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Abstract
Pencil beam scanning (PBS) is becoming the standard of care for most cancer
patients treated with proton therapy. It offers high dose conformity to the
tumor and reduced integral dose to the healthy tissues compared to conven-
tional radiation therapy. However, due to the pronounced sensitivity of PBS
treatments to motion during irradiation they are mostly restricted to static
anatomical sites. A moving or deforming target can create undesired cold spots
inside the tumor volume or harmful hot spots in neighboring critical struc-
tures. Numerous mitigation techniques have been proposed in the literature,
but only a few of them have found their way into clinical practice. In most
of the cases, and especially for rescanning, machine performance represents a
major bottleneck to clinical implementation. Faster PBS irradiations, beyond
current step-and-shoot approaches, would enable viable motion mitigation.

The next-generation scanning system at Paul Scherrer Institute – so-called
Gantry 2 – was designed for faster patient treatments by steering the proton
pencil beam continuously across the target. While developers have already
demonstrated feasibility, clinical usage has been on hold due to missing safety
measures. As such, it was the scope of this dissertation to develop and im-
plement a dedicated beam monitoring system that minimizes the risks of fast
and continuous irradiations on Gantry 2 without compromising the gain in
performance. The monitoring system is required to supervise the treatment at
all times and detect inaccuracies or errors that could potentially compromise
the clinical outcome. As such, and because of accelerated machine performan-
ce, novel safety measures must be highly responsive and able to terminate the
irradiation with marginal latencies.

A first conceptual study analyzes the risks associated with fast and conti-
nuous beam scanning on Gantry 2. Inaccuracies in the proton beam current
and transverse beam position were identified as major sources of error requi-
ring enhanced monitoring. The proton beam energy was considered equally
critical in terms of dosimetric accuracy, however sufficient monitoring tools
are already provided through the supervision of numerous beamline settings.
Hence, the beam monitoring system was designed to detect beam current and
position errors quickly and reliably. For this purpose, a two-stage safety sys-
tem was introduced: Safety level 1 acts in real-time during the irradiation and
samples ionization chambers in the gantry nozzle (beam current monitoring)
and Hall probes in the beam-scanning magnets (beam position monitoring)
every 10 µs. Interlocks can be triggered as soon as the difference between mea-
sured values and nominal setpoints exceeds a critical threshold. Safety level 2
is active whenever the scan sequence exhibits a planned interruption (e.g. to
change the beam energy). It compares integrated dose profiles recorded with
a strip monitor to nominal predictions and can also interrupt the treatment
in case of clinically unacceptable deviations.



Both safety levels were successfully implemented and thoroughly tested on the
Gantry 2 scanning system, which required substantial software and firmware
enhancements. Since level 1 comparisons run on a 100 kHz clock in parallel to
the irradiation, they must be performed in hardware. For this purpose, the
field-programmable gate array of the beam monitoring system was equipped
with sample predictor and comparator units as documented in the second stu-
dy. Given clinically acceptable tolerances for the beam current and position
derived from international norms and guidelines (third study), safety level 1
is able to restrict the differences between planned and delivered dose distri-
butions in case of machine-related errors to ±36 mGy (equivalent to 2% of a
typical fraction dose). Deviations of this magnitude are expected to be free
from any clinical consequences for the patient.

With the risk aspects being addressed in studies one to three, the final stu-
dy investigates the clinical benefits of continuous irradiations in the context
of moving target treatments under rescanning. Three liver tumors varying in
size and shape have been considered. In over 1500 4D dose calculations, va-
lidated through numerous benchmarking measurements, a significant gain in
performance could be confirmed, especially for the larger targets (∼ 300 cm3

or more). Consequently, continuous scanning is able to deliver more rescans in
any given time window compared to discrete PBS irradiations, maximizing the
mitigation strength. Furthermore, increased flexibility in beam delivery ena-
bles higher rescanning capability for continuous irradiations adding to their
effectiveness. The study concludes that rescanning represents a viable mitiga-
tion strategy for motion amplitudes smaller than ∼ 10 mm when performed
using continuous beam scanning.

This accelerated form of patient treatment has matured through the work
presented in this thesis, and now represents a safe alternative to step-and-
shoot irradiations. Combined with treatment planning software that optimizes
both target coverage and machine performance, continuous scanning could
help to broaden the window of indications that benefit from proton therapy
and make this technique available to a much larger number of cancer patients.



Zusammenfassung
In der Protonentherapie kristallisiert sich das Abtasten des Tumors mit Nadel-
strahlen – kurz PBS – zunehmend als Behandlungsstandard heraus. Dosisver-
teilungen können mithilfe dieser Bestrahlungsart eng auf das Tumorvolumen
beschränkt werden. Die Gesamtdosis im umliegenden Gewebe ist dabei deut-
lich reduziert gegenüber konventioneller Radiotherapie. Bislang sind Behand-
lungen jedoch hauptsächlich auf statische Bereiche der Anatomie beschränkt,
da sich bewegende oder deformierende Zielvolumina lokale Über- bzw. Un-
terdosierungen hervorrufen können. In der Literatur sind zahlreiche Ansätze
beschrieben, wie diese Bewegungseffekte zu minimieren sind. Allerdings wer-
den nur wenige davon klinisch angewendet. Grund dafür ist in den meisten
Fällen die mangelnde Leistungsfähigkeit des Bestrahlungsapparates. Dies gilt
im Besonderen für das wiederholte Bestrahlen des Tumors, um Bewegungs-
effekte auszuschmieren. Schnellere PBS-Bestrahlungsanlagen könnten daher
maßgeblich dazu beitragen, die Protonentherapie auch für bewegte Tumore
praktikabel zu machen.

Am Paul Scherrer Institut wurde zu diesem Zweck eine neue PBS-Bestrah-
lungsanlage entwickelt – die Gantry 2. Sie bewegt den Protonenstrahl konti-
nuierlich (und nicht wie herkömmlich in diskreten Schritten) durch das Zielvo-
lumen und kann Dosisverteilungen daher schneller applizieren. Die technische
Umsetzung von kontinuierlichen Bestrahlungen auf Gantry 2 ist bereits weit
fortgeschritten. Allerdings fehlt noch immer ein geeignetes Sicherheitssystem,
das die Bestrahlungsparameter kontinuierlich überwacht, um den Weg hin zur
klinischen Anwendung zu ebnen. Dies ist das Ziel dieser Arbeit. In der Ent-
wicklung des Sicherheitssystems wurde besonders darauf geachtet, die Risiken
verbunden mit kontinuierlichen Bestrahlungen weitestgehend zu minimieren,
ohne dabei die Vorteile einzuschränken. Nichtsdestotrotz müssen Ungenauig-
keiten und Fehler in der Behandlung verlässlich detektiert werden, um Beein-
trächtigungen des klinischen Ergebnisses zu verhindern. Aufgrund der hohen
Leistungsfähigkeit der Gantry 2 müssen die neuen Sicherheitsmaßnahmen der-
art reaktionsschnell sein, dass die Bestrahlung im Falle eines Fehlers innerhalb
verschwindend geringer Latenzzeiten abgebrochen werden kann.

In einer ersten, konzeptionellen Studie wurden die Risiken verbunden mit
den schnellen, kontinuierlichen Bestrahlungen auf Gantry 2 analysiert. Der
Strahlstrom und die transversale Strahlposition konnten dabei als Hauptfeh-
lerquellen identifiziert werden. Die Protonenenergie ist ein ebenso kritischer
Parameter. Sie wird jedoch durch das Auslesen der Strahlführungseinstellun-
gen bereits effektiv überwacht. Daher ist es die Hauptaufgabe des neuen Si-
cherheitssystems, Fehler im Strahlstrom und der Strahlposition schnell und
verlässlich zu detektieren. Zu diesem Zweck wurden zwei Sicherheitsebenen
eingeführt: Ebene 1 läuft in Echtzeit und fragt Ionisationskammern am Ende
der Strahllinie (Stromüberwachung) sowie Hall-Sonden in den Ablenkmagne-
ten (Positionsüberwachung) alle 10µs ab. Falls die Differenz zwischen Mess-



und Sollwert einen kritischen Toleranzwert überschreitet, wird ein Abbruch-
signal an das Kontrollsystem gesendet. Ebene 2 ist während vorgesehener
Unterbrechungen in der Bestrahlung (z.B. durch Energiewechsel) aktiv und
vergleicht integrale Dosisprofile aus Streifenkammermessungen mit nominel-
len Vorausberechnungen. Die Behandlung wird nur dann fortgesetzt, wenn die
Abweichungen innerhalb klinisch akzeptabler Grenzwerte liegen.

Zahlreiche Software- und Firmware-Erweiterungen waren nötig, um beide Si-
cherheitsebenen erfolgreich auf Gantry 2 zu implementieren und zu testen.
So laufen Mess- und Sollwertvergleiche der Ebene 1 beispielsweise in einem
integrierten Schaltkreis (FPGA) im 100 kHz-Takt parallel zur Bestrahlung.
Entsprechende Vergleichsfunktionalität musste zunächst bereitgestellt wer-
den, wie in der zweiten Studie beschrieben. Es konnte gezeigt werden, dass
Ebene 1 mithilfe adäquater Toleranzen – abgeleitet aus internationalen Nor-
men und Richtlinien (dritte Studie) – die Differenzen zwischen applizierter
und geplanter Dosisverteilungen im Fehlerfall auf ±36 mGy beschränkt. Die-
ser Wert entspricht 2% einer typischen Fraktionsdosis. Bei Abweichungen die-
ser Größenordnung werden für den Patienten keinerlei klinische Konsequenzen
erwartet.

Die Studien eins bis drei behandeln die Risikoaspekte verbunden mit kontinu-
ierlichen Bestrahlungen. Die finale Studie erörtert schließlich ihren klinischen
Nutzen im Hinblick auf wiederholte Bestrahlungen bewegter Tumore. Dazu
wurden drei Leberkarzinome unterschiedlicher Form und Größe betrachtet. In
über 1500 4D-Dosisberechnungen – validiert anhand zahlreicher Messungen
– konnte der erwartete Leistungsgewinn nachgewiesen werden. Für Tumor-
volumina größer als ∼ 300 cm3 ist dieser besonders ausgeprägt. Infolgedessen
können in einem beliebigen Zeitfenster stets mehr kontinuierliche als diskrete
Bestrahlungswiederholungen ausgeführt werden, was das Ausschmieren von
Über- und Unterdosierungen begünstigt. Die erhöhte Flexibilität der kontinu-
ierlichen Tumorbestrahlung wirkt sich ebenfalls positiv auf ihre Wirksamkeit
aus. Für Bewegungsamplituden kleiner als ∼ 10 mm bilden kontinuierliche
Bestrahlungswiederholungen somit einen praktikablen Lösungsansatz zur Un-
terdrückung von Bewegungseffekten.

Im Rahmen dieser Arbeit wurden kontinuierliche Bestrahlungen auf Gantry 2
maßgeblich weiterentwickelt. Sie stellen nun eine sichere Alternative zu her-
kömmlichen, diskreten PBS-Bestrahlungen dar. Mithilfe kontinuierlicher Be-
strahlungen und spezieller Therapieplanungssoftware, die die Abdeckung des
Zielvolumens und die Schnelligkeit der Bestrahlung gleichzeitig optimiert, lie-
ßen sich die behandelbaren Indikationen ausweiten, um zukünftig mehr Kreb-
spatienten Protonentherapie anbieten zu können.



1
Introduction
Risk is more than failure probability. Based on personal concerns, familiarities, level
of knowledge, and available control measures, we form our own perception of risk,
often decoupled from the underlying factual probabilities (Slovic, 1987). Conse-
quently, our unconscious behavior may exhibit irrational twists, as demonstrated by
Monat et al. (1972). The authors tested the stress reactions of university students to
anticipated electric shocks and found that a decrease in shock probability from 100%
to 50% and eventually to 5% did not trigger a significant decrease in anticipatory
stress. In fact, students facing an electric shock and those likely to avoid one (5%
group) showed very similar physical arousal. Despite the overwhelming reduction
in shock probability, their perception of risk was comparable. Only when the risk
was reduced to 0% did the students start to show significantly different behavioral
patterns. This probability neglect has been confirmed in numerous follow-up studies
(e.g. Rottenstreich and Hsee (2001) or Suter et al. (2016)).

Benefit is the natural balance to risk. It determines our willingness to accept certain
risks. Our rational perception of this counterpart is equally biased: Viscusi et al.
(1987) confronted consumers with an insecticide that is known to cause injuries when
touched or inhaled. They asked the customers how much more they were willing
to pay for a safer product. Reducing the risk of injury from 15 to 10 incidents per
10,000 bottles was worth an average surcharge of 10.4%; reducing the risk down
to five incidents worth 13.7% surcharge. Astonishingly, customers were willing to
pay an extra 37.8% for a completely risk-free product, which is far beyond the
linear cost extrapolation. The so-called zero-risk bias twists our perception of the
associated benefit. Influenced by anxiety or social norms, we value risk reductions
disproportionately higher the closer to certainty they are (Schneider et al., 2017).
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1 Introduction

Under the circumstances of probability neglect and zero-risk bias , modern radiation
therapy must pursue rigorous risk management to guarantee patient comfort and
safety. Any residual risk in case of technical failures can result in fatal consequences
and is, hence, associated with direct responsibility. As such, manufacturers of irradi-
ation devices implement multi-level safety systems that rely on redundant measures
to detect any kind of failure during the irradiation and restore a safe state. But
how safe is safe enough? Self-evidently, a treatment with zero risk can only mean
no treatment at all, which is not an option for many cancer patients. In the con-
text of this dilemma, the International Electrotechnical Commission (2014) recently
answered this fundamental question. They request at least two independent safety
stages for particle therapy installations in their norm. Furthermore, they specify
tolerances for deviations from the prescribed irradiation that are expected to have
marginal impact on the clinical outcome of the treatment. The absolute range un-
certainty of the beam must be smaller than 1mm and the excess dose in case of
technical failures must stay below 250mGy1. Respecting these tolerances facilitates
low-risk irradiations from a machine point-of-view, which may help to promote the
doctor’s confidence in the treatment and diminish the patient’s concerns about it.

The primary goal of this thesis is to enhance the current patient safety system at
the Center for Proton Therapy (CPT) of the Paul Scherrer Institute (PSI) to be
able to supervise fast and highly dynamic irradiations. Researchers at CPT are in-
vestigating such advanced forms of patient treatment and have already been able to
demonstrate promising results (Zenklusen et al., 2010; Schätti et al., 2014; Fattori
et al., 2016; Psoroulas et al., 2016b). However, to enable clinical integration, norms
and regulations require enhancing the current safety system with functionality ded-
icated to fast and dynamic treatments. For this purpose, novel developments were
designed, implemented and tested as reported in this thesis. By following a strict
approach towards risk-minimization, it was possible to satisfy the official require-
ments while addressing the subjective perceptions of probability neglect and zero-risk
bias. Having a multitude of safety measures running in parallel to the irradiation
will hopefully diminish concerns by conveying a zero-risk feeling to patients as well
as to the legal authorities.

This introduction provides background information on the rationale of proton ther-
apy and the need for faster irradiation techniques. Section 1.1 compares conventional
radiotherapy with photons to treatments using proton beams. Their generation and
transport to the patient is briefly outlined in section 1.2. Section 1.3 introduces
the problem of organ motion during treatment and section 1.4 lists the mitigation
techniques currently practiced or investigated. The benefit of fast irradiations and
the need for dedicated safety measures are motivated in section 1.5. The final sec-
tion 1.6 explains the role of this thesis in the context of fast and dynamic irradiations

1250mGy is the minimum value. The actual tolerance can be higher depending on the prescribed
dose of the treatment.
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1.1 The advantages of proton beam therapy

in proton therapy. Furthermore, it portrays an overview of the different chapters of
this thesis and their contribution to the achievement of the research goals.

1.1 The advantages of proton beam therapy
Ionizing radiation sterilizes cells: the higher the ionization density, the higher the
local sterilization probability. Thus, it is desired to irradiate tumors to high doses
of radiation, whilst sparing the surrounding healthy tissues as much as possible.
Proton beam therapy offers one clear advantage in this regard: when selecting the
correct kinetic energy, the beam will stop completely inside the tumor volume, leav-
ing tissues a few millimeters behind the target unaffected. Moreover, the energy
deposition reaches a localized maximum, the so-called Bragg peak (Bragg and Klee-
man, 1905), near the end of the proton range which leverages damage localization
within the tumor. By superimposing individual Bragg peaks through successive
beam energy adaptation according to the tumor size and location in the body, one
can deliver confined and homogeneous dose distributions to the target. The resulting
spread-out Bragg peak (SOBP) is shown figure 1.1 below (blue curve).
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Figure 1.1: A dosimetric comparison of conventional radiotherapy (red curve) and pro-
ton beam therapy (blue curve). The broad 10MV photon field was optimized to deliver
an average dose of 100% to the tumor region. The SOPB consists of 21 individual Bragg
peaks (gray lines) optimized in weight to deliver a flat dose distribution to the target
when superimposed. The two areas shaded in red demonstrate how the photon field de-
posits much more dose outside of the tumor volume compared to proton field. However,
its skin and entrance dose in the first 7 to 8mm are significantly higher.

When comparing the SOBP to the depth-dose distribution of a large 10MV photon
field (red curve), one observes a significant difference in dose deposition outside of
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the target. In this example case – the dimensions are typical for a tumor situated
near the brain stem – photon radiation delivers 2.2 times more dose to the sur-
rounding healthy brain compared to proton radiation as indicated by the two areas
shaded in red. Only the skin and entrance doses are higher for protons (area shaded
in blue). Lomax et al. (1999) compared dose distributions of proton and intensity-
modulated photon radiotherapy in a treatment planning study and predicted that
“the use of protons could lead to a reduction of the total integral dose by [. . . ] a
factor two compared to intensity-modulated photon plans.” Chang et al. (2006) and
Steneker et al. (2006) concluded similar values for lung and head-and-neck tumors,
respectively.

Non-target dose can be linked to secondary cancer risk (ICRP, 1991), which is of
pronounced concern for pediatric patients. Miralbell et al. (2002) demonstrated how
a reduction in integral dose through proton beam therapy can potentially reduce
the incidence of radiation-induced secondary cancers. As such, proton therapy can
be regarded as the preferred irradiation technique for pediatric patients although
published clinical data on long-term (side) effects are still sparse (Chung et al.,
2013; Leroy et al., 2016).

1.2 The pencil beam scanning technique
Proton therapy is a mature technique offered by more than 50 centers around the
world. By the end of 2016, nearly 150,000 patients have received proton therapy
(Particle Therapy Co-Operative Group, 2016). Centers and their commercial ven-
dors mainly utilize two techniques to deliver protons to the tumor: passive scattering
(Koehler et al., 1977) and pencil beam scanning (PBS) (Renner et al., 1989). Both
of them require an accelerator (e.g. a cyclotron or synchrotron) that creates a mono-
energetic and narrow proton beam of a few mm width in air. The passive scattering
technique spreads the narrow beam using scatter foils and shapes it to the outline of
the target using patient-specific collimators and compensators. The SOBP is created
by inserting range-shifting material into the beam path. This simple technique looks
back on more than 40 years of clinical experience. However, it requires hardware in
the beamline – in close proximity to the patient – which generates significant neu-
tron background dose (Hälg et al., 2014). PBS, on the other hand, works without
patient-specific collimators and compensators. A pair of scanner magnets deflects
the beam in the transverse plane to cover the entire lateral extent of the tumor.
Energy modulation is typically done far upstream from the patient if not by the
accelerator itself. As such, the proton beam maintains its narrow shape when en-
tering the patient. Combined with precise control measures and accurate treatment
planning, PBS features superior dose conformity to the target in the cranium (Urie
and Goitein, 1989), opens up the possibility of in-field dose modulation (Lomax,
1999), and uses the beam more efficiently (e.g. no losses at collimators).
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1.3 The problem of organ motion

1.3 The problem of organ motion
In the framework of this thesis, we shall focus on one major drawback of PBS: its
sensitivity to intra-fractional anatomical variations such as breathing, heartbeat or
intestinal activity (Bert and Durante, 2011). What is commonly referred to as organ
motion during treatment has a threefold effect on the delivered dose distribution:

(1) Due to variations in the range, the proton beam may over- or undershoot
resulting in target miss. Mori et al. (2008) showed that this effect is especially
pronounced in the treatment of lung tumors because of large density variations
in the beam path (e.g. differences between lung and tumor tissue).

(2) Furthermore, organ motion blurs dose gradients yielding compromised penum-
bras and, consequently, less conformal dose distributions (Bortfeld et al., 2004).
Blurring effects also occur in case of inter-fractional anatomical variations due
to e.g. setup errors, weight loss or tumor shrinkage.

(3) In addition to target miss and dose blurring, a third effect is pronounced in
PBS – the interference of the beam-scanning dynamics with the motion of the
patient anatomy (Phillips et al., 1992). Deteriorated dose distributions arise
exhibiting undesired hot and cold spots as shown in figure 1.2 below. The
so-called interplay effect has been quantified in numerous studies (e.g. Lomax
(2008), Bert et al. (2008), Seco et al. (2009), Zhang et al. (2012) or Grassberger
et al. (2013)). In summary, it depends on the amplitude and type of motion,
on the outline of the target and its location in the body, on the beam delivery
characteristics, and on the formulation of the treatment plan.
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Figure 1.2: Interplay effect in a moving liver target. The static plan (left plot) shows a
clinically acceptable dose distribution with homogeneous coverage of the clinical target
volume (dashed white line). In presence of motion, hot and cold spots arise. Their
magnitude and frequency increases with increasing motion amplitude. In both cases,
inhomogeneities are clinically unacceptable and call for effective means of mitigation.
17.5mm peak-to-peak motion (right plot) yields additional dose blurring outside of the
target contour. Sufficient coverage can only be guaranteed through significant expansion
of the target volume resulting in increased healthy tissue damage.

Considering target miss, dose blurring, as well as the interplay effect and its depen-
dencies, Bert and Durante (2011) conclude that “in the case of scanned beam delivery,
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the presence of organ motion requires more complex mitigation procedures”. A brief
summary of the approaches applied in clinical practice and under investigation is
provided in the following section.

1.4 The multitude of solutions to organ motion
Cardiac and respiratory motion impede the accuracy and precision of radiation ther-
apy, especially for gastrointestinal cancers (Abbas et al., 2014). Periodic variations
in the patient anatomy must be quantified prior to the treatment, e.g. through four-
dimensional computed tomography (4D CT) or four-dimensional magnetic resonance
imaging (4D MRI). The fourth dimension refers to time-resolved data acquisition
in this context. Ideally, motion is also monitored during the treatment using e.g.
fluoroscopy, ultrasound, implanted radio-frequency transponders or surface tracking
(Evans, 2008). These imaging modalities are key to successful mitigation of organ
motion using either of the following approaches.

Up-front planning
The design of the treatment plan offers sufficient degrees of freedom to incorporate
various motion mitigation techniques: One can enlarge the target volume to en-
compass the entire motion envelope. As such, acceptable coverage can be granted
by addressing target miss and dose blurring effects (Knopf et al., 2013). However,
increasing the irradiated volume in such a fashion also increases the integral dose to
healthy tissues or organs at risk and, as such, substantially compromises the main
advantage of proton beam therapy. A second option is to incorporate range uncer-
tainties in the treatment plan optimizer in order to be robust against induced range
variations. Unkelbach et al. (2009) demonstrated this approach mainly for system-
atic setup and CT uncertainties, but the concept could be expanded to mitigate for
undesired interplay effects (Bernatowicz et al., 2017). This approach – often referred
to as (robust) 4D optimization in the literature – requires very detailed prospective
knowledge of the motion curve and the beam delivery characteristics and, hence,
lacks clinical viability. Last but not least, it could be beneficial to accumulate the
daily delivered dose distributions on a reference CT and adapt the subsequent plan
according to observed inaccuracies (Lomax, 2014). This strategy requires precise
knowledge of the anatomical variations that occurred during the irradiation of the
day in order to recalculate the delivered dose distribution correctly. Furthermore,
daily imaging would be beneficial to account for weight loss, cavity fillings or tumor
shrinkage in the daily plan. While this approach offers the possibility to account for
inter-fractional motion, dosimetric effects arising from anatomical variations during
the treatment remain unaddressed.
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1.4 The multitude of solutions to organ motion

Anatomical immobilization
One of the most universal motion management techniques is to freeze the patient
anatomy as much as possible during irradiation. A temporarily stationary anatomy
allows for targeted irradiations with minimal margins, mitigates for interplay ef-
fects and exhibits little dose blurring, providing it is reproducible (Engelsman et al.,
2013). The following three options for temporary immobilization are currently in
clinical practice: Abdominal compression can be applied to limit diaphragmatic
expansion and induced organ motion. Heinzerling et al. (2008) showed that lung
and liver tumor motion can be kept below 10mm when using a compression plate.
However, the example in figure 1.2 demonstrates that motion amplitudes of this
magnitude can still produce significant interplay patterns in PBS. As such, sup-
plementary mitigation is required. Breath-hold control represents an alternative to
abdominal compression. The tumor is only irradiated during e.g. deep inspiration,
which limits the amount of residual motion. Dueck et al. (2016) conclude that “the
breath-hold approach is a realistic clinical option for treating lung tumors with PBS
proton therapy.” However, small targets with comparably large baseline shifts re-
main problematic due to irreproducible tumor positions. Furthermore, irradiation
times need to be short to demand only very few breath-holds from the patient during
each treatment. A third option for temporary immobilization is beam gating (Ohara
et al., 1989). Widely used in Japan, this technique limits the beam-on intervals to
certain phases of the breathing cycle. Real-time (surface) imaging of the patient
is required to follow the tumor in case of irregular motion curves. The technical
demands on the irradiation system are equally high: frequent beam on/off com-
mands must be executed with minimal latency to ensure accurate beam delivery.
A significant drawback of this technique is the increased treatment time due to the
introduction of dead time outside of the gating window.

It is worth indicating that all three motion mitigation strategies mentioned above
address respiration-induced effects only. Cardiac and intestinal motion cannot be
mitigated using abdominal compression, breath-hold or gating.

Tumor tracking
Tumor tracking is in principle the most comprehensive of all motion mitigation
techniques. The idea is to image the patient continuously during the treatment
and to adapt delivery parameters in real-time according to the detected changes
in the anatomy (Keall et al., 2001). As such, tracked treatments nominally deliver
the most precise dose distribution with minimal range, blurring or interplay effects
and eliminate the need for additional margins. In conventional radiotherapy, tumor
tracking is an available mitigation technique, for instance on CyberKnife® (Accuray)
or vero4DRT (Mitsubishi) systems, and potentially on TrueBeam™ (Varian) or Versa
HD™ (Elekta) systems as well. However, proton therapy imposes much stronger de-
mands on the irradiation technology than conventional radiotherapy (e.g. real-time
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plan adaptation, instantaneous pencil beam control) (Riboldi et al., 2012). It is not
only required to adapt the beam position in the transverse plane, but also in depth,
which necessitates an energy modulation system with short latencies. Although
Grözinger et al. (2008) presented a technical feasibility study almost ten years ago,
the accuracy reached today is still insufficient to consider clinical application.

Rescanning
In contrast to tumor tracking, rescanning is a motion mitigation technique with low
technical hurdles. As the name suggests, rescanning describes repeated irradiations
of the same field. Each irradiation carries only a fraction of the prescribed dose
such that, in superposition, the delivered dose distribution will equal the prescribed
one (Phillips et al., 1992). Provided asynchronous beam delivery, each rescan will
produce different interplay patterns in the target volume. When applying sufficient
number of rescans, their superposition will have an averaging effect yielding a ho-
mogenized dose distribution inside the target and blurred dose gradients within the
expanded margins. Figure 1.3 exemplifies this principle.
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Figure 1.3: Rescanning a moving liver target. The static plan (left plot) shows the pre-
scribed dose distribution to the clinical target volume (dashed contour). After applying
ten scaled, volumetric rescans to the moving liver target, interplay effects observed in
figure 1.2 are averaged out to a large degree. The effectiveness of mitigation is higher for
smaller motion amplitudes (middle plot). In case of larger amplitudes (right plot), resid-
ual interplay patterns remain. The amount of healthy tissue irradiated is also increased
in this example due to larger margins.

Rescanning can be performed in two different modes: layered or volumetric (Riet-
zel et al., 2005). In layered mode, each iso-energy slice is rescanned multiple times
before moving to the next layer. As such, the entire energy sequence, as given by
the treatment plan, is only executed once. This is an advantage for therapy sys-
tems using synchrotrons, since the time it takes to switch the beam energy can
easily amount to several seconds. In volumetric mode, the entire energy sequence
is repeated multiple times according to the number of rescans. This mode increases
the amount of energy changes substantially and it may be a viable solution only
for systems with short energy switching times (e.g. cyclotrons in combination with
mechanical degraders) (Bernatowicz et al., 2013).
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Scaling the field dose can also be done in two different ways as suggested by Zen-
klusen et al. (2010). The authors refer to scaled rescanning when proportionally
reducing the dose delivered by each pencil beam according to the number of res-
cans. This approach can result in a multitude of very low-weighted dose elements,
which may not necessary be deliverable by the scanning system. On the other hand,
it guarantees a fixed and uniform number of rescans. The counter-approach, so-
called iso-layered rescanning, splits every pencil beam in fractions of equal weight.
Setting the fraction size above machine constraints guarantees that every rescan
can be delivered. However, iso-layered rescanning yields varying number of rescans
for every pencil beam contained in the plan. Highly weighted pencil beams will be
re-irradiated impractically often, whereas low-weighted ones may not be rescanned
at all.

