
Use of treatment log files in spot scanning proton therapy as part
of patient-specific quality assurance

Heng Li,a) Narayan Sahoo, Falk Poenisch, Kazumichi Suzuki, Yupeng Li, Xiaoqiang Li,
and Xiaodong Zhang
Department of Radiation Physics, The University of Texas MD Anderson Cancer Center, Houston, Texas 77030

Andrew K. Lee
Department of Radiation Oncology, The University of Texas MD Anderson Cancer Center,
Houston, Texas 77030

Michael T. Gillin and X. Ronald Zhu
Department of Radiation Physics, The University of Texas MD Anderson Cancer Center, Houston, Texas 77030

(Received 27 April 2012; revised 30 October 2012; accepted for publication 7 December 2012;
published 7 January 2013)

Purpose: The purpose of this work was to assess the monitor unit (MU) values and position accu-
racy of spot scanning proton beams as recorded by the daily treatment logs of the treatment control
system, and furthermore establish the feasibility of using the delivered spot positions and MU values
to calculate and evaluate delivered doses to patients.
Methods: To validate the accuracy of the recorded spot positions, the authors generated and executed
a test treatment plan containing nine spot positions, to which the authors delivered ten MU each. The
spot positions were measured with radiographic films and Matrixx 2D ion-chambers array placed
at the isocenter plane and compared for displacements from the planned and recorded positions.
Treatment logs for 14 patients were then used to determine the spot MU values and position accuracy
of the scanning proton beam delivery system. Univariate analysis was used to detect any systematic
error or large variation between patients, treatment dates, proton energies, gantry angles, and planned
spot positions. The recorded patient spot positions and MU values were then used to replace the spot
positions and MU values in the plan, and the treatment planning system was used to calculate the
delivered doses to patients. The results were compared with the treatment plan.
Results: Within a treatment session, spot positions were reproducible within ±0.2 mm. The spot
positions measured by film agreed with the planned positions within ±1 mm and with the recorded
positions within ±0.5 mm. The maximum day-to-day variation for any given spot position was within
±1 mm. For all 14 patients, with ∼1 500 000 spots recorded, the total MU accuracy was within
0.1% of the planned MU values, the mean (x, y) spot displacement from the planned value was
(−0.03 mm, −0.01 mm), the maximum (x, y) displacement was (1.68 mm, 2.27 mm), and the (x, y)
standard deviation was (0.26 mm, 0.42 mm). The maximum dose difference between calculated dose
to the patient based on the plan and recorded data was within 2%.
Conclusions: The authors have shown that the treatment log file in a spot scanning proton beam
delivery system is precise enough to serve as a quality assurance tool to monitor variation in spot
position and MU value, as well as the delivered dose uncertainty from the treatment delivery system.
The analysis tool developed here could be useful for assessing spot position uncertainty and thus
dose uncertainty for any patient receiving spot scanning proton beam therapy. © 2013 American
Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4773312]
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I. INTRODUCTION

Proton pencil beam scanning1–3 is a promising radiothera-
peutic technology that offers better dose conformality and
possibly lower neutron dose than the conventional passive
scattering beam technique.4, 5 The spot scanning proton beam
delivery system at The University of Texas MD Anderson
Cancer Center Proton Therapy Center in Houston6 uses mo-
noenergetic proton pencil beams, or spots, to deposit a radio-
therapeutic dose in the target volume.1 The synchrotron can
generate proton beams with 94 distinctive energies, ranging
from 72.5 to 221.8 MeV, which correspond to a proton distal

range at R90 of 4.0 to 30.6 cm in water. The accurate deliv-
ery of dose [in terms of monitor units (MUs)] and spots to the
planned position is essential for scanning proton beam ther-
apy, particularly for intensity-modulated proton therapy.7–10

