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Abstract

Radiotherapy is the only application of radiation which intentionally delivers very high
doses to humans. A gross deviation from the prescribed dose or dose distribution can have
severe, or even fatal consequences. Since the patient is placed directly in the beam or sources
are inserted in the body, any mistake made with the beam or the sources leads almost certainly
to an accidental exposure. Lessons learned from previous incidents can be used to test the
vulnerability of a given facility, provided that these are adequately disseminated. The purpose
of this paper is to present a summary of the lessons learned from a relatively large sample of
events. The analysis has been presented as a short description followed by an identification of
the triggering event and the contributing factors. These have been grouped as follows: errors
in commissioning or calibration machines and sources affecting many patients; mistakes
affecting individual patients such as irradiating the wrong patient, the wrong, field or site, and
mistakes when entering data into or reading from the patient's chart; errors due to unusual
treatments or situations; equipment failure and human machine problems, including
maintenance.

INTRODUCTION

There are situations that are unique to the medical use of radiation sources: patients
are exposed to direct radiation beams and radiation sources are incorporated to their bodies as
part of the diagnosis and treatment.

In therapeutical applications, doses are very high and a departure from the prescribed
doses may have severe or even fatal consequences. Not only overexposure but also doses
below the intended ones are accidental exposures in the case of the patients. Accidental
exposures also include any treatment delivered to the wrong patient or the wrong tissue, or
using the wrong source or the wrong radiation beam, or with a dose or dose fractionation
differing significantly from the values prescribed or which may lead to undue secondary
effects.

Lessons learned from previous accidents can avoid reoccurrence. For this purpose, the
IAEA has collected information on accidents and made a review of 55 events. The result will
be published as an IAEA special publication.

Present address: Radiotherapy Institute, Ministry of Public Health,
Natruhlarce 100, CS-18000, Prague 8.
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The sources of information have been:
papers published in scientific journals
information provided by professional associations
periodical reports available from national institutions, such as the USNRC

The lessons learned from this sample of events can be directly used as a checklist for
testing the vulnerability of a given facility against the initiating events which triggered the
accidents reviewed. An effective way of learning concrete lessons is the collection of
contributing factors which made possible the initiating event culminating in an accident.

To illustrate the method of review, a few examples are given in the following section.
It should be noted that, due to the length of this paper, the examples are extremely simplified.
The review also includes two accidents involving the public and the environment.

EXAMPLES OF ACCIDENTS, INITIATING EVENTS
AND CONTRIBUTING FACTORS

Event 5A
A new Co-60 source was installed. A mistake in the determination of output (dose

rate) was made. The doses to patients were 25% higher than intended. A total of 207
patients were affected.

Initiating event:
Miscalculation of dose rate from measurements

Contributing factors:
1) There was no independent calibration of output
2) Subsequent reviews did not detect the mistake. Only an intercomparison

exercise discovered it
3) There was no sufficient investigation of unusually slow healing of skin effects

Event 5B
A Co-60 decay curve was wrongly drawn. There was no calibration or verification of

the output during 27 months. Overdoses increased with time, up to 40%, as a result of the
departure of the curve from the real decay. A total of 450 patients were affected.

Initiating event:
Mistake in the determination of decay curve

Contributing factors:
1) Use of linear scales instead of simpler semi-log scales
2) No independent determination
3) No beam verification during 27 months
4) Priority was given to a new accelerator, so that Co-60 unit was assigned lower

priority
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Event 7
A computerized Treatment Planning System (TPS) was commissioned. A manual

correction for distance is isocentric treatments was introduced. The correction factor was
already included in the software of the TPS. The doses in all isocentric treatments were lower
than intended by as much as 30%. The mistake remained for eight years. More than 1,000
patients were affected.

Initiating event:
A TPS was incorrectly commissioned. A distance correction was introduced twice.

Contributing factors:
1) There was no dosimetric validation of the TPS
2) Lack of written procedures made it likely that mistake remained undetected for

years

Event 16
The wrong patient received a teletherapy fraction of 2,5 Gy to the lumbosacral spine.

Initiating event:
A patient responded when another patient was called

Contributing factors.
1) Procedures for patient identification (photograph) were not followed
2) Procedures for confirming the treatment site were not followed (tatoos)
3) Patient's objections were not given sufficient attention (by neither the

technologist nor the oncologist)

Event 35
A patient was prescribed a teletherapy treatment, but received a treatment with Sr-90,

lOGy to the surface of the right eye.

