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PURPOSE
•

PSI GANTRY 2

Organ motion during irradiation impairs the homogeneity of the delivered dose distribution, especially
for pencil beam scanning (interplay effect) [1].

•

Rescanning the same field multiple times with
proportionally reduced dose can average out such
interferences [1,2].

•

However, dead times (e.g. energy changes, spot
transitions) accumulate. Thus, efficient rescanning
requires fast, yet flexible beam delivery.

•

Gantry 2 is in clinical operation since November 2013 using
discrete spot scanning (currently > 50 patients treated).

•

It was designed for fast dose delivery featuring:
(a) energy switching times ≈ 100 ms [3]
(b) lateral scan speeds up to 2 cm/ms [4]
(c) beam current regulation in < 1 ms [4]

•

It offers an additional mode of operation – continuous line
scanning – dedicated to fast rescanning.

•

Its design and capability is subject of this study.

discrete spot scanning

WHAT IS LINE SCANNING?
•

•

U

Dose modulation is achieved by
(a) adapting the scan speed v and
(b) modulating the beam current I

•

while scanning along straight lines.

•

Low line dose ↔ high v and/or low I (cf. figure 2)

low dose ↔ high speed

•

continuous line scanning
T

The delivery of highly modulated fields requires an
exceptionally high frequency of speed and current
modulation.
Each line can be divided in small segments with submm resolution to which a constant v and I is assigned.

•

Scanner magnets can be controlled with high precision and short response time. Thus, speed
modulation is favorable over current modulation.

•

Rescanning lines multiple times with proportionally increased speed yields constant dose profiles
(cf. figure 3) and minimal increase in delivery time (cf. figure 4).

high dose ↔ low speed

U

•

PERFORMANCE OF SPEED MODULATION

T

We scan the beam continuously along straight lines
without turning it off. → significant reduction in dead
time compared to discrete spot scanning [5]

Figure 2: Schematic comparison of
spot and line scanning

Figure 3: Integrated
dose
deposition
of
rescanned
lines measured with a
scintillating screen coupled
to a CCD camera. The top
line is scanned once with
v = 0.02 cm/ms, whereas
the bottom line is scanned
50 times with v = 1.00
cm/ms.
The
integrated
plateau dose of both lines is
nearly identical. The beam
current was not modulated
and the same for all five
lines.

Pure speed modulation suffices to delivery highly modulated dose distributions
(cf. figures 4, 5 and 9, 10). Differences with respect to spot scanning are marginal.
Figures 4, 5 and 6: Delivery of a
highly modulated dose distribution in 1D using both spot
scanning (top) and line scanning
mode (bottom). Spot weights
vary between 10 6 and 10 8
protons. Scan speeds span the
range from 0.01 to 1.00 cm/ms.
Pure speed modulation was
sufficient to match both distributions. A comparison of the
central dose profile (at U = 0 cm)
is shown on the right (figure 6).
Figure 7: Measured beam current at isocenter during the delivery of the 1D spot
and line sequence shown in figures 4 and
5. For spot scanning (blue), 26 individual
spot deliveries are separated by a dead
time of 3 ms – the higher the prescribed
spot weight, the longer the local beam-on
time. For line scanning (red), the beam
current is constant at 0.37 nA, which
results in a shorter total delivery time.
Note: Our feedback system currently overregulates during
t h e f i r s t m s o f t h e l i n e ( o b s e r v e d s p i ke a t t = 0 ) .

Figure 8: Measured beam position at isocenter during the delivery of the same 1D
spot and line sequence (cf. figure 7). Data
were obtained by translating the magnetic
field of the T scanner magnet to actual
beam position. For spot scanning (blue),
the beam trajectory follows discrete steps.
For line scanning (red), the beam position
changes continuously over time according
to the desired speed modulation.
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rescan
factor

scan
speed
[cm/ms]

plateau
dose
[%]

1

0.02

100.0

5

0.10

99.9

10

0.20

100.2

20

0.40

100.2

50

1.00

100.1

Table 1:

MODULATED DOSE DISTRIBUTIONS

[1]
[2]
[3]
[4]
[5]
[6]

Figure 1: Gantry 2
treatment room at
Paul Scherrer
Institute (PSI)

Figure 4: Delivery times for each of
the five lines depicted in figure 3
using either spot scanning (blue) or
line scanning (red). The latter
increases only marginally with
increasing number of rescans.

Comparison of plateau
doses for rescanned lines

CONCLUSION & OUTLOOK
Figures 9 and 10:
Central iso-energy
slice (133 MeV) of
a spherical target
volume with 4 mm
radius positioned
in 12.5 cm water
equivalent depth.
Higher and lower
iso-energy layers
fill up the low
dose region in the
center
of
the
circle and, thus,
ensure an overall
homogeneous irradiation of the
spherical volume.
Spot
and
line
scanning
dose
distributions were
recorded with a
compact CCD camera coupled to a
screen of scintillating material.

Figure 11:
γ analysis [6] of
spot
and
line
scanning
distributions. With a
tolerance of 2%, 2
mm
all
pixel
values are < 1.
Highest γ values
are observed at
the edges of the
circle due to a
larger penumbra.
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• Line scanning is a fast beam delivery technique.
Arbitrary dose distributions can be delivered by
modulating the scan speed v and beam current I.
• Due to less dead time, we consider line scanning wellsuited for efficient rescanning of moving targets.
• Clinical integration of line scanning will require realtime verification of beam current and position during
the application of a line (cf. figures 12 and 13).

Figures 12 and 13: Real-time monitoring of beam current (top) and beam position
(bottom) during the application of a line. Interlocks will be raised when pre-defined
tolerance bands are exceeded (in this case ±50 pA for I and ±1 mm in T).
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