In every treatment session, all spot positions and the MU val-
ues delivered by each spot are recorded in the treatment log
file in DICOM format (RT Ion Beams Treatment Record).
Information about the spot MU value and position, which
is analogous to information about the MU value and posi-
tion of each leaf in a multileaf collimator (MLC) recorded by
the delivery system in intensity-modulated radiation therapy
(IMRT),11–13 provides a unique opportunity to verify the dose
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delivery for every single spot and evaluate the performance
of the delivery system as a whole. It is not known, however,
whether the information in a spot scanning system’s treat-
ment log file is sufficiently accurate to confirm these values
and therefore whether it might be suitable for patient-specific
quality assurance (QA) in spot scanning proton therapy. In the
study reported here, we assessed the amount of uncertainty in
the recorded spot positions and MU values of scanning pencil
beams by comparing planned and measured values under ex-
perimental conditions and by analyzing daily treatment log
files for actual patients, then using the recorded data with
the treatment planning system (TPS) to evaluate the dose
uncertainty due to variations in the spot scanning delivery
system.

II. MATERIALS AND METHODS

II.A. Spot scanning proton beam

Figure 1 is a schematic depiction of the Hitachi PROBEAT
proton scanning beam delivery system (Hitachi, Ltd., Tokyo,
Japan), showing only the components relevant to the current
work. When the pencil beam enters the nozzle, the beam pro-
file monitor (PRM) monitors and records the center of the
incident proton beam and beam profile (spot size in both x
and y directions). The full width at half maximum (FWHM)
for the spot size in the air decreases with increasing en-
ergy and varies from 1.2 cm for 221.8 MeV to 3.4 cm for
72.5 MeV at the isocenter plane. The pencil beam is then
deflected by two scanning magnets (X and Y) to deliver the
dose to a planned location. The MU values of each spot are
monitored and recorded by the main dose and subdose mon-
itors, and the center location of each delivered spot is de-
tected and recorded by the spot position monitor (SPM). It
is worth noting that the SPM does not interact with the scan-
ning magnets and serves only as independent verification of
the spot position. The time required to deliver one spot is 1

FIG. 1. Diagram of relevant components in the proton scanning beam deliv-
ery system studied.

to 10 ms, and the maximum and minimum MU values that
can be delivered in one spot are 0.04 and 0.005 MU, respec-
tively. The proton beam delivery pauses if the spot dose de-
viates ± 0.0026 MU from the prescribed value and aborts
if the spot dose deviates ± 0.0093 MU from the prescribed
value.

Since spot positions are defined at the isocenter plane in
the TPS (Eclipse 8.9; Varian Medical Systems, Inc., Palo Alto,
CA), to compare the recorded spot position with planned po-
sition, we first needed to translate the recorded spot positions
at the SPM plane, (XSPM, YSPM), to the isocenter plane, (Xiso,
Yiso). To do this, we considered the central path of an inci-
dent pencil beam without scanning magnet fields. The scan-
ning nozzle is designed such that the pencil beam is “fo-
cused” to the isocenter under this condition. If the center of
the proton beam is offset from the center of the PRM by
(�XPRM, �YPRM), the amounts by which the centers are offset
(hereafter referred to as the off-centers) at the SPM (�XSPM,
�YSPM) and at the isocenter plane (�Xiso, �Yiso) would then
be less than that at the PRM plane and are related by a simple
geometric relation of trapezoids (Fig. 2(a)). The off-center at
the isocenter plane can therefore be determined as

�Xiso = �XPRM − (�XPRM − �XSPM)

dPRM − dSPMX
× dPRM, (1)

�Yiso = �YPRM − (�YPRM − �YSPM)

dPRM − dSPMY
× dPRM, (2)

where dPRM = 3188 mm, the effective distance from the PRM
to the isocenter plane, and dSPMX = 888.5 mm and dSPMY

