
Abstract. Background/Aim: In the pencil beam scanning 
carbon-ion radiotherapy, spot positions are arranged in three 
dimensions throughout the entire target region. Therefore, 
dose deviations can occur due to spot position errors in the 
target. However, performing three-dimensional measurements 
for routine patient-specific quality assurance (PSQA) is 
difficult because a simple measurement method has not been 
established. This study aimed to establish a three-dimensional 
dose verification method using beam delivery log data. 
Materials and Methods: Pencil beam dose distributions in 
water were generated through Monte Carlo (MC) 
calculations. Treatment beam dose distribution was 
calculated by superposing the pencil beam dose distributions, 
considering given spot positions and monitor units (referred 
to as semi-MC, SMC). The aim of this study was to perform 
gamma analysis (GA) using dose distributions of log data-

based SMC instead of measured dose for PSQA. To verify 
SMC, the SMC depth-dose curves were compared with the 
measured dose. To assess the equivalence between the 
proposed and measurement-based methods, pass rates of two-
dimensional GA were compared. Furthermore, a three-
dimensional GA was performed to investigate clinically 
suitable criteria. Results: The SMC dose curves were 
consistent with measured dose, with a deviation <5%. In two-
dimensional GA, pass rates for the proposed method were 
generally lower than those for measurement-based method. 
The results of the three-dimensional GA indicated that the 
proposed method, with criteria of 3%-3 mm and 3%-2 mm, 
had capabilities comparable to the measurement-based 
method. Conclusion: The developed three-dimensional log 
data-based PSQA method with criteria of 3%-3 mm and 3%-
2 mm is clinically applicable. 
 
Carbon-ion radiotherapy (CIRT) is clinically implemented at 
more than ten facilities worldwide (1). Compared to X-ray 
beams, carbon-ion beams exhibit advantageous properties 
such as a higher dose concentration at the end of the range, 
commonly known as the Bragg peak, and a greater relative 
biological effectiveness (2). Although passive scattering 
beam delivery techniques were initially adopted in CIRT 
facilities, the scanning beam delivery technique has become 
widespread (1). One of the advantages of this technique is 
its ability to achieve a three-dimensional dose distribution 
that conforms to the tumor shape (3, 4), even when the tumor 
possesses an irregular shape. This conformity is achieved by 
superposing numerous pencil beams with appropriate 
weights, optimized to create a uniform dose distribution 
within the target volume. 

In the scanning beam delivery technique, the delivered 
dose distribution is influenced by various types of errors, 
including those related to spot position, monitor unit (MU), 
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and beam energy. Simulation studies (5) based on the pencil 
beam analytical model have indicated that an increase in the 
standard deviation (SD) of spot position errors notably 
compromises the flatness of the dose distribution. To assess 
the accuracy of dose delivery, dosimetric patient-specific 
quality assurance (PSQA) is conducted (6) based on 
measurements. Treatment beam is delivered to a water 
phantom, and dose distributions at several depths are 
measured using a two-dimensional ionization chamber array. 
These measured dose distributions are compared with the 
planned dose distributions converted for the water phantom 
in the planes at equivalent depths. Given that spot positions 
are arranged in three dimensions throughout the entire target 
region, dose deviations due to position errors can occur at 
any point within the target. Thus, two-dimensional dose 
verification at a limited number of depths is insufficient. To 
overcome this limitation, Karger et al. had developed a 
three-dimensional dosimetric device for CIRT (7). Although 
this three-dimensional dosimetric device enables more 
efficient dose verification compared to two-dimensional 
approaches, the region that can be verified remains limited.  

For PSQA of particle therapy, the use of beam delivery log 
data has been proposed in previous studies (8-11). For the 
scanning beam delivery method, the log data include various 
parameters for each delivered pencil beam, including spot 
position, spot size, MU, and beam energy. Using log data, the 
distribution of the delivered dose can be deduced in a three-
dimensional framework through numerical calculation. 
Winterhalter et al. proposed the use of log file based Monte 
Carlo (MC) tool for dose reconstructions using patient CT 
data in the case of proton therapy (10). They stated that their 
tool is an end-to-end test incorporating all requirements of 
PSQA. However, the MC calculations for carbon-ion beams 
require more time than those for proton beams to achieve 
adequate precision, because the number of physical processes 
induced by the carbon-ion beam is greater compared to the 
proton beam. As a result, the implementation of MC 
calculations using patient CT data for all treatment beams is 
a laborious task, even when a high-performance computer 
cluster is used. The present study introduces a straightforward 
approach to reconstruct the dose distribution in a water 
phantom for CIRT using results of MC calculations. Since 
there are no limitations imposed by devices during the 
measurement, our method considers the entire target volume, 
facilitating detailed dose verification. 