The PSI Center for Proton Therapy applies volumetric rescanning in combination
with hybrid dose scaling in clinical routine. Each pencil beam is proportionally
scaled according to the number of desired rescans. However, when falling below the
minimum deliverable threshold, the number of rescans is decreased successively for
that particular pencil beam until the lower limit is satisfied (Zhang et al., 2016).
As such, not all pencil beams contained in the plan may receive the full number of
rescans, but the spectrum is narrower compared to pure iso-layered dose scaling. In
2017, the first six patients with moderately moving targets (amplitudes < 5 mm)
were treated under rescanning. The indications have been neuroblastoma (five) and
non-small cell lung carcinoma (one). All of the patients were pediatric.

Although being comparably easy to implement, the effectiveness of motion mitiga-
tion achieved by rescanning is rather difficult to predict. Previous studies identified
dependencies on motion amplitude (Bert et al., 2008; Schätti et al., 2013), motion
estimation (Zhang et al., 2012), beam width (Grassberger et al., 2013), tumor size
(Zenklusen et al., 2010), rescanning type (Schätti et al., 2013; Bernatowicz et al.,
2013; Grassberger et al., 2015) and performance parameters of the delivery system
(Bernatowicz et al., 2013; Dowdell et al., 2013). Another obstacle are so-called
resonance effects, in which the rescanning sequence partially synchronizes with the
motion curve decreasing the averaging capability. Irregularities in the breathing
pattern (Zhang et al., 2016), random pauses in the irradiation (Rietzel and Bert,
2010) or strict phase control (Furukawa et al., 2007) proved to decrease the likeli-
hood of resonances. Ultimately, rescanning prolongs the overall treatment time due
to accumulation of dead times in the irradiation sequence (e.g. when switching pen-
cil beam positions or energies). The amount of extra time needed varies drastically
across different beam delivery systems (Furukawa et al., 2010a; Schätti et al., 2014)
and also depends on the actual integration of rescanning into the clinical workflow
(Mori et al., 2014a,b).
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1.5 The need for fast, dynamic scanning anddedicated safety measures
Pencil beam scanning can be considered fast, when the time it takes to switch
energies is minimized (∼ 100 ms) and the scanning speeds in the transverse plane
are of the order of ∼ 1 cm/ms. In addition, a high beam current at the patient
(∼ 5 nA) will help to decrease irradiation times even further. But most importantly,
all dead times in the irradiation sequence must be minimized in order to guarantee
a high duty cycle (optimally > 75%). However, irradiations need to be not only fast
but also highly dynamic to be able to accurately deliver the prescribed treatment
plan. Ideally, one could steer the beam to any point in the transverse plane while
modulating the scanning speed and beam current. In case of static targets (e.g.
brain or head-and-neck tumors), fast and dynamic irradiations of that kind may
only offer minimal gains compared to regular, state-of-the-art treatments (Schätti
et al., 2014). But in the case of moving targets, the gains could be substantial:

• The beam gating and breath-hold approach leave only short windows in which
the irradiation can be carried out. Efficient beam delivery minimizes the
amount of windows required for treatment (Fattori et al., 2016). As such,
it provides more comfort for the patient and avoids significant dead time be-
tween irradiation windows. In the case of beam gating or breath-hold, a high
beam current is a clear advantage.

• Tumor tracking requires short reaction times to changes in the anatomy.
Hence, it can only be performed on scanning systems that can adapt the
transverse beam position and energy within milliseconds. A highly dynamic
system is much more important in this case than high beam currents or duty
cycles.

• When rescanning moving targets, fields of (very) low dose will be irradiated
numerous times. As such, continuous irradiation, minimized dead times and
fast scanning speeds are of profound importance. Furthermore, flexibility in
lowering the beam current at any point in the target provides a decisive ad-
vantage: the lower the beam current, the lower the applicable field dose and
the higher the number of possible rescans. And as indicated in section 1.4
above, frequent rescans average out interplay patterns more effectively than
fewer rescans.

• Combinations of gating and rescanning or breath-hold and rescanning could
be a possibility to tackle large-amplitude motions. In this case, the need for a
fast and dynamic scanning system becomes even more obvious.

Ultimately, therapy centers would like to offer treatment to many patients each day
rather than a few with moving targets. To meet these demands, researchers at
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CPT have developed a second-generation scanning system – Gantry 2 – dedicated
to fast and dynamic irradiations (Pedroni et al., 2004, 2011; Safai et al., 2012).
Besides regular, state-of-the-art treatments, Gantry 2 features irradiations in an
accelerated mode of operation called line scanning (Zenklusen et al., 2010). This
irradiation technique steers the proton beam continuously along straight lines across
the target drastically reducing dead times in the treatment (Schätti et al., 2014) and
potentially increasing flexibility in dose modulation (Pedroni et al., 2011). In line
scanning, beam delivery is based on trajectory tables allowing for fast and frequent
modulation of the beam scanning speed. The beam current follows similar delivery
tables enabling twofold dose modulation. As such, line scanning comprises many of
the features described in the list above, but its current beam monitoring and safety
system cannot supervise them adequately. For instance, it cannot cope with the wide
range of accessible beam currents, it cannot monitor continuous irradiations over
extended time periods, it fails to validate arbitrary scan patterns in the transverse
plane and it prohibits frequent modulations of the scanning speed and beam current
all together. In other words, desirable fast and dynamic patient treatments in line
scanning mode are not permitted, yet, for they are still lacking dedicated safety
measures.

1.6 The scope and role of this thesis
It is the scope of this thesis to identify and implement the required safety measures
that enable safe irradiations in line scanning mode. For this purpose, four principle
research questions have been formulated, each addressed in a separate publication.
Preprints of these publications are included as individual chapters in this thesis.
This section summarizes the role of each paper in answering the different research
questions. Furthermore, it explains my contributions to the published work and, as
such, serves as a basis for the discussion chapter.

The first principle research question concerns the conceptual design of an adequate
safety system for line scanning:

Q1 How can irradiations using the line scanning technique be monitored reliably?

The first publication (see chapter 3) summarizes the conceptual aspects of this
dissertation. It assesses the risks associated with the line scanning technique and
deduces the safety requirements. Furthermore, it investigates the performance of the
diagnostic elements along the beamline in order to ascertain which of the risks they
could minimize. This paper ends with the formulation of a two-stage monitoring
strategy by assigning specific safety tasks to each of the diagnostic devices. The
working principle is exemplified based on the irradiation of a single line scan. I
contributed to this publication by assessing the risks, defining the safety strategy,
testing the hardware response in numerous experiments, and developing algorithms
that model beam parameters and detector response based on empirical data.
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The second principle research question addresses the technical implementation of
the safety system and related novelties:

Q2 How can real-time beam monitoring be implemented on the current hardware
topology?

The second publication (see chapter 4) focuses on the real-time aspects of the line
scanning safety system. It describes the entire signal flow during irradiation from
control system to detectors and their corresponding readout electronics. Moreover,
it specifies required software and firmware enhancements to enable real-time beam
monitoring on the Gantry 2 scanning system. Their functionality was tested based
on three exemplary error scenarios. I contributed to this publication by specifying
and developing required software and firmware enhancements, testing their func-
tionality, and demonstrating their efficacy when confronted with failures.

The third principle research question targets compliance with international protec-
tion norms and guidelines:

Q3 Which safety tolerances apply to the individual parameters monitored during
line scanning irradiations?

Having designed and implemented a safety system, it is important to demonstrate
compliance with the norms and guidelines provided by the International Electrotech-
nical Commission (2014) and the International Commission on Radiation Units and
Measurements (2007). As such, the third publication (see chapter 5) derives a set of
acceptable safety tolerances for line scanning that guarantee minimal compromise
on the clinical outcome of the treatment in case of unforeseen technical failures. I
derived these tolerance from first principles, compared them against values reported
in the literature and demonstrated that the implemented safety system is able to
respect them in case of erroneous irradiations.

The fourth and final principle research question goes beyond safety aspects by ex-
amining the clinical use case of the line scanning technique in the context of motion
mitigation:

Q4 How effective and how efficient is the line scanning technique when trying to
mitigate interplay patterns using rescanning?

The fourth publication (see chapter 6) answers this question by investigating the
dosimetric coverage of moving targets in the liver when approached using the res-
canning strategy combined with the line scanning irradiation technique. This paper
includes a large set of 4D dose calculations validated by a smaller set of benchmark-
ing measurements. I contributed to this final publication by designing the study,
selecting patient cases, identifying the parameters to be investigated, performing all
measurements, analyzing the data, and drawing the statistically valid conclusions.
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In addition to this introduction and the four publications mentioned above, this
dissertation contains the following three chapters: Materials and methods (see chap-
ter 2) describes the Gantry 2 scanning system including actuators for beam delivery
and diagnostic devices for beam monitoring. Furthermore, it provides an overview
on the detectors used and tools developed within the framework of this thesis con-
cerning data acquisition and analysis. Discussion and outlook (see chapter 7) reviews
these methods critically. It brings the results of the different publications together,
compares them to the literature, and provides future perspectives of the line scan-
ning technique. Conclusion (see chapter 8) summarizes the key findings of this thesis
and answers the four principle research questions.
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2
Materials and methods
Answering the four principle research questions of this dissertation requires a com-
prehensive set of tools and methods. Each of the four publications includes a brief
summary of those mentioning the most important devices and algorithms only. This
chapter expands these descriptions to provide a more detailed overview on the rel-
evant materials and methods. As such, it follows the structure laid out by the four
principle research questions: Q1 asks how line scanning could be monitored reliably.
For this purpose, the Gantry 2 pencil beam scanning system needs to be understood
in great detail. Actuators delivering the beam to the patient and detectors super-
vising their actions are described in section 2.1 of this chapter. This system review
also represents the starting point for research question Q2 targeting the implemen-
tation of real-time monitoring on the current hardware topology. The description
of the scanning system is followed by a mathematical characterization of discrete
and continuous pencil beam scanning (see section 2.2). Quantifying the differences
is necessary in order to model the response of the system to continuously scanned
beams and derive adequate safety margins (see research question Q3). Furthermore,
these mathematical considerations enabled converting discrete treatment plans to
continuous ones of similar quality. This converter was used for all measurements,
especially those analyzing the effectiveness and efficiency of line scanning in clinical
applications (see research question Q4). In most of the measurements conducted,
delivered dose distributions were recorded with an imaging system assembled by
Schätti et al. (2013). Section 2.3 describes the calibration of this system and intro-
duces required corrections. Section 2.4 outlines the typical experimental setup and
data analysis tools.
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2 Materials and methods

2.1 The Gantry 2 pencil beam scanning system at PSI
The Gantry 2 pencil beam scanning system, as depicted in figure 2.1, offers state-
of-the-art proton therapy treatments. In addition, it was designed to serve as a
research platform to facilitate developments such as faster irradiations. Gantry 2
supports iso-centric rotations around the patient from −30◦ to +180◦ and operates
clinically since November 2013 using discrete irradiations commonly referred to as
spot scanning (Pedroni et al., 1995). Additionally, Gantry 2 features an accelerated
mode of operation – continuous line scanning (Zenklusen et al., 2010; Pedroni et al.,
2011; Safai et al., 2012) – which is at a pre-clinical stage. Because of the complexity
of the scanning system, only those beamline elements with direct relevance for this
dissertation will be mentioned here1. As such, subsections 2.1.1 and 2.1.2 focus on
selected actuators for beam delivery and detectors for beam monitoring only. Their
location along the beamline is visualized in figure 2.1. Subsection 2.1.3 discusses the
qualitative differences between spot and line scanning and additionally introduces a
hybrid form of the two.
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Figure 2.1: Vastly simplified sketch of the Gantry 2 beamline. A cyclotron provides a
monoenergetic proton beam of 250MeV that is decelerated by opposing carbon wedges
(degrader unit). A subsequent double-bend achromat determines the momentum band
transmitted to the gantry, on which the beam is deflected transversally by two scanner
magnets. A final 90◦ dipole directs the proton beam towards the patient. Various
sensors and monitors along the beamline and in the gantry nozzle (e.g. Hall probes and
ionization chambers) supervise the irradiation. Missing elements such as collimators,
slits, quadrupoles or sextupoles have been described in great detail by Pedroni et al.
(2011).

1Pedroni et al. (2011) provide a complete overview on the Gantry 2 scanning system including
magnet and transport design, properties of beam optics, and commissioning results.
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2.1 The Gantry 2 pencil beam scanning system at PSI

2.1.1 Actuators
The beamline actuators described in the following are controlled by the therapy
delivery system (TDS). According to the steering file, the TDS sends out signals
that ultimately define the energy, position and dose deposition of the proton beam.
As such, it communicates with the machine control system to steer the accelerator,
the degrader wedges, and the beam-scanning magnets. In addition, the TDS opens
and closes the beamline by setting the kicker magnet and driving various beam
blockers.

Cyclotron and vertical deflector
A superconducting 3.8T cyclotron generates a continuous proton beam of 250MeV.
Extracted beam currents can be as high as 1µA with an extraction efficiency of
up to 80% (Schippers et al., 2007a). To regulate the extracted beam current, two
electrostatic plates are installed near the ion source in the center of the cyclotron.
Powering these plates deflects the proton beam vertically off its plane of spiral
orbit. Induced losses at collimators decrease the extracted beam current. The
voltage on the deflector plates can be changed within less than 100 µs allowing for
frequent beam current regulation during irradiation. Residual fluctuations around
the setpoint are aimed to be below 2% Gaussian σ (Schippers et al., 2007b). In
continuous irradiations, the so-called vertical deflector is directly controlled by the
TDS. Prior to the treatment, the voltage on the plates is calibrated against the beam
current I measured at iso-center. As such, any value between 0% and 100% can be
set during irradiation. The modulation of the beam current is feedback-controlled
to achieve the required accuracy for patient treatments (Psoroulas et al., 2016a).

Kicker magnet
One of the first elements in the beamline is a dynamic dipole magnet that is able
to deflect the beam away from a collimator hole, hence completely suppressing any
transmission into the treatment room. The so-called kicker magnet has a beam-off
reaction time of 50 µs at up to 1 kHz repetition rate (Pedroni et al., 2011). In spot
scanning irradiations, the kicker magnet is used to turn the beam on and off. In line
scanning irradiations, the vertical deflector takes on this task and the kicker magnet
functions as a redundant safety element. In case of detected interlocks, it is used
to terminate the irradiation and guarantee a safe state of the machine. Including
all system delays originating from monitors, readout electronics, and cabling, the
reaction time to errors is less than 300 µs.

Degrader
In order to adjust the penetration depth of the proton beam to the size and lo-
cation of the tumor, its energy E needs to be modulated. For this purpose, two
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opposing pairs of carbon wedges can be driven in and out of the beam path decel-
erating traversing protons. Clinically accessible energies are discretized and range
from 230MeV down to 70MeV. When requesting an energy change of a few MeV,
the mechanical movement of the wedges occurs in ∼ 50ms. However, it requires
106ms on average to change the settings of all magnets downstream of the degrader
including settling times. Self-evidently, material in the beam path introduces scat-
tering that broadens the phase space. To counteract, the degrader unit is followed
by two collimators that restore the beam size and angular divergence. Additionally,
the proton beam passes through a double-bend achromat redefining the momentum
band. These measures come at the cost of substantial beam current losses.

Scanner magnets and 90◦ dipole
Gantry 2 is an upstream scanning system. As such, the two dipoles that deflect the
beam transversally across the (T, U)-plane at iso-center are positioned upstream of
the final 90◦ bending magnet. Specifications of the T and U -scanners are given in
table 2.1 below. To avoid eddy currents and enable rapid changes in field strength,
the smaller T -scanner is equipped with a ferrite core. As such, line scanning is
performed along the T -axis, which is perpendicular to the elevated beamline on the
gantry (see figure 2.1 for a graphical representation of the coordinate system).

Table 2.1: Specifications of the Gantry 2 scanner magnets.

T -scanner U -scanner
length [cm] 20 40

gap [cm] 6 9

maximum field strength [T] 0.2 0.4

displacement at iso-center [cm] ±6 ±10

maximum scan speed [mm/ms] 20 5

The subsequent 90◦ bending magnet hosts a large gap to accommodate for trans-
verse deflections of the beam. It directs the beam towards the patient and enables
parallelism across the scan area due to specifically tailored entrance and exit angles.
These regions are also critical in terms of eddy currents counteracting changes in
the magnetic field. Consequently, the lamination scheme had to be customized to
preserve fast energy changes (Gabard et al., 2010).

2.1.2 Detectors
The control system is equipped with an independent monitoring system that su-
pervises the actuators of the beamline to terminate the irradiation as soon as a
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2.1 The Gantry 2 pencil beam scanning system at PSI

malfunction has been detected. As such, the therapy verification system (TVS)
acts as a counterpart to the TDS by checking whether measured samples fluctuate
within clinically acceptable tolerances. Interlocks are triggered upon tolerance vio-
lation and the beam is turned off. The proton beam energy is monitored indirectly
by verifying the position of the degrader wedges with potentiometers and measur-
ing the field strength of all beamline magnets with Hall probes. The proton beam
current and dose deposition can be monitored directly with the help of two ioniza-
tion chambers in the gantry nozzle. The transverse position of the proton beam is
recorded by a strip monitor.

Potentiometers
The mechanical settings of collimators, phase slits and degrader wedges define the
beam energy and momentum band transmitted to the coupling point of the gantry.
High-resolution potentiometers from Genge & Thoma AG (5 kΩ and 150mm mea-
surement range) are mounted at these devices to supervise their position. The
beam tune verification system compares the readout of the potentiometers against
expected values obtained from the respective tune file. Interlocks are issued if the
comparison fails.

Hall probes
The scanner magnets control the pencil beam position in the transverse plane: the
higher the field strength, the larger the transverse deflections of the beam. Because
of this correlation, the actual beam position at iso-center can be monitored indi-
rectly by measuring the field strength inside the scanner magnets. For this purpose,
a one-axis Hall probe from SENIS (type A) is placed inside each of the two scanner
magnets. These Hall probes measure the magnetic field along the axis perpendicular
to the probe plane (here y) utilizing an integrated single-chip. According to spec-
ifications, the field sensitive volume measures (x, y, z) = (0.40 × 0.01 × 0.04) mm3.
Both Hall probes are connected to their F1 magnetic field transducers via 8m long
calcium hydride cables. They have an equal range of differential output. However,
the Hall probe in the T -scanner magnet spans a measurement range of ±0.2 T with
a sensitivity of 50 T/V, where as the Hall probe in the U -scanner magnet has double
the range but only half the sensitivity. Translating the noise on both probes to beam
position at iso-center yields an uncertainty of less than 10µm.

Ionization chambers
The Gantry 2 nozzle (see figure 2.1) hosts two plane-parallel ionization chambers,
which will synonymously be referred to as dose monitors 1 and 2 in this thesis.
Their performance has been investigated by Lin et al. (2009). Both dose monitors
are filled with air at ambient temperature and pressure and operated in proportional
counting mode (U = 2 kV chamber voltage). The two high voltage planes (anodes)
consist of 20µm thick Mylar foils coated with less than 0.1µm aluminum. They
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are separated by a 20 µm thick aluminum foil serving as the cathode. The distance
between the cathode and anode planes measures d1 = 5 mm (d2 = 8 mm) in dose
monitor 1 (2). Assuming an average ion mobility µmobil of 136 mm2/(V s) in air
(Hõrrak et al., 2000) yields an average drift velocity of

vdrift = µmobil
U

d
(2.1)

and an average charge collection time of

tcoll =
d

vdrift

=
d2

µmobilU
. (2.2)

These simple considerations result in average charge collection times of approxi-
mately 92 µs for monitor 1 and 235 µs for monitor 2.

Strip monitor
Situated upstream of the vacuum exit window to the patient, a position-sensitive
strip monitor serves as the final diagnostic device in the Gantry 2 beamline. It is
also filled with ambient air and consists of two anode planes on 1.8 kV separated by
a grounded cathode plane – a 20µm thick Mylar foil coated with 20 nm of aluminum
on both sides. The anodes are made of 50 µm thick Kapton® foils carrying 17µm
thick copper strips of 2mm width. The air gap between the cathode and anode
planes measures 10mm yielding an average charge collection time of 408µs (see
equation 2.2). The 88 strips in the T -cathode are oriented perpendicular to the 128
strips in the U -cathode to provide readings of the beam profile in both directions.
The measured current of each strip is converted to a frequency and integrated on
a TERA 06 board (La Rosa et al., 2008) comprising two 64-channel chips (Mazza
et al., 2005). As such, time-resolved sampling of the strip monitor is not supported.
Actis et al. (2014) provide a more detailed description of the strip monitor and
associated readout technology. The design was taken over by DE.TEC.TOR Devices
& Technologies Torino who now offer the device commercially.

2.1.3 Variants of pencil beam scanning
Flanz (2011) defines pencil beam scanning (PBS) as the act of moving a particle
beam from one point in the target to another while changing its parameters (e.g.
current, energy, position, size). Most implementations of PBS cut the target in iso-
energy slices corresponding to identical penetration depths of the beam in water.
However, due to density heterogeneities in the beam path and the curvature of the
patient’s surface, these iso-energy slices can be rather deformed in patient geome-
try. For every slice or energy setting, the scanner magnets spread the proton beam
transversally according to the outline of the target. The treatment plan defines the
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2.1 The Gantry 2 pencil beam scanning system at PSI

fluence distribution to be delivered across the iso-energy slice. Upon completion
of a transverse scan, the beam energy is decreased and the next slice is irradiated.
By alternating transverse scans and changes in the beam energy, protons can be
delivered to the entire target volume.

Beam scanning in the transverse plane comes in mainly three different variants: dis-
crete spot scanning (Pedroni et al., 1995), quasi-continuous raster scanning (Haberer
et al., 1993), and fully continuous line scanning (Zenklusen et al., 2010). For ex-
perimental purposes, Gantry 2 supports irradiations using any of the three tech-
niques. Implemented at various centers around the world and offered by a number
of commercial vendors, spot, raster and line scanning differ in performance due to
varying amounts of dead time accumulated during each transverse scan. The main
differences are qualitatively summarized in figure 2.2 and in the following three
paragraphs. A mathematical description is provided in section 2.2 below.

spot scanning raster scanning line scanning 

U 

T 

U 

T 

U 

T 

Figure 2.2: Schematic comparison of the three beam delivery techniques: spot scanning
(left), raster scanning (center) and line scanning (right). Areas shaded in dark blue
correspond to a high concentration of protons, light blue areas indicate a low proton
concentration.

Spot scanning
In spot scanning, a rectilinear grid of thousands of discrete pencil beam positions is
superimposed onto the target. The grid is regular in homogeneous media but may
be deformed in patient anatomy. Every grid point represents a unique combina-
tion of beam energy E, transverse T -position, transverse U -position and number of
prescribed protons Np. The Gantry 2 actuators are controlled according to those
parameters. The number of protons delivered to each grid point is determined by
the local dwell time τ and beam current I:

Np =
1

e

∫ τ

0

I(t) dt, (2.3)

with the elementary charge e. To be robust against fluctuations in the beam current,
most installations of spot scanning follow a dose-driven irradiation scheme: The
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number of delivered protons Np is accumulated over time on a running counter and
a beam-off command is issued upon reaching the prescribed value. As such, the local
dwell time τ can vary dynamically depending on the actual beam current I(t). In
the interest of performance, I is maximized during irradiation (Imax ∼ 0.5 nA) and
lowered only for spots prescribed to very low doses (Np . 5×105) using the vertical
deflector. The values in brackets are specific to the Gantry 2 scanning system. As
depicted in figure 2.2 above, the beam is turned off completely by the kicker magnet
when transiting from one grid point to the next. The beam off period is used to
analyze retrospectively that the correct amount of protons has been delivered to
the correct position. Performing these verification tasks and adjusting the beamline
settings according to the next grid point in the iso-energy slice amounts to roughly
3ms dead time on Gantry 2.

Raster scanning
Raster scanning follows the same grid constraint as spot scanning, but the beam
remains on during transitions. Beam-off commands need to be issued only when
changing energies or facing large gaps (& 10 mm) in the transverse scan path. As
such, dead time can be minimized at the cost of transient dose contributions between
grid points. They have to be taken into account by the treatment planning system
and the weights of neighboring grid points have to be reduced accordingly. As in spot
scanning, the scan sequence is determined by the amount of locally deposited protons
Np. Actuators change settings upon delivery of Np. Smaller fluctuations in the beam
current I simply shorten or lengthen the dwell time τ without compromising the
accuracy of the irradiation.

Line scanning
In contrast to spot and raster scanning, line scanning is a time-driven form of patient
irradiation. As shown in table 2.2, the motion of the proton beam along the T -axis
is characterized by trajectories based on timestamps ti as well as nodes for the beam
position Ti and current Ii. Consequently, the requirements on stability are much
higher than in spot and raster scanning, especially for the beam current.

Table 2.2: Generalized delivery table of a single line scan.

timestamp T -position beam current
t1 T1 I1

t2 T2 I2

...
...

...

tn Tn In
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The beam delivery unit interpolates these tables linearly. Hence, each of the (n− 1)
line segments is scanned at constant speed

vi =
|Ti+1 − Ti|
ti+1 − ti

. (2.4)

The number of protons delivered during each segment is given by

Np,i =
(Ii+1 + Ii)(ti+1 − ti)

2e
=

(Ii+1 + Ii)

2e

|Ti+1 − Ti|
vi

. (2.5)

As such, line scanning is fully continuous in the T -direction with the possibility to
modulate the delivered proton fluence through changes in the beam current I and
scan speed v. Beam-off commands are issued upon reaching tn.

2.2 Treatment plan conversion
Discrete and continuous beam scanning result in different transverse fluence pro-
files. Describing the differences mathematically is important in order to model the
response of various detectors to scanned lines. Moreover, the considerations pro-
vided in this section allow for calculating dose distributions delivered with raster
and line scanning and creating treatment plans for these two techniques similar in
quality to optimized spot scanning plans.

