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Background

Molecular radiotherapy (MRT) is the selective delivery of
radionuclides to target and destroy malignant cells, mainly
by exposure to the emitted beta or alpha particles [1, 2].
In most cases, these radionuclides are labelled to carrier
molecules, also called vectors, for which tumour cells show
avidity [3-5]. There is a wide variety of radionuclides and
vectors used to treat a diversity of diseases [6—9], and their
number is increasing, favoured by intense research in the
field of theranostics in nuclear medicine [10-12].

In other therapeutic techniques with ionising radiation,
such as external beam radiotherapy (EBRT) or brachy-
therapy, the International Commission on Radiation Units
and Measurements (ICRU) has standardised the prescrip-
tion, recording and reporting of treatments [13—18]. Moreo-
ver, the International Atomic Energy Agency (IAEA) has
released documents on the determination of absorbed dose
in EBRT, calibration of sources in brachytherapy and com-
missioning and quality assurance of treatment-planning
systems [19-21]. Thus, EBRT and brachytherapy treat-
ments are carried out on the basis of accurate dosimetric
characterisation of all equipment involved in planning and
delivering the treatment. Currently, this is not the case in
MRT, as shown in a survey performed by the former Internal
Dosimetry Task Force (IDTF) [22] of the European Associa-
tion of Nuclear Medicine (EANM). However, the European
Directive 2013/59 Euratom [23] establishes the obligatory
nature of treatment optimisation and verification in MRT.
In order to address the implementation of the Directive, the
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EANM recently released a position paper [24] in which three
levels of dosimetry are proposed. These levels include an
activity-based prescription with patient-averaged dosimetry,
an activity-based prescription with patient-specific dosim-
etry and, a dosimetry-based prescription and post-therapy
dosimetry verification.

A report by the IDTF [3] addressed the potential and
prospect of treatment planning for the main treatments of
MRT. However, whilst several dosimetric approaches were
included in the report, the resource implications were not
thoroughly examined. Current practices of dosimetry for
MRT were investigated in a topical report of the Institute of
Physics and Engineering in Medicine (IPEM) [25], including
the potential barriers in setting up a clinical dosimetry ser-
vice. It was concluded that in the UK, most medical physics
groups are well equipped to provide a simple form of dosim-
etry service, but in most cases refrain to perform dosimetry
routinely by ‘lack of clinical evidence and practice’ and that
more complex dosimetry will require additional staffing.

Previous documents [26—28] have addressed the subject of
resourcing in nuclear medicine, including estimates of medical
physics time, pertinent to dosimetry and radiation safety across
different therapies, such as thyrotoxicosis, thyroid carcinoma
and neuroendocrine tumours [27, 28]. However, those esti-
mates were not specific for the particular dosimetry workflow
that is specific to each therapeutic procedure. For instance, in
the treatment of neuroblastoma with [*'1]-mIBG, dosimetry
may be performed for the whole-body dosimetry utilising port-
able radiation detectors or at the lesion level using image-based
techniques. [29]. Moreover, as with EBRT and brachytherapy
dosimetry [29-32], time has to be dedicated to initial protocol
development and configuration of equipment (Fig. 1). Addi-
tionally, several disciplines may be involved in the different
tasks associated with the dosimetry workflow.

To better understand the potential resources being dedi-
cated to the main tasks within a dosimetry workflow in MRT
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(Fig. 1) and the personnel groups undertaking these tasks,
a survey was conducted among different experts working in
MRT dosimetry. The present document reports on the results
of that survey.

Methods

The survey was prepared by the Dosimetry Committee of the
EANM in the form of an electronic questionnaire and was
distributed amongst experts working in MRT. Respondents
to the survey were mostly members of the former IDTF or
Dosimetry Committee of the EANM. Table 1 summarizes the
structure of the survey, and all included questions are shown
in table A.I of Appendix I. An introductory page which con-
tained instructions and explanation of the rationale for the
survey was given to participants. The survey was divided into
three main sections corresponding to the principal stages of
MRT dosimetry (see Fig. 1). Each section contained further
introductory explanations. Where necessary, each section of
the questionnaire was split into further subsections relating
to different procedures or dosimetry approaches.