 
Materials and Methods 
 
Patient data. The study was conducted retrospectively. All treatment 
beams originate from clinical cases. Informed consent was procured 
from patients whose data contributed to this research.  
 
Overview of carbon-ion radiotherapy system. The CIRT machine 
HyBeat, developed by HITACHI Ltd., Tokyo, Japan, is operational 

at our facility Osaka-HIMAK. The machine delivers the treatment 
beam through the raster scanning technique. Layer change is 
achieved by hybrid energy scanning (12), utilizing 12 accelerated 
energies in conjunction with range shifters that provide 100 nominal 
energies. The maximum depth is 30 cm in water, and the layers can 
be changed at 3 mm intervals. The machine offers a maximum field 
size of 20 cm×20 cm. Osaka-HIMAK is equipped with three 
treatment rooms, each consisting of two ports fixed in either 
vertical, oblique (45˚), or horizontal orientations. Treatment plans 
are formulated using a treatment planning system called VQA Plan 
(13, 14) (HITACHI Ltd.). The radiobiological model is the mixed 
beam model (15), in which three types of dose are used: the 
physical, biological, and clinical doses (13). 

Figure 1 presents a schematic of the beam delivery system, which 
is composed of a sequence of devices ordered from downstream to 
upstream as follows: range shifters, ripple filter, spot position 
monitor (SPM), main dose monitor (DM), sub dose monitor, X/Y 
scanning magnets and profile monitor (RPM). The MU and spot 
position are measured by the main DM and the SPM, respectively. 
The DM features a plane-parallel ion chamber with a dynamic range 
spanning from 6×10–4 to 0.15 MU/spot. As per the specification of 
the HyBeat system, a radiation dose of 2 Gy is delivered to the 
volume of 10 cm×10 cm×10 cm (maximum depth: 20 cm) using 200 
MU. Both SPM and PRM are orthogonal multiwire proportional 
chambers. The wire pitch for the SPM is set at 1 mm. Spot position 
on the SPM plane is determined by calculating the center of gravity 
of signals within a range of ±6 channels from the peak. The beam 
axis is adjusted to ensure that the beam positions on the PRM and 
SPM planes closely align with the central axis. Following this 
calibration, the typical beam axis deviation at the PRM is 0.15±0.2 
mm, while at the SPM, with the scanning magnets inactive, it is 
0.01±0.13 mm. The PRM is removed from the beam path when 
either treatment or quality assurance (QA) beams are being 
delivered, because the beam width expands upon passing through 
PRM. Consequently, the spot position is inferred solely using the 
SPM, assuming that the beam position in the PRM plane aligns 
precisely with the central axis. An automated feedback system that 
corrects this position is used. Within the HyBeat system, log data is 
stored in the control system’s storage device whenever a treatment 
beam is delivered, including the QA mode. Subsequently, a log file 
is automatically transferred to network-connected storage accessible 
to users. The desired log file can be searched using patient and 
beam identity, delivery date, treatment room, and operational mode 
(treatment or QA). 

 
Measurement-based PSQA. In this subsection, conventional 
measurement-based PSQA (M-PSQA) performed at Osaka-HIMAK 
as clinical routine is described. 
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Figure 1. Schematic of the beam delivery system at Osaka-HIMAK. 
Numbers in parentheses represent distance from isocenter (unit: meter).



The planned dose distribution is converted to a physical dose 
distribution in water using VQA. The isocenter is set at a depth of 
150 mm from the surface of the water phantom. Two-dimensional 
dose distributions are prepared at specific depths for analysis. For 
prostate cases, one depth on the proximal side within the target 
region is selected. For other cases, two depths at the proximal and 
distal sides are selected. Both depths lie within the coverage of the 
spread-out Bragg peak (SOBP). Measurements are performed using 
a two-dimensional ionization chamber array, OCTAVIUS 1500 
XDR (PTW, Freiburg, Germany), which is mounted on an 
adjustable-thickness water tank AVWP09 (Accelerator Engineering 
Corporation, Chiba, Japan). This setup is similar to that reported in 
a previous study (6). The dimensions of the individual plane-parallel 
ion chamber in the OCTAVIUS 1500 XDR are 4.4 mm×4.4 mm×3 
mm. The diagonal center-to-center spacing between the chambers 
measures 7.1 mm. A two-dimensional gamma index analysis (16) is 
conducted using VeriSoft (PTW), with a dose threshold for the 
analysis area set at 10% of the maximum dose. The gamma analysis 
criteria for dose difference to local dose and distance to agreement 
are set at 3%-3 mm, and the pass line is set at 90%. 

