study focused on the plan delivery time itself. This
represents only a fraction of the time patients spend on the couch. Time
for setup, imaging, and gantry movement was not considered. However,
plan delivery is typically the most strenuous aspect of the treatment,
especially when requiring breath holds. Breath hold duration is highly
patient-specific, but assuming a 30 s breath hold the longest treatment in
our cohort would have required 19 breath holds for 571 s of treatment
with nominal plans. Using the 3MU/3MeV plan this would be reduced to
just 11 breath holds for a treatment time of 314 s. The prototype status of
this algorithm means that translating these findings into the clinic
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requires careful commissioning by medical physicists and planners to
ensure expected results when using the final iteration of the algorithms.
As a further limitation, this study and its findings are limited to liver
treatments. It is possible that other disease sites may need different
optimization settings to achieve high plan quality and should thus be
evaluated further. This may be especially true for the evaluation of
robustly optimized plans. Robust optimizations were undertaken for all
plans and reviewed as a simple “acceptable or not” basis, very minor
differences in robustness metrics were seen.

On the other hand, this focus on liver also represents one of the
strengths of this study. Previously published studies investigated a single
or a few plans for multiple disease sites [19-21]. In this study a
comprehensive review across a diverse liver patient cohort and multiple
optimization settings was performed. While careful review is always
prudent when using new technology, the results presented give clinics a
practical guide on how to quickly implement spot-optimization into
routine clinical care with minimal changes to the current workflow.

Previous studies discussed delivery time optimization algorithms
modulating energy-layers [18,21], minimum MU settings [20] or both
[19] but lacked time, and or, dose measurements of actually delivered
fields. The present study expands on these findings and adds dose
measurements of actual plan delivery, similar to a full end-to-end test of
a new algorithm [26].

In summary, we demonstrated that the prototype spot-optimization
algorithm could reduce delivery time for liver IMPT patients by
approximately one third using a 3MU/3MeV setting with minimal
consequences. Additional time savings were possible with the 5MU/
3MeV setting albeit with a slight increase in dose to the unaffected liver.
These reductions could substantially increase patient comfort and
treatment efficiency, particularly for breath-hold patients, reducing the
burden on the patient, staff, and machine. Future research should
explore varying strength settings and application to other disease sites to
further validate these findings.
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