= 878.7 mm, the effective distances from the SPM for the
X and Y axes to the isocenter plane, respectively. (�XPRM,
�YPRM) and (�XSPM, �YSPM), along with the coincidence of
radiation (proton) and imaging isocenter were measured once
daily/weekly as part of routine quality assurance,6, 14 and the
maximum deviation at both the PRM and SPM planes was
determined to be <0.1 mm and the mean <0.01 mm, while
the imaging and the radiation isocenter was within 0.5 mm.
Therefore, to simplify the procedure, we ignored the focusing
effect and used the geometry shown in Fig. 2(b) to project the
recorded spot positions at the SPM plane (XSPM, YSPM) to the
isocenter plane (Xiso, Yiso), which can then be compared with
spot positions from the treatment plan. The tolerance between
the delivered spot position and the planned position at isocen-
ter plane is 1.5 mm for proton energies higher than 145 MeV
and increases to 2.8 mm as the energy decreases to the low-
est level, 72.5 MeV. The tolerance level is higher for lower
energies because the spot size (FWHM) is larger for lower
energies, increasing to 3.4 cm for 72.5 MeV at the isocenter
plane. There is also a warning level of 1 mm for higher en-
ergies (>145 MeV) and up to 2 mm for the lowest energy.
The delivery system is designed such that the beam pauses if
either the spot MU value or the spot position is detected to
be out of tolerance for a delivered spot. These tolerance val-
ues were determined by assuming that the overall acceptable
dose error for a uniform spread-out Bragg peak (SOBP) dose
distribution delivered by spot scanning beam was 3%, con-
sidering the intrinsic nonuniformity, distal dose distribution

Medical Physics, Vol. 40, No. 2, February 2013



021703-3 Li et al.: Patient specific QA with treatment log files 021703-3

FIG. 2. Diagram of the method used to calculate spot position at the isocenter plane on the x axis, (a) considering the focusing effect of the pencil beam and
(b) ignoring the focusing effect.

error, and lateral dose distribution error.15 The spot position
error contributes to the lateral dose distribution error.

II.B. Monitor unit calibration for scanning beam
and spot monitor verification with ion chamber
measurements

The MU value for the scanning proton beam represents a
certain amount of charge collected by the main dose moni-
tor at the reference condition: a uniform dose of 2.17 Gy de-
livered to 1 liter of water centered at isocenter using pencil
beams with 18 energies between 178.6 and 221.8 MeV (corre-
sponding to proton ranges of 21.0–30.6 g/cm2 and a nominal
SOBP width of 10 cm), a 10 × 10 cm2 field size, and a total
of 217 MU. More details on the definition of MU value for
the spot scanning beam have been published elsewhere.1 Re-
peat measurements were made with two Accredited Dosime-
try Calibration Laboratory (ADCL)-calibrated waterproof
Farmer-type chambers (TN30013; PTW, Freiburg, Germany)
placed at isocenter (these measurements were not part of cal-
ibration of the beam). The recorded spot MU values for each
measurement were compared with the planned spot MU value
for the reference condition and correlated to the absolute dose
through the calibration. It is expected that the recorded spot
MU value follow the planned MU value with minimum vari-
ation for all measurements. While comparing the individual
spot MU value is not part of the calibration, verifying the in-
dividual value ensures that the monitor and recording system
work as designed.

II.C. Spot position verification with film and Matrixx

Film dosimetry was used to validate the system geome-
try, the accuracy of recorded spot position (relative to both
planned position and delivered position on film), and the re-
producibility of spot delivery within a treatment section. A

treatment plan was generated (in the Eclipse 8.9 TPS) to de-
liver 10 MU to 9 locations on the isocenter plane [at (x, y)
coordinates of (0 mm, 0 mm), (50 mm, 0 mm), (−50 mm,
0 mm), (0 mm, 50 mm), (0 mm, −50 mm), (100 mm,
100 mm), (−100 mm, 100 mm), (100 mm, −100 mm),
and (−100 mm, −100 mm)] at three proton energies (146.9
MeV, 173.7 MeV, and 198.3 MeV). Two hundred fifty iden-
tical spots of 0.04 MU each were delivered to compose the
10-MU dose at each location. The FWHM of spots for these
three energies were 1.8 cm, 1.6 cm, and 1.4 cm, and the
90% ranges of the proton beams were 14.9 cm, 20 cm, and
25.2 cm, respectively. For each proton energy, GafChromic
EBT2 radiochromic film (International Specialty Products,
Inc., Wayne, NJ) was placed at the isocenter plane in air
(aligned with laser); the irradiated film was then scanned with
an Epson Expression 10000XL scanner (Epson, Long Beach,
CA). The shape of each location was fitted with a 2D Gaus-
sian function, and the centers of the Gaussian functions were
compared with those of the treatment plan and the recorded
log file. The recorded spot positions were on the SPM plane
and were projected onto the isocenter plane using the geom-
etry shown in Fig. 2(b). This experiment also allowed us to
validate the reproducibility of actual positioning of the spot
and recording of the position in the log file.

