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Grid and Cluster
Computing for Radiotherapy

Monte Carlo simulations bring much-needed
accuracy to benefit cancer patients

B P.W. Chin, D.G. Lewis
and J.P. Giddy

ach year, over 11 million peo-
ple are diagnosed with cancer,
and seven million die of the
disease. Radiation therapy,
surgery, or a combination of the two,
are able to cure about a third of these
cases.! Computer simulation of radia-

tion transport is very useful for radio-
therapy, both in research and in clini-
cal routines, particularly when:
accuracy from existing calcula-
tion methods is unsatisfactory
physical experiments are imprac-
tical, unethical or impossible.
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FIGURE 1:
Clockwise from top
left: tomographic,
coronal and sagittal
views of a 3-D dose
distribution for a
head-and-neck cancer
treatment. Radiation
dose has been color-
coded from low (blue)
to high (red).

Today, accurate calculation is in high
demand more than ever, particularly
with the wide introduction of complex
treatment modalities such as conformal
and intensity modulated radiotherapy
(CFRT and IMRT).? To calculate radia-
tion dose, one might attempt to solve
coupled integro-differential equations
describing the electromagnetic shower
of particles. However, without impos-
ing severe approximations, such
analytical treatment is prohibitively
complicated. The first alternative, and
the conventional way, is to employ one-
off, pre-computed, energy deposition
kernels.” Still, accuracy is limited since
certain conditions must be assumed
unchanged between kernel generation
and kernel application.

Additionally, some experiments are
impractical (i.e., knocking down walls
or adjusting ceiling heights in radia-
tion shielding room design)*° or
unethical (i.e., exposing patients to
trial-and-error radiation beams)® to
carry out. Or, some quantities are
impossible to measure, such as the ori-
gin of a detected particle — what dif-
ferent interactions has it been through,
and what were its ancestor particles?

One numerical method of radiation
transport simulation is known as
Monte Carlo, thus named for its use of
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random numbers during a computer
simulation.” To achieve de facto accura-
¢y, one must resort to this method,
which works by faithfully simulating
physical reality of the stochastic nature
behind the birth, life and death of each
radiation particle. For difficult experi-
ments, computer simulations offer
tremendous flexibility and power.
When using a ‘phantom’ replica of the
patient’s anatomy using X-ray comput-
ed tomography (CT) data (and some-
times other imaging modalities), the
most beneficial beam arrangement can
be configured for a specific patient.

A collaborative effort

Velindre Cancer Centre (VCC) serves
the population of South-East Wales,
about 1.5 million, of whom approxi-
mately 3,000 new patients require
radiotherapy each year. Every center has
to balance the need to provide each
patient with appropriate care in a time-
ly manner, with the desire to provide
the best possible treatment quality and
accuracy. More sophisticated treatment
regimes inevitably involve greater time
and effort to plan and deliver.

The desire to develop state-of-the-art
dose calculation methods in the short-
est possible times has driven the collab-
oration between the clinically based
radiotherapy physicists at Velindre
Cancer Centre with the computer scien-
tists at the Welsh e-Science Centre
(WeSC). Based in the School of
Computer Science at Cardiff University,
WeSC is one of eight regional centers
established in 2001 by the UK Research massad. w0 u|
Councils’ e-Science program to support : : . . . \ s T R TS |
and promote a new approach to large- < -
scale science carried out through dis- 3
tributed global collaborations enabled
by the Internet. Typically, such collabo-
rative scientific enterprises require desk- o g&*" Ii Bﬁﬁﬂﬁ}iﬁ Eﬂﬁi}ﬂﬁﬁ o ﬁif%@ + ﬂﬁﬁgﬁl,}
top access to very large data collections, ol 1 ” -ﬂ
very large-scale computing resources, ]
and high performance visualization. ) z
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Seeking a clinically valuable

solution FIGURE 2: Irradiation of an inhomogeneous phantom by a 6 MV photon beam directed
Monte Carlo is indeed a good solu- from angles 20° 140° 240° and 280°: the beam-phantom-detector setup, the predicted and
tion. But the computer run-time measured dose profiles, and the corresponding differences.?
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required can be prohibitively long,
since the confidence level of Monte
Carlo results depends on statistical
sampling. To obtain statistically
meaningful results, many events of
radiation histories must be simulated.
Computers process successive radia-
tion histories serially, one after anoth-
er. With a standalone computer, it can
take several weeks to compute a treat-
ment dosage within acceptable statis-
tical uncertainty for a cancer patient,
a process that is obviously not clini-
cally practical.