Initiating event:
The wrong treatment was chosen

Contributing factors:
The information on the patient chart was not considered or was mistaken

Event 19
The interlock system of a linear accelerator stopped the beam. No beam was available.

In order to obtain the beam, a decision to treat in "physical mode" was made. Twelve
patients were treated normally. An equipment failure occurred when the interlock system
("non clinical mode") was disabled and one patient died.

Initiating event:
Equipment fault. No beam available from accelerator

Contributing factors.
1) Decision to treat patient in "no clinical11 mode
2) A second failure (power supply) disabled both, the x ray positioning system

(target, cone, ionization chamber) and the warning signal of their incorrect
position
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Event 20
The interlock system of an accelerator stopped the beam. No beam was available. An

incorrect repair was made without notifying the radiation physicists. The control panel
showed a fix energy (36 MeV) permanently regardless of the selected energy. Twenty-seven
patients were treated with the wrong energy, dose and dose distribution. Several deaths have
been admitted to be caused by the wrong treatment.

Initiating event:
Failure of the equipment and beam was stopped by the interlock

Contributing factor:
1) The repair did not correct the real fault. Energy fixed at 36 MeV. Energy

selector at console disabled
2) The radiation physicists were not notified. Treatments resumed without

verification of the beam
3) Staff assumed that the fix energy displayed at control panel was defective (the

display was correct)
4) It was possible to operate the accelerator with the energy selection disabled

(equivalent to non "clinical mode") from the normal "beam on" key

Event 21
An accelerator equipped with verification of the treatment parameters by software.

The automatic verification process took about 20s. Selected parameters were modified during
the automatic verification process, resulting in an operation with hybrid parameters. Six
accidents involving overdoses occurred. Three patients died.

Initiating event:
An accelerator operated with hybrid parameters after the technologist changed
previously selected parameters

Contributing factors:
1) Equipment not tested for operating conditions that occurred in practice in several

facilities. Quality control and quality assurance of the software was not sufficient to
avoid the occurrence of quick change of selected parameters

2) Commissioning did not include testing in operating conditions, that occurred in
practice

3) The problem was identified by manufacturer only after occurrence of six accidents
involving overdoses in four different hospitals. The first accident occurred in 1985 and
the last one in 1987

Event 27
The wrong source was used in a brachytherapy treatment.

Initiating event:
The wrong source was selected

Contributing factors:
1) One drawer contained sources of two different activities
2) Labelling of source not adequate
3) No effective verification of sources prior to implant
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Event 28
A treatment was performed with the wrong source.

Initiating event:
The wrong sources were selected for treatment

Contributing factors:
1) the colour coding was fading
2) no sufficient verification of the sources prior to implant

Event 25
The same event occurred in two different hospitals. Source ribbons of 0.79 mCi Ir-

192 each were ordered. Ribbons with activities of 0.79 mg-Ra-equivalent were delivered.
The wrong source was implanted into one patient in each hospital.

Initiating event:
The wrong activity was delivered

Contributing factors:
1) Different units of activity were used by the hospitals and the supplier
2) Insufficient verification was performed (only the number 0.79 but not the unit)
3) No source verification/calibration by the users

Event 36
A 53 mCi, Cs-137, radiation source was discharged after a brachytherapy treatment

Initiating event:
A radioactive source was discharged with inactive waste

Contributing factors:
1) Control of sources returned to the container after treatment was insufficient
2) Monitoring of the area after removal was not performed or was unsuccessful

Event 39
Brachytherapy treatment with high Dose Rate (HDR) Equipment. A source remained

in the patient. The control panel indicated "safety" but the are monitor was sounding an
alarm, indicating that the source was not returned into the container. The patient died.
Members of the public were exposed to a HDR source.

Initiating event:
The source became dislodged from the equipment

Contributing factors:
1) Misinterpretation of two conflicting signals. Monitor alarm was ignored
2) Failure to ensure that the sources were not outside the equipment by

monitoring of patient, clots and working area
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Event 40
Remote control afterloading. Equipment failed to complete transferring the sources to

the equipment. The sources remained for an unknown time somewhere near the patient's leg.

Initiating event:
The source became disconnected from drive mechanism

Event 50
A nursing mother was given 4.89 mCi of 1-131 which resulted in an untended radiation

dose of some 300 Gy to her infant's thyroid gland. The infant will require thyroid hormone
medication for life. The mistake was detected when a whole body scan of the mother was
done, which indicated an unusually high breast uptake.