The same experiment was repeated with gantry mounted
Matrixx 2D ion-chamber array (Scanditronix Wellhofer,
Schwarzenbruck, Germany) at isocenter-plane on four gantry
angles (0◦, 90◦, 180◦, and 270◦) to evaluate the gantry an-
gle dependence of the spot position uncertainty. X-ray im-
ages of the Matrixx were taken at each gantry angle with on-
board imager to determine the center of the detector array, and
the displacement between the planned spot positions and the
measured spot positions by Matrixx were compared with the
displacement between the planned positions and the recorded
spot positions by the treatment log, as a function of the gantry
angle.
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II.D. Spot monitor unit and position
verification for patients

Patient treatment plans were exported from TPS in DI-
COM format. For typical patients, the treatment consists of
20 to 38 fractions, with two or three proton fields deliver-
ing 1.6 to 2.8 Gy, and up to 64 energies and ∼10 000 spots
in each field. The treatment plans contain necessary informa-
tion for the treatment machine to deliver the designed spot
pattern and hence desired dose to patient, which include, for
each treatment field, the gantry angle, number of proton en-
ergies (also called layers), number of spots and spot size for
each layer, and spot position and MU value for each spot. The
treatment plans also contain patient demographic and setup
information.

Each patient log file records a single delivery of one proton
field. The log files, recorded at the time of actual delivery for
the given field, contain the same delivery information of the
field as the treatment plan. We focused on the spot positions
and MU value for each spot from the daily treatment log file
for every treatment session for each patient for our analysis.
For this study, ten patients with prostate cancer and four with
other cancers (two with brain cancer, one with lung cancer,
and one with sarcoma) who underwent proton spot scanning
beam treatment between August 1, 2009, and June 1, 2010,
were randomly selected. As part of patient specific QA, Ma-
trixx measurement was performed for each treatment field as
described by Zhu et al.16

II.E. Statistical methods

All 14 patients in this study received multiple fractions of
proton treatments; each treatment consisted of at least two
fields delivered at different gantry angles, with each field of
multiple energies and each energy of multiple spots. We de-
noted each recorded spot position as Si(p, d, g, e, x, y, MU),
where i is the spot index, p ∈ {p1, p2, . . . pM} represents the
patient, d ∈ {d1, d2, . . . dN} represents the treatment fraction
(date), g represents the gantry angle, e represents the pro-
ton energy, (x, y) is the recorded position for this spot on the
isocenter plane, and MU is the recorded MU value. The cor-
responding planned spot positions were denoted as Si(p, d, g,
e, x0, y0, MU0). The displacement of the recorded spot posi-
tion from the planned position can be written as Ex = Si(. . . x
− x0. . . ), Ey = Si(. . . y − y0. . . ), EDist = (E2

x + E2
y)1/2, and

the difference between the recorded and planned MU values
as EMU = Si(. . . MU − MU0). We report the difference in mea-
sured MU value as a percentage for easier interpretation be-
cause the difference between recorded and planned MU val-
ues was only a small fraction of the maximum spot MU value,
0.04.

