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Abstract

Aim: To assess helical tomotherapy (TOMO) current clinical application and practice in
mainland China.
Materials and methods: Data were collected for all TOMO units clinically operational in
mainland China by 30 April 2016, including (a) the distribution of installation and staffing
levels; (b) types of cancers treated; (c) utilisation efficiency; (d) quality assurance; (e) mainte-
nance; (f) optional features; and (g) satisfaction levels. The data were collected as a census and
analysed qualitatively and quantitatively.
Results: As of 30 April 2016, 23 TOMO units were used clinically by 22 hospitals in mainland
China. In the same period, 22,558 cancer patients were treated. For TOMO units with more
than a year of clinical utilisation, a median of 378 cases were treated annually per machine.
The median daily operation was 10·5 hours, and treatment headcount was 38·3 patients.
The median service outage rate was 2·6%, and the most common cause was malfunction of
the multi-leaf collimator. In terms of overall satisfaction levels, 3 hospitals were very satisfied,
16 were satisfied and 3 considered their satisfaction level as average.
Findings: The overall operation of TOMO is good, but there are some problems due to running
at full capacity, lack of clinical efficacy research and insufficient quality assurance regulations.

Introduction

Helical tomotherapy (TOMO; Accuray Incorporated, Sunnyvale, CA, USA)1,2 is a relatively new
modality with integrated treatment planning and delivery hardware for radiation therapy treat-
ments.3 The TOMOdelivery system consists of a 6-MV linear acceleratormounted on a computed
tomography (CT)-like ring gantry. Therapeutic radiation is delivered using a rotating fan beam
that is modulated by a multi-leaf collimator (MLC) system while the patient moves through the
gantry in the longitudinal direction.4 The therapy combines intensity-modulated radiation
therapy treatment delivery and megavoltage CT (MVCT) imaging capabilities to integrate the
treatment planning, patient set-up and treatment process. TOMO’s clinical application is exten-
sive; not only can it treat head and neck (HN) tumours with anatomical complexity5 and chest–
abdomen tumours6,7 with proximity to vital organs at risk (OARs), but it can also be used to treat
brainmetastases,8 craniospinal tumours,9 central nervous system tumours10 andmultiple tumours
in different locations of the body. TOMO was first introduced in mainland China in 2007.
Information on its long-term clinical application is therefore somewhat incomplete. Moreover,
there is a shortage of surveys of TOMO’s current application status both domestically and abroad.
Here, we report the results of a survey examining the utilisation and management of TOMO clini-
cal programmes in mainland China and the level of user satisfaction with the technology. Our aim
was ultimately to promote radiation treatment capabilities and developments in China, overall.

Methods

The survey examined hospitals in mainland China that commenced treatments with TOMO
before 30 April 2016. The survey covered China’s 31 provinces, municipalities and autonomous
regions. Hong Kong, Macau and Taiwan were excluded.

The survey stages were as follows: (1) initial planning of the survey’s content; (2) finalization
of the content based on discussions with experts in hospitals equipped with TOMO, including
the distribution of installation and staffing levels, types of cancers treated, utilisation efficiency,
quality assurance, maintenance, optional features and satisfaction levels; (3) sending the survey
questionnaires to each hospital by e-mail, where designated staff members completed and
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returned the surveys; (4) examining, cross-checking, normalising
and standardising the data, as well as establishing a database;
and (5) collecting the data through a census and analysing the data
qualitatively and quantitatively.

Results

Distribution of installation and staffing levels

From the first TOMO installation in September 2007 to date, 22
hospitals in mainland China have installed 23 TOMO units for
clinical application. Figure 1 presents the cumulative numbers of
TOMO units installed by year. After the first introduction in
2007, no additional TOMO units were introduced until 2011.
Since then, several new installations have occurred each year, with
a peak of seven installations in 2015. At the end of 2015, there were
a total of 1,931 linear accelerators that conducted radiation therapy
in mainland China,11 which puts TOMO’s percentage at 1·2%.