In discrete scanning, the proton beam is stationary during beam-on at one fixed
location in the (T, U)-plane. Hence, the delivered proton fluence d is only determined
by the transverse shape of the beam. In first order approximation, the T and U -
dependencies can be decoupled yielding

dspot(T, U) = NpηT (T )ηU(U), (2.6)

with the one-dimensional proton density functions ηT and ηU in T and U -direction,
respectively. When scanning the beam continuously along straight lines, the dynam-
ics of the irradiation additionally influence the delivered proton fluence. Changes
in the scan speed v and beam current I modulate d continuously. These dynamic
effects can be characterized by a kernel function κ convolved with the stationary
beam shape dspot:

dline(T, U) = (dspot ∗ κ)(T, U) (2.7a)

⇔ dline(T, U) =

∫ +∞

−∞

∫ +∞

−∞
dspot(T

′, U ′)κ(T − T ′, U − U ′) dT ′dU ′ (2.7b)

As table 2.2 indicates, each line scan is composed of a multitude of segments varying
in delivery dynamics. Hence, κ represents the sum of all segment-specific kernel
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functions κi:

κ(T − T ′, U − U ′) =
n−1∑
i=1

κi(T − T ′, U − U ′). (2.8)

During the irradiation of each segment, the beam is scanned a certain distance
∆Ti = Ti+1 − Ti while the current changes linearly from Ii to Ii+1. The modulation
of the beam current can be characterized by

Imod,i(T − T ′) =
Ii+1 − Ii

∆Ti
(T − T ′) +

Ii + Ii+1

2
, (2.9)

such that Imod,i(−∆Ti/2) = Ii and Imod,i(+∆Ti/2) = Ii+1. For simplification pur-
poses, it will be convenient to express the modulation of the beam current in relative
terms:

ιi(T − T ′) ..=
2

Ii + Ii+1

Imod,i(T − T ′) = mi(T − T ′) + 1, (2.10)

with
mi

..=
2

∆Ti

Ii+1 − Ii
Ii+1 + Ii

, (2.11)

As such, ιi = 1 for T = T ′. Because of the fixed boundary conditions of each line
segment, the individual kernel functions are given by

κi(T − T ′, U − U ′) =
ιi(T − T ′)

∆Ti
Π

(
T − T ′

∆Ti

)
δ(U − U ′), (2.12)

where Π denotes the rectangular function

Π

(
T − T ′

∆Ti

)
=


0 for |T − T ′| > |∆Ti/2|
1/2 for |T − T ′| = |∆Ti/2|
1 for |T − T ′| < |∆Ti/2|

(2.13)

Inserting equation 2.12 in equation 2.7b yields:

dline(T, U) = ηU(U)
n−1∑
i=1

Np,i

∆Ti

∫ T+∆Ti/2

T−∆Ti/2

(mi(T − T ′) + 1) ηT (T ′) dT ′. (2.14)

As such
dline −→ dspot (n = 2 and ∆T −→ 0). (2.15)

The number of protons Np,i delivered during each segment is stated in equation 2.5
above.
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Gaussian beam shape
In case of a Gaussian beam profile, the integral of equation 2.14 can be computed
analytically. For demonstration purposes, the following calculation considers a line
composed of one single segment only. As such, the scan stretches from T1 to T2 and
the mid-position is given by

µT =
T1 + T2

2
. (2.16)

In Gaussian approximation, ηT takes the following form:

ηT (T ) =
1

σT
√

2π
exp

[
−1

2

(
T − µT
σT

)2
]
, (2.17)

with the beam size in T -direction σT . Evaluating equation 2.14 yields

dline(T, U) = ηU(U)
Np

∆T

(
mσT√

2π

[
exp(−ξ2

1)− exp(−ξ2
2)
]

+

1

2
(m(T − µT ) + 1) [erf(ξ1)− erf(ξ2)]

)
, (2.18)

where
ξ1 ≡ ξ1(T ) ..=

T − µT + ∆T/2

σT
√

2
(2.19)

and
ξ2 ≡ ξ2(T ) ..=

T − µT −∆T/2

σT
√

2
. (2.20)

At constant beam current (I1 = I2 and m = 0), the expression of equation 2.18
simplifies to:

dline(T, U) = ηU(U)
Np

2∆T
[erf (ξ1)− erf (ξ2)] . (2.21)

Fluence matching
The clinical use of the line scanning technique is bound to the constraint that it is
able to deliver superior or at least equivalent dose distributions compared to spot
scanning irradiations. For demonstration purposes, an experimental plan converter
was developed within this dissertation that imports fully optimized spot scanning
treatment plans and translates them into deliverable (raster and) line scanning plans
of similar quality. In a first step, the converter tool groups discrete beam spots
located on identical T -lines and calculates their combined fluence profile:

dspot,nom(T, U) =
n∑
i=1

dspot,i. (2.22)
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In a second step, the converter assures continuous motion of the proton beam by
replacing single spots with line segments that connect the midpoints between two
spots. Each segment is assigned a constant beam current I and scan speed v ac-
cording to the weight of the spot it replaces. In the interest of performance, the
beam current is decreased only if v > vmax would be required to lower the delivered
number of protons sufficiently. The fluence profile of resulting line segments can be
calculated using equation 2.21. Their superposition determines the delivered fluence
profile:

dline,act(T, U) =
n∑
i=1

dline,i. (2.23)

In case of raster scanning, transient dose contributions are computed that arise from
moving the proton beam from one grid point to the next using equation 2.21. These
transient raster segments must be added to the overall fluence profile yielding

draster,act(T, U) =
n∑
i=1

dspot,i +
n∑
i=1

draster,i. (2.24)

In a final step, the converter optimizes the weights of individual line and raster seg-
ments in order to match the actual delivered fluence profiles (see equations 2.23 and
2.24) to the nominal one obtained from the spot scanning plan (see equation 2.22).
This matching procedure is based on the method of least squares. Its impact is
shown in figure 2.3 below. In this example case, the nominal fluence profile is de-
termined by 11 beam spots placed on a 4mm grid. Fluence matching reduces the
deviations between line and spot scanning irradiations from ±1.5% to ±0.3%.
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(a) In this example, the fluence profile of the
spot scanning plan is composed of 11 beam
spots spaced 4mm apart (E = 151 MeV).
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ning fluence distributions could be decreased
to less than ±0.3% (in air).

Figure 2.3: Illustration of the impact of fluence matching in the treatment plan converter
on delivered fluence distributions. When translating spot to line scanning plans, iterative
fluence matching helps to reduce differences in the delivered profiles.
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Spots with zero weight prescription cause gaps in the scan path. With the help of the
vertical deflector, the beam current can be suppressed entirely in those regions. The
T -scanner magnet moves with maximum speed across such gaps and the voltage on
the deflector plates is decreased again when reaching the next line segment. As such,
an interruption of the line can be avoided. The treatment plan converter considers
three subsequent line segments without gaps as a continuous T -line. Due to superior
precision and performance, lines with less segments are irradiated as discrete beam
spots.

2.3 The CCD imaging system
The treatment plan converter and related mathematical models were validated
against measurements taken with a high-resolution imaging system assembled by
Schätti et al. (2013), which is able to resolve transverse fluence profiles on a sub-
millimeter scale. In addition to validation measurements, the imaging system was
used to assess the general quality of delivered spot, raster and line scans and quantify
interplay patterns in case of target motion. It consists of five main components: (1)
an Apogee Alta U6 camera; (2) a Nikon AF Nikkor 50mm F/1.8 D lens (aperture
f /8); (3) a mirror tilted 45◦; (4) a scintillating screen and (5) a light-tight sealed
housing. The image sensor of the Apogee camera is a 1024×1024 Kodak KAF-1001E
charge-coupled device (CCD) with a pixel size of (24×24)µm2 typically operated at
−20◦C. Exposed to proton beams, the scintillating screen emits light rays which are
reflected onto the lens by the tilted mirror. When focused onto the two-dimensional
CCD sensor array, these light rays produce a signal proportional to their intensity,
which is typically saved in units of pixel counts.

The CCD imaging system was completely recalibrated to meet the high precision
requirements arising from the scope of this work. Three main sources of error were
identified: geometric and intensity distortions, as well as quenching-related non-
linearities. The following three subsections quantify their magnitude and introduce
adequate correction algorithms if necessary.

2.3.1 Geometric distortions
Due to the short distance between mirror and lens (∼ 50 cm), one could suspect
systematic distortions of acquired images caused by non-linear projections of the
CCD pixel array onto the image plane. As a consequence, straight lines may appear
curved. To quantify the magnitude of such geometric distortions, the scintillating
screen was replaced by a checker board pattern and imaged multiple times (see
figure 2.4(a)). The size of each checker board was measured on the image and
compared to the nominal value of the print out (16.23mm). Figure 2.4(b) reveals
a position dependence of the pixel size in the image plane. The pixel width in y-
direction reaches a minimum at the center of the image, whereas the pixel width in
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x-direction increases quadratically from 312.4µm/px to 314µm/px along the y-axis.
Small deviations from the nominal 45◦ mirror tilt may explain this observation. The
position dependence of the projected pixel size indicates so-called barrel distortions
with optical axes around x = 476.7 px and y = 135.3 px (minima of the quadratic
fits). By restricting data acquisition to the lower part of the image (y < 512 px),
their influence could be minimized and corrections became obsolete. Instead, a
constant (average) pixel size of (313 ± 1)µm was assumed across the entire image
plane.
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(a) Image of a checker board replacing the
scintillating screen. Red circles mark the de-
tected corner points. Their distance on the
actual board measures 16.23mm.
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(b) Position dependence of the projected pixel
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quadratic fit lines (blue curves) indicate barrel
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Figure 2.4: Quantification of geometric distortions by imaging a regular checker board
of well-known dimensions. Barrel distortions are small in the lower part of the image
(y < 512 px).

2.3.2 Intensity distortions
Lens limitations cause a reduction of the image intensity towards the periphery
commonly referred to as optical vignetting. Homogeneous exposure of the lens
revealed that this effect can result in up to 15% differences between nominal and
actual brightness (see figure 2.5(a)). Measurements were taken via the 45◦ mirror to
include potential reflexions off the housing walls. To compensate for these intensity
distortions, every image acquired is background-corrected and divided by the flat-
field displayed in figure 2.5(a). The two spots observed in the lower left quadrant of
the flat-field originate from impurities on the mirror. Figure 2.5(b) demonstrates the
effectiveness of such corrections. The residual intensity variations in a homogeneous
(20 × 12) cm2 field (Gantry 2 scan area) are Gaussian distributed after flat-field
correction with a width of σint = 1.62%.
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(a) Flat-field of the CCD imaging system in-
cluding vignetting and mirror impurities (two
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(b) Image of a homogeneous fluence distribu-
tion before (left) and after (right) flat-field cor-
rection.

Figure 2.5: Intensity distortions of the CCD imaging system. Vignetting decreases
peripheral brightness by up to 15%. Flat-field corrections can restore homogeneous
exposure with residual intensity variations of the order of ±1.62% (Gaussian σ).

2.3.3 Quenching correction
The light output L of the scintillator is proportional to the proton fluence impinging
on it. However, it quenches with increasing linear energy transfer (LET). As such,
measured depth-dose distributions D(z, E) – products of fluence and LET – will
exhibit decreased maxima. Birks’ quenching law (Birks, 1951) models this effect:

L(z, E) =
q1(E)D(z, E)

1 + q2(E)D(z, E)
, (2.25)

with the quenching parameters

q1(E) = q1,1(E/Emid)2 + q1,2(E/Emid) + q1,3 (2.26)

and
q2(E) = q2,1(E/Emid)2 + q2,2(E/Emid) + q2,3. (2.27)

In order to determine the coefficients qi,j experimentally, the light output L of mo-
noenergetic and homogeneous proton fields was measured in various different water
depths and compared to the corresponding integral depth-dose D. For this purpose,
varying amounts of poly(methyl methacrylate) (PMMA) were placed on top of the
scintillator. Its water-equivalent path length was assumed to be 1.1635 (Lourenço
et al., 2017), which is in agreement with a value of 1.165 ± 0.013 reported earlier
by Jäkel et al. (2001). The water-equivalent thickness of the housing and scintil-
lator was estimated to be 4mm. This procedure was executed for eleven different
beam energies ranging between 70MeV and 230MeV. The results for six of those
are displayed in figure 2.6.
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Equation 2.25 was fitted to all measured depth-intensity curves simultaneously with
qi,j as free fit parameters. Setting Emid = 150 MeV, the optimizer returned the
following quenching coefficients:

q1,1 = +3.24× 10−6 counts/nGy (2.28a)
q1,2 = −3.87× 10−6 counts/nGy (2.28b)
q1,3 = +1.78× 10−5 counts/nGy (2.28c)
q2,1 = +7.26× 10−2 protons/(nGy cm2) (2.28d)
q2,2 = −1.01× 10−1 protons/(nGy cm2) (2.28e)
q2,3 = +6.01× 10−2 protons/(nGy cm2) (2.28f)

Resulting depth-intensity curves L(z, E) are shown as solid blue lines in figure 2.6
below. Non-quenched curves (q2(E) = 0) are shown as dashed lines to emphasize
the necessity of quenching corrections.
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Figure 2.6: Quenching model of the CCD imaging system. The measured light output
L is accurately described by Birks’ quenching model (solid blue curves). For higher beam
energies (E & 200 MeV), differences in the plateau region arise. Dashed lines represent
non-quenched depth-intensity curves (q2(E) = 0).
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2.4 Data acquisition and analysis

2.4 Data acquisition and analysis
A substantial amount of work included in this dissertation is of experimental na-
ture. All measurements were conducted on Gantry 2. Acquired data originate from
various sources (e.g. machine log files, diagnostic devices, dosimeters). Hall probes,
dose monitors and the strip chamber are among the predominantly used diagnostic
devices (see section 2.1.2). The dosimeters of choice were the CCD imaging system
described in section 2.3 above and a 2D array of vented ionization chambers (PTW
seven29 ). The typical experimental setup is described in subsection 2.4.1 and the
most important analysis tools are briefly summarized in subsection 2.4.2.

2.4.1 Experimental setup
The CCD imaging system was placed at iso-center whenever high-resolution mea-
surements of the transverse dose profile were required (e.g. validation of plan con-
verter, quantification of interplay effects). The typical setup is depicted in fig-
ure 2.7(a). The scintillating screen was aligned at iso-center and PMMA slabs were
placed on top of the housing to shift the water-equivalent depth of the imaging
plane. To measure absolute dose distributions (in units of Gy), the CCD imaging
system was replaced by the PTW seven29 2 as seen in figure 2.7(b).

1
2

4

3

(a) Setup with the CCD imaging system.

5 

6 
7 

(b) Setup with the PTW array.

Figure 2.7: Typical setup for experiments on Gantry 2 using (a) the CCD imaging
system or (b) the PTW array. The circle numbers represent: 1○ the scintillating screen of
the CCD imaging system aligned at iso-center; 2○ the mirror tilted 45◦; 3○ the air-cooled
CCD camera; 4○ slabs of PMMA to shift the water-equivalent depth; 5○ the optical
tracking system interfaced to the TDS; 6○ the motor of the sliding QUASAR™ table; 7○
the PTW ionization chamber array seven29.

2The two-dimensional array consists of 27× 27 individual ionization chambers, each of which has
a sensitive volume of (5× 5× 5) mm3. The center of individual chambers is placed on a regular
(1× 1) cm2 grid.
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An output-scaling factor of 2% was applied to all measured doses to correct for
systematic deviations from the treatment plan (Pedroni et al., 2005). Both dosime-
ters could be moved along one axis when placed on the QUASAR™ Respiratory
Motion Platform. An optical tracking system (Fattori et al., 2017) was installed to
record the iso-center motion and synchronize the irradiation precisely to any chosen
starting phase.

2.4.2 Data analysis tools
All data were analyzed in Matlab® version R2015b or later (Matlab, 2015). Fits
and models are based on the method of least squares. Statistical significance was
determined using the analysis of variance in combination with paired t-tests. Dose
distributions were evaluated according to clinical metrics derived from dose-volume-
histograms and two-dimensional γ-analyses (Low et al., 1998).
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Abstract
Line scanning represents a faster and potentially more flexible form of pencil beam scanning than
conventional step-and-shoot irradiations. Combined with fast energy changes (∼ 100 ms), it could
enable time-efficient treatments of mobile targets under repetitive or interruptive motion mitigation
techniques (e.g. rescanning, gating, breath-hold). Our second generation proton gantry features
irradiations in line scanning mode, but it still lacks a dedicated monitoring and validation system
that guarantees patient safety throughout beam delivery. We report on its design and implemen-
tation in this paper.
In line scanning, we steer the proton beam continuously along straight lines while adapting the
speed and/or current frequently to modulate the delivered dose. We intend to prevent delivery er-
rors that could be clinically relevant through a two-stage system: Safety level 1 monitors the beam
current and position every 10 µs. We demonstrate that direct readings from Hall probes in the
scanner magnets and dose monitors in the gantry nozzle provide required information. Interlocks
will be raised when measured signals exceed their predefined tolerance bands. Even in case of an
erroneous delivery, safety level 1 restricts hot and cold spots of the physically delivered fraction
dose to ±36 mGy (±2% of 2 Gy biologically). In safety level 2 – an additional, partly redundant
validation step – we compare the integral line profile measured with a strip monitor in the nozzle
to a forward-calculated prediction. The comparison is performed between two line applications to
detect amplifying inaccuracies in speed and current modulation. This level can be regarded as an
online quality assurance of the machine.
Both safety levels use devices and functionalities already installed along the beamline. Hence, the
presented monitoring and validation system preserves full compatibility of discrete and continu-
ous delivery mode on a single gantry, with the possibility to switch between modes during field
application.
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3.1 Introduction

3.1 Introduction
Proton therapy currently experiences a transition from utilizing passively scattered
to actively scanned beams (Meer and Psoroulas, 2015). The former technique irra-
diates the entire tumor volume nearly simultaneously, while the latter successively
scans the beam in all three dimensions. This process requires (1) adapting the en-
ergy of the protons to cover the entire depth of the tumor and (2) deflecting them
to scan over its lateral extent. Almost all clinically operating centers conduct active
scanning in a discretized step-and-shoot fashion. Studies by Phillips et al. (1992)
or Bert et al. (2008) showed that the time structure of such a scan interferes with
the motion of the target yielding deteriorated dose distributions. Hence, the use of
active scanning is currently restricted to relatively immobile target volumes (Bert
and Durante, 2011).

Faster scanning – analogous to the sliding window approach introduced by Brahme
(1988) and Convery and Rosenbloom (1992) – would open up the possibility to ef-
ficiently treat tumors under various motion mitigation techniques. Especially the
combinations of rescanning and gating or rescanning and breath-hold add substan-
tial dead-time to the treatment and, thus, call for fast, yet flexible ways to deliver
protons to the tumor. Pedroni et al. (2011) and Safai et al. (2012) reported on a
cyclotron-fed proton gantry that meets this demand: It features energy switching
times of about 100 ms, fast lateral scan speeds of up to 2 cm/ms and two modes of
operation – discrete scanning (Pedroni et al., 1995) and continuous line scanning
(Zenklusen et al., 2010; Inoue, 2014). Both of them make use of the short energy
switching time, but only line scanning is dedicated to continuous lateral scanning.

The gantry operates clinically since 2013 in discrete scanning mode. Eventual clin-
ical operation in line scanning mode requires a suitable beam monitoring system
to ensure safe irradiation of the patient at the level of discrete scanning. Given
the dynamic and continuously varying delivery parameters of line scanning mode,
this amounts to a non-trivial problem. In this publication, therefore, we report on
the conceptual design and technical implementation of a clinically acceptable mon-
itoring strategy for continuous line scanning. By doing so, we wish to answer the
following principal questions:

• How can we safely monitor dose during beam delivery?

• Do additional monitoring requirements arise from the continuous and dynamic
character of line scanning?

• Are dedicated hardware elements required to ensure effective monitoring of
line scanning?

In answering these questions, we have followed the guidelines and recommendation
given by the International Commission on Radiation Units and Measurements (2007)
and the International Electrotechnical Commission (2014).
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3 A beam monitoring and validation system for line scanning

3.2 Materials and methods
3.2.1 Beam delivery modes
Gantry 2 at the Paul Scherrer Institute can operate in both discrete and continuous
line scanning mode. In both cases, protons are distributed throughout the entire
tumor volume by (1) adjusting the beam energy E step-wise (scanning in depth)
and (2) by deflecting the beam laterally using scanner magnets. As such, discrete
and continuous scanning differ in the mode of lateral deflection only. For both
forms of beam delivery, usable beam energies range between 70 and 230MeV and
the maximum field dimension measures (12 × 20) cm2 (in the T × U directions
respectively following our nomenclature1).

Discrete scanning
With discrete scanning, we refer to a dose-driven form of proton pencil beam scan-
ning based on a discrete, rectilinear scan grid (see upper part of figure 3.1). As such,
the beam is turned only on at fixed grid points. When the prescribed number of
protons Np has been applied, a beam-off command is issued that deflects the beam
far upstream to prevent it from passing through the beamline. The settings of the
scanner magnets change according to the subsequent spot position (roughly 3ms
of dead time). The transition period is also used to validate the position of the
delivered beam spot in the (T, U) plane. This step-and-shoot process is repeated
until all spots with identical beam energy have been delivered. To cover the entire
tumor extent in depth, multiples of such iso-energy layers have to be applied.

Line scanning
Line scanning is a continuous and time-driven form of delivery. As such, lateral
scanning is discretized in only one dimension (here U) and quasi-continuous in the
other (here T ) (see lower part of figure 3.1). Modulating the number of delivered
protons along T is achieved by quickly changing the scan speed v and/or beam
current I. For this purpose, the machine steering files contain separated time tables
for the T position and beam current with minimal time steps of 10 µs. Both tables
are limited to 512 entries due to restricted memory capacity. The control system
interpolates them linearly, which yields constant scan speeds between two specified T
positions. The flexibility in adapting the beam current while scanning lines allows
for lowering the delivered dose even further when scanning at maximum speed.
Beam-off commands are only issued after a complete line has been applied to allow
for changes in U position and/or beam energy. Although the mode of delivery
of line scanning along the T direction is different to that of discrete scanning, the

1For coplanar treatments under a gantry angle of α = 0◦, the T and U axes coincide with the
transverse and longitudinal axes of the coronal plane.
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measured dose distributions in figure 3.1 indicate that, at least at a qualitative level,
both modes deliver equivalent profiles along this axis.
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Figure 3.1: In discrete scanning, the proton beam is steered to fixed positions on the
scan grid. The irradiation is stationary and a beam-off command is issued as soon
as the number of prescribed protons per beam spot is reached. Dark blue spots in
the upper left schematic represent spots that receive a high number of protons. In
continuous line scanning, the proton beam is scanned along straight lines while quickly
modulating the scan speed and/or beam current (lower left schematic). The two relative
dose distributions (upper right and lower right plot) show slices in the lateral (T,U)
plane acquired with the CCD imaging system (screen placed in air at iso-center). A
total number of 2.7×108 protons was delivered in both discrete and continuous scanning
mode (E = 150 MeV). For the former, dose modulation was achieved by superimposing
41 equally spaced spots of different weight; for the latter, scan speed and beam current
were adapted while scanning from (T1, U) = (−5, 0) cm to (T2, U) = (+5, 0) cm. Both
dose distributions were normalized to the maximum light output of the discrete scanning
measurement.

3.2.2 Beam monitoring requirements
All considerations on monitoring requirements for line scanning are based on the
fundamental assumption that this delivery mode operates precisely and accurately.
However, errors to be detected by the monitoring system can occur at any time, even
though their probability is very low (less than once per treatment under normal op-
eration conditions). The task of the monitoring system then is to detect unforeseen
delivery inaccuracies, which yield significant dosimetric fluctuations, fast and reli-
ably. All systematic over- or underdosages as well as all systematic position offsets
must be corrected prior to patient irradiation (quality assurance, plan verification
etc.).
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3 A beam monitoring and validation system for line scanning

The guidelines and recommendations given by the International Commission on Ra-
diation Units and Measurements (2007) and the International Electrotechnical Com-
mission (2014) specify that delivery-related errors during a single fraction should not
cause hot or cold spots larger than ±2% of the fraction dose (typically 2 Gy(RBE)
and 1.8 Gy physical dose). Delivery errors of this magnitude are expected to have no
significant impact on the clinical outcome of the treatment, provided that all other
fractions will be (or have been) delivered correctly. The French Nuclear Safety Au-
thority (2010) would classify such errors as grade one radiation events. Based on
our experience with treatments in discrete scanning mode, we estimate radiation
events to occur randomly and less than once per treatment. Thus, the constraint
for a dose error in a single line can be set to ±2% of the fraction dose or ±36 mGy
physically.

To translate this constraint to requirements and margins for the line scanning mon-
itoring system, we identified three features that are unique to this delivery mode:

1. Line scanning introduces fewer beam-off intervals than discrete scanning be-
cause of its continuous and uninterrupted scan sequences in T direction.

2. Changes of scanning speed and beam current during the delivery of a single
line can be exceptionally high (e.g. changes from zero to maximum current in
100µs).

3. The delivery is time-driven and, therefore, relies on an accurate response of
both scanner magnets and the beam current regulator.

In our opinion, these three features necessitate supervising the beam current and
its position at iso-center frequently during the application of a line to ensure that
all possible errors are harmless for the patient. For this purpose, we designed a
two-level monitoring system for continuous line scanning on Gantry 2, depicted in
figure 3.2. Both levels are connected to the patient safety system and able to issue
interlocks whenever an unsafe state has been detected. Depending on the source of
the interlock, the treatment will either be aborted (level 1) or paused (level 2). In
addition, however, and in order to resume the treatment correctly after all errors
have been resolved, instantaneous values of beam position and current must be
logged at the time of the interlock.

Level 1 (real-time monitoring)
Safety level 1 is active during beam-on, hence while a line is being applied, to prevent
grade two radiation incidents (French Nuclear Safety Authority, 2010). To guarantee
short reaction times even when beam-off intervals are less frequent (see line scanning
feature 1), monitors in the gantry nozzle and sweeper magnets are read out in real-
time (see subsection 3.2.3 below). Data are sampled every 10µs, saved in logging
tables and compared in hardware against predefined tolerances. If they are outside
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these, interlocks are raised and the patient safety system is informed. This design
allows for a fast, decoupled supervision of speed and intensity modulation within
safety level 1 (see line scanning feature 2). To guarantee sufficient homogeneity of
the delivered dose distribution, the beam position should be within ±1.5 mm of its
prescription at any time. Due to an energy-dependent signal of the dose monitor,
the tolerance for the beam current is energy dependent, too. The reaction time
for detecting errors in the beam current is, however, universal and should be below
2.5 ms – the time it takes to deliver 36 mGy to a standard treatment planning voxel2
placed in the Bragg peak of a proton beam at maximum, authorized current. These
margins are in agreement with our present implementation for discrete scanning
treatments on Gantry 1 and Gantry 2.

Level 2 (online monitoring)
Safety level 2 is active after the complete delivery of a single T line (e.g. in between
the application of two lines). As such, a strip monitor in the gantry nozzle measures
integral dose profiles in both T and U directions (see subsection 3.2.3 below), with
the shape of the T profile being determined by the combined effects of scanning
speed and intensity modulation. In this regard, safety level 2 is partly redundant to
safety level 1, but relies on a different, independent monitor. Furthermore, safety
level 2 is capable of detecting small errors of individual actuators that amplify
dosimetrically, e.g. combination of a slightly higher beam current together with
a slightly slower scan speed can yield a considerable increase in the delivered fluence
(see line scanning feature 3). On completion of a line, the recorded T profile is
compared to a forward-calculated prediction (described in detail in subsection 3.2.4
below). For the U profile, a simple position and width check is sufficient. Interlocks
are raised whenever any tolerances defined for the comparison remain unsatisfied.

3.2.3 Gantry 2 beam monitors
For clinically controlling the delivered beam in discrete scanning mode, the following
monitoring devices have been installed in Gantry 2. It is our intention to use the
same monitors also for the supervision of line scanning.

Hall probes
The magnetic field strength of the scanner magnets determines the lateral beam
position in the (T, U) plane: the larger the magnitude of the field, the larger the de-
flection towards the edges of the plane. This direct correlation allows for monitoring
the actual beam position at iso-center by measuring the magnetic field inside the
scanner magnets. For this purpose, both scanner magnets on Gantry 2 are equipped
with commercially available, type A Hall probes from SENIS. They measure the

2Our standard treatment planning voxel has a lateral extent of (4.0× 4.0) mm2 and an extent in
depth of 2.5 mm.
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Figure 3.2: Flowcharts of the line scanning monitoring and validation system. During
beam-on, information on beam current and position are continuously sampled (every
10 µs) to prevent grade two radiation incidents in case of erroneous delivery. Interlocks
are raised as soon as predefined tolerances are exceeded. This real-time validation (safety
level 1) is followed by an online validation, performed between the application of two lines
(e.g. when the U and/or energy changes). This second safety level validates the accuracy
of the delivery by comparing measured dose profiles to a forward-calculated prediction.
Interlocks can again be raised if metrics of comparison remain unsatisfied.

magnetic field utilizing an integrated single-chip. The measurement range for the
Hall probe in the T scanner magnet spans ±0.2 T; the one for the Hall probe in
the U scanner magnet spans ±0.4 T. The noise on both probes translates into a
position error of less than 10 µm. Both Hall probes are equipped with real-time
readout functionality (sampled every 10µs).

Dose monitors
The Gantry 2 nozzle contains two parallel plate ionization chambers, which will
be referred to as dose monitors 1 and 2 in the following (see figure 3.3(a)). Their
performance has been investigated by Lin et al. (2009). Both dose monitors are filled
with air at ambient temperature and pressure and operate in proportional counting
mode (2 kV chamber voltage). The distance between the cathode and anode planes
measures 5 mm (8 mm) in dose monitor 1 (2), which results in a maximum charge
collection time of approximately 90µs (240 µs). Dose monitors and Hall probes are
synchronized in their real-time readout.

Strip monitor
The final diagnostic device in the Gantry 2 beamline is a position-sensitive strip
monitor. It measures integrated dose profiles in T and U direction for every line.
This monitor is also filled with ambient air and consists of two cathode planes on
1.8 kV separated by a grounded anode plane. The T cathode carries 88 Copper
strips of 2mm width, whereas the U cathode carries 128 perpendicularly oriented
strips. The measured current of each strip is integrated on a TERA 06 board (La
Rosa et al., 2008) comprising two 64-channel chips (Mazza et al., 2005). Actis et al.
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(2014) provide a more detailed description of the strip monitor and its readout. The
design was commercialized by DE.TEC.TOR Devices & Technologies Torino.
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Figure 3.3: The shape of the pencil beam – measured with the strip monitor in the
Gantry 2 nozzle – depends on five parameters (α,E, S, T, U). Their meaning is explained
in the left schematic. To model mutual dependencies, we fitted the response function
of the strip monitor (see equation 3.15) to 52,360 individual spot profiles covering the
entire parameter space and saved all fit parameters in a five-dimensional look-up table.
The right plot displays an exemplary fit. For each configuration of (α,E, S, T, U), we can
interpolate the look-up table smoothly using the method presented in subsection 3.2.4.