 
Calculation of physical dose in the water phantom and its  
verification. Let  denote a three-dimensional pencil beam  
physical dose distribution in the water phantom per MU, where  

 indicates the calculation point,  denotes the spot position in 
the isocenter plane, and ε represents the nominal energy. The position 

=0 represents the isocenter. In this study, a dataset of  
was prepared using the MC software PTSim (17, 18) (v104) based 
on Geant4 toolkit (19-21) (v10.02.p03) for all 100 nominal energies 
available at Osaka-HIMAK (22). The isocenter was at 150 mm depth 
from the surface of the water phantom, similar to that set in the M-
PSQA. Using this dataset, the physical dose distribution  of a 
treatment beam in water was calculated by the following equation: 

                                    , (1) 

where the subscript i represents the spot in a treatment plan, and 
wi denotes the MU value. The calculation grid resolution was 1 
mm×1 mm×1 mm. When calculating , an diagonal path 
from the source to each spot in the isocenter plane was considered. 
In this specific calculation, the source was defined as the midpoint 
of the X and Y scanning magnets on the central axis. The 
calculational method of Eq.(1) using planned data for  and wi is 
referred to as semi-MC (SMC), and that using log data is referred 
to as log data-based SMC. 

To verify SMC, the depth-dose curves obtained using SMC were 
compared with measured dose and those calculated by VQA. Two 
types of rectangular volume irradiations used for calculating the 
integral dose normalization factor (IDNF) (13) were considered 
(Table I). Furthermore, two types of clinical treatment beams made 
for prostate cancer and head and neck (H&N) cancer were also 
considered. The prostate and H&N cases were chosen as 
representatives due to their characteristic long-range and short-range 
dose distributions, respectively. The treatment plans were made by 
the single-field uniform dose optimization method using VQA. Dose 
measurements were performed using the Advanced Markus chamber 
(PTW) for IDNF, and the Pinpoint chamber (PTW) for clinical 
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Figure 2. Summary of the last three subsections in Materials and Methods section. MC: Monte Carlo calculation; PSQA: Patient-specific Quality 
Assurance; M-PSQA: Measurement-based PSQA; SMC: Semi-MC; VQA: VQA Plan; L-PSQA: Log data-based PSQA.

Table I. Irradiation conditions of integral dose normalization factor 
(IDNF). 
 
                                           Field size                 Range               SOBP 
                                              (cm2)                     (cm)             width (cm) 
 
IDNF1                                    8×8                         20                       8 
IDNF2                                    8×8                          8                        4 
 
SOBP: Spread-out Bragg peak.



plans, given that the dose distribution for IDNF is uniform, whereas 
the clinical treatment beam may exhibit more complex dose 
distribution. To clarify the content of this subsection and the 
following two subsections, a summary is provided in Figure 2. 

 
Comparison between log data-based PSQA and measurement-based 
PSQA in two dimensions. The log data-based PSQA (L-PSQA) was 
performed in two dimensions following the M-PSQA procedure. 
The primary distinction lies in the method used to derive the 
delivered dose distribution: L-PSQA relies on the dose distribution 
generated through log data-based SMC instead of utilizing measured 
data. To assess the congruence between L-PSQA and M-PSQA, pass 
rates of a two-dimensional gamma analysis conducted using 
VeriSoft were compared. The scope of this comparative analysis 
included cases of sarcoma, prostate cancer, and H&N cancers. These 
cases were chosen to represent targets of varying sizes, categorized 
as small, medium, and large. In total, six treatment beams were 
analyzed, with two beams assigned to each cancer type. In this 
analysis, only a single depth measured in M-PSQA was considered 
for each beam. In addition to the 3%-3 mm criteria employed in 
clinical routine, the analysis was also conducted using the 3%-2 mm 
criteria, as recommended for photon therapy (23). 