Table 1 displays basic information on the TOMOunits installed
in mainland China, including geographical location, the category
and function of the corresponding hospital, the number andmodel
of the equipment, and the start date of the clinical application. All
of the TOMO units are distributed to top-level hospitals. In terms
of hospital function, 13 are installed in polyclinics (including eight
in military hospitals), and 10 are installed in oncology-specialised
hospitals. Sixteen TOMO units have been in clinical use for more
than a year by 30 April 2016. Regarding geographical distribution,

these units are located in Beijing, Shanghai, Guangdong, Jiangsu,
Hubei, Zhejiang, Liaoning, Shandong, Sichuan, Hunan, Fujian,
Yunnan and Henan. Figure 2 displays the geographical distribution
and the corresponding quantity across mainland China. Notably,
there are six units installed in Beijing, accounting for 26·1% of all
installations in the country.

The 534 employees associated with TOMO units in mainland
China consist of 172 radiation oncologists (including 61 senior
staff), 57 medical physicists (including 7 senior staff), 128 thera-
pists, 167 nurses and 10 engineers. Previous work reported that
at the end of 2015, there were 52,496 employees and staff members

Figure 1. Cumulative installations of TOMO in mainland China by year.

Table 1. Basic information on TOMO units installed in mainland China

Serial number Locations, province/city Types of hospital Model/number Starting date of clinical application

1 Beijing Polyclinic Hi Art/1 Sep. 2007

2 Yunnan/Kunming Polyclinic Hi Art/1 Feb. 2011

3 Shanghai Polyclinic Hi Art/1 Jun. 2011

4 Guangdong/Guangzhou Polyclinic Hi Art/1 Jul. 2011

5 Beijing Polyclinic Hi Art/1 Oct. 2011

6 Liaoning/Shenyang Polyclinic Hi Art/1 Nov. 2011

7 Jiangsu/Nanjing Polyclinic Hi Art/1 Jan. 2012

8 Beijing Polyclinic Hi Art/1 May 2012

9 Beijing Polyclinic Hi Art/1 Aug. 2012

10 Sichuan/Chengdu Oncology-specialised Hi Art/1 Aug. 2013

11 Beijing Oncology-specialised Hi Art/1 Nov. 2013

12 Sichuan/Chengdu Polyclinic Hi Art/1 Jun. 2014

13 Shandong/Jinan Oncology-specialised Hi Art/1 Sep. 2014

14 Guangdong/Guangzhou Oncology-specialised Hi Art/1 Oct. 2014

15 Jiangsu/Nanjing Polyclinic Hi Art/1 Mar. 2015

16 Zhejiang/Hangzhou Oncology-specialised Hi Art/1 May 2015

17 Beijing Polyclinic HD/1 Aug. 2015

18 Hubei/Wuhan Polyclinic HD/1 Oct. 2015

19 Liaoning/Shenyang Oncology-specialised HD/1 Nov. 2015

20 Henan/Anyang Oncology-specialised HD/1 Nov. 2015

21 Hunan/Changsha Oncology-specialised HD/1 Dec. 2015

22 Fujian/Fuzhou Oncology-specialised HD/1 Jan. 2016

23 Yunnan/Kunming Oncology-specialised HD/1 Arp. 2016
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associated with radiation therapy in mainland China, including
15,841 radiation oncologists (4,824 senior staff), 3,294 medical
physicists (562 senior staff), 8,454 therapists, 23,152 nurses and
938 engineers.11 TOMO staffing levels accounted for only 1·0%
of these employees, corresponding to TOMO’s percentage of all
radiation therapy equipment. The ratio of radiation oncologists
to medical physicists among TOMO staffing levels in mainland
China is 3:1, which surpasses the 4·8:1 at national level reported
in the previous work,11 but remains lower than the United
States ratio of 1·2:1.12–15 (Note: medical physicists in mainland
China include dosimetrists and physicists, while in the United
States, only physicists). Hence, it can be concluded that medical
physicists are in high demand in mainland China, compared with
the situation in developed countries.