The section dedicated to protocol development did not
include any subsections as it was assumed a similar time
was required for developing a dosimetry protocol irrespec-
tive of the therapeutic procedure. The section relating to
initial set-up and preparation of equipment was divided into
five subsections. Four of these sections addressed the main
equipment used in MRT dosimetry, namely portable radia-
tion detectors, gamma well counters and liquid scintillation
counters, thyroid uptake probes and SPECT/CT or PET/CT
scanners. The final subsection concerned data analysis of the
equipment configuration. The section of the survey related
to patient measurement and dosimetry calculations was also
subdivided into five subsections. The first four subsections
addressed the resources dedicated to activity measurement
using the aforementioned equipment. The final subsection

Protocol Development

* Literature Review

*  Guidelines

*  Preparation of internal
procedures

Initial Set-up

» Calibration of equipment
* Data Analysis

*  Verification

Patient Dosimetry
¢ Patient measurement

e Absorbed dose
determination
* Dosimetry Report

Fig. 1 Dosimetry workflow
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Table 1 Sections and subsections appearing in the survey

1. Protocol development

2. Initial set-up

2.1. Portable radiation detector

2.2. Gamma well counter and liquid scintillation counter
2.3. Thyroid uptake probe

2.4. SPECT/CT and PET/CT scanners

2.5. Data analysis

3. Patient dosimetry

3.1. Whole body dosimetry with portable radiation detectors

3.2. Blood dosimetry with gamma well counters and liquid
scintillation counters

3.3. Thyroid dosimetry in benign thyroid disease with thyroid uptake
probes

3.4. Image-based dosimetry with SPECT/CT and PET/CT scanners

3.5. Absorbed dose determination

covered the resources for absorbed dose calculations using
the activity measurements.

For the online survey, questions relating to time resources
appeared as drop-down lists covering a wide range of avail-
able options (see Appendix I). Questions relating to respon-
sible personnel were multiple-choice and included option
for medical physicist, medical doctor, technologist, nurse,
engineer and other. Participant responses were exported for
analysis to a spreadsheet.

Results

The survey was completed by 19 medical physicists and
two nuclear medicine physicians working at 18 different
centres across 13 countries (Canada, Czech Republic, Fin-
land, France, Germany, Greece, Italy, Netherlands, Norway,
Spain, Sweden, Switzerland and the UK). Not all partici-
pants responded to each question as in some cases, a par-
ticular method of dosimetry may not have been undertaken
at that centre. A detailed analysis of the responses to each
question is presented in Appendix II. Results for time esti-
mates were summarised as box whisker plots in which the
box extends from the first to third inter quartile range about
the median value. The whiskers correspond to the maximum
and minimum values of all responses. The percentage of
responses in which each personnel group was selected was
summarized in bar diagrams, for which the following abbre-
viations are used: Phys. =medical physicist, M.D.=medical
doctor, Tech. =technologist, Eng. =engineer. As questions
relating to personnel allowed for more than one choice, the
total percentage exceeded 100% in some cases, indicating
more than one personnel group was responsible for that task.
Using these data, some specific examples for different MRT
dosimetry tasks are provided giving estimates of the poten-
tial time dedicated to dosimetry and which personnel group
or groups could be primarily responsible. Time estimates are
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given as median (1*! quartile, 3" quartile) and are summed
for each step in the dosimetry process to give an indication
of the total resource required to prepare and undertake a
dosimetry study.

Whole-body dosimetry using a portable radiation
detector in the treatment of neuroblastoma
with [*"1]1-mIBG

In treatments of neuroblastoma with [*'T]I-mIBG, patients
often spend several days in the treatment room for radia-
tion-protection purposes [29]. Whole-body measurements
can be used to track the activity clearance from the body so
as to determine an appropriate time for discharge. In addi-
tion, these results can be used for dosimetry as a surrogate
for bone marrow dosimetry and predicting haemotoxicity.
Several measurements per day are performed, from which
the whole-body activity at each time point is determined.
A function is fitted to the time activity data and integrated,
to obtain the time-integrated activity. The whole-body
absorbed dose is calculated from this using an S-value scaled
according to the patient body mass [29]. For 20 whole-body
measurements, a total required time of 2.5 h is estimated to
obtain these data. The responsibility of the measurements
is shared mainly by medical physicists and technologists.
A further 1.4 h is required for analysis and interpretation
of data (activity and absorbed dose determination), which
is generally carried out by the medical physicist. Initial set-
up of portable radiation detectors would need 2 h as results
from the survey indicate, but it is not strictly necessary if a
conversion factor from dose rate to activity is obtained from
the first patient measurement [29]. Table 2 summarises the
separate tasks, together with the time estimates and person-
nel responsible.