Three-dimensional log data-based PSQA. A three-dimensional 
gamma analysis for L-PSQA was conducted using an in-house 
software based on PyMedPhys (version 0.38.0) (24). The criteria for 

the three-dimensional L-PSQA were determined to provide pass 
rates comparable to those of the conventional M-PSQA. For the 
analysis, ten treatment beams aimed at representative cancer sites 
were randomly chosen. This included two beams each for prostate, 
H&N, pancreatic, and liver cancers, along with one beam each for 
lung cancer and sarcoma. 
 
Results 
 
Verification of the calculated physical dose in the water 
phantom. Figure 3 shows the depth-dose curves along the 
central axis for IDNF1 and IDNF2. Overall, the dose 
curves of SMC are consistent with those of VQA and the 
measured dose. In the case of the IDNF1, the differences 
between the SMC dose and measured dose in the SOBP 
region are <1%, as depicted at the bottom of Figure 3B. In 
the case of the IDNF2, the differences of SMC dose from 
the measured dose are within 3% in the SOBP region 
except for the distal edge. 

Figure 4 illustrates the depth-dose curves for a single 
prostate cancer case (Figure 4A) and two H&N cases (Figure 
4B and C). The physical dose distribution of CIRT shows a 
slope in the target region, because relative biological 
effectiveness varies with depth. The SMC dose generally 
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Figure 3. Comparison of depth-dose curve along the central axis for (A) IDNF1 and (C) IDNF2. The solid and dashed curves represent the SMC 
and VQA doses, respectively, and the dots indicate the measured dose. In (B) and (D), the SOBP regions of respective (A) and (C) are magnified, 
and differences of SMC dose from the measured dose are plotted at the bottoms. Difference is defined as (SMC-meas.)  ×100 (%). Horizontal dotted 
lines aid visualization for ±3%.               (meas.) 

 

Figure 4. Comparison of depth-dose curve along the central axis for (A) prostate cancer case and (B),(C) head and neck (H&N) cases. The solid 
and dashed curves represent the SMC and VQA doses, respectively, and the dots indicate the measured dose. Horizontal dotted and dashed lines in 
the bottoms aid visualization for ±3% and ±5%, respectively. The definition of difference is the same as that in Figure 3.



underestimates the measured dose in all cases. For the 
prostate and H&N1 cases, the dose curves of SMC agree 
with the measured dose within 3%. The dose curve for the 
H&N2 case is notably uneven, and the deviation reaches up 
to 5%. The differences in the fall-off and tail regions were 
not analyzed due to their low absolute values, which tend to 
yield large values of the differences compared to those in the 
target region when expressed as percentages. 

To clarify the ~5% deviation observed in Figure 4C, the 
dose distribution of VQA in the plane perpendicular to the 
beam axis at corresponding depths was investigated. Figure 
5A shows the two-dimensional dose distribution at a depth 
of 90 mm. Figure 5B shows lateral dose curves in x- and  
y-directions indicated by arrows in Figure 5A. Figure 5C and 

D present the same data as Figure 5A and B, respectively, 
but at the depth of 115 mm. The measurement points shown 
in Figure 4 were on the central axis of the beam, where 
x=y=0. As shown, these points are not in a flat dose region 
at either depth. This suggests that even minor positional 
inaccuracies could cause large dose errors. Since the 
measured dose agrees well with the dose curves of VQA and 
SMC in the prostate case, where the physical dose 
distribution is comparatively smooth, it can be said that the 
5% dose errors in the H&N2 case arise from the difficulty 
of measurement in a complicated dose distribution. While 
this issue is due to measurement error, it is important to note 
that calculation accuracy tends to decrease in inhomogeneous 
regions (14). 
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Figure 5. (A) Two-dimensional dose distribution of the plane perpendicular to the beam axis at 90 mm depth in the H&N2 case. (B) Dose curves in 
x- and y-directions on the arrows in (A) are represented by the solid and dashed curves. (C)(D) correspond to (A)(B) but for a 115 mm depth. 
Measurements recorded at x=y=0.



Comparison between log data-based PSQA and measurement-
based PSQA in two dimensions. Figure 6 presents a scatter 
plot that compares the pass rates of two-dimensional gamma 
analysis for six treatment beams used in the verification of 
SMC. The acquisition of log data coincided with the 
measurement in M-PSQA. Figure 6A shows the results for 
criteria of 3%-3 mm. The gamma pass rates of L-PSQA are 
lower than those of M-PSQA. Results of analysis with criteria 
3%-2 mm are also shown in Figure 6B. Although all beams 
passed in M-PSQA, one beam failed in L-PSQA.  
 