3.2.4 Line profile prediction
A key aspect of safety level 2 monitoring, as described in subsection 3.2.2 above,
is the ability to accurately predict the profiles of individual lines as they will be
recorded in the strip monitor. Two factors will affect this prediction: (1) the cu-
mulative dose in the strip monitor elements resulting from the correct delivery of
a modulated line and (2) the lateral beam shape in the nozzle, which can vary as
a function of gantry angle α, beam energy E, nozzle extension S as well as T and
U position. As such, a mathematical formulation of the line scanning process and
beam width variations has to be developed, as described in detail in the following
subsection.

Line scanning model
In describing the line scanning process mathematically, we follow the concepts in-
troduced by Trofimov and Bortfeld (2003). The basis of this description is the shape
of the proton pencil beam in the lateral (T, U) plane – denoted as B(T, U). The
two-dimensional proton distribution (or density) n(T, U) is given by the convolution
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of B with the kernel function κ, which is specific to the scan mode:

n(T, U) = Np(B ∗ κ)(T, U) (3.1a)

⇔ n(T, U) = Np

∫ +∞

−∞

∫ +∞

−∞
B(T ′, U ′)κ(T − T ′, U − U ′) dT ′dU ′ (3.1b)

Delivery in line scanning mode is based on time tables for the T position and beam
current of the form3

{(t1 = 0, T1) , ..., (tn, Tn)} and {(t1 = 0, I1) , ..., (tn, In)} (3.2)

In other words, the beam is steered over a distance ∆T = Ti+1− Ti during the time
interval ∆t = ti+1− ti. While scanning, the beam current may change linearly from
Ii to Ii+1. The total number of delivered protons during the scan from (Ti, U) to
(Ti+1, U) is given by

Np =
(Ii+1 + Ii)∆t

2e
, (3.3)

where e is the elementary charge. We characterize the modulation of the beam
current by

ι(T − T ′) =
2

∆T

Ii+1 − Ii
Ii+1 + Ii

(T − T ′) + 1, (3.4)

such that ι = 1 for T = T ′. The kernel function is given by

κline(T − T ′, U − U ′) =
ι(T − T ′)

∆T
Π

(
T − T ′

∆T

)
δ(U − U ′), (3.5)

where Π denotes the rectangular function, which yields a 2D proton distribution of

nline(T, U) =
Np

∆T

∫ T+∆T/2

T−∆T/2

ι(T − T ′)B(T ′, U) dT ′. (3.6)

Beam shape parameterization
During treatments, we measure the shape of the proton pencil beam B with the
strip monitor (see figure 3.3(a)). Since this monitor is located in the nozzle plane
(and not at iso-center, where the patient is positioned), B depends on the following
five parameters: gantry angle α, beam energy E, nozzle extension S as well as T
and U position. These dependencies are specific to our upstream scanning gantry
design and we model them by interpolating within a five-dimensional look-up table.

3Note that the time steps of the position and current table are independent of one another.
However, one can always define small segments with constant scan speed and linear beam
current modulation when merging the two tables.
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3.2 Materials and methods

We can generalize this interpolation method to a k-dimensional space. ξi shall re-
fer to individual data points (scalars) characterizing the beam shape function and
x is the position vector of that k-dimensional space. We construct the interpolat-
ing function fk(x,λ) from permutations of the entries of x weighted by 2k scalar
coefficients λi. We would like to clarify this definition based on three examples:

fk=1(x,λ) = λ0 + λ1x1 (3.7a)
fk=2(x,λ) = λ0 + λ1x1 + λ2x2 + λ3x1x2 (3.7b)
fk=3(x,λ) = λ0 + λ1x1 + λ2x2 + λ3x3 + λ4x1x2 +

λ5x1x3 + λ6x2x3 + λ7x1x2x3 (3.7c)

This interpolating function is continuous and differentiable. The determination of
coefficients λi will be demonstrated for the exemplary case of k = 2. The formalism
is analogous for all other dimension:

• In the first step, one needs to identify all 2k data points ξi surrounding the
position x, for which the interpolation is to be conducted. This necessitates
finding the upper and lower bounds in each dimension that correspond to those
neighboring data points:

`x1 ≤ x1 ≤ ux1 and `x2 ≤ x2 ≤ ux2 , (3.8)

• In the second step, fk is evaluated for each combination of upper and lower
bounds:

fk=2 (x = {ux1 , ux2},λ) = ξ1 (3.9a)
fk=2 (x = {ux1 , `x2},λ) = ξ2 (3.9b)
fk=2 (x = {`x1 , ux2},λ) = ξ3 (3.9c)
fk=2 (x = {`x1 , `x2},λ) = ξ4 (3.9d)

• The coefficient vector can then be calculated in the final step via

λ = P−1ξ, (3.10)

with the matrix of permuted bounds

P =


1 ux1 ux2 ux1ux2
1 ux1 `x2 ux1`x2
1 `x1 ux2 `x1ux2
1 `x1 `x2 `x1`x2

 . (3.11)

Figure 3.4 shows an exemplary interpolation surface for measured pencil beam
widths in the nozzle plane. The gray data points are smoothly connected by
fk=2(x = {α,E},λ). It also shows a comparison of measured and interpolated
beam widths for the entire range of therapeutic energies.
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(a) Two-dimensional surface interpolating the
pencil beam width measured with the noz-
zle strip monitor for (S, T, U) = (1, 0, 0) cm.
Displayed data points are stored in the five-
dimensional look-up table.
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(b) Interpolated (blue line) and measured
beam width (gray circles) in the nozzle plane
as a function of beam energy for α = 0◦ and
(S, T, U) = (1, 0, 0) cm. Blue dots represent
look-up table data points.

Figure 3.4: The beam width measured in the nozzle plane depends on five parameters:
gantry angle α, beam energy E, nozzle extension S as well as T and U position. The
dependencies are coupled. Our suggested interpolation method is smooth in all these
five dimensions. Note that the beam width σ decreases towards iso-center and measures
roughly 95% of the one presented here.

3.2.5 Metrics for line profile comparison
The comparison of measured and predicted line profiles in the T direction shall en-
sure that the overall dose, position and modulation of the line are within acceptable
tolerance. In our opinion, the following metrics of comparison are suitable measures
to fulfill this aim: integral counts Dtot, center of gravity (COG) TCOG, line symmetry
S, coefficient of determination R2 and the pass rate of a one-dimensional γ-analysis
Pγ (Low et al., 1998). They are defined as:

Dtot =

Nstrips∑
i=1

di (3.12a)

TCOG =

Nstrips∑
i=1

idi/Dtot (3.12b)

S = (Dleft −Dright) / (Dleft +Dright) (3.12c)

R2 = 1−
Nstrips∑
i=1

(
di − d̂i

)2

/

Nstrips∑
i=1

(di −Dtot/Nstrips)
2 (3.12d)

γi = min
j

{√(
di − d̂j

)2

/ε2 +
(
Ti − T̂j

)2

/ρ2

}
(3.12e)

Pγ = dim{γ | γi ≤ 1}/Nstrips, (3.12f)
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where di refers to measured and d̂i to predicted strip counts. Dleft and Dright denote
the integrated strip counts on each side of the profile about the COG position. Lines
scanned in T direction appear as spot-like profiles in the U plane of the strip monitor.
Hence, we chose to simply assess their width and position using root-mean-squared
(RMS) σRMS and COG UCOG, respectively. The RMS is defined as

σ2
RMS =

Nstrips∑
i=1

i2di/Dtot − U2
COG. (3.13)

3.2.6 Dose measurements at iso-center
In order to test the reliability of the beam monitoring strategy described above,
various dose profiles, for both nominal and well-defined error scenarios, have been
directly measured at iso-center. For this, we used the imaging system assembled by
Schätti et al. (2013) to (qualitatively) record dose distributions at iso-center (see
figure 3.1). It consists of three main components: (1) a scintillating screen, (2) a
mirror tilted 45◦ and (3) a camera with a charge-coupled device (CCD) image sensor.
The spatial resolution of the imaging system at the image plane (scintillating screen)
was measured to be (313 ± 1)µm. Images acquired with the CCD camera were
processed using version 1.49q of the public domain Java program ImageJ (Schneider
et al., 2012). All offline data analysis was performed in Matlab® R2015b with the
help of the curve fitting and optimization toolboxes (Matlab, 2015).

3.3 Experiments and results
Presented data originate from a prototype installation of the beam monitoring and
validation system. Its design is outlined in subsection 3.2.2. The principle of oper-
ation is illustrated by monitoring the application of an exemplary line.

3.3.1 Safety level 1
Example case
Figure 3.5 shows measured signals and predefined tolerance bands for both Hall
probes and dose monitors during the application of an example line. The tolerance
bands are calculated by the control system prior to irradiation based on the infor-
mation contained in the delivery tables (see equation 3.2). We observed that direct,
unfiltered signals from the dose monitors and Hall probes are accurate enough to su-
pervise the beam current and position. In this example with 150 MeV beam energy,
the tolerance for the instantaneous beam current (direct signal of dose monitor 1)
was set to ±40 pA, which is equivalent to ±2.5×105 protons per ms. In addition, we
allow a reaction time lag of ±2.5 ms in the tolerance bands. The resulting upper and
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3 A beam monitoring and validation system for line scanning

lower limits were satisfied throughout the entire scan of the line. The corresponding
dose distribution at iso-center delivered by this line is displayed in figure 3.1.
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(b) U position tolerance.
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(c) Monitor 1 tolerance.
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Figure 3.5: Tolerance bands for the beam position (upper plots) and beam current
(lower plots) at iso-center. The tolerance for the T and U position measures ±1.5 mm.
Additional time lags of ±2.5 ms are introduced to allow for marginal latencies of the
scanner magnets when changing the scan speed drastically (e.g. at t = 145.5 ms in the
upper left plot). A systematic shift of the line of +1.0 mm in T direction and −1.9 mm
in U direction was applied to match the given tolerances. An identical procedure is
also applied to all discrete scanning plans before patient irradiation. The measured
signal (gray line) originates from Hall probes in the scanner magnet. It was translated
to actual spot position at iso-center using our machine calibration functions and stays
within ±1.5 mm at all times. The lower plots show tolerances for the instantaneous
(integrated) beam current at iso-center measured with dose monitor 1 (2). Measured
curves stay within their limits of ±40 pA and ±7 × 106 protons, respectively. The time
lag of ±2.5 ms allows for rapid changes in instantaneous beam current (e.g. at t = 0 ms
in the lower left plot). Figure 3.1 shows the corresponding dose distribution at iso-center
of this line scan.
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Simulated error scenario
For the same line, let us now assume a severe regulation error, e.g. the current is
not decreased after t = 60 ms but remains constant. As a consequence, we would
hit the tolerance band after 7.5 ms delivering an excess of 1.4× 106 protons. With a
maximum dose deposition of 3.5 nGy per 150 MeV proton in a standard treatment
planning voxel, this leads to a potential dose error of:

1.4× 106 × 3.5 nGy ∼= 5 mGy, (3.14)

which is well within our dose constraint of ±36 mGy.

3.3.2 Safety level 2
Strip monitor response
To consider all dependencies of the pencil beam shape B on the scan configuration,
we measured 52,360 individual profiles of stationary pencil beams throughout the
five-dimensional (5D) parameter space. These measurements include all possible
combinations of 8 different gantry angles ranging from αmin = −30◦ to αmax =
+180◦, 17 different beam energies ranging from Emin = 70 MeV to Emax = 230 MeV,
5 different nozzle extensions ranging from Smin = 1 cm to Smax = 27 cm, 7 different T
positions ranging from Tmin = −6 cm to Tmax = +6 cm and 11 different U positions
ranging from Umin = −10 cm to Umax = +10 cm. From these measurements, the
following response function proved to describe measured data most accurately:

B(T ) =


Btrans exp [+τ (T − (µ− ω))] for T < µ− ω
Bmax exp

[
−1

2

(
T−µ
σ

)2
]

for |T − µ| ≤ ω

Btrans exp [−τ (T − (µ+ ω))] for T > µ+ ω

(3.15)

with

Btrans = Bmax exp

[
−1

2

(ω
σ

)2
]
. (3.16)

Figure 3.3(b) displays an example fit of a static spot profile in the T direction.
Using this model, we can calculate the response of the strip monitor to scanned
line segments via equation 3.6. The fit parameters Bmax, µ, σ, ω and τ are saved
in a 5D look-up table and interpolated for every line segment when predicting the
overall profile (see subsection 3.2.4 above). This procedure allows for predicting line
profiles for any configuration of delivery parameters. The entire profile prediction
algorithm, as executed on a 1.2 GHz single core processor, requires roughly five
seconds to compute profiles for 1000 different lines, and is executed once when
loading the plan.
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3 A beam monitoring and validation system for line scanning

Metrics of comparison
To derive adequate margins for the metrics mentioned above, we applied a set
of representative discrete scanning plans previously used for patient treatment on
Gantry 2. We superimposed measured profiles of subsequent beam spots with iden-
tical U position to emulate irradiation in line scanning mode. From retrospective
clinical validation performed by Scandurra et al. (2016) we know that these plans
have been delivered with sufficient precision and accuracy. Based on the distribution
of comparison metrics, we were able to identify typical upper and lower limits. The
results are listed in table 3.1.

Table 3.1: Typical limits for line profile comparison metrics in T and U (see subsec-
tion 3.2.5). ∆ refers to differences between measured and predicted profiles; δ to devia-
tions. The pass rate of the γ-analysis is given for ε = 2% of the maximum line dose and
ρ = 2 mm (see equation 3.12f). Upper and lower limits were derived from clinical patient
plans delivered without any interlocks.

metric of comparison lower limit ideal value upper limit

δDtot [%] −10.0 0.00 +10.0

∆TCOG [mm] −1.50 0.00 +1.50

S [%] −10.0 0.00 +10.0

R2 [%] 97 100 100

Pγ [%] 70 100 100

∆UCOG [mm] −1.50 0.00 +1.50

∆σRMS [mm] −0.50 0.00 +0.50

Example case
Figure 3.6 shows a comparison of measured and predicted T profiles for exemplary
lines of relatively high (left) and low dose (right). Scan speeds range between 0.01
and 1.00 cm/ms. The beam current was additionally modulated for the profile of
higher dose (see figure 3.5). Note that the profile of lower dose was delivered with
an intermediate configuration of gantry angle, beam energy, nozzle extension and
line position (i.e. parameters are not listed in the look-up table). All metrics of
comparison are fulfilled for the two cases and the irradiation could resume without
triggering an interlock.
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(a) Line scan of relatively high dose for α =
0◦, E = 150 MeV, S = 27 cm and U = 0 cm.
Error bars show one standard error calcu-
lated from 50 repetitions. The corresponding
dose distribution at iso-center is plotted in fig-
ure 3.1; safety level 1 tolerances are displayed
in figure 3.5.
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(b) Line scan of relatively low dose for α =
15◦, E = 115 MeV, S = 25 cm and U = 5 cm.
Error bars show one standard error calculated
from 100 repetitions. Note that the delivery
parameters are not explicitely conatined in the
look-up table in this case. Hence, all beam
shape parameters had to be interpolated.

Figure 3.6: Comparison of measured (bars) and predicted line profiles (solid lines) in
the nozzle plane (T direction). For each segment of the line, we interpolated the five-
dimensional look-up table to retrieve the beam shape parameters characteristic to the
response of the strip monitor. The prediction matches the measurement for most strips
within statistical uncertainty. Both lines satisfy the metrics of comparison introduced
in subsection 3.2.5. Note that profiles are not normalized; the prediction matches the
measurement in absolute values.

Simulated error scenario
Let us assume a minor regulation issue, e.g. the actual delivered beam current is
slightly too low and the entire line is shifted. If both inaccuracies are small enough,
they would not classify as a delivery error and remain undetected by safety level 1.
In other words, tolerance bands would be fulfilled during delivery and the line would
be applied without interlocks. For the profile depicted in figure 3.7, we assumed 7%
higher beam current in the prediction and an overall shift of 1.3mm. This means
in return, that 3× 106 protons would be missing in the delivery. With a maximum
dose deposition of 5.0 nGy for 115 MeV protons in a standard treatment planning
voxel, we find:

− 3.0× 106 × 5.0 nGy = −15 mGy, (3.17)

which is within our dose constraint of ±36 mGy. The position inaccuracy of 1.3mm
is also smaller than our constraint of ±1.5 mm. However, comparing predicted and
measured profiles yields an R2 index of 96.8%, which is below the threshold of 97.0%
stated in table 3.1. Hence, safety level 2 would interrupt the treatment.
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(a) Same line scanning measurement as in fig-
ure 3.6(b), but the predicted profile has been
shifted to simulate an inaccurate delivery.
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(b) Residuals between shifted line profile pre-
diction and measured line profile as displayed
in figure 3.7(a).

Figure 3.7: Typical limits for line profile comparison metrics in T and U (see sub-
section 3.2.5). ∆ refers to differences between measured and predicted profiles; δ to
deviations. The pass rate of the γ-analysis is given for ε = 2% of the maximum line dose
and ρ = 2 mm (see equations 3.12f). To derive upper and lower limits, we emulated line
profiles from clinical patient plans delivered in discrete scanning mode. Irradiations ran
interlock-free, which assures clinically acceptable precision and accuracy.

3.4 Discussion and outlook
In this paper, we have described a two-stage monitoring and validation system for
proton pencil beam irradiations in continuous line scanning mode. Safety level 1
acts in real-time and uses two independent dose monitors in the gantry nozzle to in-
stantaneously measure the integrated beam current and frequently check it against
predefined tolerances. Real-time monitoring is also installed for the lateral beam
position. But in this case, we use signals from the Hall probes in the scanner mag-
nets as a surrogate for the beam position at iso-center, in order to have a clean and
stable signal independent of the requested beam current. Safety level 2, on the other
hand, compares full dose profiles recorded with the strip monitor to precalculated
predictions. Such a comparison can be regarded as an online validation of the qual-
ity of delivery. To our knowledge, this combination of two safety levels represents a
novelty in beam monitoring that is beneficial for, but not restricted to, line scanning
irradiations.

The discrete scanning implementation at MD Anderson Cancer Center is very simi-
lar to the discrete scanning mode described in subsection 3.2.1 (the beam is turned
off completely when moving from one grid point to the next). The beam position
is validated only after a spot has been applied. The tolerance used for the mea-
sured beam position (width) is ±1.8 (1.5) mm (Smith et al., 2009), which is slightly
larger than our constraints. Other reported dose-driven installations of pencil beam
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scanning4 use similar monitoring techniques, but typically rely on a time-resolved
readout of the position-sensitive monitor as follows:

• Heavy Ion Medical Accelerator in Chiba, Japan: readout of the multi-wire
proportional chamber (scanned beam) and fluorescent screen monitor (non-
scanned beam) after each spot application (±2 mm tolerance); additional mon-
itoring the current of the scanner magnet power supply (Furukawa et al.,
2010b)

• National Center of Oncological Hadrontherapy, Pavia, Italy: readout of the
strip and pixel monitor every 100 µs (Giordanengo et al., 2013)

• Rinecker Proton Therapy Center, Munich, Germany: readout of the strip
monitor every 250 µs (Borchert et al., 2008)

• Heidelberg Ion-Beam Therapy Center (formerly Gesellschaft für Schwerionen-
forschung, Darmstadt), Heidelberg, Germany: readout of the multi-wire pro-
portional chambers every 150µs (Badura et al., 2000)

In our opinion, the beam position at iso-center can be supervised with (at least)
equal precision and accuracy by reading signals from the Hall probes in the scanner
magnets. Moreover, we see the advantage of having a higher sampling rate and,
therefore, shorter reaction time to errors. For line scanning, we additionally have to
consider segments of very low dose (maximum scan speed and decreased current),
which yield very low instantaneous signal in the position-sensitive monitor. Hall
probe signals, on the other hand, are unaffected by the local dose deposition. Ulti-
mately, we can use the strip monitor to read the integral dose profile of a line and
validate the combined effects of speed and current modulation.

The Samsung Medical Center (Seoul, South Korea), is presently, to our knowledge,
the only other center that has installed time-driven delivery of pencil beam scan-
ning, but in a slightly modified form. In the United Stated patent from Inoue (2014),
their vendor (Sumitomo Heavy Industries, Ltd.) claims to monitor the beam posi-
tion with a nozzle-mounted wire chamber every 200 µs. The treatment is interrupted
only if measured and foreseen COG differ. Additional regulation and monitoring of
the beam current (as used in our approach), which appears to be constant for each
iso-energy layer, are not mentioned in the patent.

Safety level 1 of our system utilizes monitors and readout functionality already in-
stalled in the Gantry 2 beamline. Thus, we can easily switch between discrete and
continuous scanning mode without changing hardware configurations. To prevent
grade two radiation incidents, tolerance bands are derived from the delivery tables

4The centers listed here use a hybrid of discrete and continuous scanning: Instead of turning the
beam off completely in between spot positions, they accept small transient doses when moving
the beam from one position on the scan grid to the next, which lowers the dead time.
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(see figure 3.5). The calculation is performed when translating the treatment plan
to machine readable files. The actual comparison to measured signals during the
scan of a line runs in hardware. Thus, we consider it fast and reliable. Real-time
readout additionally allows for real-time logging of the beam current and position
at the occurrence of an interlock. This information is important for resuming the
treatment at the correct point in space with the correct settings. The design of
safety level 1 permits delivering highly modulated lines without compromising pa-
tient safety at any time. Very low beam currents (∼ 50 pA) can be monitored just
as accurately as very high scan speeds (∼ 2 cm/ms), since our real-time validation
is not hampered by a low signal-to-noise ratio of the strip monitor.

Using the magnetic field of the scanners as a surrogate for beam position at iso-center
necessitates a precise cross calibration. This correlation is rather complex (depen-
dencies on gantry angle and beam energy) and specific to the gantry layout. Large
changes in beam current or scan speed – when foreseen in the steering file – require
introducing a time lag in the tolerance bands due to the finite reaction time of the
monitors. But even at maximum current and speed, safety margins are still satisfied.

Safety level 2 assesses the delivery quality online between the application of two
lines. We can validate the interplay of speed and current modulation by measuring
integral line profiles with the strip monitor in the nozzle. The prediction of line
profiles is accurate for all high-dose lines in the 5D parameter space (α,E, S, T, U).
Short lines of very low dose (less than ∼ 100 counts per strip) are difficult to val-
idate due to a low signal-to-noise ratio. We would have to employ larger margins
due to higher measurement uncertainties, which may be practical considering their
small contribution to the total delivered dose. Metrics of comparison such as inte-
gral counts, COG, RMS, symmetry and R2 index can be calculated quickly. They
ensure that the overall dose, position, width and modulation are within acceptable
tolerances. A complete γ-analysis of the profile might be too time consuming and
prolong the dead time between lines, which we aim to restrict to 3 ms (average dead
time in discrete scanning mode).

The two-level monitoring and validation system described here has been specifically
designed for proton irradiations in line scanning mode. Nevertheless, we regard
it as a generalized form of beam monitoring applicable to different particles and
delivery modes. Even continuous scanning along arbitrarily shaped contours can be
supervised with safety levels 1 and 2 as described here. The latter would simply
need to validate integral dose profiles in both T and U direction. Furthermore, the
monitoring system allows the use of higher beam currents (∼ 10 nA) in order to
further shorten delivery times. In this case, to satisfy the dose error constraint, we
would need to lower the reaction time, which should be feasible considering that
monitor responses are well below 2.5 ms (e.g. less than 0.1 ms charge collection time
dose monitor 1). Final clinical integration, however, still requires extensive testing of
various error scenarios and the development of strategies to resume after interlocks

52



3.5 Conclusion

issued by either safety level.

3.5 Conclusion
The work presented ensures safe patient treatment using continuous line scanning.
We identified the main features and risks associated to this mode of operation to
derive an adequate, two-level monitoring and validation system: The possibility to
change the scan speed and beam current frequently along a single line necessitates
continuous monitoring of both parameters. Within safety level 1, we read out both
dose monitors and the Hall probes in the scanner magnets every 10µs and compare
measured signals against predefined tolerances (see figure 3.5). The tolerance bands
are calculated from the delivery tables. Interlocks are raised whenever they are ex-
ceeded. Presupposing that such dose or position interlocks occur on average less than
once per fraction and at random locations, we can guarantee a homogeneity of ±2%
of the delivered fraction dose – even in case of several interlocks during one fraction.
Such instances would still be classified as harmless grade one radiation events. To
assess and validate the quality of the delivered dose, we installed a second safety
level, in which we compare the integral dose profile measured with a strip monitor
to a forward-calculated prediction (see figure 3.6). This safety level is active after a
line has been applied without interlocks. By comparing the weighted center (COG),
the overall width (RMS), the symmetry and modulation (e.g. R2), we are confident
to detect inaccuracies in beam current and scan speed that amplify dosimetrically.
Interlocks can be raised, whenever metrics of comparison remain unsatisfied. The
described beam monitoring and validation system functions with devices and func-
tionality already provided. Currently, we do not see the need to install additional
hardware along the beamline to ensure safe operation in line scanning mode.
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Abstract
When treating cancerous tissues with protons beams, many centers make use of a step-and-shoot
irradiation technique, in which the beam is steered to discrete grid points in the tumor volume.
For safety reasons, the irradiation is supervised by an independent monitoring system validating
cyclically that the correct amount of protons has been delivered to the correct position in the
patient. Whenever unacceptable inaccuracies are detected, the irradiation can be interrupted to
reinforce a high degree of radiation protection. At the Paul Scherrer Institute, we plan to irradiate
tumors continuously. By giving up the idea of discrete grid points, we aim to be faster and
more flexible in the irradiation. But the increase in speed and dynamics necessitates a highly
responsive monitoring system to guarantee the same level of patient safety as for conventional
step-and-shoot irradiations. Hence, we developed and implemented real-time monitoring of the
proton beam current and position. As such, we read out diagnostic devices with 100 kHz and
compare their signals against safety tolerances in an FPGA. In this paper, we report on necessary
software and firmware enhancements of our control system and test their functionality based on
three exemplary error scenarios. We demonstrate successful implementation of real-time beam
monitoring and, consequently, compliance with international patient safety regulations.
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4.1 Introduction

4.1 Introduction
Almost every second proton therapy center around the world irradiates their pa-
tients using a step-and-shoot technique commonly referred to as pencil beam scan-
ning (Haberer et al., 1993; Pedroni et al., 1995): A proton beam of a few millimeter
width in air is steered through the three-dimensional (3D) tumor volume by suc-
cessively changing its penetration depth and transverse position. Scanning in depth
(S-direction) can be achieved by adapting the proton beam energy and scanning in
the transverse (T, U)-plane1 is typically realized through a pair of beam-deflecting
dipole magnets (see figure 4.1 for a graphical definition of the coordinate system).
This state-of-the-art scanning process follows a 3D grid of thousands of discrete
beam positions mapped onto the tumor volume. The dwell time at each position
can vary from ∼ 1 ms up to ∼ 100 ms depending on the prescribed number of pro-
tons. Upon completion, beamline settings are changed to steer the beam to its next
position on the grid.

To guarantee patient safety in case of machine-related errors, the number of delivered
protons and the beam position are cyclically checked against expected values. For
this purpose, the independent beam monitoring system reads out diagnostic devices
(e.g. ionization chambers, position-sensitive monitors) distributed along the beam-
line. Fastest sampling times reported in the literature are of the order of ∼ 0.1 ms
(Badura et al., 2000; Borchert et al., 2008; Giordanengo et al., 2013), which yields at
least ∼ 10 supervisions for every beam position on the grid. The monitoring system
will issue an interlock that turns off the beam if expected and measured number
of protons deviate by more than a few percent or if the transverse beam position
is off by more than ∼ 1 mm. As such, compliance with international patient safety
regulations (International Commission on Radiation Units and Measurements, 2007;
International Electrotechnical Commission, 2014) can be guaranteed.

The Center for Proton Therapy at the Paul Scherrer Institute treats cancer patients
since 1996 using pencil beam scanning. To gain flexibility in beam delivery, we
aim to go beyond the conventional step-and-shoot approach. For this purpose, we
discarded the idea of a fixed grid in one of the three dimensions and implemented
fully continuous scanning of the proton beam along one of the transverse axes (in
the following referred to as the T -axis) (Zenklusen et al., 2010; Safai et al., 2012).
This implementation also shortens the overall irradiation time by eliminating dead
times when moving from one grid point (Ti, U) to the next (Ti+1, U). We previously
showed that by ramping the field of the scanner magnet, we can steer the beam
with up to 20mm/ms along straight T -lines (Pedroni et al., 2011). As such, cyclic
monitoring of the beam position every ∼ 0.1 ms will no longer be sufficient since
the beam could have moved already ∼ 2 mm during that time. Uncertainties of this

1For coplanar treatments with the beam in anterior-posterior direction, the T -axis coincides with
the frontal axis of the patient and the U -axis coincides with the longitudinal axis of the patient.
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4 Real-time beam monitoring in scanned proton therapy

magnitude violate patient safety regulations. Hence, we designed and implemented
an enhanced monitoring system that foresees supervision of the beam position and
current in real-time (Klimpki et al., 2017b).