Treatment planning in treatments of metastatic
differentiated thyroid cancer with ['*'1]I-Nal

In treatments of metastatic differentiated thyroid cancer,
treatment planning can be performed after administration
of a tracer activity to determine the activity to be adminis-
tered to reach a maximum tolerable red marrow absorbed
dose of 2 Gy [33]. For this example, five blood extractions
and five whole-body dose-rate measurements are assumed

[34]. Table 3 summarises the tasks, together with the time
estimates and personnel responsible, as indicated from the
survey results. Blood extractions are generally carried out by
a nurse or technologist, and samples prepared by a medical
physicist or technologist. For tasks related to whole body,
responsibilities are those of the previous example. Inter-
pretation and processing of the results fell to the medical
physicist. The whole process is expected to take about half a
working day, but it is often split over many days as the blood
samples are taken over a 4- or 5-day period, so it equates to
less than 1 h per day of physics time. These values are simi-
lar to that expected for a glomerular filtration rate service.

Thyroid dosimetry with a thyroid uptake probe
in the treatment of benign thyroid disease

In treatments of benign thyroid disease with ['*'I]I-Nal, the
activity to deliver the prescribed absorbed dose can be cal-
culated by means of a pre-therapy dosimetry administering
a tracer. Two measurements of the [13II]I-NaI uptake in the
thyroid can be performed, and afterwards, the ['*'I]I-Nal
uptake must be determined at each time point. With those
values and the thyroid mass which is usually obtained from
ultrasound imaging, the thyroid absorbed dose delivered by
the tracer is calculated and then the activity to administer
for the therapy [35]. A previous calibration of the thyroid
uptake probe would take 0.7 h according to the survey. The
thyroid uptake measurements would take 0.4 h and the data
analysis to determine the activity and the absorbed dose to
the thyroid 0.3 h. Responsibility for uptake measurements
mainly fell to medical physicists and technologists and cal-
culations of activity and absorbed dose to medical physicists.
Table 4 summarises the separate tasks, together with the
time estimates and personnel responsible.

Image-based dosimetry in treatments
of neuroendocrine tumours with ['77Lu]
Lu-DOTA-TATE

To perform the preparatory imaging tests on a SPECT/CT
scanner prior to image-based dosimetry, a variety of phan-
toms can be prepared [36-38]. In this example, a cylindri-
cal water-filled cylindrical phantom, used to determine the

Table 2 Summary of the tasks, Task
time estimates and personnel

Time estimate (h) Responsible

responsible for determining the
whole-body absorbed dose in
treatments of neuroblastoma
with [1311]I-mIBG with a
portable radiation detector
Total

Whole-body measurements (20 measurements)

Whole-body activity determination

‘Whole-body absorbed dose determination

2.5(0.8,4.2) Medical physicist

/Technologist
0.9 (0.5, 1.0) Medical physicist
0.5(0.3,0.7) Medical physicist
39
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Table 3 Summary of the tasks, Task
time estimates and personnel

Time estimate (h) Responsible

responsible for determining
the red marrow absorbed dose
in treatments of metastatic
differentiated thyroid cancer
with 1311-Nal

Blood extraction (5 samples)
Blood samples preparation
Blood samples measurement

Whole-body measurements (5 measurements)
Whole-body activity determination
Red marrow absorbed dose determination

Total

Blood activity concentration determination

0.6 (0.2, 1.0) Nurse/technologist
0.4(0.2,0.4) Medical physicist/technologist
0.4 (0.2,0.7) Medical physicist/technologist
0.4 (0.2,0.7) Medical physicist

0.6 (0.2, 1.0) Medical physicist/technologist
0.2 (0.1, 0.3) Medical physicist

1.0 (0.6, 1.4) Medical physicist

3.6

calibration factor, and a phantom with fillable inserts, used
to determine the recovery curve (e.g. the NEMA IEC Body
phantom set) are considered. Images of both phantoms are
acquired, processed and analysed with image processing
software. Lastly, the gathered data are analysed and the
calibration factor and recovery coefficients determined.
From the results of the survey, this task would generally
be performed by the medical physicist and require a full
working day to obtain and analyse the required data. Table 5
summarises the separate tasks undertaken, together with the
estimated time required. It should be noted that this proce-
dure is generally only completed once, prior to initiating a
dosimetry service, or infrequently (e.g. annually) as part of
a regular quality assurance programme.