Clinically useful solutions require a
turnaround time of, at most, a few
hours. Possible ways to increase simu-
lation efficiency (i.e., to reduce the
run-time required to achieve a given
statistical uncertainty) include:

variance reduction techniques,
which introduce preferential sampling
or non-sampling during simulation®®

denoising, a post-simulation
process that smoothes fluctuating
datal(), 11

grid and cluster computing,
which run different radiation histo-
ries simultaneously on several com-
puters'?

quantum computing, which is
not yet a practical proposition."?

Grid and cluster computing

Of the possible solutions above, grid
and cluster computing has the advan-
tage of biasing neither the physics nor
the statistics, and the discussion that
follows describes a solution for speed-
ing up Monte Carlo simulations. Grid
computing involves using services on a
large number of networked resources,
an infrastructure to provide secure
remote access to these services, and
tools to control a computation across
the different services. Available com-
puting resources include:

The UK National Grid Service
(NGS), the core production-level grid
under the UK e-Science program, pro-
viding over 200 dedicated dual 3.06
GHz Intel Xenon nodes and other
machines spread over seven UK sites.

Non-dedicated Condor pools of

30 desktop computers at VCC, as well
as over 800 desktop computers at
Cardiff University, to tap into office
desktops while idle.

A dedicated Beowulf cluster
jointly owned by VCC and the
University of Surrey, which has been
in use since 1999."

A Monte Carlo simulation run on a

luxury levels (excluding level zero,
which is known to cause problems and
therefore, should be avoided)."® The
higher the luxury level, the longer the
simulation run-time. RANLUX luxury
level 1 is used routinely in our compu-
tations and has been reported to be
adequate for most purposes.'®

The EGSnrc family includes
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FIGURE 3: Count of each interaction type in each layer of the amorphous silicon radiation
detector. Grayscale is in logio. Thicknesses do not reflect true layer thicknesses.?!

grid or cluster differs from that run on
a standalone processor, in that the
simulation is split into many smaller
sub-tasks, each executed on a different
processor. The input files for each
small simulation are identical to each
other and to the original simulation in
every aspect except one number — the
initial random number seed. Different
seeds ensure non-correlation between
the multiple small simulations, so that
their output may be statistically mean-
ingful when combined.

The EGSnrc-based Monte Carlo
codes,'®> which have been used exten-
sively by our group, offer two choices
of random number generators: RAN-
LUX and RANMAR.!*” RANLUX has
a period of over 10'® and offers four

BEAMnrc (for medical linear accelera-
tors) and DOSXYZnrc (for 3-D phan-
tom lattices).'®!” The multi-platform
capabilities of the recent version,
EGSnrcMP, allow simulations to run
on Linux, Irix, Windows 2000 and
Windows XP operating systems, among
others. Nimrod and Condor are used as
resource brokers, which decide to what
site and processor to send individual
simulation jobs. No pre-installation of
EGSnrc on the execution site is neces-
sary; a lightweight file system (i.e.,
small in terms of disk space compared
to full installation) is transferred to the
execution site at the beginning of each
job. Using conditional statements in
shell and Perl scripts, the appropriate
pre-compiled executable is selected
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based on the local operating system of
the execution site.

Greatly improved simulation
efficiency

Using the NGS, and in competition
with other users’ computations, simu-
lation of the second example
described below took less than three
hours to complete, a 50-fold increase
in simulation efficiency compared to a
simulation on a single 2.66 GHz Intel
Pentium 4 processor.

The three simulation examples pre-
sented here involve:

verification of patient dosage
calculation (clinical pre-treatment
verification)

verification of radiotherapy deliv-
ery (clinical on-treatment verification)

scientific investigation of physi-
cally immeasurable quantities
(research).

Pre-treatment and on-treatment
verifications are vital in radiotherapy.
Adverse events such as 100% overdose,
wrong data transfer and even death
have been reported in the U.S. Food
and Drug Administration (FDA) data-
base. Radiotherapy planning and
delivery are potentially error-prone
processes because:

they involve expertise from differ-
ent departments (i.e., physicists, clini-
cians, technicians, radiographers)

a sizeable amount of data must
be transferred and modified from one
workstation to another

depending on the algorithm used,
different dose calculations are of vary-
ing accuracy

the electronic and mechanical
performance of the linear accelerator,
while highly reliable, is not completely
error-free

alignment of the patient’s internal
organs with respect to the beam is not
always exact.