Types of cancers treated

A total of 22,558 cancer patients by 30 April 2016 have received
TOMO treatment in mainland China, including 18,186 primary
tumour cases and 4,372 metastatic tumour cases. The top three
primary tumour types treated with TOMO are nasopharyngeal
carcinoma (19·2%), pulmonary cancer (16·0%) and other HN can-
cers (15·2%), together accounting for 50·4% of all primary tumour
cases. The top three metastatic tumour types treated with TOMO
are brain metastases (28·4%), lung metastases (17·5%) and liver
metastases (10·5%), together making up 56·4% of all metastatic
tumour cases (as illustrated in Figure 3). TOMO treatment covers
a wide range of tumours and primarily focuses on complex
tumours such as HN cancer and regular cases of pulmonary cancer.

Utilisation efficiency

Table 2 presents the average number of patients treated per year,
the average hours of effective operation per day, the average
treated patient headcount per day and the average treatment time
per person. For TOMO units with over a year of clinical use, the
average number of annual treatments is in the range of 365 ± 114
(median = 378, minimum = 162, maximum = 534); average daily
operation time is within the range of 9·9 ± 2·6 (median = 10·5,
minimum = 5·5, maximum = 14·0), average daily treatment
headcount is within the range of 37·4 ± 10·2 (median = 38·3,
minimum = 20·0, maximum = 50·0) and average treatment time
per person is within the range of 16·3 ± 3·1 (median = 15·9,
minimum = 11·7, maximum = 23·3).

The average daily operation time should be 11 hours, consider-
ing the machine’s warm-up and maintenance requirements.
Assuming the regular daily working time is 8 hours, the TOMO
units inmajority of hospitals are overloaded. Foreign TOMOunits’
full capacity is about 20 patients per day, which puts the units in
mainland China at twice the full capacity. The number of patients
treated may affect the quality of care, and such operational over-
load undoubtedly jeopardises quality assurance and safety.

Quality assurance

For TOMO units with over a year of clinical utilisation, the results
are based on data from the most recent year; for units with under a
year of clinical utilisation, the results are based on actual values.
There were 6,239 annual dosimetry check plans of the TOMO

Figure 2. Geographical distribution and quantity of TOMO units in mainland China.
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units inmainland China. The average annual dosimetry check plans
per machine are 326 ± 160 cases (median = 293, minimum= 30,
maximum = 632) for units with over 1 year of clinical use.
The overall passing rate (the ratio of plans that passed check to
total) was 98·2% ± 2·4 (median = 99·0%, minimum = 92·1%,
maximum = 100%). In total, 16 of the units checked all plans
and 7 checked plans partially. The phantoms used for dosimetry
check were the ‘cheese’ phantom (Accuray Incorporated,
Sunnyvale, CA, USA) (13 TOMO units), ArcCheck (Sun Nuclear
Corporation,Melbourne, FL, USA) (9), Delta4 (ScandiDos, Uppsala,
Sweden) (3) and cylindrical solid water (2). The detectors used were
ion chamber (13 TOMO units), film (9) and semiconductor (5).
The passing standard for the tested units were 95%/±3mm/3%
(16 TOMO units), 90%/±3mm/3% (6) and 95%/±2mm/2% (1).

Figure 4 presents the causes of dosimetry check failures in the
most recent year. Themost frequent causes of dosimetry check fail-
ures aremeasurement factors (i.e. film or scanner factors, problems
with the ion chamber location), special cases (i.e. complex cases,
large fraction and stereotactic body radiation therapy cases), and
delivery quality assurance (DQA) problems.

For daily, weekly, monthly, and annual inspections, the average
time consumption was 0·5 ± 0·3, 1·1 ± 0·9, 3·0 ± 2·1 and 9·1 ± 6·2
hours, respectively. The most frequent quality assurance issues
were problems involving the laser. Other problems included the
percent deviation in depth-dose, 1-cm treatment plan with a low
passing rate, serious sinking of the treatment couch after long-term
usage, difficulties in operating the original factory-supplied dosim-
etry check phantom, high cost of non-rinsed film and problems
adjusting the horizontal line for the two dimensions water tank.