Two different approaches are considered for patient
dosimetry measurement. In the first approach, image-based
kidney dosimetry is performed using a single SPECT/CT
acquisition [39] following treatment with [!”’Lu]Lu-DOTA-
TATE. Acquired data are reconstructed and processed and
the activity and volume (or the activity concentration) of
the kidney determined. Time-integrated activities are calcu-
lated, and subsequently the absorbed doses. In this example,
it is assumed that a spreadsheet is used for calculation of
absorbed dose, rather than using a dedicated dosimetry soft-
ware package. Table 6 summarises the tasks, together with
the time and personnel responsible. Results indicate that a
dosimetry study can be completed in just over 2 h, including
time dedicated to imaging the patient and for the manual
calculations of the absorbed dose. Responsibility was gener-
ally that of the technologist for scanning. For image process-
ing, responsibility is shared between medical physicists and

technologists, and for activity and volume determination,
which implies organ outlining, between medical physicists
and medical doctors. Lastly medical physicists were consid-
ered as responsible for absorbed dose calculations.

The second approach considers a more complex scenario
whereby the doses of two lesions and one kidney are of
interest. Three SPECT/CT acquisitions are modelled in this
scenario. The methodology is the same as described in the
case of the kidney dosimetry summarised in Table 6. Due to
the additional scanning and image processing, technologist
time increases accordingly. More physics resources are also
required as the absorbed dose calculation is more complex
and organ and lesion delineation is more time consuming,
which also would increase the time of medical doctor. Whilst
the results indicate that a full working day is necessary to
perform these calculations, it should be noted that this
dosimetry schedule is protracted over a full week so amounts
to just over 1 h per day per patient. Table 7 summarises the
tasks, together with the time and personnel responsible, as
obtained from the survey.

Discussion
Analysis of the results

In this document, the results of a survey (taken by 21 MRT
dosimetry experts) relating to time estimates and personnel
responsible for dosimetry have been reported. The diversity
of participant centres from 13 different countries is likely to

Table 4 Summary of the tasks, Task
time estimates and personnel

Time estimate (h)  Responsible

responsible for determining

the activity to administer in
treatments of benign thyroid
disease with [1311]I-Nal with a
thyroid uptake probe

Thyroid activity determination

Total

Thyroid uptake measurements (2 measurements)

Thyroid absorbed dose determination

0.4 (0.2,0.5) Medical physicist/ technologist
0.1 (0.2,0.4) Medical physicist

0.2 (0.3, 0.5) Medical physicist

0.7
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Table 5 Summary of the tasks, time estimates and personnel respon-
sible for the set-up of a SPECT/CT scanner for image-based dosimetry

Task Time estimate (h) Responsible
Phantom preparation 1.5(1.3,2.6) Medical physicist
Image acquisition 1.8 (1.2, 3.6) Medical physicist
Image processing 1.4 (0.5, 2.3) Medical physicist
Image analysis 2.0(1.2,3.0) Medical physicist
Data analysis 2.0(1.3,3.5) Medical physicist
Total 8.7

encompass differences in the protocols used, the equipment
and resources available, the experience of the personnel and
the software used. This has resulted in some variation in the
reported results.

A large variation was observed in the answers to the ques-
tions regarding dead time characterization of SPECT/CT and
PET/CT scanners, which may be explained by the differ-
ences in the methods used for dead time assessment, which
was not addressed in the survey. It is noteworthy that the
maximum time in the range shown in Table A.l in Appendix
I was chosen by at least one respondent in all but four ques-
tions, and that there were one or more potential outliers in 26
of the 39 questions corresponding to a higher time estimate.
However, those cases are a minority among all the responses
given and have little or no effect on the first quartile, median
and third quartile values of the time estimates reported from
the survey.

In 16 of the 24 questions regarding personnel, the most
frequent response was also more than all other responses
put together (Table 8), indicating clear identification of the
responsible person for that task. In 15 of those 16 responses,
responsibility was reported as that of the medical physicists.