Initiating event:
4.89 mCi was given to a nursing mother

Contributing factors:
1) No one (neither the referring physician, nor the staff in the nuclear

medicine station) asked the mother if she was nursing. The usual
measures for this kind of situation were not taken

Event 22 (involving public and environment)
A radiotherapy department moved to new premises and left a teletherapy unit in the

old hospital. Members of the public had access to the unit, dismantled it and broke the Cs-137
source capsule. As a result of the spread of radioactive material, 112,000 persons had to be
monitored for possible contamination, 249 individuals were found to have some
contamination, 4 persons died, 159 houses had to be monitored for contamination, 42 houses
required decontamination and 35,000 m3 of wasted were generated.

Initiating event:
A teletherapy unit was dismantled and the source capsule was broken.

Contributing factors:
1) There was no proper decommissioning of the facility
2) The teletherapy unit was left in unsafe storage conditions
3) The national regulatory authority was not notified of the discontinued

operation of the radiotherapy facility
4) The unit was not recognized by the members of the public as something

dangerous
5) The chemical form of the source facilitated the spread of the

contamination

Event 23 (involving public and environment)
A Co-60 teletherapy unit was illegally transported, imported into a country, stored

during six years in unsafe conditions. A maintenance technician was able to get access to the
unit, to dismantle the source driver, and to break the source capsule. Metal parts were sold to
a scrap metal company and this in turn to a melting facility.

The result was that 30,000 metallic table bases made form contaminated material were
distributed, as well as 6,000 tons of reinforced rods for buildings. 17,600 houses were checked
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for contaminated rods. 814 houses were partially or totally demolished. 16,000 m3 of
contaminated earth were generated.

Initiating event:
A person had access to the teletherapy head, dismantled the unit and broke the source
capsule.

Contributing factors:
1) Illegal import, transport and unsafe storage of a radiotherapy unit
2) The unit remained stored unsafely for six years
3) The unit was not recognized by the technician as something dangerous
4) The scrap metal company received contaminated material and did not

detect it

LESSONS LEARNED FROM INITIATING EVENT AND CONTRIBUTING
FACTORS

1. MISTAKES MADE DURING COMMISSIONING, BEAM AND SOURCE
CALIBRATIONS, SUCH AS:

Determination of the dose rate for Co-60 teletherapy units and of the dose per monitor
unit for accelerators

Decay tables or curves for the calculation of irradiation time per fraction

Determination of wedge factors

Validation of treatment planning systems

Verification of the activity for sealed sources (brachytherapy) and unsealed sources
(metabolic therapy)

The lesson learned from these accidents is that the consequences may be severe or
even fatal and affect a large number of patients. Examples are 207, 450, 1045 patients.

Recommendations on accident prevention and/or mitigation of consequences:

Human redundancy and independent determination and calculation for commissioning
of equipment and facilities

Periodic internal and external independent audits

Dosimetric verification in phantom under real working conditions and with the normal
operator using the equipment. This includes the validation of the computerized
treatment planning system

When and where practicable, "in vivo" dosimetry (at least at the first fraction)

Implementation of quality assurance with periodic constancy checks
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2) MISTAKES CONCERNING THE WRONG PATIENT, THE WRONG FIELD, THE
WRONG BEAM OR SOURCE

These mistakes are relatively frequent and are usually related to procedural mistakes
(either non written procedures, not well understood, not well verified or violated
procedures)

Recommendation for prevention and/or mitigation. (In many teletherapy cases the mistake
affects only one or two fractions. Therefore the severity can be kept low if the mistake is
discovered by means of frequent verification)

Patient identification with photograph on the patient's chart

Communication with the patient

Clear and unambiguous procedure for tatoos

Human redundance, clear job descriptions, clearance with signatures by the operating
staff for each treatment/fraction

3) MISTAKES RELATED TO ENTERING OR READING DATA FROM THE
PATIENT'S CHART

These mistakes often deal with entering the wrong fraction dose, accumulation of the
total dose, register of the wrong beam, wrong identification of wedges, the wrong
wedge factors, or wrong activity or dose units

Recommendations for prevention and/or mitigation:

Redundant and independent, frequent review of patient's charts (two persons, twice a
week)

Clear, concise and unambiguous written procedures

Clear job descriptions. Cross check of job descriptions to avoid gaps in responsibility

Clearance with signatures of the operating staff

4) MISTAKES SPECIFIC TO BRACHYTHERAPY

The wrong radionuclide, the wrong activity, the wrong units of activity, mistakes made
in the identification of the sources, in the determination of the treatment time, the
position of the sources in the applicator, the incomplete retrieval of the sources
(sources left in the patient), mistakes in the accountancy of the sources at the storage,
source damage or lost sources.