Figure 3. (a) Primary and (b) metastatic cancers treated by TOMO.

Table 2. Application efficiency. 1, Average number of patients treated per year;
2. Average hours of operation per day; 3, Average treatment headcount per day;
4. Average treatment time per person

Efficiency

1 2 3 4Serial
number (cases) (hours) (cases) (minutes)

1 368 10 45·5 13·2

2 246 8 30 16·0

3 412 14 36 23·3

4 436 12 45 16·0

5 456 12 50 14·4

6 372 7 36 11·7

7 385 13 40 19·5

8 299 9 35 15·4

9 334 11 48 13·8

10 508 10·5 38·6 16·3

11 534 11·2 50 13·4

12 162 6 20 18·0

13 481 10·5 45 14·0

14 431 11·7 38 18·5

15 183 7 20 21·0

16 228 5·5 21 15·7

17* 430 10 54·6 11·0

18* 97 3·5 10 21·0

19* 173 8 35 13·7

20* 285 14 60 14·0

21* 115 14 54 15·6

22* 77 8 36 13·3

23* 26 4·5 12·5 21·6

Note: * indicates an actual value under 1 year of clinical use; otherwise the average annual
value was more than a year.

Figure 4. Causes of dosimetry check failures.
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Maintenance

The commonmalfunctions of the TOMO units in mainland China
during 1 year included uninterruptible power supply (UPS), ven-
tilator, laser, control panel, microwave system, treatment couch, air
compressor, MVCT, accelerator waveguide, solid-state modulator,
flow failures, on-board computer and stationary computer, jaw,
data server and network, dose control system, magnetron, MLC
and gantry. The most frequent occurrence of a malfunction was in
the MLC (14 TOMO units). An analysis of the cause of this break-
down indicated that patients receiving TOMO treatment generally
required intensity-modulated radiation therapy. Consequently, the
MLCs are frequently modulated during treatment. The movement
is very fast (60 m/s) and the brakes need to be applied in time. This
results in the MLC’s brake components being overheated during
continuous treatment. This condition tends to produce more dam-
age compared with non-continuous treatment.

Figure 5 presents the information about the treatment delay
time and malfunction rate of TOMO units in mainland China
in 1 year and includes data extracted from 22 TOMO units (actual

values are employed for units with under a year of clinical use).
Treatment delays caused by breakdowns were an average of
95·6 ± 111·4 hours in duration (median = 63·5), and the average
breakdown rate was 4·3% ± 3·8 (median = 2·6%). As indicated
by these data, the overall breakdown rate was within an accept-
able range, with specific cases of slightly higher rates. These cases
were directly related to factors such as overloaded system oper-
ations, records of treatment delay times and actual daily work-
ing hours.

Optional features

There are nine optional features for TOMO units. It is clear that
there are varied configuration options across hospitals. In terms
of feature options, six units of TOMO (26·1% of the total TOMO
units surveyed) were equipped with all nine features.

Table 3 shows the optional features activated, frequency of
application and effect of each feature. The frequency of use was
assessed as ‘always’, ‘frequently’, ‘occasionally’ or ‘never’. The use-
fulness of the option was rated as ‘excellent’, ‘good’, ‘average’ or

Figure 5. Treatment delay time and malfunction rate of TOMO units over 1 year.

Table 3. Optional features activated, frequency of application and effect of each optional features of the TOMO units