Three-dimensional log data-based PSQA. In CIRT, dose 
distribution features a characteristic tail in the beam direction 
as shown in Figure 4. In conventional M-PSQA, dose 
verification is conducted only in the target region. 
Furthermore, errors expressed as a percentage in the tail 
region tend to be large, as previously discussed in Figure 4. 
Therefore, it is justified to exclude the tail region from the 
three-dimensional gamma analysis by setting an appropriate 
threshold. To determine this threshold, the depth-dose curves 
of VQA for the prostate and H&N cases initially presented 
in Figure 4 are replotted in Figure 7, where the vertical axis 
represents the percentage of the maximum dose for each 
case. As depicted by the dot-dashed line in Figure 7, a 20% 
threshold appears to be suitable. 

Figure 8 depicts histograms of three-dimensional L-PSQA 
gamma pass rates for the ten beams while changing criteria 
as (a) 3%-3 mm, (b) 3%-2 mm, (c) 2%-2 mm, and (d) 2%-1 
mm. As determined in the previous paragraph, the threshold 
is set at 20%. The pass line is 90%. The analysis reveals a 
decline in the pass rates in the sequence of (a)–(d) as 
expected; all beams pass under criteria (a), one fails in (b), 
and multiple beams fail in both (c) and (d). Given that nine 
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Figure 6. Scatter plot between the resultant pass rates of two-dimensional gamma analysis for six clinical beams. Horizontal and vertical axes represent 
the gamma pass rates obtained by M-PSQA and L-PSQA, respectively. Criteria: (A) 3%-3 mm and (B) 3%-2 mm; threshold: 10% in both criteria. 
Passing line of 90% is indicated by lines.

Figure 8. Histograms of gamma pass rate resulting from the three-
dimensional gamma analysis with criteria of (A) 3%-3 mm, (B) 3%-2 
mm, (C) 2%-2 mm and (D) 2%-1 mm. Threshold: 20% (Figure 7); 
dashed lines indicate pass line of 90%.

Figure 7. VQA percent depth-dose curves of prostate (solid), head and 
neck (H&N)1 (dotted) and H&N2 (dashed) cases in Figure 4. Dot-
dashed line indicates 20%.



out of the ten beams passed when applying conventional M-
PSQA (the remaining one beam was not analyzed by M-
PSQA), it may be concluded that three-dimensional L-
PSQA, employing criteria of 3%-3 mm and 3%-2 mm, 
exhibits capability comparable to the conventional method.  

Figure 9A shows histograms depicting the spot position 
difference between log data and planned values in the x- 
(upper) and y-direction (lower) for the failed beam shown in 
Figure 8B. The mean value and standard deviation of the 
difference for the x- and y-directions is –0.23±0.17 mm and 

–0.25±0.21 mm, respectively. In M-PSQA, when a beam 
fails the QA test, re-measurement of the failed beam is 
commonly performed. Following the conventional 
procedure, the corresponding beam was delivered again to 
conduct L-PSQA in other day. Figure 9B shows the 
histograms of spot position difference of this second 
delivery. The peak positions for x- and y-directions are closer 
to zero, and the distribution widths are narrower than those 
of the first delivery. The values are summarized in Table II 
with gamma pass rates.  
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Figure 9. Histogram of spot position difference between log data and planned value for x- (upper) and y-directions (lower). (A) For the failed beam 
depicted in Figure 8B (first delivery). (B) For log data of delivery in another day (second delivery).



Discussion 
 
In the context of particle beam scanning therapy, where a three-
dimensional dose distribution is formed by superposing pencil 
beams, the conventional method, which involves measuring 
dose distributions in multiple cross-sections using two-
dimensional ionization chamber array and comparing them 
with treatment plans, can no longer be considered as PSQA.  

At the beginning of this study, comparisons between doses 
of SMC, measurements and VQA were made under three 
conditions to validate the dose reconstruction method: H&N 
(representing cases with a short range), prostate (representing 
cases with a long range), and uniform rectangular irradiation 
with constant physical doses. As depicted in Figure 3 and 
Figure 4, overall, the findings indicated good consistency of 
the SMC dose with both VQA and the measured dose. 