Recommendations for accident prevention or mitigation:

Clear identification of sources, double verification

Registration of all source movements without gaps
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Accountancy and verification of sources before and after treatment

Monitoring the patient, cloths and area before discharging him

Clear definition of function of staff with regard to all steps: ordering, reception,
labelling storage, retrieval for use, transfer between staff and return to storage

Clear job description and clearance by means of signatures

Quality control of remote control afterloading

5) COMMUNICATION MISTAKES

The mistakes are:

Lack of communication
Incorrect communication, or to the wrong person or by the wrong way
Oral communication of critical information wrongly understood
Mistakes when reading or transferring information
Unreadable or confusing handwritten communication, informal expressions or use of
jargon which is not necessarily understood by everyone in exactly the same way
Equipment instruction in a foreign language
Telephone-only communications
Interpersonal problems
Noisy environment, prone to distraction or to loose concentration
Insufficient dedication (non availability) of key positions personnel in the process of
communication

Recommendations for accident prevention and/or mitigation:

Identification and listing of all safety critical communication
Clear and concise written procedures for the safety-critical communications identified
in the list
Clear assignment of responsibilities to the staff involved in the process of
communication
Written and signed safety-critical communications

Communications check-lists

6) SPECIAL TREATMENTS, SPECIAL SITUATIONS, PERSONNEL CHANGES

Change of supplier of radioactive material

Non-typical dose for a specific treatment, unusual area or treatment with the patient in
difficult and non-usual position

Change in units of activity
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Recommendations for accident prevention and/or mitigation:

Anticipation of these situations by means of a safety assessment of all procedures

Clear and concise written formulation

Additional, specific training for special situations

Clear job description and clear assignment of responsibilities

7) EQUIPMENT FAILURE

The percentage of contributing factors to the overall causes due to equipment is small
in the review of these histories. However, the consequences can be very severe and
affect many patients. These contributing factors are:

No sufficient redundancy (single fault criterion) (interlock failure)

Software problems

Hardware incompatibilities

Recommendations for accident prevention and/or mitigation:

Implementation of basic design rules, such as:

Safety in depth (in terms of engineering this is call defence in depth)

Note: defence in depth consists of overlapping safety provisions, suck as physical
components, procedures or combination of both, so that a very low probability of
failure can be achieved by combining protective layers such that the probabilities are
multiplicative.

Single fault criterion, (e.g., one single faulty component should never cause an accident. An
accident should be only possible if two systems or components fail simultaneously. By
repairing the faulty component before the second fault appears, accidents can be prevented.
The "single fault criterion" is a simple design approach to obtaining a minimal redundancy).

Redundancy, independence and diversity for safety critical components

Use of fault tree analysis for design

Systematic use of safety assessment methodologies

Equipment tests including possible operating mistakes (quality control of the manufacturing
process including clinical conditions, and real machine operators) including special or extreme
conditions and handling.

When the equipment is in "non clinical mode" (reduction of interlocks and elimination of layers
of the safety in depth), it should be made impossible to meter a "beam on" order from the
normal key in the keyboard. Rather, validation exercises of the whole, including clinical
conditions should be made before starting treatments with real patients.
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Manufacturers should investigate promptly and thoroughly any reported incident or unusual
event and notify authorities and users of the findings and/or preventive measures. To achieve
this, a system of formal reporting should be established in each country and disseminated
internationally.

8) PROBLEMS OF HUMAN-MACHINE INTERFACE

Mistaken interpretation of signals and displays

Mistaken decisions of contradictory signals. Tendency to assume as a good signal, the one
which fits expectations (tendency to accept unsafe conditions as those which allow resumption
of operation).

Recommendations for accident prevention and/or mitigation:

Training of personnel to recognize abnormal situations (understanding of safety assessment).