While real-time monitoring of beam parameters may be a standard method for many
experimental beamlines, it represents a novelty in the context of therapeutically used
beams. To our knowledge, no other therapy center relies on real-time monitoring in
their primary patient safety system, since it requires fast readout of various detectors
installed along the beamline as well as reliable signal processing in hardware. In
this paper, we report on the design and implementation of software and firmware
enhancements enabling real-time monitoring of the beam current and transverse
position and test their functionality based on three exemplary error scenarios.

4.2 Materials and methods
4.2.1 Proton therapy beamline
Figure 4.1 depicts a brief schematic of the proton therapy beamline. A supercon-
ducting cyclotron accelerates the proton beam to 250MeV (Schippers et al., 2007a).
For fast intensity control, two deflector plates near the ion source inside the cy-
clotron can generate an electric field perpendicular to the spiral beam orbit: the
higher the field strength, the higher the losses inside the cyclotron and the lower
the extracted beam current. By directly controlling the power supply of the vertical
deflector plates, we can achieve beam current changes within 50 µs.

The cyclotron generates a monoenergetic proton beam. However, variable beam
energies are required for patient treatments to realize different penetration depths
of the proton beam according to the size and location of the tumor. For this pur-
pose, we can insert variable amounts of decelerating (or degrading) material in the
beamline. A subsequent double-bend achromat (labeled with energy selection in
figure 4.1) assures that only the requested energy reaches the treatment room.

Once in the treatment room, the proton beam passes through an isocentric gantry
that rotates around the patient to allow for irradiations from various incident angles.
On our Gantry 2, the scanner magnets that determine the final beam position in the
transverse (T, U)-plane are placed upstream of the final 90◦ dipole. By ramping the
field strength of these scanner magnets, we can steer the beam with up to 20mm/ms
along straight T -lines (Pedroni et al., 2011).

For fast beam suppression in case of interlocks, we installed a beam-deflecting mag-
net (so-called kicker) upstream of the degrader unit. When fully powered, it deflects
the proton beam onto an absorber. Periodic tests yield an average response time of
less than 300µs including delays of monitors, electronics, cabling and software.
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Figure 4.1: Schematic of the Gantry 2 beamline at the Paul Scherrer Institute.

4.2.2 Beam delivery and monitoring
Figure 4.2 depicts the flow of control signals during irradiation. One can see that
for safety reasons, our control system is based on two redundant units: the beam
delivery system that sends values to all actuators (e.g. vertical deflector and scanner
magnets) and the beam monitoring system that reads back status values from inde-
pendent detectors (e.g. ionization chambers and Hall probes). As such, the delivery
unit assures precise and accurate control of the proton beam reaching the patient and
the monitoring unit supervises the irradiation process to guarantee patient safety at
all times. Both systems are synchronized in real-time and run on VxWorks version
6.9. They communicate over a 32 bit hardware bus.

Real-time monitoring of the beam position and current relies on four monitors: two
one-axis Hall probes placed in the scanner magnets and two plane-parallel ionization
chambers placed downstream of the vacuum exit window (see figure 4.1 and the
section below for more details). During irradiation, dedicated readout electronics
convert their analog signals to digital counts and transmit them at 100 kHz over a
2Gbit/s line to the main field-programmable gate array (FPGA) of the monitoring
system (Virtex-6 from Xilinx, Inc.). Interlocks can be raised whenever signals fall
below or exceed their specified tolerances.
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4 Real-time beam monitoring in scanned proton therapy

Hall probes
The field strength of the scanner magnets is directly correlated to the beam po-
sition in the transverse plane. Thus, supervising their magnetic field allows for
non-destructive monitoring of the transverse beam position. Measurement ranges
of the Hall probes span ±0.2 T and ±0.4 T for the T and U scanners, respectively.
The noise in both probes amounts to less than 10 µm uncertainty in position.

Ionization chambers
Both parallel-plate ionization chambers, referred to as monitor 1 and 2 in the follow-
ing, are filled with air at ambient temperature and pressure and have a maximum
charge collection time of approximately 90 µs and 240µs, respectively (Lin et al.,
2009). Hall probes and ionization chambers are synchronized in their real-time
readout.
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Figure 4.2: Signal flow of the delivery and monitoring system during irradiation.
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4.2.3 Control software
State-of-the-art proton therapy systems offer large flexibility in varying the amount
of locally deposited protons. When scanning along T -lines, we wanted to support
modulating the scan speed v and beam current I simultaneously. Hence, we imple-
mented time-driven irradiations based on trajectory tables of the form

{(t1 = 0 ms, T1) , ..., (tn > 0 ms, Tn)} (4.1)

and
{(t1 = 0 ms, I1) , ..., (tn > 0 ms, In)}, (4.2)

which will be interpolated linearly by the control system. In other words, the beam
is scanned over the distance ∆T = Ti+1 − Ti during the time interval ∆t = ti+1 − ti
with a constant speed v = ∆T/∆t, while the beam current changes linearly from
Ii to Ii+1. The minimal step size in time is 10 µs. The beam current I is feedback-
controlled and ranges from a few hundred pA down to ∼ 10 pA. The beam is
suppressed completely when fully powering the vertical deflector plates.

Since this time-driven form of treatment places high demands on controls and moni-
toring, it is not a standard solution for most therapy centers. Changes in the proton
beam position and current can occur frequently, which necessitates monitoring these
irradiation parameters in real-time. To do so, we calculate tolerance bands for every
line prior to its application. Such tolerances contain shifts of the nominal signals
(±δI and ±δT | ±δU) as well as shifts along the time axis (±δt) to allow for clin-
ically acceptable uncertainties in the irradiation. As a result, we end up with four
tolerance tables containing upper and lower limits; one for each Hall probe and one
for each ionization chamber. Choosing adequate margins (see Klimpki et al. (2017a)
for detailed derivation), we can assure that irradiations are carried out safely. Ta-
ble 4.1 exemplifies upper and lower tolerances for the beam current measured with
monitor 1.

To compare transmitted signals during the irradiation of a line to their correspond-
ing upper and lower tolerances fast and reliably, we execute this task in the main
FPGA of the monitoring system. For this purpose, the control system converts the
calculated tolerance tables from physical units (e.g. ms, cm, pA) to digital counts
before downloading them to the FPGA. The actual firmware implementation is de-
scribed in the following section2.

2Software and firmware solutions concerning real-time monitoring were partly developed by SCS
Supercomputing Systems AG, Zurich, Switzerland.
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4 Real-time beam monitoring in scanned proton therapy

Table 4.1: Delivery table for the proton beam current I (left column) and the corre-
sponding upper (middle column) and lower tolerances (right column). The margins in
the example were chosen to be δI = 50 pA and δt = 2 ms. Figure 4.7 shows the linear
interpolation of these tables carried out in firmware.

nominal upper beam lower beam
beam current current tolerance current tolerance

t Inom t Imax t Imin

[ms] [pA] [ms] [pA] [ms] [pA]

0.00 0 0.00 550 0.00 0
0.01 500 38.00 550 2.00 0
37.99 500 2.01 450
38.00 0 35.99 450

36.00 0
38.00 0

4.2.4 FPGA firmware of the monitoring system
Precise and reliable timing on the µs scale is crucial for time-driven irradiations as
described above. Hence, the beam delivery and monitoring system run on synchro-
nized hardware (FPGAs) that processes and analyzes incoming signals in real-time.
Figure 4.3 provides a simplified sketch of the monitoring firmware logic that we de-
veloped and implemented for this purpose.

The FPGA supports data input over eight optical links. Every incoming data pack-
age contains a 16 bit value in units of ADC counts and a unique 21 bit timestamp.
Registers set by the control system link the different data channels to the physical
sensors (Hall probes and ionization chambers). Furthermore, each channel can be
configured to either nominal or integrated limit supervision. In the former case,
the incoming 16 bit value is directly compared to reference data (high and low limit)
obtained through linear interpolation of the tolerance tables loaded into the random-
access memory (RAM)3. nom_high and nom_low interlocks will be triggered if
the comparison fails. Signals from both T and U Hall probes as well as ionization
chamber 1 are configured as nominal limit supervisors. In other words, we monitor
the beam position and current every 10 µs during irradiation. We use ionization
chamber 2 as a redundant monitor and configured it as an integrated limit super-
visor. As such, we can also monitor the total number of protons being delivered to
the patient over time. For this purpose, nominal 16 bit values are multiplied by the
difference of two consecutive timestamps (10µs) and added to a running counter.

3Due to limitations in the RAM, tolerance tables can contain a maximum of 512 entries.
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To reduce traffic and free RAM space, reference data is also integrated in hardware
and not in software. In the comparison step, we add and subtract a fixed margin to
the integrated reference to obtain upper and lower bounds, respectively. int_high
and int_low interlocks will be triggered if the comparison fails.

In case of limit violation during irradiation, the FPGA is able to raise an inter-
lock immediately. All interlocks of this origin will generate an emergency beam-off
command. Such commands are anchored deep within the patient safety system and
common to irradiations in discrete and continuous scanning mode. The reaction
time to switch off the beam is dominated by the time it takes to power the kicker
magnet (< 300µs). To retrospectively analyze the source of the interlock, we log its
time of occurrence as well as the violation value and its corresponding high and low
tolerances. Additionally, we store tables of the incoming data for every channel at
full time resolution in machine log files.

At the beginning of every new T -line, the control software generates a trigger pulse
that clears the RAM, resets all interlock registers and sets the integration counter
back to zero. A pulse generator within the FPGA receives this software trigger and
distributes it to the readout electronics of all monitors.
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Figure 4.3: Simplified sketch of the FPGA logic in the monitoring system responsible
for nominal and integrated limit supervision in real-time.

The firmware supports supervision of two upper and two lower tolerances for every
data channel – we will refer to them as error and warning bands in the following.
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4 Real-time beam monitoring in scanned proton therapy

Upper and lower errors are configured to trigger interlocks as described above. Upper
and lower warnings, on the other hand, shall provide information on the performance
of the machine to estimate the likelihood of interlocks. For this purpose, and without
disturbing the irradiation, we log the number of high and low warning violations for
every data channel. The values on these warning counters are stored in the machine
log file for every T -line. Margins for warning bands are self-evidently smaller than
margins for error bands.

4.2.5 Gantry 2 test system
Gantry 2, together with its beamline and control system, was developed in-house. To
enable debugging, maintenance and further development independent of the clinical
operation, we installed an exact copy of the readout electronics and software in a
separate lab (see figure 4.4). This test system features a decoupled beam delivery
and beam monitoring unit as well as identical signal processing and similar timing
characteristics compared to the productive system. Furthermore, it hosts a simulator
unit that mimics the response of the Hall probes and ionization chambers. We are
using and maintaining this test environment since 2005 and it proved to be a valuable
and accurate tool especially during commissioning of Gantry 2. Hence, we tested
software and firmware features described in subsections 4.2.3 and 4.2.4 above on this
system. The response to various error scenarios – often impossible to provoke on
the productive system – could be simulated without any risk of damaging devices
used in daily, clinical operation.

beam delivery        beam monitoring        readout electronics        simulator 

Figure 4.4: Installation of the Gantry 2 test system.
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4.2.6 Verifying software and firmware enhancements
We verified functionality of the new software and firmware implementations de-
scribed in subsections 4.2.3 and 4.2.4 above on the Gantry 2 test system. To
demonstrate capability of interpolating delivery and monitoring tables in real-time
(see table 4.1), we compare signals sent to the actuators by the delivery system and
signals read back from the corresponding detectors in subsection 4.3.1 below. For
this purpose, we make use of the implemented logging functionality of the FPGA
firmware that allows writing tables of detected data samples at full time resolution
to machine log files.

In subsection 4.2.4 above, we described how we equipped the FPGA of the moni-
toring system with interlock triggering functionality to terminate the irradiation of
the patient whenever a tolerance violation has been detected. To test this function-
ality, we connected incoming and reference data lines inside the reference generator
block (see figure 4.3) to an oscilloscope. As such, we can observe the signals sent
to the nominal limit comparator unit (dark gray box in figure 4.3). To retrace if
they are handled correctly, we also displayed the interlock lines on the oscilloscope.
Exemplary tests of the nom_low and nom_high interlocks are described in sub-
sections 4.3.2 and 4.3.3 below.

Verifying int_low and int_high interlocks requires an additional step, since we
cannot connect the output values of internal integrators of the FPGA to an oscil-
loscope. Hence, we recorded the incoming data samples using the built-in logging
functionality of the FPGA and retrospectively integrated this data. By applying
the same warning and error thresholds configured in the firmware, we can calculate
the intersection point between integrated signal and upper/lower error band. Its
time of occurrence should match the value stored in the FPGA interlock register.
By comparing the two, we can test the accuracy of the internal integration unit. In
subsection 4.3.4 below, we trigger an int_high error of the proton beam current.

4.3 Experiments and results
In this section, we would like to demonstrate successful implementation of software
and firmware functionality as described above based on one successful and three
erroneous T -line irradiations. We simulated an error in beam position as well as in
instantaneous and integrated beam current. All measurements were conducted on
the Gantry 2 test system.

4.3.1 Logging functionality
Figure 4.5 shows the monitored T -position of a successfully irradiated line. For
demonstration purposes, the delivery table foresees changes in the scan speed ev-
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4 Real-time beam monitoring in scanned proton therapy

ery 5ms. Typical speed modulation will be irregular in time. In this test case,
we compare nominal position (as stated in the delivery table) and monitored Hall
probe signal. The latter was recorded using the built-in logging functionality of the
firmware described in subsection 4.2.4. When subtracting the two (see inset figure),
we observe that deviations between planned and monitored position occur when
changing the scan speed. The differences are within +24 and −32 ADC counts,
which translates into less than ±100µm position error of the beam.
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Figure 4.5: Nominal beam position (dashed gray line) and measured Hall probe signal
(solid blue line) demonstrating logging functionality of the FPGA firmware. Upper and
lower limits are displayed in red (δt = 1 ms and δT = 1.5 mm). The inset in the top right
corner shows the difference between logged and expected Hall probe signal.

4.3.2 Error in beam position
A plausible error scenario for the proton beam position could be a non-responding T
scanner magnet that stagnates at a fixed field strength and prevents the beam from
moving along the T -line (see figure 4.6). Such an error needs to be prevented as it
yields a local, potentially harmful overdose of protons to the patient. To simulate
this error, we manually corrupted the nominal trajectory table (see equation 4.1)
before irradiating the T -line. However, the tolerance bands were calculated on the
original table with δT = 1.5 mm. Hence, we end up with mismatching delivery
and monitoring configurations. For visualization purposes, we connected the actual
beam position and the upper and lower error bands to an oscilloscope (see subsec-
tion 4.2.6 for a detailed description of the procedure). Furthermore, we connected
the nom_low interlock line to enable quantitative determination of the time of
tolerance violation. We triggered data acquisition on the rising edge of the software
trigger that synchronizes beam delivery and monitoring right before the application
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of the line. In figure 4.6 we see that the value of the interlock register changes
as soon as the actual beam position crosses the lower tolerance band. Irradiation
parameters were chosen such that the violation occurs at precisely 40ms after the
start of line. Analyzing the recorded signal yields an interlock trigger after 40.08 ms.
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Figure 4.6: Interlock scenario for the beam position measured with an oscilloscope
connected to the FPGA of the monitoring system. The interlock register (yellow line)
flips as soon as the detected beam position (gray line) violates the tolerance band (red
lines).

4.3.3 Error in instantaneous beam current
A plausible error scenario for the instantaneous beam current could be a non-
responding vertical deflector that stagnates at a fixed field strength and fails to
regulate down the current (see figure 4.7). In this case, we would over-dose the pa-
tient and, therefore, we need to issue a beam-off command to the kicker magnet. To
simulate this error, we followed the procedure described in subsection 4.3.2 above.
But this time we manipulated the nominal beam current table (see equation 4.2)
and connected it to the oscilloscope. Tolerance bands were, once again, calculated
on the original table with δt = 2 ms and δI = 50 pA. In figure 4.7 we see that the
value of the interlock register changes as soon as the actual beam current crosses the
upper tolerance band. Irradiation parameters were chosen such that the nom_high
violation occurs at precisely 40ms after the start of the line. Analyzing the recorded
signal yields an interlock trigger after 40.02 ms. The zoom shows that it requires
roughly 300µs (reaction time of the kicker magnet) to completely suppress the beam
after triggering the interlock.
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Figure 4.7: Interlock scenario for the instantaneous beam current measured with an
oscilloscope connected to the FPGA of the monitoring system. The interlock register
(yellow line) flips as soon as the detected beam current (gray line) violates the tolerance
band (red lines). A zoom around the point of violation is shown in the inset. The
corresponding tolerance bands are given in table 4.1.

4.3.4 Error in integrated beam current
The error scenario portrayed in subsection 4.3.3 above delivers excess protons at the
end of the line only; throughout the irradiation, the beam current follows its target
value. However, if the set point is constantly too high (or too low), we will start
deviating from the prescribed number of protons much earlier in the delivery. We
regard such a case as highly unlikely because of our feedback regulation loop, but
the tolerance bands shown in figure 4.7 could be blind to such systematic offsets.
Hence, we additionally supervise the integrated beam current with ionization cham-
ber 2. The integration principle is described in subsection 4.2.4 and we designed
the following error scenario to test it: We added a fixed offset to the beam current
delivery table. Its magnitude is small enough not to violate the instantaneous limit
supervision as shown in figure 4.8(a). Integrating the nominal beam current over
time yields a linear increase in the number of delivered protons; integrating the ma-
nipulated beam current over time yields a linear increase with elevated slope (see
figure 4.8(b)). After 40 ms, we expect to trigger an int_high interlock.

For this example case, we followed the test procedure described in the last paragraph
of subsection 4.2.6. Integrating the logged monitor 2 signal and the upper integration
limit yields a tolerance violation after 39.99ms (figure 4.8(b)). The interlock register
in the firmware showed a value of 40.01ms, which amounts to a deviation of two
samples (20 µs). The number of warning violations calculated from the logged signal
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is slightly larger than the value on the FPGA warning counter: 2177 vs. 2174.
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Figure 4.8: Interlock scenario for integrated beam current reconstructed from the FPGA
logging data of an erroneous irradiation.

4.4 Discussion and conclusion
We developed and implemented real-time beam monitoring on a clinically operating
proton therapy beamline. The transverse beam position and the beam current at the
patient are sampled on a 100 kHz clock – more frequent than current state-of-the-art
therapy systems. An FPGA compares sampled signals to predefined tolerances in
real-time. Based on three exemplary error scenarios, we demonstrated that imple-
mented software and firmware enhancements are able to trigger interlocks whenever
measured currents or positions violated their respective tolerances. In case of tol-
erance violation, four monitoring tables are written to the machine log file in full
resolution; one for each Hall probe and one for each ionization chamber. In addi-
tion to instantaneous limit supervision, we included a hardware-based beam current
integrator that supervises the total number of protons delivered during irradiation.
All systems run synchronized on a 10µs clock.

The results presented in section 4.3 were obtained on the Gantry 2 test system.
We are well aware that such a test environment can never represent the productive
system in its full complexity. However, even if incoming signals may significantly
differ from simulated input, their handling in firmware will be identical and we are
confident that interlocks can be triggered with equal reliability. Furthermore, we
do not see any differences in handling interlocks triggered in discrete or continuous
scanning mode, since patient safety logic and treatment interruption mechanisms
are identical. Self-evidently, we foresee additional tests on the productive system
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4 Real-time beam monitoring in scanned proton therapy

before irradiating patients in line scanning mode.

Our choice of hardware (e.g. monitors, electronics) was restricted to installed and
commissioned devices on the Gantry 2 beamline. This particularly affected real-time
monitoring of the beam position. The readout of our position-sensitive monitor (see
gridded box in figure 4.1) is not fast enough to enable frequent position checks. One
could argue that such direct position supervision might be more obvious, but we
would like to emphasize that it is also sensitive to low signal-to-noise ratios (typi-
cally expected when regulating the beam current down). E.g. at the National Center
of Oncological Hadrontherapy in Pavia, Italy, the strip and pixel monitors are read
out every 100µs (Giordanengo et al., 2013). By relying on Hall probe data and an
indirect position supervision, we can guarantee high sampling rates and a stable
signal-to-noise ratio (< 10 µm uncertainty in position) independent of the applied
beam current. Furthermore, we can use our position-sensitive monitor as a redun-
dant validation device by integrating the fluence profile over the entire duration of
a T -line.

Translating double-precision beam positions and currents into integer ADC counts
yields inaccuracies in the calculation of the tolerance bands. For example, when
scanning the proton beam over the full scan range from T = −6 cm to T = +6 cm,
we expect errors smaller than ±100µm in the interpolation of the tolerance band.
For the beam current integrator, inaccuracies will be smaller than ±2× 104 protons
(for a 120MeV beam) when ramping down/up the beam current linearly over a du-
ration of 10ms (maximum allowed step size in time). Margins for the tolerance
bands derived from clinical constraints (International Commission on Radiation
Units and Measurements, 2007; International Electrotechnical Commission, 2014)
are much larger: we can typically accept errors in beam position of the order of
δT = δU = ±1.5 mm; the deviation from the integrated number of protons should
be smaller than ±6 × 106 for a 120MeV beam (Klimpki et al., 2017b). Even if we
exceed these limits once throughout the course of the treatment, we do not expect
any clinical consequence for the patient.

Last but not least, we wish to point out that this real-time beam monitoring sys-
tem is designed for, but certainly not restricted to, continuous irradiations in line
scanning mode. It features high sampling rates and, thus, short reaction times to
errors in beam delivery. As such, it meets the general demand for faster and more
dynamic patient treatments. Furthermore, the presented monitoring system grants
sufficient flexibility in the definition of the tolerance bands to facilitate various beam
scanning implementations: different transverse scan patterns (e.g. arbitrarily shaped
contours) and different ion species (e.g. helium or carbon) can be supervised equally
precise and accurate using the presented methods and tools.
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4.4 Discussion and conclusion
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Abstract
Patient treatments in scanned proton therapy exhibit dead times, e.g. when adjusting beamline
settings for a different energy or lateral position. On the one hand, such dead times prolong the
overall treatment time, but on the other hand they grant possibilities to (retrospectively) validate
that the correct amount of protons has been delivered to the correct position. Efforts in faster
beam delivery aim to minimize such dead times, which calls for different means of monitoring
irradiation parameters. To address this issue, we report on a real-time beam monitoring system
that supervises the proton beam position and current during beam-on, hence while the patient
is under irradiation. For this purpose, we sample one-axis Hall probes placed in beam-scanning
magnets and plane-parallel ionization chambers every 10 µs. FPGAs compare sampled signals
against verification tables – time vs. position/current charts containing upper and lower tolerances
for each signal – and issue interlocks whenever samples fall outside. Furthermore, we show that
by implementing real-time beam monitoring in our facility, we are able to respect patient safety
margins given by international norms and guidelines.
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5.1 Introduction

Preface
A detailed report on software and firmware enhancements of the control system has
been submitted as an ordinary paper (Klimpki et al., 2018). In these proceedings,
we concentrate on one part of the work and derive applicable safety tolerances
supervised by the real-time monitoring system.

5.1 Introduction
In scanned proton therapy, we use a Gaussian-shaped beam of protons to irradiate
cancerous tissue. The beam size σ in air amounts to a few millimeters. To cover
the entire extent of the three-dimensional tumor volume with protons, the beam
needs to be scanned transversally and in depth. At the Paul Scherrer Institute
(PSI), we installed a dedicated super-conducting cyclotron that provides a contin-
uous and mono-energetic proton beam of 250MeV (Schippers et al., 2007a). We
realized transverse scanning with a pair of beam-deflecting dipole magnets; to scan
the proton beam in depth, we change its energy (and, thus, penetration depth) by
inserting variable amount of degrading material into the beamline (Pedroni et al.,
2011).

The beam scanning process requires a discretization of the tumor volume: it is
cut in slices of equal energy (or penetration depth) and a rectilinear scan grid of
fixed transverse (or lateral) beam positions is imposed on all of those slices. In our
second-generation treatment room at PSI, we require ∼ 100 ms to change the beam
energy between slices and ∼ 3 ms to scan the beam from one transverse grid point
to the next (Safai et al., 2012). The beam is turned off completely during those
transitions. We use this dead time, especially the latter, to validate that the correct
amount of protons has been applied to the correct position. If the deviation between
measurement and expectation exceeds a certain tolerance, we have the possibility to
interrupt the treatment of the patient to investigate the source of uncertainty. In-
ternational norms (International Electrotechnical Commission, 2014) and guidelines
(International Commission on Radiation Units and Measurements, 2007) demand
such frequent checks to guarantee patient safety.

At PSI, we treat patients successfully using this discretized beam scanning technique
since 1996. To maximize irradiation performance and possibly broaden the window
of treatable indications, we pursue implementing a faster form of beam delivery,
which we call line scanning (Zenklusen et al., 2010). In line scanning, the beam is
moved continuously along straight lines in the transverse plane giving up the idea
of the fixed grid in this dimension. The 3ms dead times are reduced to changes
between lines, which yields increased performance but, at the same time, fewer op-
portunities for validation checks.
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5 Safety tolerances for real-time beam monitoring

To provide adequate safety measures for line scanning, we introduced a dedicated
beam monitoring system. We reported on its design (Klimpki et al., 2017b) and im-
plementation (Klimpki et al., 2018) in previous works. A major enhancement with
respect to the conventional monitoring approach is its real-time character: we com-
pare the measured beam position and proton deposition to predefined tolerances
every 10 µs. This cyclic comparison runs during beam-on, hence while lines are
scanned. As such, we can react to errors in different beam delivery units very fast
and issue beam-off commands rapidly in case of unforeseen inaccuracies or failures.

The scope of this paper is to provide a full derivation of our line scanning safety tol-
erances. We will focus on acceptable over/underexposure of the healthy/malignant
tissue to radiation and acceptable deviations in the transverse beam position. Based
on our experience in patient treatments, we presuppose that errors in beam deliv-
ery occur rarely (less than once throughout the entire course of the treatment) and
randomly. They cannot be linked to specific configurations of the machine and do
not lead to any systematic effects.

5.2 Derivation of safety tolerances
5.2.1 Definition of erroneous delivery
An average treatment schedule at PSI foresees 30 irradiation sessions. In each ses-
sion, an average dose of 1.818Gy is delivered homogeneously to the tumor volume.
We consider an irradiation erroneous if the homogeneity (or uniformity) across the
target is significantly impaired. We set the threshold at absolute deviations of ±2%
or ±36 mGy. Localized over- or underdosages of this magnitude are physically mea-
surable, but we do not expect them to have any consequence on the clinical outcome
of the treatment. Hence, we aim to restrict all excess or missing doses to ±36 mGy,
even in case of severe errors of the delivery system. Line scanning under such mon-
itoring conditions can be considered safe.

With this definition we follow the guidelines of the International Commission on
Radiation Units and Measurements. They claim that safe and accurate irradiations
apply to doses that “are delivered throughout the target volume with sufficient uni-
formity (better than ±2 .5%)” (International Commission on Radiation Units and
Measurements, 2007). Furthermore, we are well within the tolerance given by the
International Electrotechnical Commission:

“The secondary dose monitoring system shall be set to terminate irradiation
before an additional absorbed dose of 10% or 0.25Gy, whichever is greater,
is delivered.”

– International Electrotechnical Commission (2014)

In order to fulfill the ±36 mGy constraint – even in case of severe failures of the
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5.2 Derivation of safety tolerances

beam delivery system – we supervise the following three quantities in real-time dur-
ing patient irradiation: (i) total dose deposition, (ii) instantaneous beam current,
as well as (iii) transverse beam position. We measure the former two quantities
with two independent parallel-plate ionization chambers (Lin et al., 2009) that are
connected to cyclic readout electronics (data samples every 10 µs). They are the
final diagnostic elements in the beamline and placed between the exit window of
the vacuum beam pipe and the patient. The beam position in the transverse plane
is supervised indirectly by one-axis Hall probes, which measure the field strength
of the beam-scanning magnets at identical readout frequency. High field strengths
correspond to a large transverse deflection of the proton beam and vice versa.

In the following sections, we will derive acceptable safety tolerances for all three
quantities. We base our derivation on the assumption that all machine-related errors
occur rarely. Hence, we regard a combined failure of multiple elements as highly
improbable.

5.2.2 Maximum dose deposition of a proton beam
When protons penetrate through matter, they continuously loose energy before com-
ing to rest. The energy loss is low at the beginning of their path and reaches a
maximum near the end of their range. Due to collisions with target nuclei, protons
may experience large angle deflections. The combined effect of characteristic energy
deposition and transverse scattering can be seen in figure 5.1.