In the remaining eight questions, the majority of personnel
were indicated across two staff groups. The medical physi-
cists were one of those groups in seven cases (Table 9). The
only tasks where the medical physicist was not indicated
as primarily or jointly responsible were in the extraction of
blood samples and the acquisition of patient images.

Despite the clear indication that dosimetry is primar-
ily undertaken by the medical physicists, the multidisci-
plinary requirements of dosimetry are still highlighted in
the survey, with responsibilities indicated in other staff
groups. Inter-centre variability, which may reflect the dif-
ferent local practice and legal regulations among countries,
is also reflected. Tasks for which at least four personnel
groups were indicated are marked with an asterisk in
Tables 8 and 9.

Resource implications of implementation of MRT
dosimetry

Although the performance of MRT dosimetry entails an
increase in resources, most of the equipment required may
already exist in the facility for diagnostic and radiation pro-
tection purposes, so the additional resources required are
mainly personnel time and use of the equipment. Protocols
should be developed in sufficient detail, for which EANM
guidelines and MIRD pamphlets [29, 34-38, 40, 41] may
provide useful guidance. Moreover, set-up and regular qual-
ity control [42, 43] of the equipment have to be carried out.
Regarding the use of the equipment, some of the images
acquired for dosimetry may also be used for diagnostics, and
some dose-rate measurements may also be used with radia-
tion protection aims, thus reducing the impact of the increase
in resources. A recent IPEM report [25] concluded that most
UK centres were generally well equipped to perform MRT

Table 6 Summary of the tasks, Task
time estimates and personnel

Time estimate (h) Responsible

.responsgbledf(zir p'erforminfg SPECT/CT image acquisition (1 image) 0.8 (0.5, 0.8) Technologist
image-based dosimetry o . . . . . .
onc kidney in a treatment of SPECT/CT image processing (1 image) 0.1(0.1, 0.3) Medical physicist/technologist
neuroendocrine tumours with Activity and volume determination 0.3(0.1,0.5) Medical physicist/medical doctor
['"Lu]Lu-DOTA-TATE Absorbed dose determination 1.0 (0.4, 1.0) Medical physicist

Total 22
Tab le7 ‘Summary of the tasks, Task Time estimate (h) Responsible
time estimates and personnel
FCSPOHSJbledf(g Pérformiﬂfg SPECT/CT image acquisition (3 images) 2.3(1.5,2.3) Technologist
image-based dosimetry of two . . . ) . . .
lesions and of one kidney in a SPECT/CT image processing (3 images) 0.4 (0.4, 0.8) Medical physicist/Technologist
treatment of neuroendocrine Activity and volume determination 2.3(1.3,4.2) Medical physicist/Medical doctor
tumours with ['""Lu]Lu— Absorbed dose determination 3.0(1.2,3.0) Medical physicist
DOTA-TATE Total 8.0
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Table 8 Personnel group

O Stage
responsibilities where the most

Task Personnel responsible

frequent response is more than
all the other responses put
together

Set-up

Portable radiation detector Phantom preparation*
Portable radiation detector Phantom measurement

Medical physicist
Medical physicist

Thyroid uptake probe Phantom preparation* Medical physicist
Thyroid uptake probe Phantom measurement Medical physicist
SPECT/CT scanner Phantom preparation* Medical physicist
SPECT/CT scanner Image acquisition Medical physicist
SPECT/CT scanner Image processing Medical physicist
SPECT/CT scanner Image analysis Medical physicist

All equipment

Patient dosimetry Whole-body dosimetry
Blood dosimetry
Thyroid dosimetry
Image-based dosimetry
Image-based dosimetry
Image-based dosimetry
All types of dosimetry

Data analysis Medical physicist

Activity determination Medical physicist
Activity determination* Medical physicist
Activity determination Medical physicist
Image acquisition* Technologist
Image processing Medical physicist
Activity and volume determination Medical physicist

Absorbed dose determination Medical physicist

*Tasks for which at least four personnel groups were chosen

dosimetry, but that there was a staff shortage for the increase
in tasks that MRT dosimetry entails.