The overall displacement of the recorded spot MU value
and position from those in the plan was evaluated by cal-
culating the mean (μEx

,μEy
, and μEMU ), standard deviation

(σEx
,σEy

, and σEMU ), and range; frequency distributions of
these distances were also created. Univariate analyses were
then performed on patient (μp

E and σ
p

E ), treatment date (μd
E

and σd
E), gantry angle (μg

E and σ
g

E), planned spot position

(μ(x0,y0)
E and σ

(x0,y0)
E ), and proton energy (μe

E and σ e
E) to de-

tect any systematic errors or large variation within the groups
defined according to these variables.

Assuming the centers of the delivered spots are Gaussian
distributed around the planned position (x, y) with standard
deviation (σ x, σ y), it is easy to show that the mean distance
(μDist) is a function of σ x×σ y. Therefore, monitoring distance
is effectively monitoring both σ x and σ y, while change in the
mean distance could be interpreted as change in the distribu-
tion of spots.

II.F. Delivered patient dose reconstruction
with recorded data

The recorded treatment data for all delivered fields were
imported into the TPS, and the doses calculated using these
parameters. The resulting doses were compared with the
planned doses to verify the doses delivered to patients for tar-
get volumes and organs at risk. This study assumed no setup
uncertainty, motion, or anatomy change throughout the course
of treatment.

III. RESULTS

III.A. Spot monitor unit verification with ion
chamber measurements

Multiple measurements were made with two Farmer-type
ion chambers under the reference condition described above,
and the recorded MU values for all spots were compared to
the planned MU values for those deliveries. Variation of the
ion chamber measurements was <1%, the maximum recorded
MU deviation from the planned value for a single spot during
these deliveries was <0.001 MU, and the total recorded MU
deviation from the planned values (217 MU) was <0.5%.

III.B. Spot position verification with film and Matrixx

Figure 3 shows the results from film experiments for pro-
ton beams with energies of 146.9, 173.7, and 198.3 MeV.
The centers of the 2D Gaussian fit are shown next to each
of the nine locations described in Sec. II, and they were all
consistent with those in the treatment plan (maximum devi-
ation, 0.92 mm) and with the mean of recorded spot posi-
tions (maximum deviation, 0.65 mm). The reproducibility of
recorded spot positions delivered to the same x-y coordinates
was within ±0.18 mm (2σ = 0.07 mm) in both directions,
based on the recorded treatment log file.

Figure 4(a) shows the recorded spot positions for proton
beams with energy of 173.7 MeV overlaid with the planned
positions and the spot positions on film. The planned position
for the spot in Fig. 4(b) was (100 mm, 100 mm), the mean
recorded position was (100.40 mm, 100.60 mm), and the spot
position on film was (100.2 mm, 100.8 mm). The spread of
delivered spots was within 0.3 mm in both the x and y direc-
tions. Figure 4(c) shows the results for measurement with Ma-
trixx compared to the recorded positions. The centers of the
nine spots were found on the Matrixx measurement for each
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FIG. 3. Film results for three energies of the proton scanning beam: (a) 146.9 MeV, (b) 173.7 MeV, and (c) 198.3 MeV. Ten MU (250 spots of 0.04 MU each)
were delivered to each location and measured at isocenter in air.

FIG. 4. Results for the 173.7 MeV proton scanning beam. Ten MU (250 spots of 0.04 MU each) were delivered to each location and measured at isocenter in
air. (a) Recorded, planned, and film-measured positions. (b) Zoom-in for spot position (100 mm, 100 mm).
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FIG. 5. Results of MU values in the treatment plan and recorded in the delivery system for 14 patients. (a) Recorded MU deviations vs planned MUs.
(b) Histogram of planned MUs for all patients. (c) Spot and total MU deviations from planned values (as a percentage) for each patient. For each patient, spot
MU deviations were calculated for all single spots delivered, and total MU deviation was the deviation of the cumulative MUs in each fraction. Error bars
represent 95% confidence intervals.

of the gantry angle, and the mean displacement of the center
of the spots were plotted against the mean displacement of the
recorded spot positions. It can be observed that the deviation
from the plan position is a function of gantry angle, and the
difference between the logs and the Matrixx measurement is
<0.3 mm on both x and y directions. Note that the figure only
presents results of deliveries on one day, and the purpose of
this experiment was to validate that the treatment parameters
were recorded correctly to enable patient data analysis.