The energy deposition is quantified as absorbed dose D and formally defined as

D = ∆ε/∆m, (5.1)

with the mean energy imparted ∆ε in the mass element ∆m. Doses can be measured
in finite volumes ∆V only. The PSI treatment planning software uses a voxel size
of

∆V = (4.0× 4.0× 2.5) mm3. (5.2)

If we place such a small volume on the central beam axis (white dashed line in
figure 5.1) and calculate the average dose deposition as a function of penetration
depth, we obtain the ‘on-axis’ Bragg curves shown in figure 5.2. We see that the
maximum energy deposition never exceeds

Dmax = 4.2 nGy/proton. (5.3)

Furthermore, the analytic calculations (Pedroni et al., 2005) agree with the Monte
Carlo simulations (Perl et al., 2012), which are based on a detailed phase space
model of our proton beam. We conclude that, independent of the beam energy, we
will never deposit more dose than Dmax inside a small volume of size ∆V assuming
that the material contained is water-like.
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5 Safety tolerances for real-time beam monitoring
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Figure 5.1: Energy deposition of a 150MeV proton beam in water. The initial beam
width σ was assumed to be 2.9mm. The calculation was performed using the analytic
transport models of the PSI treatment planning software.
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Figure 5.2: Analytically calculated vs. Monte-Carlo-simulated on-axis Bragg curves for
17 different incident energies (70, 80, ..., 220, 230) MeV.
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5.2 Derivation of safety tolerances

5.2.3 Tolerance for dose deposition
Both ionization chambers have been calibrated to measure the proton beam current
I. Internally, they operate on monitor units (MU), which can be correlated to
absolute number of protons using the calibration curve shown in figure 5.3. The
maximum authorized beam current in the treatment room is limited to 500MU/ms.
E.g. at 120MeV we find

Imax = 500 MU/ms ≈ 500 pA. (5.4)

Scaling all on-axis Bragg curves of figure 5.2 by their corresponding MU-conversion
factor (see figure 5.3) yields a maximum dose deposition of

Dmax = 0.024 mGy/MU. (5.5)

Hence, we can set the tolerance for the deposited dose to

δDmax =
36 mGy

Dmax

= 1500 MU, (5.6)

which means that the delivered dose distribution will have sufficient homogeneity if
deviations are within ±δDmax.
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Figure 5.3: Calibration curve for the primary ionization chamber correlating internal
monitor units (MUs) to absolute number of protons for different beam energies.
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5 Safety tolerances for real-time beam monitoring

5.2.4 Tolerances for instantaneous beam current
From equations 5.4 and 5.6 we can immediately calculate the tolerance for fluctua-
tions in the beam-on time:

δtmax =
δDmax

Imax

= 3 ms. (5.7)

In addition, we would like to specify a margin for the instantaneous beam current
to define a tolerance band similar to the one depicted in figure 5.4 below. In a worst
case error scenario, the beam current would follow the red arrow in figure 5.4: It
would increase by δI at the very end of the irradiation and remain on for δt although
we would expect zero beam current at that point. The excess dose must be below
1500 MU, hence

(Imax + δI) δt ≤ 1500 MU. (5.8)

We can fulfill this criterion, by choosing a δI of 50 MU/ms and a δt of 2ms. Note
that we chose a smaller value here for the tolerance δt compared to equation 5.7,
since we need to consider the time it takes to switch off the beam after a violation
of an error band has been detected (typically ∼ 0.3 ms).

Imax 

nominal 

current 

error 

band 

time 

excess 

dose 

δI 

 

δt 

Figure 5.4: Schematic of the upper beam current tolerance band comprising margins
in time (δt) and current (δI).

5.2.5 Tolerance for beam position
The homogeneity of dose distributions is very sensitive to misplacements of the beam
in the transverse plane. Small inaccuracies can yield areas of significantly higher and
lower dose concentration with respect to the prescription. As such, the supervision
of the transverse beam position requires a strict tolerance.

Let us assume a square (10× 10× 10) cm3 target volume filled with water that we
plan to irradiate to 1.818Gy. A simple treatment plan could foresee 25 different
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5.3 Discussion of safety tolerances

iso-energy slices, each filled with straight lines delivering uniform dose. Figure 5.5
below visualizes this example case. If we assume a 1mm deviation in position that
is localized within a single dose calculation voxel ∆V , the resulting differences in
planned and delivered dose distribution will be of the order of ±30 mGy (without
derivation). Hence, we conclude that errors in the transverse beam position should
be smaller than ±1 mm.

10 x 10 x 10 cm3 

target cube 

iso-energy 

layer 

δU 
individual 

line scans 

U 
T 

S 

Figure 5.5: Example for an error in the transverse beam position (deviation from the
planned beam position indicated in red).

5.3 Discussion of safety tolerances
We have derived a set of beam monitoring tolerances for line scanning irradiations
in proton therapy from fundamental dosimetric considerations. These tolerances,
combined with effective safety measures that terminate the irradiation in case of
errors, facilitate complying with safety constraints given by international norms
and guidelines. Although actual tolerance values may be specific to line scanning
irradiations using a proton beam, we are confident that they could be derived in
a very similar way for different particles (e.g. helium or carbon ions) and different
beam scanning techniques (e.g. spot or raster scanning).
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5 Safety tolerances for real-time beam monitoring

5.3.1 Definition of erroneous delivery
In the definition of an erroneous delivery we use an absolute value of ±36 mGy.
In our patient history we have very few cases, in which the prescribed dose for a
single session is below 1.818Gy. Thus, we can satisfy the ±2% criterion for almost all
patients. Numerous studies actually suggest that a treatment with fewer sessions and
higher dose per session could be advantageous for radio-resistant tumors, especially
when irradiating with carbon ions. In such cases, the ±36 mGy threshold would
actually correspond to a relative tolerance smaller than ±2%.

5.3.2 Maximum dose deposition of a proton beam
The height of the on-axis Bragg curves in figure 5.2 depends on the voxel size ∆V
and the contained material. The average dose deposition increases with increasing
material density and decreasing voxel size. For infinitesimally small volumes dV , the
value for the maximum dose deposition amounts to ∼ 5 nGy/proton. Nevertheless,
we would argue that a finite volume of 40 mm3, as used in our derivation, is well
below typical sensitive volumes of standard ionization chambers (e.g. 600 mm3 for
PTW Farmer chamber type 30010). And we think that all tolerances should be
defined based on quantities that are actually measurable with standard dosimetry
equipment.

5.3.3 Tolerance for dose deposition
We regard the tolerance δDmax (see equation 5.6) as an important tool against
systematic over or under-dosage (e.g. beam current in figure 5.4 constantly too high
or too low). To verify it during the irradiation of a line, we added an integration
unit in the readout electronics of one of our parallel-plate ionization chambers. As
such, it monitors the total number of delivered MUs (or protons) as function of time
rather than the instantaneous beam current. Hence, we can immediately abort the
irradiation whenever a violation of δDmax has been detected. Dedicated firmware
features of this tool are described elsewhere (Klimpki et al., 2018).

5.3.4 Tolerance for instantaneous beam current
We use the remaining ionization chamber to monitor the instantaneous beam cur-
rent I. The noise level of the chamber mainly determines the value for δI. On
the one hand, it is desirable to decrease δI as much as possible to guarantee high
safety standards, but, on the other hand, a low δI can become very impractical if
the treatment of a patient is interrupted too frequently.

From equation 5.8 we see that δt is directly correlated to the maximum authorized
beam current Imax, with which patients can be irradiated. Efforts in decreasing the
irradiation times even further often suggest increasing Imax (by roughly a factor 10).
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5.4 Conclusion

To guarantee the same level of safety, δt would need to be lowered in that case.
We think that a value of 200 µs could still be practical considering all delays and
reaction times of our beamline and controls.

5.3.5 Tolerance for beam position
In our opinion, the tolerance for the transverse beam position (±1 mm) represents
the strongest constraint. Because therapeutic beam currents are generally low com-
pared to many experimental beamlines, signals in position-sensitive monitors of-
ten suffer from high noise levels. Furthermore, these monitors need to be as non-
destructive as possible in order to avoid deteriorations in the beam quality. As such,
their spatial resolution is limited to µm-thin readout channels every one or two mil-
limeters. Following the ALARA principle (as low as reasonably achievable), many
centers increase their position tolerance (e.g. to ±1.8 mm at MD Anderson Can-
cer Center, Houston, TX, USA (Smith et al., 2009)). Other viable approaches are
adapting the tolerance according to the beam energy (and, thus, beam size in air)
or to use indirect measures on beam position such as the field strength of the scan-
ner magnets (our approach for line scanning). The latter comes at the advantage
of exhibiting a stable signal-to-noise ratio independent of the proton beam current,
but it provides an indirect measurement of the transverse beam position only.

5.4 Conclusion
We provided a set of tolerances and their derivation for line scanning irradiations
in proton therapy. We consider patient treatments in line scanning mode safe,
when supervising those tolerances frequently (in our case every 10µs) during the
irradiation.
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Abstract
Therapeutic pencil beams are typically scanned using one of the following three techniques: spot
scanning, raster scanning or line scanning. While providing similar dose distributions to the
target, these three techniques can differ significantly in their delivery time sequence. Thus, we can
expect differences in effectiveness and time efficiency when trying to mitigate interplay effects using
rescanning. At the Paul Scherrer Institute, we are able to irradiate treatment plans using either
of the three delivery techniques. Hence, we can compare them directly with identical underlying
machine parameters such as energy switching time or minimum/maximum beam current. For this
purpose, we selected three different liver targets, optimized plans for spots – on the end-exhalation
phase of the 4D CT – and converted them to equivalent raster and line scanning plans.
In addition to the scanning technique, we varied the underlying motion curve, starting phase,
prescription dose and rescanning strategy, which resulted in a total of 1584 4D dose calculations and
49 measurements. They indicate that rescanning becomes effective when achieving a high number of
rescans for every dose element. Fixed minimum spot weights for spot and raster scanning machines
often hamper this. By introducing adaptive scaling of the beam current within iso-energy layers
for line scanning, we can flexibly lower the minimum weight whenever required and achieve higher
rescanning capability. Averaged over all scenarios studied, volumetric rescanning is significantly
more effective than layered provided the same number of rescans are applied. Fast lateral scanning
contributes to the efficiency of rescanning. We observed that in any given time window, we can
always perform more rescans using raster or line scanning compared to spot scanning irradiations.
Thus, we conclude that line scanning represents a promising technique for rescanning by combining
both effectiveness and efficiency.
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6.1 Introduction

6.1 Introduction
Particle therapy centers increasingly use the method of pencil beam scanning (PBS),
as defined by Flanz (2011), to distribute dose in the tumor volume. Meer and
Psoroulas (2015) showed that by the end of 2014, almost 50% of all particle therapy
gantries around the world were equipped with PBS technology. In PBS, a pair of
scanner magnets deflects the beam in the lateral plane. In addition, the beam en-
ergy can be modified to successively change the penetration depth of the beam. By
alternating lateral scans and changes in energy, particles and their dose deposition
can be distributed throughout the three-dimensional tumor volume.

The beam scanning process in the lateral plane is typically performed in three differ-
ent ways: using spot scanning, raster scanning or line scanning1. Spot scanning was
introduced clinically by Pedroni et al. (1995) at the Paul Scherrer Institute (PSI)
and has also been adopted in the first-generation scanning system at the MD An-
derson Cancer Center (Smith et al., 2009) as well as at the Massachusetts General
Hospital (Grassberger et al., 2013). Raster scanning, on the other hand, was first
introduced by Haberer et al. (1993) at the Gesellschaft für Schwerionenforschung
(GSI). Many facilities treating with carbon ions, e.g. HIT in Germany (Haberer
et al., 2004), NIRS in Japan (Furukawa et al., 2010b) and CNAO in Italy (Giorda-
nengo et al., 2015), make use of the raster scanning technique. Line scanning was
introduced recently by PSI (Zenklusen et al., 2010) and Sumitomo Heavy Industries,
Ltd. (Inoue, 2014) and is used clinically at Samsung Medical Center, Seoul, South
Korea (Kwangzoo et al., 2015). Spot and raster scanning systems are also offered
by a number of industrial vendors (e.g. IBA, Hitachi or Varian).

These three scanning techniques may differ in performance, but they all exhibit
increased sensitivity to periodic, intra-fractional motion (e.g. breathing, heartbeat,
intestinal activity) compared to passive scattering irradiations. The reason for this
is the motion of the patient anatomy that interferes with the motion of the particle
beam. Resulting interference or so-called interplay patterns/effects – hot and cold
spots in the delivered dose distribution – can be mitigated in various ways (Bert and
Durante, 2011). Rescanning is one of the investigated methods: the idea, suggested
decades ago, is to irradiate the same field multiple times with proportionally reduced
dose to blur out interplay patterns (Phillips et al., 1992). This approach requires
increased margins of the target that encompass its motion, but it imposes relatively
low technical demands on the beam delivery system compared to e.g. tumor tracking
(Riboldi et al., 2012).

Published studies identify numerous factors that influence the effectiveness of res-
canning such as motion amplitude (Bert et al., 2008; Schätti et al., 2013), motion

1Wobbling is not considered here as it requires patient-specific hardware such as collimators and
compensators.
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estimation (Zhang et al., 2012), beam width (Grassberger et al., 2013), tumor size
(Zenklusen et al., 2010) or rescanning type (Schätti et al., 2013; Bernatowicz et al.,
2013; Grassberger et al., 2015). Furthermore, they reveal a strong dependence of the
efficiency of rescanning on the beam delivery system (Furukawa et al., 2010a; Schätti
et al., 2014) and the integration into the clinical workflow (Mori et al., 2014a,b). All
these studies have in common that their findings are coupled to the underlying beam
scanning technique. Even though Bernatowicz et al. (2013) and Dowdell et al. (2013)
varied the characteristics of beam delivery for spot scanning in simulation studies,
we still lack a comprehensive comparison of the three scanning techniques available
and their impact on rescanning under identical irradiation conditions (same acceler-
ator, dose rate, beam size etc.). On the second-generation gantry at PSI, so-called
Gantry 2, we have the unique opportunity to irradiate patient plans in either spot,
raster or line scanning mode. Hence, we can directly compare these three techniques
and their impact on rescanning under identical irradiation conditions.

For this purpose, we conducted a comparative study on the effectiveness and effi-
ciency of spot, raster and line scanning to mitigate interplay effects using rescanning.
We investigated three liver targets following two different (patient-specific) breath-
ing curves. Furthermore, we varied the fraction dose, the starting phase as well as
the type and the amount of rescans. By studying the impact of all these parameters
on simulated and measured dose distributions, we wish to answer the following three
questions:

• How do magnitudes of interplay patterns compare across the different scanning
techniques?

• Which technique is most effective or efficient when combined with rescanning?

• Is there a preferred scanning technique when mitigating motion using rescan-
ning?

Within this study, we developed a treatment plan converter that translates plans
optimized for spot scanning to raster and line scanning plans of similar quality. All
plans are deliverable on Gantry 2, which, for experimental purposes, can perform
irradiations in all three scanning modes.

6.2 Materials and methods
6.2.1 Beam delivery techniques
In spot scanning , lateral pencil beam positions are discretized on a rectilinear grid.
For beams in anterior/posterior direction, the lateral (T, U)-plane coincides with the
coronal plane of the patient. The number of protons delivered to every grid point (or
spot) is simply given by the dwell time of the beam. Before switching from one spot
to another, the beam is turned off completely, which results in roughly 3ms dead
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6.2 Materials and methods

time between spot transitions (value for PSI Gantry 2). The distance between grid
points can, in principle, vary as function of beam energy. However, to be consistent
with our clinical protocol, we selected fixed grid distances of ∆T = ∆U = 4 mm.
Raster scanning follows the same rectilinear grid, but the beam remains on when
moving from one grid point to the next. As such, raster scanning saves dead time
at the cost of introducing small transient doses. When the distance between two
prescribed beam positions exceeds an upper limit (here 10mm), a beam-off command
needs to be issued nonetheless. Line scanning is fully continuous in T -direction
and not bound to any grid constraints in this dimension. The delivered dose can
be modulated by changing the scan speed and beam current dynamically during
irradiation. The beam is switched off only when changing U -position. Due to
different control mechanisms in spot and line scanning, we expect an increased dead
time between two lines of roughly 7.9 ms. Figure 6.1 exemplifies how the same iso-
energy layer would be delivered in spot scanning (left), raster scanning (middle) and
line scanning mode (right).
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Figure 6.1: Scan paths for all three scanning techniques: spot scanning (left), raster
scanning (middle) and line scanning (right). The three illustrations represent the same
iso-energy slice (E = 151 MeV) of patient P3 (see table 6.1). Beam weights were opti-
mized for a total field dose of 0.606Gy.

6.2.2 Patient cases and treatment plans
The patient data set comprises three-dimensional computed tomography scans (3D
CTs) of liver tumors stemming from three different patients as well as four-dimen-
sional magnetic resonance imaging (4D MRI) under free breathing (Zhang et al.,
2016). The delineation of the clinical target volumes (CTVs) was based on the
3D CTs. From each 4D MRI, we extracted patient-specific motion vector fields over
the entire period of image acquisition. To simulate target motion under breathing,
we applied these vector fields to the static 3D CT using deformable image registra-
tion. This procedure was introduced and described in more detail by Boye et al.
(2013). Table 6.1 shows how we combined three 3D CTs and two 4D MRIs in this
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6 The impact of PBS techniques on rescanning moving targets

study. Fairly small density variations inside the liver facilitate purely geometric tar-
get expansion to encompass the full extent of the CTV motion (Knopf et al., 2013).
All treatment plans were optimized for homogeneous coverage of the resulting geo-
metrical internal target volumes (gITVs).

Table 6.1: gITV sizes for all six combinations of 3D CT geometry and 4D MRI motion.

motion dataa M1: motion dataa M2:
〈App〉 = (5.1± 1.3) mm 〈App〉 = (16.9± 2.4) mm
〈τ〉 = (3.2± 0.3) s 〈τ〉 = (6.6± 0.8) s

patient datab P1: 148 cm3 184 cm3

CTV of 95 cm3

patient datab P2: 313 cm3 382 cm3

CTV of 220 cm3

patient datab P3: 458 cm3 528 cm3

CTV of 340 cm3

a obtained from 4D MRI; b obtained from 3D CT.

We chose a three-field arrangement for all six target volumes with conventional
(2Gy (RBE) per fraction) and hypo-fractionated irradiation scheme (6Gy (RBE)
per fraction). Each of the three fields was optimized for homogeneity separately
(single-field uniform dose approach). Only the anterior-posterior field was consid-
ered in this comparison study (to limit the amount of variable parameters) and was
prescribed doses of 0.606Gy and 1.818Gy, respectively. All plans were optimized
for spot scanning on a (4 × 4) mm2 rectilinear spot grid. Figure 6.2 shows static
dose distributions at the center of the spread-out Bragg peak for all three patients
included in this study. Raster and line scanning plans were created by converting
the original spot scanning plan to the corresponding scanning technique (see sub-
section 6.2.4 below). A 3D re-optimization on the patient anatomy to account for
the different delivery scenarios was not performed.

6.2.3 Rescanning strategy
To investigate the effectiveness of each scanning technique in mitigating tumor mo-
tion using rescanning, we split the field dose of every plan in 2, 4, 6, 8 and 10 scans
(Rnom). However, we respected the smallest deliverable number of protons Np,min

when scaling the dose by evaluating the possible number of rescans bRic separately
for every dose element as follows:

bRic = min

{⌊
Np,i

Np,min

⌋
, Rnom

}
. (6.1)
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As such, not all dose elements can receive the full number of anticipated rescans
Rnom, with elements with very low initial weights being rescanned less than elements
with high initial weights. We considered both layered and volumetric rescanning
sequences (Bert and Durante, 2011), which resulted in a total of 36 static and 360
motion plans.
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Figure 6.2: Static dose distributions for patients P1 (left), P2 (middle) and P3 (right).
The CTV (dashed contour) was enlarged according to motion M1. All plans were op-
timized for spot scanning on the resulting gITV (solid contour). The insets show 3D
renders of the CTV.

6.2.4 Treatment plan conversion
In order to compare the different scanning techniques quantitatively, we developed a
treatment plan converter that translates spot scanning plans to raster and line scan-
ning plans. The converter respects all machine-related constraints such as maximum
and minimum dose rate or maximum beam scanning speed and, thus, produces re-
alistic and deliverable plans. In a first step, the converter groups all spots placed
on straight lines (same U -position and same energy) and calculates their nominal
fluence profile in water2. In case of raster scanning, transient dose contributions
between spots are added and the original spot weights are decreased to preserve the
total number of delivered protons. In case of line scanning, segments of constant
scan speed and beam current are defined to enable continuous motion of the beam in
T -direction. Created line segments stretch from one midpoint between two spots to
the next. In case of less than three spots per line, we keep the individual beam spots.
Raster and line scanning fluence profiles obtained in this fashion deviate from the
nominal spot scanning profile. Hence, we added an iterative matching step based
on non-linear least squares that recalculates beam weights for all raster and line
segments under the constraints of optimal fluence matching to those of the initial
spot scanning plan.

To be compatible with most raster scanning installations, we assign a fixed beam
current to every raster scanning path. Each path is interrupted only when changing
U -position or if the change in T -position exceeds 10mm (gap in the scan path).

2The width of the pencil beam for this calculation resembles the pencil beam width in water at
the Bragg peak including both phase space and scattering contributions.
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6 The impact of PBS techniques on rescanning moving targets

The former reason for interruptions is due to a limitation in our control system,
the latter is common practice to prevent large transient doses. In line scanning,
we allow for frequent modulation of the beam current during a single line. Hence,
we can avoid interruptions due to gaps in the scan path by suppressing the beam
current completely in those regions. The different handling of gaps in raster and
line scanning mode can be seen in figure 6.1.

The maximum (minimum) point-to-point dose difference between translated raster
and nominal spot scanning plans amounts to +2.7% (−2.4%). The vast majority
(95%) of all point-to-point dose differences is much smaller and ranges between
+0.6% and−0.8% with a median difference of 0.0%. The agreement for line scanning
is similar: the maximum (minimum) difference among all translated plans amounts
to +1.8% (−2.1%) and the 95% interval spans from +0.9% and −0.4% (median
difference 0.2%).

6.2.5 4D dose calculation
We use time-resolved dose calculations to estimate the magnitude of dose deteriora-
tion due to motion of the anatomy during irradiation. Our dose calculation uses the
motion vector field extracted from the 4D MRI to deform the dose calculation grid
as function of time. Based on warped 3D CT information, water-equivalent path
lengths and density information are adapted for every point in time. The anatomy,
however, is assumed to be stationary during the irradiation of a single spot (∼ few
milliseconds duration). A full description of the algorithm was provided by Boye
et al. (2013). We recently validated it against measurements (Krieger et al., 2018).

The 4D dose calculation was originally developed for spot scanning irradiations and
supports input in form of spot lists only. Thus, we deconvolved raster and line scan-
ning plans back to extended lists of discrete spots. To represent the dose deposition
accurately, we decreased the spot grid in the T -direction down to 1mm. In this way,
we could mimic (quasi-)continuous irradiations and provide compatible input to our
validated 4D dose calculation algorithm.

In addition to (extended) spot lists, the 4D dose calculation requires timestamps
for every entry. These timestamps indicate how much time has passed between the
overall start of the irradiation and the start of the current spot. To have precise
estimates on relevant system delays and performance parameters, we analyzed ma-
chine log files from patient irradiations on Gantry 2 and derived a timing model.
Input parameters to this model are listed in table 6.2. E.g. irradiating a spot with
107 protons at 150MeV requires

tspot = 107 × (1.602× 10−19 C)

(400× 10−12 A)
∼= 4 ms (6.2)
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with our maximum beam current (currently limited by radiation protection consid-
erations). For each spot transition, we accumulate 2.83 ms of dead time on average.
Hence, the next spot in the same energy layer will start 6.83 ms later. When chang-
ing the beam energy we have to account for another 106 ms dead time on average.
Irradiations at low energies are affected by a drop in the beamline transmission and,
therefore, the irradiation time tspot increases. Such effects are considered in our
timing model and characterized through an energy-dependent look-up table.

Based on predicted timelines for all 396 plans, we calculated dose distributions
for four different starting phases of the motion cycle resulting in 1584 4D dose
calculations in total. In addition, we performed conventional dose calculations for
all 36 static plans on the reference 3D CT.

Table 6.2: Specifications of the Gantry 2 beam delivery system at the Paul Scherrer
Institute.

70MeV 150MeV 230MeV
max. clinically used 65 400 514beam currentc,d [pA]

min. clinically used 24 40 51beam currentc [pA]

min. spot weight [105] 2.8 4.6 6.0for spot/raster scanningc

min. equiv. weight [105] 0.6 1.0 1.3for line scanninge

max. stable and reproducible 1 cm/msscan speed in T -direction

mean dead time 2.83msbetween two spots

mean dead time 7.90msbetween two lines

mean dead time 106msbetween energy changed

mean ramping time 9.3 sof the beamlinef
c energy-dependent; d transmission-dependent;
e distributed 4mm at maximum scan speed and
minimum beam current; f occurs when resetting
all beamline elements between two volumetric rescans.
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6.2.6 Measurement devices and setup
Absolute dose distributions were measured with a 2D array of ionization chambers
placed at iso-center (PTW seven29 ), whilst relative ones were measured with a scin-
tillation screen coupled to a CCD camera (Schätti et al., 2013). To be in agreement
with our standard quality assurance workflow, we applied a constant output-scaling
factor of 2% (Pedroni et al., 2005) to all dose distributions measured with the PTW
seven29. Both dosimeters could be moved with the QUASAR™ Respiratory Motion
Platform during irradiation. It was programmed to reproduce patient-specific, rigid
motions at the iso-center, as extracted from the 4D MRIs. All measurements were
taken at 11 cm water-equivalent depth, which marks the center of the spread-out
Bragg peak for patient P3. Krieger et al. (2018) provide a more detailed description
of the experimental setup.

6.2.7 Quantification metrics
We assessed the efficiency and effectiveness of spot, raster and line scanning based
on the following three metrics:

(i) the total irradiation time t,

(ii) the dose inhomogeneity d5/95 defined as

d5/95
..=

D5% −D95%

Dfield

, (6.3)

with the greatest doseD5% which all but 5% of the CTV receives, the least dose
D95% received by at least 95% of the CTV and the prescribed field dose Dfield

(International Commission on Radiation Units and Measurements, 2007),

(iii) and the effective number of rescans Reff defined as the average over all rescans
per dose element bRic (see equation 6.1).

6.3 Experiments and results
All absolute and relative dose measurements were conducted for patient P3 in com-
bination with motion M1. We applied various different rescanning factors to the
static plan and used both layered and volumetric rescanning sequences to mitigate
for target motion. Based on these measurements, we validated the timing model
of the machine, the treatment plan converter as well as the 4D dose calculation
engine for the different beam scanning techniques (subsections 6.3.1 to 6.3.3). The
results of the 4D dose calculations are provided in subsection 6.3.4. A final exper-
imental validation of the effectiveness and efficiency of rescanning can be found in
subsection 6.3.5.
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6.3.1 Experimental validation of the timing model
The Gantry 2 timing model, as described in subsection 6.2.5, is used as input to
the 4D dose calculation algorithm. To have accurate estimates of the resulting in-
terplay pattern, the timing model has to match the performance of the machine.
We validated our model against 49 irradiations on Gantry 2, from which the de-
fault machine log files could be used to reconstruct the actual irradiation sequence
and delivery timestamps (see figure 6.3(a)). The deviations of predicted and mea-
sured irradiation time are shown in figure 6.3(b). We see that 95% of all observed
deviations are within −6.3% and +6.0%, with a median deviation of −0.7%.
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(a) When rescanning patient P3 (1.818Gy
field) four times volumetrically using line scan-
ning, the difference between measured and
predicted irradiation time is below 1 s.
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(b) For spot, raster and line scanning, 95% of
all observed deviations between predicted and
measured irradition time are within −6.3%
and +6.0%, with a median deviation of−0.7%.

Figure 6.3: Deviations of the Gantry 2 timing model from actual machine performance
for 49 irradiated fields.

6.3.2 Experimental validation of the plan converter
To demonstrate validity of the plan converter, we selected patient P3 and recal-
culated the dose distribution of the 1.818Gy spot scanning field in water (see fig-
ure 6.4(a)). We defined 11 cm as reference depth, since it marks the center of the
spread-out Bragg peak. Using the PTW array, we measured absolute dose distri-
butions at a water depth of 11 cm for raster and line scanning irradiations of the
same field under static conditions. To compare measured dose distributions to the
plan reference, we applied the γ-method introduced by Low et al. (1998) with a
distance-to-agreement of 3mm and a dose-to-agreement of 3%. The resulting maps
are shown in figure 6.4(b). We observe that all irradiations pass the criteria with
100%.
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(a) Recalculated spot scanning
plan of patient P3 in 11 cm water
depth (1.818Gy field).
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(b) γ-maps of absolute dose measurements for raster (left)
and line scanning (right) with respect to the recalculated
spot scanning plan.

Figure 6.4: Quantitative comparison of calculated and measured dose distributions in
water. The overall γ pass rate is at 100% in all cases. The dashed (solid) line represents
the CTV (gITV) contour.