Name Number

Frequency of application Effect of application

Always Frequently Occasionally Never Excellent Good Average Lacking

VoLo computing system 10 9 1 0 0 4 5 1 0

One-cm treatment beam 19 2 7 10 0 4 10 5 0

Planned adaptive software 20 1 4 12 3 2 9 6 0

Additional planning workstation 18 15 2 1 0 8 5 4 1

OSI connect 12 4 4 1 3 4 5 0 0

DICOM RT export 17 8 7 2 0 9 6 1 1

Operator station couch control 13 10 1 2 0 7 5 1 0

TQA 12 4 4 3 1 3 8 0 0

TomoDirect mode 9 0 3 4 2 3 2 2 0

Abbreviations: TOMO, helical tomotherapy; OSI, Open System Interconnection Reference Model; DICOM RT, Digital Imaging and Communications in Medicine Radiotherapy; TQA: tomotherapy
quality assurance.
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‘lacking’. The top three features in terms of the varied configura-
tion options were adaptive treatment planning, 1-cm treatment
beam and additional planning workstation. Features withmost fre-
quently used were VoLo computing system, additional planning
workstation, digital imaging and communications in medicine-
radiotherapy (DICOM-RT) export, and operator station couch
control. Features with used least often were 1-cm treatment beam,
adaptive planning software and TomoDirect mode. The most use-
ful options were additional planning workstation, DICOM-RT
export and operator station couch control.

Satisfaction levels

Table 4 summarises the medical staff members’ satisfaction levels
with TOMO units in mainland China. Surveyed factors included
distribution of installation and staffing levels, types of cancers
treated, application efficiency, treatment planning system (TPS),
treatment planning verification, quality assurance, maintenance
and repairmen, costs and overheads, optional features, and overall
satisfaction level. Respondents to the questionnaires rated their
satisfaction levels across five categories: ‘very satisfied’, ‘satisfied’,
‘average’, ‘unsatisfied’ and ‘extremely unsatisfied’.

Table 4. Satisfaction levels regarding TOMO units in mainland China

Items Contents Very satisfied Satisfied Average Unsatisfied Extremely unsatisfied

Equipment and personnel Configuration reasonability 9 12 1 0 0

Types of treated cancers
Versatility 12 10 0 0 0

Complexity 12 10 0 0 0

Application efficiency

Level of difficulties in operation 13 9 0 0 0

Maximum workloads 3 9 9 1 0

Scanning time of MVCT 6 9 5 2 0

Image quality of MVCT 3 8 8 3 0

TPS

Level of difficulties in designing treatment plans 10 10 2 0 0

Design time of treatment plans 3 11 8 0 0

Contouring tools 2 1 6 11 0

Error rates 5 9 7 1 0

Image quality 4 10 5 3 0

Execution time 3 12 7 0 0

Conformity and homogeneity of target 15 7 0 0 0

Protection towards OARs 13 9 0 0 0

Dose drop-off in head and foot direction 8 7 4 3 0

Low dose region 2 3 13 4 0

Treatment planning verification
Workloads and complexity per time 6 11 5 0 0

Frequency of problems 6 15 1 0 0

Quality control

Daily workloads and complexity 11 11 0 0 0

Weekly workloads and complexity 11 10 1 0 0

Monthly workloads and complexity 9 11 2 0 0

Annually workloads and complexity 7 10 5 0 0

Frequency of problems 8 12 2 0 0

Maintenance

Timely maintenance 8 9 5 0 0

Running stability 4 12 5 1 0

Maintenance costs 1 3 8 10 0

Costs and overheads

Equipment costs 1 3 8 10 0

Payment standards 4 5 10 3 0

Cost effectiveness 2 12 3 5 0

Optional features

Frequency of application 3 11 8 0 0

Effect of application 3 13 6 0 0

Payments and cost effectiveness 2 7 11 2 0

Overall Satisfaction level 3 16 3 0 0

Abbreviations: TOMO, helical tomotherapy; MVCT, megavoltage computed tomography; TPS, treatment planning system; OARs, organs at risks.
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For overall satisfaction level, the results showed that 3 hospitals
were very satisfied, 16 were satisfied and 3 considered their satis-
faction level average. Satisfaction was highest in terms of the ver-
satility TOMO units offered for various types of cancers treated,
the capability to address complex cancers, the level of difficulty
in operations, the level of difficulty in designing treatment plans,
the level of conformity and homogeneity of targets, the protection
of vital OARs, the time consumption of quality assurance and the
frequency of breakdown occurrence. Dissatisfaction was highest
for the TPS’s contouring tools, the MVCT image quality, the dose
drop-off in the head and foot direction, the low-dose region, main-
tenance costs, equipment costs, payment standards, optional fea-
tures fees and the cost effectiveness of the optional features.