III.C. Spot monitor unit and position
verification for patients

For all Matrixx measurements for all 14 patients, the per-
centage of pixels that met the 3%/3 mm γ -index criteria was
>95%. For all the recorded spots from all 14 patients, the
mean MU difference from plan, μEMU , was −0.01%, and the
standard deviation, σEMU , was 0.50%. Of the recorded MUs,
96.97% deviated from the plan by <1%, and >99.99% of the
spots deviated by <3%. The maximum deviation was −8.8%
or −0.0035 MU.

Figure 5 shows deviation of recorded MU values from
planned MU values. Figure 5(a) shows deviations for all de-
livered spots. As can be observed, the deviation decreased as
the planned MU value increased. Figure 5(c) shows the spot
and total MU deviations (as a percentage of planned MU val-
ues) for all patients. Spot MU deviations were calculated for
all spots delivered for the patient over all fractions, and to-
tal MU deviation was the deviation over all fractions of the

cumulative total of MUs delivered in each fraction. The max-
imum mean MU deviation from the planned value for any pa-
tient was ∼0.1%. Similar results (minimum deviation and no
trend) were found for recorded MU deviation vs date, gantry
angle, proton energy, and planned spot position and therefore
are not shown here.

Figure 6 illustrates the spot position information extracted
from daily log files for one patient. Figure 6(a) shows the
recorded spot positions overlaid with the planned positions
for 1 energy (163.9 MeV) throughout the course of treat-
ment. Different colors for recorded spot positions represent
recorded positions on different days, and the mean recorded
position for every spot was also calculated. The ranges of dis-
placement of mean recorded position from the planned po-
sition were −0.51 to 0.65 mm on the x axis and −0.50 to
0.21 mm on the y axis, and the maximum distance was
0.66 mm. Figure 6(b) is zoomed in to show the planned spot
position (27.6 mm, 36.8 mm). Figure 6(c) shows a scatter plot
of displacements in the x and y directions for each recorded
spot on different treatment days, and Fig. 6(d) shows the mean
displacement of recorded position from each planned position
(total of 48) and the mean displacement of all spots at this en-
ergy (0.03 mm, 0 mm).

Figure 7(a) is a scatter plot of deviations from the planned
positions for a total of ∼1 500 000 spots for all 14 patients.
The red cross indicates (μEx

,μEy
) at (−0.03 mm, −0.01 mm).

Figures 7(c) and 7(d) show the histograms for Ex and Ey, re-
spectively, with σEx

= 0.26 mm and σEy
= 0.42 mm. The

range of Ex was −1.66–1.68 mm, and the range of Ey was
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FIG. 6. Spot position map from the treatment planning system and from recorded data for a single proton energy (163.9 MeV). (a) Recorded position vs planned
position. (b) Zoom-in for spot position (27.6 mm, 36.8 mm). This spot had the maximum mean displacement from the planned position. (c) Displacement of
daily recorded position from planned position for spots with an energy of 163.9 MeV. Dots of different colors represent spot positions recorded on different
days. (d) Displacement from the planned position of the mean recorded position for each spot position (total of 48) and mean displacement from the planned
position for all recorded spots at this energy.

FIG. 7. Displacement of spot recorded position from planned position for all patients. (a) Scatter plot of all spots with the red cross at (μEx ,μEy ). (b) His-
togram of the percentage distances from recorded position to planned position. (c) Histogram of displacements of spot position on the x axis. (d) Histogram of
displacements of spot position on the y axis.
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FIG. 8. Displacement of recorded position from planned position for dif-
ferent patients and dates. Means and 95% CIs (error bars) for distance to
planned position on the x and y axes for (a) different patients and (b) different
treatment dates.

−2.27–2.06 mm. Figure 7(b) shows the histogram of EDist;
the range of EDist was 0 to 2.39 mm, and 96.76% of the
recorded spot positions were <1 mm from the planned po-
sition (99.82% were <1.5 mm away).