6.3.3 Experimental validation of the 4D dose calculation engine
Although we recently validated our 4D dose calculation algorithm for spot scanning
irradiations (Krieger et al., 2018), we wished to confirm the temporal validity of
the dose calculation engine for raster and line irradiations, since these two scanning
techniques comprise continuous movements of the proton beam. For this purpose,
we acquired relative dose distributions in 11 cm water-equivalent depth with a CCD
camera placed on a moving platform (see subsection 6.2.6 for a detailed descrip-
tion of the setup). We irradiated the 1.818Gy field of patient P3 under motion
M1 in all three delivery modes (no rescanning applied). The start of the irradi-
ation was precisely synchronized to the start of the breathing curve using optical
tracking of the motion platform (Fattori et al., 2017). Figure 6.5(a) shows the mea-
sured interplay patterns, which differ across the different scanning techniques. Using
machine and motion log files as well as quenching-corrected Bragg curves, we cal-
culated the expected dose distributions using our 4D dose calculation engine (see
figure 6.5(b)). All γ-maps between measured and calculated interplay patterns pass
the (3% | 3 mm)-criterion with over 99%.

6.3.4 Results of 4D dose calculations
In order to study the effectiveness and efficiency of the different scanning techniques
for motion mitigation using rescanning, we have analyzed the results of all 1584 4D
dose calculations using the metrics described in subsection 6.2.7. In particular, we
considered the influence of the effective number of rescans Reff and the influence
of the rescanning sequence (layered vs. volumetric) on effectiveness as well as the
influence of the scanning technique (spot vs. raster vs. line scanning) on efficiency.
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(a) Measured 4D dose distributions.
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(b) Calculated 4D dose distributions.

Figure 6.5: Comparison of measured (a) and calculated (b) interplay patterns for spot,
raster and line scanning. We irradiated the 1.818Gy field of patient P3 under motionM1

to a moving CCD camera. The 4D dose calculation, which was based on machine and mo-
tion log files as well as quenching-corrected Bragg curves, agrees with the measurement.
The dashed (solid) line represents the CTV (gITV) contour.

Effectiveness of rescanning
We consider rescanning effective if it decreases inhomogeneities inside the target to
close to the level of the static treatment plan (d5/95 ∼ 5% for all targets). To quantify
inhomogeneities, we calculated the d5/95 inside the CTV as defined in equation 6.3
for all 4D dose calculations. The results for volumetric rescanning are shown in
figure 6.6. We observe a decrease in inhomogeneity with increasing effective num-
ber of rescans Reff . For motionM1 (M2), the median d5/95 decreases from 22.43%
(32.96%) for Reff = 1 to 7.38% (8.73%) for Reff = 10. Based on an analysis of
variance, this trend is significant with p � 10−10 for both motion cases. The scan-
ning technique, starting phase, target size and field dose do not have a significant
influence on the effectiveness of rescanning (p > 0.1). They contribute to the high
fluctuations between the individual cases. For layered rescanning, we observed a less
pronounced decrease in inhomogeneity with increasing Reff (data not shown here).

In figure 6.7, we have plotted the d5/95 of both rescanning sequences against each
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(a) Target inhomogeneity d5/95 as a function
of Reff for motionM1.
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(b) Target inhomogeneity d5/95 as a function
of Reff for motionM2.

Figure 6.6: Target inhomogeneity d5/95 of all 4D dose calculations concerning volumetric
rescanning as a function of effective number of rescans Reff . A high Reff decreases target
inhomogeneities significantly (p� 10−10), whereas the scanning technique does not seem
to influence the effectiveness of rescanning. The exponential bounds contain 95% of all
data points and the solid curve indicates the median distribution.

other. Each point in the graph represents one combination of scanning technique,
starting phase, field dose, target size and effective number of rescans. We observe
that the density distributions of the point clouds are shifted away from the line of
iso-inhomogeneity indicating larger target inhomogeneities when rescanning layer-
wise. The differences between the layered and volumetric approach are significant
with p-values below 10−10. This observation holds for both motion scenarios M1

andM2.
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(a) Target inhomogeneities of layered vs. vol-
umetric rescanning for motionM1.
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(b) Target inhomogeneities of layered vs. vol-
umetric rescanning for motionM2.

Figure 6.7: Data of all 4D dose calculations are shown in the two plots. The density
of the point cloud is visualized in form of a color wash. We observe significantly higher
inhomogeneities when rescanning layer-wise for both motion cases independent of the
beam scanning technique.
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Efficiency of rescanning
In the previous subsection we showed that a high Reff is needed in order to decrease
inhomogeneities inside the target. But increasing the number of rescans will also
increase the total irradiation time, making rescanning inefficient. In other words, we
observe a trade-off between effectiveness and efficiency. Figure 6.8 shows that the
sweet spot shifts across the different scanning techniques. Line scanning represents
the fastest technique and has the ability to reach high rescanning numbers in shorter
time windows. We also see that spot and raster scanning show difficulties in reaching
high Reff values: they are limited to 6.4 effective rescans for the 0.606Gy field of
patient P3, whereas line scanning can reach 12.8 effective rescans at maximum in
this case. Last but not least, we observe that, despite being less effective for any
given Reff , layered rescanning is significantly faster than volumetric rescanning in
all cases.
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Figure 6.8: Layered rescanning is shown in dashed lines and volumetric rescanning in
solid lines. Since P3 exhibits the largest gITV, differences in the irradiation times are
most pronounced for this case.

6.3.5 Experimental validation of effectiveness and efficiency
To confirm the efficacy of all scanning techniques experimentally, we irradiated the
1.818Gy field of patient P3 to a CCD camera following the motion curveM1. All
dose distributions were measured in 11 cm water depth, which marks the center of
the spread-out Bragg peak. We computed the d5/95 inside the two-dimensional CTV
contour shown in figure 6.5(a) and compared it to the value of the static irradiation
(CCD camera at rest) in figure 6.9(a)3. We can confirm that rescanning – in this

3The absolute d5/95 values of measurement and calculation should not be compared as the former
represents one distinct layer in water whereas the latter stands for the entire CTV in patient
anatomy.

99



6 The impact of PBS techniques on rescanning moving targets

case layer-wise – is effective, when reaching high values for Reff . The overlapping
confidence bounds of the exponential fits indicate that this observation is indepen-
dent of the scanning technique. In this example case, spot scanning produces less
interplay patterns in the unmitigated irradiation (Reff = 1) than raster or line scan-
ning.

If we impose a constraint on the total irradiation time t, we will not be able to
deliver the same number of rescans with all three scanning techniques because of
varying efficiency. As such, we chose to restrict t to twice the time it takes to deliver
the static spot scanning plan (160 s) and compare the measured inhomogeneities in
figure 6.9(b). For this delivery time, layered rescanning is the most effective scenario
for raster and line scanning, due to its faster delivery time and the higher Reff that
can be achieved within this time restriction. For spot scanning, two layered and two
volumetric rescans yield similar mitigation strength with the latter being slightly
more effective. With line scanning, we can reach the highest numbers of effective
rescans, which reduces the d5/95 almost to the value of the static measurement.
With raster scanning, we would be able to deliver 5.7 effective rescans (layer-wise)
which yields a similar strength in mitigation. The efficiency of spot scanning and
volumetric raster scanning is not high enough to effectively mitigate for interplay
effects in this example.
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(b) In a fixed time window (here 160 s), line
scanning (green bars) can deliver more effec-
tive rescans than spot (red bars) or raster
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Figure 6.9: Experimental validation of effectiveness (a) and efficiency (b) of rescanning
based on measurements for the 1.818Gy field of patient P3 in combination with motion
M1.
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6.4 Discussion and outlook
We found that rescanning can be an effective tool for motion mitigation when re-
peatedly irradiating the entire tumor volume. All dose elements of the plan should
be visited multiple times, since a high effective number of rescans is key to successful
mitigation. However, not all scanning techniques facilitate applying dose elements
with very low weight, which limits their rescanning capability. Line scanning – with
its combined speed and intensity modulation – shows the greatest flexibility in this
regard. We also observed that maximizing the effective number of rescans comes at
the cost of increasing the total irradiation time. As such, rescanning appears to be
most efficient when applied using the line scanning technique.

We observed a significant correlation between decrease in target inhomogeneity
(d5/95) and increase in effective number of rescans (Reff) that is independent of the
applied scanning technique. While this correlation generally holds for both motion
curves studied, we found a much larger spread in the data points calculated for the
larger motion extent (see figure 6.6). This observation could indicate that rescan-
ning alone may not be effective for tumors that move with peak-to-peak amplitudes
of the order of ∼ 15 mm or more. These findings are in agreement with previous
works (Schätti et al., 2013, 2014; Zhang et al., 2016). We should also note that
dose inhomogeneity inside the target appears to be very case specific with rather
high fluctuations for identical values of Reff . Grassberger et al. (2015) also conclude
that it is difficult to predict the number of rescans required for individual patients.
Hence, individual 4D dose calculations and interplay analyses are encouraged prior
to patient treatment.

The total irradiation time is another important factor that influences the effective-
ness of mitigation. Averaging out interplay patterns over many breathing cycles
may help to lower the d5/95 (Zenklusen et al., 2010). This effect is certainly coupled
to two of the main observations: (1) rescanning with a high Reff is more effective
than with a low one (see figure 6.6) and (2) volumetric rescanning is more effective
than layered (see figure 6.7). In both cases, the more effective method exhibits a
longer irradiation time. However, increased irradiation time alone cannot be the
sole explanation for increased effectiveness as shown in figure 6.9(b). We see that,
although having similar irradiation times, treatments with different Reff and differ-
ent rescanning sequences can indeed lead to varying d5/95 values. Bernatowicz et al.
(2013) and Schätti et al. (2013) came to similar conclusions.

Efficient rescanning requires fast lateral scanning (Grassberger et al., 2015), as pro-
vided by raster and line scanning, as well as fast energy changes when irradiating in
volumetric sequences (Bernatowicz et al., 2013). On top of that, it necessitates a low
minimum weight on applicable dose elements to ensure a high number of effective
rescans. As such, adaptive scaling of the beam current at any given point in the
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target provides an advantage (see table 6.2). In line scanning, we can regulate the
current down to ∼ 10% of its maximum value within less than 100 µs. This allows
for adapting irradiation settings locally rather than having the need to fix them
globally: many commercially available systems set the beam current for an entire
iso-energy layer based on the lowest-weighted element contained in that layer. Such
constraints impair the efficiency of rescanning significantly (see figure 6.8). Spot or
raster scanning combined with adaptive beam current scaling could, in principle,
reach the same Reff values as line scanning. For spot scanning, however, this ap-
proach would come at the cost of a dramatically increased delivery time due to the
accumulation of dead time.

In figure 6.7 we see, that volumetric rescanning is significantly more effective than
layered rescanning. For the vast majority of data points – each representing one
combination of target size, motion curve, starting phase, field dose and scanning
technique – volumetric rescanning decreases target inhomogeneities further than
layered. Several other studies support this result (Seco et al., 2009; Schätti et al.,
2013; Zhang et al., 2016). On the contrary, Bernatowicz et al. (2013) and Grass-
berger et al. (2015) concluded an increased sensitivity of volumetric rescanning to
so-called synchronization or resonance effects. It is worth mentioning that both
of them used periodically repeated motion curves, which may trigger or, at least,
enhance this observation. By using irregular, patient-specific motion curves that
have been recorded for > 70 s (Zhang et al., 2016), we hope to obtain more realistic
estimates on the effectiveness of rescanning.

We chose to base this study upon patients with liver tumors, because our experimen-
tal plan converter yields best results for fairly homogeneous targets. In such cases,
the prerequisites for plan conversion are optimal: spots are placed on (mostly) un-
interrupted lines and their weights change rather gradually. Hence, by limiting this
study to liver targets, we could rule out bias originating from differences in the initial
plans, but we also lack information on the influence of density heterogeneities in the
beam path (e.g. as for lung tumors). Furthermore, we restricted all measurements
to irradiations of a non-deformable target. Validation of 4D dose calculations based
on such measurements may be eligible when considering fairly homogeneous targets,
but may require additional tests in case of density heterogeneities. Nonetheless, the
measurements helped to gain trust and confidence in our 4D dose calculation algo-
rithm as they confirm the results derived from the calculations.

In our current implementation, we begin the treatment of any patient with a ramp-
ing scheme that clears the history of all magnets on the gantry (∼ 10 s duration).
Afterwards, we start the irradiation with the highest energy in the plan and lower
it successively. Between two volumetric rescans, we have to repeat this ramping
scheme, which makes it much slower than layered rescanning despite having short
energy switching times (∼ 100 ms). By supporting successive upscaling of the energy
in the control system, we could avoid these ramping pauses and e.g. decrease the ir-
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radiation time in figure 6.3(a) from ∼ 2 min. to ∼ 1 ½min. As such, the difference in
efficiency between layered and volumetric rescanning would be minimized. Hence,
we are currently implementing this variant of volumetric rescanning and plan to
combine it with line scanning for patient treatments soon. Given that energy layer
switching times for most commercial systems are much longer than those used in
this work, we would hope that our efforts towards fast energy changes encourage
manufacturers to pursue decreasing their energy layer switching times to facilitate
volumetric rescanning.

6.5 Conclusions
Different pencil beam scanning techniques such as spot, raster or line scanning pro-
duce interplay patterns of comparable magnitude when irradiating moving targets.
Motion mitigation using rescanning is most effective when achieving a high number
of rescans for every dose element in the plan. While this observation is independent
of the beam scanning technique, not all variants may be able to reach a high effective
number of rescans due to technical constraints (e.g. lowest deliverable spot weight).
In line scanning, we can adapt the beam current locally which facilitates delivery of
very low doses with minimal compromise on the total irradiation time. Hence, we
consider it an effective and efficient irradiation technique for rescanning.
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7
Discussion and outlook
This chapter summarizes and discusses the main results of all four publications. Sec-
tion 7.1 provides an overview on the key findings and compares them, if applicable,
with the literature. Furthermore, it highlights their uniqueness and implications.
Section 7.2 reviews the tools and methods used in this dissertation critically by
addressing their strengths and weaknesses. It scrutinizes the impact on the conclu-
sions derived and emphasizes potential bias. Section 7.3 serves as on outlook to this
dissertation by considering future perspectives of the line scanning technique and
associated safety measures.

7.1 Overall results
This section summarizes the main results of each publication included in this thesis
and evaluates their novelty and impact. Furthermore, it draws connections between
the papers and discusses how they relate to each other. The beam monitoring
system introduced in chapter 3 is addressed in subsection 7.1.1 and its technical
implementation (see chapter 4) in subsection 7.1.2. Subsection 7.1.3 summarizes
the derivation of safety margins for line scanning as demonstrated in chapter 5
and subsection 7.1.4 discusses a potential clinical application of line scanning (see
chapter 6).

7.1.1 The design of a beam monitoring system
Chapter 3 elaborates on a two-stage beam monitoring system that guarantees safe
patient treatments on Gantry 2 using the line scanning technique. Two partly re-
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dundant safety levels supervise that the correct amount of protons will be delivered
to the correct location inside the patient. The irradiation resumes seamlessly as long
as the supervised quantities remain inside a clinically tolerable range. Upon detec-
tion of a tolerance violation, the beam monitoring system propagates an interlock
to the patient safety system, which will terminate the irradiation immediately. As
such, the monitoring system assures patient safety in case of unforeseen technical
failures. Although arising dosimetric fluctuations may be measurable, their impact
on the clinical outcome of the treatment is estimated to be negligible.

Safety level 1 supervises the transverse pencil beam position, the proton beam cur-
rent and the total number of protons delivered over time. It receives signals from
Hall probes and ionization chambers on a 100 kHz clock (thus every 10µs) and com-
pares them against predefined tolerances. As such, safety level 1 can react to failures
or inaccuracies in real-time and has the ability to store precise information on the
time and source of the interlock. Since it runs on separate software and hardware
modules, level 1 monitoring is executed in the background and in parallel to the
irradiation. It imposes minimal constraints on beam delivery and avoids dead times
in the treatment usually required to perform safety checks. Safety level 2, on the
other hand, is active between the application of two line scans. It validates the
integral dose profile recorded with a position-sensitive strip monitor over the entire
duration of a single line. As such, level 2 analyzes the combined effect of changes in
the beam position and current. If the measured dose profile deviates from a modeled
prediction (e.g. its center of gravity is off by more than ±1.5 mm), level 2 can also
issue an interlock that pauses the irradiation.

The combination of two safety levels represents a novelty in beam monitoring for
particle therapy centers. Safety level 1 can react faster than any other monitoring
system reported in the literature. They predominantly rely on frequent safety checks
rather than supporting real-time beam monitoring. E.g. to supervise the transverse
beam position, the National Center of Oncological Hadrontherapy in Pavia, Italy,
reads out a strip and pixel monitor every 100 µs (Giordanengo et al., 2013). The
Rinecker Proton Therapy Center in Munich, Germany, is slightly slower in reading
out their strip monitor: every 250 µs (Borchert et al., 2008). The Heidelberg Ion-
Beam Therapy Center (formerly Gesellschaft für Schwerionenforschung, Darmstadt)
in Heidelberg, Germany, claims that they read out their multi-wire proportional
chambers every 150µs (Badura et al., 2000) to check whether the transverse beam
position is still within tolerance. Less frequent safety checks yield longer reaction
times in case of failures, which can directly translate into larger deviations from the
prescribed dose distribution potentially compromising the quality of the treatment.
A common compensation approach is to reduce the flexibility in beam delivery. In
the examples given above, the change in transverse beam position would be re-
stricted to ∼ 1 mm between two readouts. While this constraint helps to minimize
dosimetric errors in case of failures, it also compromises irradiation performance. As
such, level 1 real-time beam monitoring can be regarded as minimally invasive to
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the delivery unit. It opens up the possibility to change the transverse pencil beam
position and beam current fast and frequently during the application of a single line.
Chapter 6 demonstrates the positive consequence of this flexibility when irradiating
moving targets using the rescanning approach. In principle, the monitoring system
would be even general enough to cope with different particles (e.g. helium or carbon
ions), different beam optics, or arbitrarily shaped scan paths (e.g. tumor contours).

Besides describing the conceptual design of the beam monitoring system, chapter 3
also includes a detailed description of the strip monitor calibration and software
algorithm required for dose profile prediction. As such, the implementation of level
2 on the productive system was completed. Concerning level 1, however, necessary
software enhancements to the control system and firmware modification to the read-
out system amount to substantial and non-trivial work, which lead to the second
publication included in this thesis (see chapter 4). The main results are discussed
in the following section.

7.1.2 The hardware and firmware implementations
The section above explains the novelty of real-time beam monitoring in the context of
particle therapy. Safety level 1 checks irradiation parameters more frequently than
any other state-of-the-art therapy system. It supervises two ionization chambers
mounted in the gantry nozzle and two Hall probes placed in the scanner magnets
in real-time during irradiation. Realizing this technology on the Gantry 2 scanning
system required substantial software and firmware enhancements. On the control
software side, algorithms had to be developed that calculate upper and lower toler-
ance bands from the nominal delivery tables for beam position and current. These
tolerance bands are then downloaded to the FPGA of the monitoring system prior
to the application of each line scan, where they are interpolated in real-time to
obtain upper and lower tolerance values for each incoming data sample. Besides
interpolator and comparator unit, the firmware was enhanced by three additional
features: (1) An integrator adds incoming data samples from one of the ionization
chamber to a running counter. As such, the total number of particles delivered can
be monitored over time in addition to the instantaneous beam current. This feature
is a requirement derived from safety constraints (see chapter 5 and subsection 7.1.3
below.) (2) A violator propagates interlock signals to the patient safety system if
the comparator detects values outside of the acceptable tolerance range. As such,
the machine can be set to a safe state within ∼ 300µs by switching off the proton
beam. (3) Last but not least, a memorizer stores precise information on the time of
the interlock and its origin for retrospective analysis. These values will be queried
by the control software and stored in the machine log file. In addition, logging tables
at full 10µs time resolution will be saved for every supervised detector to analyze
the trend of the recorded signals.

Chapter 4 describes the signal flow during irradiation and the software and firmware
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enhancements in great detail. Additionally, it demonstrates their functionality based
on three exemplary failure scenarios simulating position, current and dose errors. In
each scenario, a safe state could be recovered within 300µs or less. Interlocks are
propagated as specified and the recorded logging tables are in good agreement with
the anticipated behavior of the system. However, failure scenarios are difficult to
provoke on the productive system without risking hardware damage. As such, all
tests have been carried out in a dedicated test environment, which has been used
previously for the commissioning of Gantry 2. Since it emulates the response of the
productive system very accurately, results obtained and conclusions drawn will also
be valid in the clinical environment. Tests conducted on the productive system after
the submission of the second paper confirmed this assumption: All implemented in-
terlock lines are responsive and able to turn off the beam reliably. Subsection 7.2.6
below demonstrates that.

In summary, level 1 real-time monitoring features high sampling rates and very short
reaction times to errors. It addresses the demand for faster irradiation systems in
particle therapy and imposes minimal constraints on the beam delivery system. The
definition of tolerances is based on only four values: a margin for the local beam-on
time (δt), a margin for the transverse beam position (δT/δU), a margin for the beam
current (δI), and a margin for the locally deposited dose (δD). These margins can be
adapted according to changing circumstances (e.g. machine parameters or national
legislations). As such, level 1 is a valid monitoring approach for most particle therapy
centers around the world. The follow-up publication (see chapter 5) derives values
for the four margins from first principles considering Gantry 2 machine parameters.
Hence, it assures effective and clinically acceptable level 1 real-time monitoring.

7.1.3 The compliance with safety regulations
Safety level 1 will be an effective measure against delivery inaccuracies or errors only
when provided clinically adequate margins. In other words, the comparator unit of
the FPGA must check incoming values against clinically meaningful tolerances. If
the margins are too narrow, interlocks will be triggered too early picking up in-
significant dosimetric fluctuations; if the margins are too wide, interlocks will be
triggered too late allowing for potentially harmful errors in the irradiation. Seeking
an appropriate balance, chapter 5 provides a full derivation of all four tolerance val-
ues from first principles following a rigorous worst-case error estimation. Although
the assumed machine parameters are specific to the Gantry 2 scanning system, the
derivation itself should be general enough to apply to other centers as well.

The starting point is a formal definition of an erroneous delivery. The ICRU report
78 published by the International Commission on Radiation Units and Measure-
ments (2007) indirectly mentions that dose distributions must be delivered with
sufficient uniformity. Hot and cold spots should be restricted to ±2.5%. The error
definition in chapter 5 is slightly more strict:
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“We consider an irradiation erroneous if the homogeneity (or uniformity)
across the target is significantly impaired. We set the threshold at absolute
deviations of ±2% or ±36 mGy.”

– Klimpki et al. (2017a)

The latter value is based on the assumption that errors in beam delivery occur rarely
(much less than once per treatment) and at random locations. Assuming an average
fraction dose of 2Gy (RBE) or 1.818Gy physical, deviations of ±2% correspond to
absolute differences of ±36 mGy. As indicated by the French Nuclear Safety Author-
ity (2010) in their definition of radiation incidents, localized over- or underdosages
of this magnitude may be physically measurable, but they are not expected to have
any consequence on the clinical outcome of the treatment. Hence, by restricting all
excess or missing doses to ±36 mGy through effective level 1 beam monitoring, we
can assure safe irradiations in line scanning mode. It is worth mentioning that the
International Electrotechnical Commission (2014) allows for even higher differences
between intended and actually delivered dose distributions in their international
standard (IEC 60601-2-64). They state that the magnitude of hot and cold spots
can be as high as 10% or 250mGy, whichever is greater. Self evidently, these con-
straints are satisfied through the definition given above.

The derivation of the level 1 safety tolerances in chapter 5 is of theoretical na-
ture. As mentioned in the introduction to this thesis, an irradiation free from any
machine-related risks can never be provided. As such, the goal of the beam moni-
toring system is to reduce these risks to events with minimal impact on the outcome
of the treatment. However, a smooth clinical workflow may require compromises on
the tolerances. E.g. it is irrational to impose a beam position tolerance that is much
smaller than the spatial resolution of the position-sensitive detector. It may even
be impracticable to demand tolerances that trigger interlocks very frequently and,
hence, prolong the irradiation of each and every patient. Under these circumstances,
softening theoretically derived margins may be eligible by choosing them as low as
reasonably achievable (ALARA principle). Chapter 5 concludes that the transverse
beam position should be within ±1 mm. However, Smith et al. (2009) report on a
margin of ±1.8 mm used at the MD Anderson Cancer Center in Houston, Texas.
Although not fulfilling the theoretical requirement and potentially compromising
patient safety, a lower tolerance value may not be applicable at their center in the
interest of a smooth clinical workflow.

Unfortunately, the amount of monitoring tolerances published in the literature is
sparse. Each institution and commercial vendor weighs safety aspects differently
resulting in a multitude of safety concepts, all of which somehow comply with inter-
national norms and regulations. As such, chapter 5 could help standardizing safety
considerations and margin definitions without restricting the space for further tech-
nological developments.
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7.1.4 The application of line scanning in the context of movingtarget treatments
The combination of chapters 3, 4 and 5 guarantees safe patient irradiation in line
scanning mode on Gantry 2. These chapters enable clinical usage of the line scan-
ning technique by minimizing the risk of harmful overexposure of healthy tissue
or alarming underexpose of tumor tissue to radiation in case of technical failures.
However, the clinical use case of line scanning and the associated performance gain
remain to be demonstrated. This is the purpose of the final study included in this
dissertation (see chapter 6). It examines line scanning (and two other irradiation
techniques) in the context of moving target irradiations using the rescanning ap-
proach and investigates how effectively (or how well) and how efficiently (or how
fast) interplay patterns can be mitigated.

The set of targets included in this study comprises three liver tumors prescribed
to identical dose levels. The tumors vary in size and shape and show different mo-
tion (e.g. amplitude and period) and deformation characteristics. The uniqueness
of this study is that for each target, three different treatment plans have been con-
structed: one dedicated to the line scanning technique and two dedicated to other
commercially available forms of pencil beam scanning (referred to as spot and raster
scanning). Moreover, the Gantry 2 scanning system could be configured such that it
supports irradiation of all three plan types. This modification enabled a quantitative
analysis of the effectiveness and efficiency of three different pencil beam scanning
techniques in the context of rescanning moving targets under identical machine pa-
rameters (e.g. accelerator, beam current, beam size, dead times).

The 4D dose calculations and measurements show that rescanning mitigates inter-
play patterns effectively for small motion amplitudes (< 10 mm) independent of
the beam scanning technique. This result is in agreement with previous findings
reported in the literature (Schätti et al., 2013, 2014; Zhang et al., 2016). The key
to effective mitigation is a high number of rescans. Delivering the field dose in
many repetitions requires a flexible beam delivery system that is able to scale down
the dose at every point in the plan. It could be shown that combined modulation
of the transverse scan speed and beam current, as provided by the line scanning
technique, provides an advantage in this regard. Concerning the efficiency of beam
delivery under rescanning, continuous scanning techniques (e.g. raster or line scan-
ning) are superior to discrete ones (e.g. spot scanning). Furthermore, irradiating
the target with the highest beam current possible speeds up beam delivery. As
such, scaling of the current at any point in the target according to the local dose
deposition can be considered advantageous. In principle, any of the three scanning
techniques could offer this functionality as it is coupled to the accelerator conditions
rather than to the beam scanning system. In addition to these findings, chapter 6
reveals that volumetric rescanning is significantly more effective than layered res-
canning, although being less efficient. This result confirms earlier works done by
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Seco et al. (2009), Schätti et al. (2013), and Zhang et al. (2016). In summary, one
can reach high numbers of rescans and irradiate fields of very low dose (∼ 100 mGy)
rapidly using the line scanning technique. Hence, it can be considered an effective
and efficient delivery technique when rescanning moving targets.

7.2 Strengths and weaknesses of the underlyingmethods
The tools and methods used in this dissertation inevitably influence the results
summarized in the previous section. Their choice will be motivated in the following
by weighing their strengths against their weaknesses. Potential bias or restrictions
are discussed critically whenever suspected.

7.2.1 The choice of beam monitors
The two-stage monitoring system was designed based on a detailed performance as-
sessment of various diagnostic devices installed along the Gantry 2 beamline. Their
response to the line scanning technique was investigated in order to determine, how
the different detectors can contribute to risk minimization. The primary goal has
always been to use and combine existing devices but replacements or additional
installations have not been ruled out per se. However, relying on tested and com-
missioned detectors offers two main advantages: the clinical workflow in conventional
irradiation mode can continue without interruptions and both irradiation modes will
be fully compatible. As such, one can easily activate or deactivate the line scanning
technique whenever desired without having the need for physical changes to the
beamline.

The performance assessment revealed two deficiencies of the detectors in use: (1)
The readout of the strip monitor is too slow to enable real-time monitoring of the
transverse beam position. (2) The ionization chambers in the gantry nozzle are not
particularly fast in collecting charges. Especially monitor 2 provides a significant
delay of roughly 370µs. To cope with these circumstances, two alternative solutions
have been developed: (1) Hall probes in the scanner magnets are used to monitor
the transverse beam position indirectly. (2) Only monitor 1 is used to supervise
the proton beam current in safety level 1. The signal from monitor 2 is integrated
over time to monitor the number of delivered protons. Safety considerations showed
that margins are less strict on the latter quantity somewhat mitigating the delay
problem. Nonetheless, redundancy is preserved by checking the instantaneous and
integrated beam current using two independent ionization chambers.