To avoid such happenings, a strin-
gent verification framework both
before and during treatment must be
in place.

Figure 1 shows pre-treatment verifi-
cation of a dose calculation for a

head-and-neck IMRT treatment. The
treatment planning system (TPS) used
locally, as is the case elsewhere, calcu-
lates dose based on pre-calculated ker-
nels, which are less accurate than
Monte Carlo. Such verification of cal-
culation accuracy against Monte Carlo
results is therefore vital as we move
towards high-precision radiotherapy.
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This 2 percent or 2 mm’ agreement
criterion is widely used in radiothera-
py dose comparisons, and the ‘or 2
mm’ condition is to account for posi-
tioning uncertainty in areas of high
dose gradients.

Some quantities cannot be measured
using physical instruments, but can be
estimated using computer simulations.
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FIGURE 4: Energy deposition (MeV) in each layer of the amorphous silicon radiation detec-
tor, by particles that deposited energy in the ‘active’ Gd202S:Tb layer, and those that did not.
Grayscale is given in logro. Thicknesses do not reflect true layer thicknesses.?'

Figure 2 shows dose verification
during treatment in a controlled
phantom study, where a transmission
radiograph was acquired during beam
delivery. The 20x20x20 cm perspex
phantom had a 4 cm-thick, 5x5 cm air
cavity at its center. A similar geometry
was then simulated using Monte
Carlo, producing a virtual radiograph.
After appropriate calibrations, the
radiographs can be interpreted as dose
maps.*! Excellent agreement between
measurement and simulation on the
graph shows successful dose predic-
tion by Monte Carlo simulations.
When quantified, the dose difference
between simulation and measurement
is found to be less than two percent in
most areas. Where the dose difference
exceeds two percent, the positional
difference is less than two millimeter.

Results from an EGSnrc simulation
show the count of each interaction type
in every layer of an amorphous silicon
(a-Si) radiation detector, which is typi-
cally used during treatment delivery.
The Monte Carlo simulation gives us a
glimpse of what happened when the a-
Si detector was exposed to radiation:
event counts for Compton scattering,
photoelectric absorption, pair produc-
tion, bremsstrahlung, annihilation,
Moller and Bhabha scattering, and flu-
orescence events respectively. The phys-
ical instrument of the a-Si detector
itself would only measure the energy
deposited in the gadolinium oxysul-
phide terbium-activated (Gd202:Tb)
layer; no knowledge of the radiation
history (i.e., the breakdown of interac-
tion and particle type) could be gained.
Figure 4 shows the share of energy
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Resources

Beowulforg .............. ... ...
Center for Devices and Radiological Health

Condor High Throughput Computing .. ..
National Grid Service (NGS) .........
Nimrod ....................c....
World Health Organization (WHO) ... ...

P Grid Computing and Radiotherapy

......................... www.beowulf.org
......... www.accessdata.fda.gov/scripts/cdrh/

cfdocs/cfMAUDE/search.cfm

................... www.cs.wise.edu/condor
........................... www.ngs.ac.uk
............. www.csse.monash.edu.au/nimrod
............................ www.who.int

deposition by signal- and non-signal-
contributing particles, where a particle
contributes to the signal by depositing
energy in the Gd202:Tb layer. Such
knowledge about the radiation history
can neither be measured nor calculated
on the ‘back-of-the-envelope’ (i.e.,
using cross-section lookup tables) since
each layer is of varying thickness com-
prising compounds of different ele-
ments in varying proportions, exposed
to a stochastic radiation beam contain-
ing generations of secondary particles.

Conclusion

The collaboration between VCC and
WeSC has already been mutually bene-
ficial in matching supply and demand
for major computing power to meet a
pressing clinical need.” These collabo-
rative efforts have recently been further
boosted by £400,000 of research fund-
ing for the next three years from the
UK Engineering and Physical Sciences
Research Council, which will allow the
development of a more streamlined
system to bring grid and cluster com-
puting to the wider UK radiotherapy
community as a national grid resource
in the future. &
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