Figure 8 shows the variation of spot position between pa-
tients and between treatment dates. The variation between
patients and between dates did not impact delivered spot
position uncertainty. The amount of spot position devia-
tion from the plan was slightly higher for nonprostate can-
cer patients (patients 11–14, mean distance ∼0.6 mm) than
for prostate cancer patients (patients 1–10, mean distance
∼0.4 mm).

Figures 9(a) and 9(b) show the displacement of recorded
spot position for different proton energies and different gantry
angles, respectively. The mean distance from the planned
position was greater for lower proton energies. For differ-
ent gantry angles, not only did the mean distance from the
planned position change (Fig. 9(c)), but the mean displace-
ments in the x and y directions also had different signs. This
may be due to the small beam position change at the entrance
of the nozzle with different gantry rotation.

Figures 10(a) and 10(b) show the displacement of the
recorded spot position vs the planned spot position on the x
and y axes, respectively. Displacement in the x direction was
independent of the planned y position and vice versa, as ex-
pected. However, the mean displacement on the x axis did
vary with the planned position on the x axis, and the mean
displacement on the y axis also varied with the planned posi-
tion on the y axis.

FIG. 9. Displacement of recorded position from planned position for different energies and gantry angles. Means and 95% CIs (error bars) for distance to
planned position on the x and y axes for (a) different energies and (b) different gantry angles. (c) Polar plot of the mean distance vs angle.

Medical Physics, Vol. 40, No. 2, February 2013
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FIG. 10. Displacement of recorded position vs planned position. Means and
95% CIs (error bars) for distance to planned position on the x and y axes
for (a) different planned positions on the x axis and (b) different planned
positions on the y axis.

III.D. Delivered patient dose reconstruction
with recorded data

Figure 11(a) shows the reconstructed patient dose with de-
livered spot positions and MU values compared to the planned
dose for a prostate cancer patient in the isocenter plane.
Figure 11(b) shows the dose-volume histogram comparison
for this patient. The maximum dose difference was within 2%
for this patient.

IV. DISCUSSION

Spot MU and position accuracy are key parameters for
scanning beam delivery systems. Therefore, it is critically im-
portant not only to establish an effective quality assurance
program1 but also to record and verify these parameters, if
possible.

For the scanning proton beam delivery system at the
MD Anderson Proton Therapy Center in Houston, the max-
imum and minimum MU values for each spot are limited to

0.04 and 0.005 MU, respectively. As can be observed from
Fig. 7(b), MUs at both the upper and lower limits were used
more in patient plans than intermediate MUs. The deviation
between the recorded MU and the planned MU values de-
creased as the planned MU value increased. Nevertheless, the
total MU value delivered in each fraction to all patients, or
the total dose to patients given that MU value was calibrated
correctly, was accurate within 0.1%. This finding is consis-
tent with measurement results for MU linearity during the
commission1 and annual QA. Also note that this result does
not take into account the position at which the dose was deliv-
ered or uncertainty in the spot position. The variation of MU
deviations from planned values was minimal with respect to
date, gantry angle, proton energy, and spot position.

As noted earlier, the spot position tolerance of the deliv-
ery system studied here was 1.5 mm (alarm level, 1 mm) for
proton energies higher than 145 MeV and increased to up to
2.8 mm (alarm level, up to 2 mm) for lower energies. This in-
crease is associated with the larger spot size at lower proton
energy and permits wider spread of delivered spot positions
at low energies, and was confirmed by the increased mean
distance to planned position for different energies [Fig. 9(a)],
which is a function of σ x × σ y. Nevertheless, as shown in
Fig. 7, all displacements in both the x and y directions fell
well within the tolerance level (maximum displacement was
1.68 mm on the x axis and 2.27 mm on the y axis). Variation
in the y direction was higher than that in the x direction (σEx

= 0.26 mm and σEy
= 0.42 mm). This phenomenon is partly

due to the beam optics from the synchrotron to the scanning
nozzle, and also contributed by the fact that scanning magnet
Y is further than scanning magnet X from the isocenter plane
(Fig. 1).