Choosing Hall probes as primary position monitors comes at the cost of losing direct
information on the beam position. It is not necessarily guaranteed that an appropri-
ate field strength will deflect the beam to the correct transverse position. Especially
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entering the scanner magnets under angles or offsets has been of concern. To es-
timate the influence of these uncertainties, the beam transport through the gantry
was studied in simulations based on the OPAL framework (Rizzoglio et al., 2017).
In summary, such scenarios are largely suppressed by the transport settings of the
beamline upstream of the gantry. They have been optimized to inject a beam with
rotational symmetric and achromatic phase space into the gantry (Pedroni et al.,
2011). A collimator at the coupling point additionally suppresses erroneous phase
spaces. Moreover, settings of all magnets on (and off) the gantry are supervised:
inaccuracies or failures cause interlocks. Last but not least, Gantry 2 is an upstream
scanning system featuring parallelism of the beam in both scanning directions. As
such, the scanner magnets are situated upstream of the final 90◦ bending magnet.
Its particular design damps position offsets due to divergence-compensating optics
(Gabard et al., 2010).

But besides all drawbacks and concerns, using Hall probes to indirectly monitor
the transverse beam position also offers three considerable advantages: (1) Their
signal-to-noise ratio (SNR) is extremely low (less than 10 µm at iso-center) and
independent of the proton beam current. Since line scanning permits frequent mod-
ulation of the beam current, a stable SNR on the monitored beam position is not
trivial and certainly advantageous. (2) Hall probes could be equipped with real-time
readout functionality and successfully integrated in safety level 1. High sampling
rates guarantee short reaction times to errors in the beam position and grant high
flexibility in beam delivery. (3) Ultimately, the position-sensitive strip monitor could
be used for additional, redundant checks. In safety level 2, it validates the delivered
dose profile of a line scan. As such, the strip monitor can almost be regarded as a
quality assurance measure evaluating dose delivery online.

7.2.2 The look-up table approach for safety level 2
The prediction of dose profiles from nominal delivery parameters in safety level 2 is
based on a look-up table approach. Systematic analysis of the strip monitor response
showed that the recorded beam profile depends on five parameters: the gantry angle
α, the beam energy E, the nozzle extension S, as well as the transverse T and U
position. Seeking for a computationally efficient model, five-dimensional polyno-
mials of the form f(α,E, S, T, U) = O(α4, E4, S2, T 2, U2) have been fitted to the
acquired data set. However, the accuracy achieved was insufficient. Consequently,
the look-up table and interpolation approach described in chapter 3 was developed.
Because the computation time of a single profile prediction is substantial (∼ 5ms on
average), this task is executed when loading the plan prior to the treatment. Pre-
calculated predictions are stored in the RAM and accessed during the comparison
step of safety level 2.

For line scans of medium to high dose, the profile prediction matches measurements
obtained with the strip monitor extremely well (see figure 3.6). However, line scans
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that deposit very little dose will also induce very little signal in the strip monitor.
In such cases, the profile comparison margins must be softened to prevent frequent
interlocks. A second weakness of the profile prediction algorithm is its sensitivity to
changes in the beam optics. The recorded look-up table is only valid as long as the
beam shape is stable and reproducible across the five-dimensional parameter space.
Significant variations may require a recalibration of the look-up table. Although the
measurement is automated, it still requires hours of data acquisition.

7.2.3 The firmware limitations
All monitoring-related tasks run on a single Virtex-6 FPGA from Xilinx, Inc. As
such, level 1 real-time monitoring is only one task among others executed within
the FPGA. Consequently, the resources are limited and the computational tasks
concerning level 1 monitoring needed to be simple (e.g. interpolation, integration,
comparison). Thus, the more complex calculation of the tolerance bands around the
nominal delivery tables has to be performed in software. As described in chapter 4,
the control system downloads the calculation results into the RAM of the FPGA
before the application of each line scan. Unfortunately, the calculation and down-
load of the tolerance bands prolongs the dead time between two lines significantly.
In discrete scanning mode, the average dead time between two dose spots amounts
to 2.83ms. In continuous line scanning mode, this dead time measures 7.90ms on
average. While other factors such as level 2 related monitoring tasks add to this
number, the major contribution (∼ 50%) originates from calculating and download-
ing tolerance tables leaving much room for further optimization in the interest of
delivery performance.

A second limitation is the size of the RAM itself. Currently, the logging tables
written to the machine log in case of an interlock can span 327.67ms only. If the
tolerance violation happens to occur afterwards, it will not be visible in the machine
log impeding interlock analysis. The length of the logging tables can, in principle,
be extended (ideally to 1 s) by accessing external RAM blocks. However, this en-
hancement requires substantial changes to the firmware architecture. Nonetheless,
the implementation is encouraged before starting clinical treatments in line scanning
mode.

7.2.4 The assumption of rare interlocks
Level 1 monitoring restricts hot and cold spots arising from erroneous beam delivery
to ±36 mGy when using the set of margins derived in chapter 5. This is a very
conservative limit assuming that interlocks of that kind occur, on average, less than
once over the entire course of the treatment. Even if every fraction experiences a
level 1 interlock, hot and cold spots will average out in superposition as long as they
are randomly distributed throughout the irradiated volume. However, if interlocks
occur very frequently and at similar location, hot and cold spots could amplify
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resulting in undesired and clinically unacceptable deviations from the planned dose
distribution. Safety level 1 cannot prevent such a scenario. Thus, it is strongly
recommended to analyze the source of the interlock carefully using the tools provided
(e.g. machine log files) before resuming the treatment. The operating physicist could
pay particular attention to the warning counters. During every line scan they count
the number of incoming data samples that came close to violating their tolerance
and triggering an interlock. E.g. line scans with high warning counters on the T
position indicate a malfunction of the scanner magnet or Hall probe. Only solving
this issue before resuming the treatment can guarantee patient safety. In summary,
level 1 monitoring cannot warrant zero-risk irradiations and it is always possible to
construct failure scenarios harmful to the patient. However, all of them presuppose
very unreasonable and negligent behavior of the operators.

7.2.5 The treatment plan converter
The final study included in this dissertation (see chapter 6) demonstrates a potential
use case of the line scanning technique. It compares the effectiveness and efficiency
in mitigating interplay patterns through rescanning across different beam delivery
techniques. For each of the three techniques, clinically acceptable and deliverable
treatment plans were created. However, the treatment planning system (TPS) can
optimize discrete spot scanning plans only. Since it lacks means to create plans for
continuous scanning techniques, a converter (see section 2.2) has been developed
and used to translate spot scanning plans to raster and line scanning plans of equal
dosimetric quality. Indeed, static target coverage was very similar with residual dose
differences of the order of ±1% for 95% of the target voxels. Although preserving
dosimetric similarity, the plan converter may not necessarily ensure consistent per-
formance conditions across the different scanning techniques. E.g. by translating
plans of suboptimal starting conditions, raster and line scanning could have been
restricted in their delivery performance. Thus, the efficiency (and potentially also
the effectiveness) of raster and line scanning could have been underestimated in this
study.

By selecting fairly homogeneous liver targets, this bias was suppressed as much as
possible. Spots in the original treatment plan have been placed on mostly uninter-
rupted lines. The dose modulation from one spot to the next was moderate creating
optimal performance prerequisites for raster and line scanning. Nonetheless, only a
TPS that considers performance criteria in its optimization step would completely
overcome this restriction. Implementations could be similar to direct optimization
techniques in volumetric modulated arc therapy (Papp and Unkelbach, 2014; Un-
kelbach et al., 2015). Such a planning system would also open up the possibility to
study the effectiveness and efficiency of treating targets with heterogeneous beam
paths (e.g. lung tumors) using the line scanning technique. Results and conclusions
may be different in such cases.
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7.2.6 Resuming irradiations after level 1 interlocks
The previous sections discussed the weaknesses and deficiencies of this dissertation
in great detail. Especially the choice of hardware and available FPGA resources
has been reviewed critically. Nevertheless, and despite all limitations, an accurate
and reliable beam monitoring system could be developed, implemented and tested.
But at this point, one open question still remains: how to resume the treatment
after an interlock triggered by safety level 1? This section will briefly introduce the
resumption strategy and demonstrate successful implementation.

Safety level 1 can detect interlocks originating from four different sources: (1) in-
stantaneous beam current, (2) integrated beam current, (3) transverse T position of
the beam, and (4) transverse U position of the beam. The precise time of primary
tolerance violation is stored in FPGA registers and queried by the control system.
This point in time will be referred to as tILK,1 in the following. Any level 1 inter-
lock – erroneous beam current, transverse position or deposited dose – will trigger a
beam off command. Consequently, these primary interlocks will cause a secondary
interlock on the instantaneous beam current as the beam is being turned off. Its
time of occurrence is also stored in machine log files and will be denoted as tILK,2 in
this section. This rule has two exceptions: (i) If a low beam current should be the
primary cause of error, tILK,1 and tILK,2 will be identical. (ii) If the lower tolerance
on the beam current should be zero, a secondary interlock may not be triggered.
In this case, tILK,2 will be set equal to tILK,1. A typical example case could be a
stagnating scanner magnet preventing the beam from moving along the T -direction.
A primary interlock will be issued as soon as the T -position is outside tolerance to
turn off the beam. Shortly after, the beam current measured by monitor 1 drops
triggering a secondary interlock on this channel. Typically,

tILK,2
∼= tILK,1 + 0.30 ms. (7.1)

In order to avoid overdosing the patient, the resumption of the treatment will start
from tILK,2. As such, any additional dose deposited between the time of the primary
interlock and complete beam suppression is taken into account. Because of delays
in the control software, the precise time of resumption tres had to be shifted by a
small correction term ∆tcorr determined empirically:

tres = tILK,2 −∆tcorr = tILK,2 − 0.17 ms. (7.2)

With these values and considerations in place, the resumption itself is rather simple:
The corrupt line will be irradiated again with a modified delivery table for the beam
current. Between t0 = 0 ms and tres, the current is set to zero. Afterwards, it follows
its nominal trajectory without further modifications.

Figure 7.1 demonstrates successful implementation of treatment resumption from
level 1 interlocks. The left plot (a) shows a line profile recorded with the CCD
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camera system described in section 2.3 that could be delivered interlock-free. The
proton beam moves from T = −5 cm to T = +5 cm within 14ms and induces
a signal on the CCD sensor of ∼ 60 counts along the central profile. Plot (b)
shows the same line scan interrupted by an external software trigger after ∼ 6 ms.
Consequently, the light output vanishes around T = 0 cm. Plot (c) displays the
interrupted line resumed from tres. When evaluating the difference between plot (a)
and plots (b)+(c), dosimetric equivalence can be observed in plot (d) validating the
resumption strategy.
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Figure 7.1: Dose profiles of single line scans recorded with the CCD camera system
placed at iso-center. The interlock-free irradiation (a) shows a straight line scanned from
T = −5 cm to T = +5 cm within 14ms. Partial irradiations before and after an interlock
are shown in plots (b) and (c), respectively. The difference between plot (a) and plots
(b)+(c) is virtually zero demonstrating efficacy of the resumption strategy.

7.3 Future perspectives of line scanning
This final part of chapter 7 provides an outlook on the future perspectives of proton
therapy and the line scanning technique. Subsection 7.3.1 discusses four remaining
steps to be taken before using line scanning clinically for patient treatments. Sub-
section 7.3.2 highlights potential indications and tumor sites that could benefit most
from fast irradiations. It also lists developments beyond the line scanning technique
that could further improve the performance and quality of pencil beam scanning.

7.3.1 Open issues before clinical operation
This dissertation provides the technical basis for continuous pencil beam scanning on
Gantry 2. It demonstrates successful implementation of an effective beam monitor-
ing system for line scanning and emphasizes the clinical potential of this irradiation
technique. However, four open issues remain that currently prohibit patient treat-
ments in line scanning mode. They are discussed in the following.
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Beam current regulation
One of the key characteristics of line scanning is its ability to modulate the beam
current continuously while steering the beam along straight lines. In the interest of
precise and accurate dose delivery, any modulation of the beam current must satisfy
the following three constraints: (1) The absolute difference between nominal and
actual beam current must stay within ±35 monitor units (or ±40 pA for a 150MeV
beam) at all times. Deviations of this magnitude may induce warnings during the
irradiation, but they are far away from triggering a level 1 interlock (margin of
±50 monitor units). (2) The beam current must stabilize within 750 µs measured
from the start of a line scan. This value originates from a minimal line length
of 1.5 cm scanned at maximum accessible speed (2 cm/ms). Shorter lines will have
inferior performance and accuracy compared to discrete beam spots. (3) The integral
difference between prescribed and delivered dose must be within ±2% for every
line scan to guarantee sufficient accuracy (Schippers et al., 2010). To fulfill these
requirements, a feedback control loop counteracts inaccuracies in the regulation of
the beam current. Based on the beam current measured in monitor 1, the voltage on
the vertical deflector plate inside the cyclotron is adjusted in real-time to increase or
decrease the extracted current compensating for deviations. However, constraints
are not fully satisfied, yet: the power supply of the vertical deflector currently
suffers from irreproducible regulation deficiencies hampering accurate beam current
control. These effects are most pronounced when ramping the current quickly (both
up and down) yielding undesired over- or undershoots, which, in most cases, trigger
a level 1 interlock. One possible solution, apart from replacing the power supply
entirely, could be a more sophisticated feedback controller. Its development is work
in progress and tests will show if it enables beam current modulation according to
specification.

Treatment planning system
As mentioned in section 7.2 above, irradiations in line scanning mode are not yet
supported by the treatment planning system. To incorporate accurate dose calcu-
lation of scanned line segments, one needs to modify the transverse beam shape in
T -direction. Discrete beam spots are modeled through a two-dimensional Gaussian
distribution peaked around (µT , µU):

dspot(T, U) = Npηspot,T (T )ηspot,U(U), (7.3)

with

ηspot,T (T ) =
1

σT
√

2π
exp

[
−1

2

(
T − µT
σT

)2
]

(7.4)

and

ηspot,U(U) =
1

σU
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2π
exp

[
−1

2

(
U − µU
σU

)2
]
. (7.5)
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Np denotes the total number of delivered protons and σT/U represents the width
of the pencil beam in T/U -direction. To describe line segments mathematically,
ηspot,T (T ) has to be convolved with a rectangular kernel function characterizing the
movement of the beam in T -direction. Resulting line segments take the form

dline(T, U) = Npηline,T (T )ηspot,U(U), (7.6)

with

ηline,T (T ) =
1

2∆T

(
erf

[
T − (µT −∆T/2)

σT
√

2

]
− erf

[
T − (µT + ∆T/2)

σT
√

2

])
. (7.7)

∆T denotes the scan distance of the line segment. In addition to the dose calculation
engine, line scanning should also be incorporated in the optimization algorithm. By
penalizing gaps in the scan path (segments with Np = 0), one could force continuous
line scans of moderate modulation. Furthermore, the scan distances of individual
segments should be variable, not bound to any grid constraints, to allow for max-
imum flexibility. Last but not least, line scanning must also be incorporated in
the retrospective dose calculation based on machine log files (Meier et al., 2015),
which proved to be a valuable tool for identifying differences between planned and
delivered dose distribution (Scandurra et al., 2016; Belosi et al., 2017).

Quality assurance measures
Actis et al. (2017) recently reported on the daily quality assurance (QA) routine
executed on Gantry 2 every morning prior to patient irradiations. It assesses the
machine performance and verifies beam characteristics to demonstrate functionality
of the beam delivery and monitoring units within specified tolerances. Inter alia,
the routine checks the range and divergence of the proton beam for various ener-
gies, the accuracy of the pencil beam position in the transverse plane, as well as
the dose delivered to a three-dimensional box target. To incorporate line scanning
into the clinical workflow, dedicated QA measures would have to be added to the
routine. It would certainly be worth validating functionality of the T and U -scanner
Hall probes. Furthermore, the responsiveness of all level 1 interlock lines should
be tested to guarantee effective real-time monitoring during treatment. Concern-
ing beam delivery, the modulation of the beam current and scan speed should be
checked in separate tests. Additionally, their combined effect should be analyzed
through level 2 profile comparisons. Finally, irradiating a box field in line scanning
mode could confirm accurate dose delivery.

In addition to these daily checks, line scanning also necessitates dedicated monthly
QA measures. It is advised to recalibrate the Hall probes frequently to guarantee
effective level 1 monitoring of the transverse beam position. Previously observed
drifts, especially on the T Hall probe, could impair the accuracy of safety level 1

118



7.3 Future perspectives of line scanning

significantly. As such, calibrations should be repeated on a monthly basis. Other
models characterizing the system (e.g. beam shape look-up table used for level 2
profile predictions) could be validated yearly and reacquired if necessary.

Legal authorization
The final hurdle for treatments in line scanning mode is the official agreement from
the federal health authority. It can only be issued when achieving all of the following
three milestones: (1) The Gantry 2 safety report needs to be revised. In its current
form, it foresees treatments in spot scanning mode only. As such, the risk and
fault tree analysis has to be expanded according to the considerations made in
chapter 5. The safety measures introduced in chapter 3 should also be incorporated
into this document demonstrating effective and redundant prevention of errors. (2)
A list of daily, monthly, and yearly QA tasks dedicated to line scanning must be
created and added to the existing manual. Furthermore, their effectiveness needs
to be demonstrated and thoroughly documented. (3) Ultimately, end-to-end tests
(treatment plan → patient-specific verification → dummy irradiation → log file
analysis) must prove successful integration of the line scanning technique into the
clinical workflow.

7.3.2 The evolution of proton therapy: a methodologicalcomparison
Proton therapy is at the frontier of moving target treatments. Currently restricted
to irradiations of predominantly static tumors, researchers seek for viable solutions
that overcome this barrier making proton therapy accessible to a much wider range
of indications. Continuous beam scanning could be an important milestone in this
evolution. Compared to discrete pencil beam scanning, it offers superior perfor-
mance characteristics such as reduced treatment time and enhanced flexibility in
beam delivery. Chapter 6 shows that especially large tumors (& 250 cm3) profit
from these improvements. As such, craniospinal irradiations or elongated head and
neck tumors may represent suitable indications. But most importantly, continuous
scanning enables efficient treatment of moving targets using rescanning or other
motion mitigation techniques (e.g. beam gating or breath-hold). In this context,
abdominal cancers and large lung lesions represent tumor sites for which proton
therapy may become practicable soon.

A comparison with the evolution of conventional radiation therapy, for which moving
target treatments are standard clinical practice (see section 1.4), emphasizes the
importance of continuous and highly dynamic irradiations. The transition from
static step-and-shoot treatments to dynamic sliding window irradiations lead to the
development of modern state-of-the-art delivery system offering advantages in both
performance and plan quality. Nowadays, these systems enable effective and efficient
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treatments of moving targets. The following enumeration briefly summarizes the
main milestones in this development:

1○ Passive conformation: In the 1970s, revolutions in imaging and computational
performance paved the way for significant improvements in radiation therapy.
It was possible to conform the dose distribution more accurately to the shape
of the tumor using patient-specific collimators. In early (3D) conformal radi-
ation therapy, one collimator was manufactured for each beam angle allowing
for dose escalation in the target and dose reduction to normal tissues (Vi-
jayakumar and Chen, 1995). This approach provided good conformation and
homogeneity but turned out to be time-consuming and expensive. Moreover,
it restricted the number of beam angles or fields due to the inefficient workflow.

2○ Active conformation: Multi-leaf collimators (MLCs) helped to overcome these
restrictions. They provide flexible, yet equally precise, fluence shaping and
eliminate the need for individually manufactured collimators (LoSasso et al.,
1993). Combined with inverse planning and optimization tools (Webb, 1989),
MLCs maximized workflow efficiency in 3D conformal radiation therapy.

3○ Intensity modulation: Further advances in treatment planning opened up the
possibility for intensity-modulated radiation therapy (IMRT). To improve dose
conformation to the target, static segments – each homogeneous in fluence –
were combined to build up fields with inhomogeneous fluence distributions,
whose superposition will ensure optimal target coverage and healthy tissue
sparing (Bortfeld et al., 1994). Prior to the irradiation of each field segment,
collimator leaves move into position. The intensity delivered to the field seg-
ment increases linearly with the respective beam-on time. Due to alternating
beam-on and beam-off phases, this form of irradiation is often referred to as
step-and-shoot IMRT. Fraass et al. (1999) called it a practical and simple
evolution of 3D conformal radiation therapy.

4○ Continuous irradiation: However, many small field segments prolong the over-
all irradiation time. Hence, Brahme (1988) and Convery and Rosenbloom
(1992) proposed an alternative to static IMRT: the so-called sliding window
approach. The idea is to move open MLC windows across the target dur-
ing beam-on while changing leave positions continuously to modulate the field
intensity. The scan speed of individual leaves is adapted according to the
prescribed fluence distribution. Seco et al. (2001) and Nicolini et al. (2005)
conclude superior target coverage and performance. Simultaneous modulation
of the output fluence rate offers additional flexibility in the delivery.

5○ Performance optimization: Current state-of-the-art treatments use an irradi-
ation technique commonly referred to as volumetric modulated arc therapy
(VMAT) (Yu, 1995). It is yet another step in the evolution of radiation ther-
apy. VMAT combines intensity modulation through sliding MLC windows and
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continuous rotation of the gantry around the patient. As such, it replaces the
concept of discrete fields with continuous arcs. In VMAT, intensity modula-
tion can be achieved by adapting the position and velocity of the individual
leaves, by changing the rotation speed of the gantry, and by controlling the
dose rate. This three-fold degeneracy requires advanced planning tools that
permit optimizing plan quality and irradiation performance simultaneously
(Unkelbach et al., 2015).

Interestingly, proton therapy follows a very similar evolution with striking analogies:

1○ Passive conformation: Similar to conformal radiation therapy, the passive
scattering technique uses patient-specific collimators and compensators to con-
form the proton field to the target (Koehler et al., 1977). Despite being com-
parably cost effective and robust (e.g. to organ motion), recent developments
indicate a paradigm shift away from passive scattering (Meer and Psoroulas,
2015).

2○ Active conformation: Pencil beam scanning (PBS) (Renner et al., 1989) is now
the method of choice for nearly half of the proton therapy centers around the
world. Just like MLCs, pencil beam scanning eliminates the need for patient-
specific hardware in the beamline and, thus, reduces the neutron background
dose significantly (Hälg et al., 2014). Most technical implementations of PBS
constrain the proton beam position to a rectilinear grid (Haberer et al., 1993;
Pedroni et al., 1995).

3○ Intensity modulation: Nevertheless, PBS represents a more flexible irradiation
technique than passive scattering. For instance, it opened up the possibility
for in-field intensity modulation. In analogy to IMRT, intensity-modulated
proton therapy can reduce dose to neighboring organs at risk by optimizing
the dose distributions of all fields simultaneously (Lomax, 1999). The resulting
fields exhibit inhomogeneous dose distributions that can irradiated precisely
using PBS only.

4○ Continuous irradiation: To overcome the grid constraint in PBS, continuous
beam scanning has been proposed and implemented (Pedroni et al., 2011;
Inoue, 2014) in analogy to the sliding window approach. It has the potential
to increase irradiation performance (Schätti et al., 2014) and dose conformity,
when carried out along arbitrarily shaped tumor contours (Meier et al., 2017).
The simultaneous modulation of the beam current at any point in the target
offers additional gain in performance.

5○ Performance optimization: Higher dose rates and further degrees of freedom
in beam delivery would help maximizing machine performance. Continuous
modulation of the beam energy and, potentially, simultaneous irradiation and
rotation of the gantry would open up the possibility to optimize treatment
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plans according to dose and performance constraints. VMAT-like irradiations
under rotation would additionally smear out skin and entrance doses. In pro-
ton therapy, this step remains to be taken.

Slowly advancing to stage four, proton therapy lags behind conventional radiation
therapy in many regards. Hence, it is not surprising that organ motion still repre-
sents a major obstacle. Self-evidently, the pronounced sensitivity of scanned proton
beams to anatomical variations aggravates this issue. Further technological advances
in the direction of rapid and fully continuous irradiations may still be required to
enable effective and efficient moving target treatments. Continuous beam scanning
along tumor contours, continuous modulation of the beam energy, and simultane-
ous rotation of the gantry may represent suggestions worth investigating. They all
have in common that they require continuous monitoring systems similar to the one
developed in this dissertation to guarantee safe irradiations. At the same time, and
this could be one of the most challenging aspects, proton therapy machines must
become smaller and cheaper to make this technique affordable for ordinary hospitals
and not just a few specialized centers around the world (Bortfeld and Loeffler, 2017).
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8
Concluding remarks
The beam monitoring system presented in this dissertation ensures safe patient
treatments using continuous pencil beam scanning in proton therapy. The risks as-
sociated with this advanced form of irradiation have been analyzed in order to derive
an adequate set of safety measures. Their formulation led to the conceptual design
of the monitoring system (see Q1 and chapter 3). After implementing and testing
required software and firmware enhancements (see Q2 and chapter 4), the efficacy of
the monitoring system was guaranteed through the derivation of clinically accept-
able safety tolerances (see Q3 and chapter 5). This technological foundation enables
continuous patient irradiations that comply with international norms and guidelines.
Moving target treatments are expected to benefit most from continuous pencil beam
scanning, since it offers high flexibility in dose modulation while keeping irradiation
times short. For instance, line scanning improves both efficiency and effectiveness of
rescanning when compared to other discrete beam scanning techniques (see Q4 and
chapter 6). As such, it represents a promising technology to tackle the difficulties
associated with moving target treatments in scanned proton therapy.

The driving principle of this thesis has been to balance the risks and benefits of
continuous irradiations in proton therapy. The monitoring system needs to be re-
sponsive and reliable, yet minimally invasive to the beam delivery itself to allow for
dynamic modulation of the scanning parameters (e.g. speed and current). Level 1
real-time monitoring satisfies these requirements. The beam current, the number of
deposited protons, and the transverse beam position are supervised in parallel to the
irradiation on dedicated software and hardware units. Every 10µs, sampled signals
are compared to expected values and an interlock will be triggered if one of these
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comparisons fails. As such, level 1 real-time monitoring ensures patient safety in the
case of machine-related errors while imposing minimal constraints on beam delivery.
The scan speed and beam current can change frequently and rapidly at any point
in the irradiation as long as the actuators follow their setpoints within clinically
acceptable tolerances. Level 2 online monitoring represents an additional, partly re-
dundant safety stage. Between the application of two continuous scans, integral dose
profiles in both transverse directions are compared to predictions calculated from
the nominal delivery tables used to steer the actuators. As such, safety level 2 is
able to identify small inaccuracies in beam delivery potentially undetected by level 1.

The implementation of level 1 real-time monitoring represents another compromise
between risk and benefit. The choice of detectors was restricted to devices already
installed and commissioned. While this approach avoids uncertainties originating
from supplementary hardware, it may come at the cost of suboptimal performance.
The same argument holds for the software and hardware topology, which has been
enhanced with functionality enabling real-time monitoring. However, the entire ar-
chitecture and signal flow remained unchanged. Nonetheless, level 1 real-time mon-
itoring could be successfully implemented and tested. It triggers interlocks quickly
and reliably for all scanning parameters under supervision. The proton beam is
completely suppressed after 300µs in case of a detected tolerance violation. This
value is well within the clinical safety requirements for continuous beam scanning on
Gantry 2. For every interlock, the precise time of occurrence is documented in ma-
chine log files. When resuming the treatment, actuators of the beamline are steered
to conditions that correspond to exactly that point in time and the irradiation can
be resumed without inducing additional dosimetric fluctuations.

The clinical benefits associated with continuous pencil beam scanning mainly con-
cern machine performance. Irradiation times can be decreased by using the beam
more efficiently. On Gantry 2, line scanning is significantly faster than spot scan-
ning while delivering dose distributions of similar quality. The gain in performance
can be crucial especially in the context of moving target irradiations, where mitiga-
tion techniques such as rescanning, gating or breath-hold require fast beam delivery.
In case of rescanning, continuous irradiations offer a second advantage: because of
pronounced flexibility in dose modulation, they can achieve higher rescanning capa-
bility, which is beneficial for the effectiveness of motion mitigation.

Most proton therapy systems installed today are designed for a lifecycle of several
decades. However, the technology behind them and the clinical requirements evolve
much faster. This dissertation demonstrates a successful system upgrade from dis-
crete, step-and-shoot treatments to continuously scanned irradiations. Since the
underlying actuators and diagnostic devices are identical, the upgrade could be car-
ried out in parallel to daily clinical operation. Hence, this work could be of interest
to any vendor or center around the world trying to keep up with changing demands
in order to constantly offer high-quality, state-of-the-art proton therapy.
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