Discussion

The results of this survey demonstrate an overall favourable appli-
cation status for TOMO in mainland China. Clients responded
with high levels of satisfaction: 86·4% of all hospitals were satisfied
or higher. The majority of hospitals run the system at full or even
overloaded capacity. The median actual daily working time is
10·5 hours, with the longest being 14 hours, and an individual case
running up to 23 hours. We suggest increasing the allocation quota
of TOMO which is governed by Chinese Health Ministry on the
medical devices with its huge capital investment, high running cost
and high demand of technical support during Chinese government
13th Five-Year Plan period accordingly. Further allocation should
effectively respond to the regional market demand and the medical
requirements of patients. Hospitals with technological advantages
and high levels of demand from patients should be prioritised to
reduce limitations caused by inefficient allocation based on region
and existing equipment.

All existing TOMO units are installed in public high-end hos-
pitals. The overall staffing level is beyond the national average, but
two problems remain. First, seven hospitals lack a senior medical
physicist, and one hospital has no senior radiation oncologists.
Second, there is a shortage of medical physicists. According to a
2012 white paper of the American Society for Radiation Oncology,
(Safety is No Accident),16 three medical physicists and two dosi-
metrists per accelerator should be employed to conduct precise
radiation therapy. The current number for each TOMO unit in
mainland China is an average of 2·5 personnel, which reflects a sig-
nificant shortage, considering that TOMO units are advanced
radiotherapy equipment that are technologically complex and have
a high level of quality assurance standards. Therefore, more medi-
cal physicists are essential. However, the physicist training pro-
grammes are not well organised and career developing path for
physicists are not clear in mainland China, there is no job title
of ‘medical physicist’ existing in the current Chinese healthcare
professionals. This fact subsequently leads to human resource
insufficiencies. We suggest creating a series of titles for medical
physicists, allocating at least one senior medical physicist to each
hospital that conducts precise radiotherapy, and employing addi-
tional medical physicists based on equipment status and patient
demand.

Each of the studied hospitals conducts effective quality assur-
ance work and reports few problems in this regard.We suggest that
each department should continuously conduct effective supervi-
sion, formulate and introduce quality assurance standards and
guidelines for TOMO, and actively promote and periodically revise
these documents. This will enhance national capabilities in terms
of quality assurance and equipment management of TOMO units.

In this process, guidance and help should be provided, with prior-
ity given to hospitals with relative disadvantages. We also suggest
that national department heads take a leadership role to create full-
cycle dynamic supervision and management systems that ensure
coordination and cooperation within the sector and the formu-
lation of standards regarding TOMO’s clinical operations.

From the introduction of first TOMO system in September
2007 to the date of the most recent statistical information, 22,558
cancer patients across the nation have been treated via TOMO.
However, the statistics on the treatment’s clinical effectiveness
are insufficient. We suggest that each hospital should actively
engage in clinical research, identify and prioritise the appropriate
patient population, rationally utilise TOMO units, establish
collaborative units, standardise clinical usage and enhance the
application efficiency of the equipment.

The field of radiation therapy within mainland China has seen
significant development. Progress has been demonstrated in terms
of both distribution of installation and staffing levels, and the
accessibility of radiotherapy at the national scale has been improved
significantly. However, a large gap remains between actual cancer
patients’ treatment needs and the configuration/structure of person-
nel and equipment. Especially considering the disparity between
China’s technical capability for advanced radiotherapy and that of
developed countries, improving the overall level of radiotherapy
remains a challenging task.

Conclusions

The present results reflect the application status of TOMO in
mainland China. The overall operation is good, but there are some
problems regarding running at full capacity, lacking clinical effi-
cacy research and insufficient quality assurance regulations. It is
recommended that the allocation be increased appropriately dur-
ing the 13th Five-Year Plan period. Additional recommendations
are proposed in terms of conducting more clinical research and
implementing regulations for quality assurance.
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