Training which includes both normal and abnormal contradictory signals (in general and
specific to the particular equipment)

Learning from previous accidents and unusual events (including maintenance personnel)

Training promoting a questioning and learning attitude as part of the safety culture. (See point
12)

9) BYPASSING OF INTERLOCKS AND OPERATION IN "NON CLINICAL MODE"

The bypass of interlocks reduces safety drastically

The decision of operating in a "non clinical mode" is often due to frequent or non-resolved
maintenance problems, or intermittent faults non-definitely resolved, which causes the
equipment to stop, thus disturbing the patient's treatment

The consequences of operation in "non clinical mode" are often fatal or quite severe

Recommendations for accident prevention and/or mitigation

Priority should be given to plan and implement efficient maintenance and avoid improvisation
as far as practicable

Never treat patients in "non clinical mode"

Equipment design should not allow "beam on" from the normal key in "non clinical mode" (it
should only be possible by using special tools or with special computer codes, for maintenance
or physical work).
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10) MAINTENANCE PROBLEMS

Mistakes made in maintenance can also be severe, even fatal, or affect many patients

Recommendations on accidents prevention and/or mitigation

The training of maintenance personnel should include the knowledge of the consequences of
any manipulation, adjustment in all components. The training should be the result of an
exhaustive safety assessment

There should be unambiguous communication procedures for transferring the machine, for
initiating maintenance and returning the machine to the staff responsible for radiotherapy
physics

Clear and unambiguous responsibility definition

11) PROBLEMS WITH DECOMMISSIONING OF SOURCES AND EQUIPMENT AND
FACILITIES, AND UNSAFE STORAGE

Sources out of control can lead to catastrophic results

Recommendations for accident prevention and/or mitigation of results

Formal procedures for regulatory control of sources not yet in use or no longer in use, from
import into the country to the proposer disposal.

Clear, unambiguous and authorized procedures making it mandatory to retrieve the source and
to store it temporarily or definitely until disposal. Formal control during this period of time

Seal-off of equipment out of use to avoid connection to the electrical power supply

Storage of sealed sources after leakage or damage

Safe disposal of brachytherapy and nuclear medicine sources

Verification and clear labelling of empty containers

SAFETY CULTURE

In the preceding section, recommendations on accident prevention emerging from lessons
learned from previous accidents have lead to the need for clear job descriptions, clear assignment of
responsibilities, clear written procedures, compliance with procedures documented by signatures,
written communication, safety assessment and training of personnel on anticipated problem situations.
All this constitutes good practice.

However, even with strict procedural compliance there may be situations, events or
combination of events, not exactly defined in the procedures where strict observance may not be
sufficient. In these cases the effectiveness in dealing with initiating events and the culmination of
accidents strongly depends on human attitude and judgement.

Therefore, good practice is essential but not sufficient. There is a need to go beyond the
implementation of a good practice in order to ensure that both personal attitudes and habits of thought
and organizational approaches and priorities are oriented toward the goal. This goal is that all duties
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related to safety be carried out correctly, with alertness, due thought and full knowledge, sound
judgement and a proper sense of accountability.

Furthermore, it implies a learning attitude in all organizations concerned, taking into account
all relevant operating experience as well as new research results as a basis for safety improvements and
reassessments.

The International Basic Safety Standards for Radiation Protection and the Safety of Radiation
Sources [1] establish that the Regulatory Authority is to require all parties involved to develop a safety
culture.

The safety culture involves therefore all levels: regulators, commitment of management and
response of individuals. Measures to encourage a questioning and learning attitude and to discourage
complacency should be put into place.

INTERNATIONAL DISSEMINATION OF INFORMATION ON
ACCIDENTS AND UNUSUAL EVENTS

A questioning and learning attitude, combined with information on accidents and unusual
events, their initiating events and contributing factors is an efficient way to drastically reduce the
probability of further accidents.

The list of contributing factors can be use directly to test the vulnerability of any radiotherapy
department.

The number of reported events in a single country is in most cases insufficient to provide a
significant number of lessons in a reasonable time. Therefore, a compilation of accidents at the
international level would allow all countries to benefit from the lessons learned by each of them.
Moreover, unusual events which did not culminate in an accident can build up a body of operational
knowledge to avoid real accidents. Therefore, the system should allow for anonymous reports of these
cases that otherwise are not published in any scientific journal and would never reach the interested
community.

For this reason, an International Reporting System of Unusual Events has been proposed by an
advisory group. The reporting system will consist of a questionnaire and a narrative section. The
database will include protected fields for confidential identity data which should not be included in the
output of the system (reports).
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