There are some documents that have reported on times
needed to perform dosimetry [27, 28]. In those documents,
time of medical physicists for an outpatient therapy of thy-
rotoxicosis with ['*'T]I-Nal, an in-patient therapy of differ-
entiated thyroid carcinoma with [3]I-Nal and for a com-
plex therapy, such as therapies with [*'T]I-mIBG, '7"Lu or
Y, are reported. However, those documents do not take
into account the differences in time needed for image-based
dosimetry that can appear for different scenarios, as shown
in the example given for treatments of neuroendocrine
tumours with ['”’Lu]Lu-DOTA-TATE. The example showed
how when two lesions and kidneys imaged three times are
considered, the time needed to perform dosimetry is notably
higher than when only kidneys imaged once are considered
(8.0 h vs 2.2 h). Therefore, data from those documents are
not directly comparable with the results from the survey. The

documents of the IAEA [27] and the European Federation
of Organisations for Medical Physics (EFOMP) [28] report,
respectively, working times of 9 h and 12 h of medical
physicist for a dosimetry of ['7’Lu]Lu-DOTA-TATE. Those
values are apparently higher than those reported from the
survey, but they could be regarded as the maximum time that
a dosimetry can take for the case of maximum complexity.
For instance, for the case of [!”’Lu]Lu-DOTA-TATE when
in addition to image-based dosimetry including kidneys and
a high number of lesions, whole-body and blood dosimetry
are also performed. As the current document is more spe-
cifically concerned with MRT dosimetry, it gives a detailed
breakdown of the time estimates and personnel responsible
for dosimetry, and thus allows for more detailed calculations
of the time needed to perform dosimetry and determines the
personnel responsible for the tasks to be performed.

Times needed for clinical dosimetry may vary depend-
ing on the experience of the personnel of the specific centre

Table 9 Personnel group

o Stage
responsibilities where the

Task Personnel responsible

two most frequent responses
(separated by a / mark) have to
be added together to be more
than all the other responses put

Protocol development

Set-up

Gamma well counter

Gamma well counter

Protocol development* Medical physicist/Medical doctor
Phantom preparation ~ Medical physicist/Technologist

Phantom measurement Medical physicist/Technologist

together

@ Springer

Patient dosimetry

Whole-body dosimetry Patient measurement*

Blood dosimetry
Blood dosimetry
Blood dosimetry
Thyroid dosimetry

Blood extraction*

Sample preparation*®
Sample measurement*

Patient measurement

Medical physicist/Technologist
Nurse/Technologist

Medical physicist/Technologist
Medical physicist/Technologist
Medical physicist/Technologist

*Tasks for which at least four personnel groups were chosen
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and may increase if training is required, or if procedures with
novel treatments or radionuclides are introduced. The devel-
opment and implementation of dosimetry-oriented software
[44-52] may reduce the time required for dosimetry, but only
with a wider use of such tools could the potential time saving
be estimated. Additionally, in short term, the time dedicated to
organ delineation is expected to decrease significantly thanks
to automatic delineation using Artificial Intelligence, as pre-
liminary results have shown [53]. To fully understand the
practicality of the resource requirement for MRT dosimetry,
it would be of interest to know the current available resourc-
ing across nuclear medicine and medical physics departments
in different countries, for which a survey is warranted, as has
been performed for EBRT [54, 55]. Results of another sur-
vey [56] stated that reimbursement is a key factor in defining
which resources are made available to ensure quality, effi-
ciency, availability and access to specific healthcare interven-
tions, among which dosimetry-guided MRT treatments could
be included. Thus, the results of the present document could
be used to support applications for reimbursement.

Conclusions

Estimates of the median time required for different tasks
in clinical MRT dosimetry and personnel responsible for
those tasks are provided based on a survey among special-
ists in MRT dosimetry. The survey indicated some varia-
tion in time estimates, reflecting the different experience and
methods used at different centres. There was also a variation
in the personnel category responsible for the tasks, reflect-
ing different workflow and national or local preferences.
While medical physicists are responsible for most tasks in
dosimetry, the multidisciplinary nature of MRT dosimetry
is highlighted.

Disclaimer

This document summarizes the views of the co-authoring
EANM Committee members. It reflects recommendations
for which the EANM cannot be held responsible. The recom-
mendations should be taken into the context of good practice
of nuclear medicine and do not substitute for national and
international legal or regulatory provisions.
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