Subsequently, two-dimensional gamma analysis was 
conducted for the six beams actually used in treatment using 
both the conventional M-PSQA (measurement vs. VQA) and 
our developed method, L-PSQA (log data-based SMC 
calculation vs. VQA). The results are depicted in Figure 6, 
where M-PSQA consistently yielded pass rates exceeding 
90% for both criteria of 3%-3 mm and 3%-2 mm. In 
contrast, L-PSQA identified one case as a failure in the case 
of criteria 3%-2 mm. This not only demonstrates the validity 
of L-PSQA but also highlights its capability to detect 
differences in dose distributions that M-PSQA may not 
discern. Generally, a greater number of evaluation points in 
gamma analysis tends to result in higher pass rates. 
Considering the detector spacing of OCTAVIUS 1500 XDR 
and the calculation grid resolution for L-PSQA, one might 
naturally expect L-PSQA to exhibit higher pass rates. 
However, the actual results were contrary. This may be due 
to the detector resolution being larger than the calculation 
resolution and, hence, some errors detected in L-PSQA could 
not be detected in M-PSQA. 

Finally, the criteria for three-dimensional L-PSQA were 
established. While maintaining the previously employed pass 
line of a gamma pass rate exceeding 90%, three-dimensional 
L-PSQA using the criteria of 3%-3 mm and 3%-2 mm was 
found to give similar pass rates to the two-dimensional M-
PSQA as depicted in Figure 8. Considering the 
recommendations of the AAPM TG-219 report (23), the 
criteria of 3%-2 mm are adopted in our facility. Price et al. 
reported (25) that the failure rate increased from 0% to 5% 
when the criteria were changed from 3%-3 mm to 3%-2mm 
(pass line was 90%). In our case, making a similar change 
in criteria resulted in an increase in the number of failed 
beams from 0 to 1 out of 10, while our statistical sample is 
insufficient. If the number of failed beams increases 
significantly, reconsideration of the criteria is necessary. 

Our L-PSQA also analyzes the differences between the 
actual spot positions and the treatment plan, as illustrated in 

Figure 9. Figure 9A shows the differences with the plan for 
the failed beam, while Figure 9B demonstrates the 
differences when the same beam was delivered again, 
achieving a gamma pass rate exceeding 90%. These figures 
indicate that the position accuracy of the treatment machine 
in the second delivery is better than that in the first delivery 
due to a couple of factors, represented by the temperature of 
the magnets. Consequently, the treatment plan itself can be 
deemed acceptable. 

After confirming the validity of L-PSQA, it has been 
seamlessly incorporated into our clinical practice without 
encountering any issues thus far. Although obtaining log files 
requires a single beam delivery before treatment, this process 
takes only a few minutes. Considering the time traditionally 
spent on measurements, adopting L-PSQA significantly 
contributes to labor reduction. 

On the other hand, L-PSQA has limitations as also noted 
by Zhao et al. (11). It claims to perform three-dimensional 
dose verification but lacks the capability to verify the energy. 
In our facility, energy verification is conducted during daily 
QA sessions to ensure that the accelerator consistently 
delivers the intended energy. However, achieving a complete 
three-dimensional dose verification requires addressing the 
challenge of how to incorporate energy verification, and this 
remains a task for future development. 

Our ultimate goal is to verify dose distributions by log file 
based MC using patient CT data as performed by 
Winterhalter et al. (10). Nevertheless, in the context of CIRT, 
the complexity of nuclear reactions significantly increases 
the calculation time as discussed in the Introduction. 
Improving computational speed is a challenge for future 
developments. 

 
Conclusion 
 
In this study, a method of dosimetric PSQA for CIRT using 
log data-based SMC calculation was developed. The 
calculation method to reconstruct the delivered dose was 
verified by comparison of the calculated dose curve with the 
measured dose. The proposed L-PSQA (log data-based SMC 
calculation vs. VQA) was compared with the conventional 
M-PSQA (measurement vs. VQA) by means of the gamma 
pass rate of the two-dimensional gamma analysis. The results 
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Table II. Position difference depicted in Figure 9A and B, and pass rates 
of three-dimensional log data-based patient-specific quality assurance 
(L-PSQA). 
 
                                           Δx (mm)               Δy (mm)       Pass rate (%) 
 
(a) First delivery              −0.23±0.17           −0.25±0.21              86 
(b) Second delivery       −0.071±0.081         −0.13±0.15              99



indicated that L-PSQA might be more stringent than M-
PSQA. The three-dimensional gamma analysis of L-PSQA 
was also conducted while changing the criteria. It was found 
that L-PSQA with criteria of 3%-3 mm and 3%-2 mm 
exhibited a capability comparable to that of conventional M-
PSQA, making it appropriate for clinical application. The 
stricter criteria of 3%-2 mm were chosen in our facility. 
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