Periodic QA measurements were performed to validate the
recorded spot positions in the treatment of log files. Specifi-
cally, film measurements were performed weekly to QA the
coincidence between the center of the central spot (the inci-
dent spot without scanning magnetic fields) and the imaging
system central axis. On a monthly basis, the spot positions in
the treatment logs were validated using measurements sim-
ilar to in Figs. 3 and 4. The spot positions measured with
film are relative to the central spot. More recently, a gantry
mounted Matrixx detector was used to validate the spot posi-
tions at different gantry angles. The alignment of the Matrixx
was checked by the onboard x-ray imaging system. Every pa-
tient fields were also measured at several depth with Matrixx
before patient treatment15 as part of patient specific QA. The
series of measurements established and QA the accuracy of
the recorded spot positions.

While patient or treatment date did not have an impact
on the spot position accuracy, we did find that proton energy
and gantry angle worked together to affect the level of spot
uncertainty. The spot position at the entrance of the nozzle
may have small gantry angle dependence that causes �X,
�Y at the PRM to not be zero. Figure 9(b) shows that the
deviation of spot position on the y axis varied with gantry
angle, and could be up to 0.6 mm, while the deviation
on the x axis was relatively constant. As can be observed
in Fig. 8(a), our nonprostate cancer patients had a higher
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FIG. 11. Reconstructed patient dose with delivered spot positions and MUs compared to the planned dose for a prostate patient (a) at isocenter plane, plan (left)
vs log (right). (b) Dose volume histogram, plan (solid) vs log (dash).

mean EDist (∼0.6 mm) than did prostate cancer patients
(∼0.4 mm). This finding is clinically relevant because
prostate cancer patients were treated with 2 lateral (90◦

and 270◦) fields with higher proton energies because of
tumor depth, while other disease sites were treated with
different gantry angles and usually lower proton energies.
Figure 10 demonstrates that the displacements in both
directions were linked to the sign of the planned position
[that is, relative to isocenter at (0,0)]. This finding could be
due to the fact that we used simplified geometry (Fig. 2) in
our calculation and ignored �X, �Y at the PRM. Although
the spot position errors could occur at any spot position,
most spot position errors occur within the target volume
because most of the spots were planned to deliver dose inside
the target volume. Figure 11 confirmed that while the most
significant change occurred to the target dose, the target
coverage was still maintained.

The current patient specific QA program, which usu-
ally consists of pretreatment point dose measurement and
plane dose measurements at several depths for each treatment

field.16 By validating the treatment records for each patient
with point and plane dose measurements, treatment logs can
then be used to complement the patient specific QA program
by verifying every delivered spots in all treatment sessions.
The records of MLC position and MU values from the de-
livery system in IMRT have been used as a quality assurance
tool and for reconstructing the dose to patient.11–13 Analogous
to the MLC in IMRT, records of MU values and spot posi-
tions also provide a unique opportunity to study the patient
dose uncertainty due to the delivery system. To study the fea-
sibility of using the records for patient dose verification and
evaluate the dose uncertainty from the delivery chain alone,
this study assumed no setup uncertainty, motion, or anatomy
change throughout the course of treatment. However, if real-
time patient imaging were available during the course of treat-
ment, the recorded spot positions and MU values could be
used in combination with the real-time patient imaging to es-
tablish a true in vivo dosimetric system. The dosimetric im-
pact of uncertainty in spot MU value and position are being
investigated in parallel to this work.
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V. CONCLUSION

We have shown that the treatment log file in a spot scan-
ning proton beam delivery system is precise enough to serve
as a quality assurance tool to monitor variation in spot po-
sition and MU value during treatment delivery. We also
demonstrate the feasibility of using the log files to anal-
ysis patient dose uncertainty from the treatment delivery
system. The analysis tool developed here could be useful
for assessing spot position uncertainty and thus dose uncer-
tainty for any patient receiving spot scanning proton beam
therapy.
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