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A B S T R A C T   

Brachytherapy can deliver high doses to the target while sparing healthy tissues due to its steep dose gradient 
leading to excellent clinical outcome. Treatment accuracy depends on several manual steps making brachy
therapy susceptible to operational mistakes. Currently, treatment delivery verification is not routinely available 
and has led, in some cases, to systematic errors going unnoticed for years. The brachytherapy community pro
moted developments in in vivo dosimetry (IVD) through research groups and small companies. Although very few 
of the systems have been used clinically, it was demonstrated that the likelihood of detecting deviations from the 
treatment plan increases significantly with time-resolved methods. Time–resolved methods could interrupt a 
treatment avoiding gross errors which is not possible with time-integrated dosimetry. In addition, lower 
experimental uncertainties can be achieved by using source-tracking instead of direct dose measurements. 
However, the detector position in relation to the patient anatomy remains a main source of uncertainty. The next 
steps towards clinical implementation will require clinical trials and systematic reporting of errors and near- 
misses. It is of utmost importance for each IVD system that its sensitivity to different types of errors is well 
understood, so that end-users can select the most suitable method for their needs. This report aims to formulate 
requirements for the stakeholders (clinics, vendors, and researchers) to facilitate increased clinical use of IVD in 
brachytherapy. The report focuses on high dose-rate IVD in brachytherapy providing an overview and outlining 
the need for further development and research.   

1. Introduction 

Significant recent developments in high dose-rate (HDR) brachy
therapy include the use of image guidance [1], new applicators [2,3], 
and dose calculation algorithms [4–6]. These innovations have led to 
improved treatments that have been shown by recent studies to have 
excellent clinical outcomes [7,8]. However, because of the manual steps 

in the treatment process and the high dose gradients, brachytherapy is 
susceptible to operational mistake. According to the International 
Commission on Radiological Protection [9], more than 500 separate 
brachytherapy incidents around the world had been reported by 2004. 
The lack of proper monitoring systems has led, in some cases, to sys
tematic incidents going unnoticed for years and affecting many patients. 
Recent incidents involving large numbers of patients have been reported 
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in the Netherlands and Canada [10,11]. Moreover, the number of re
ported incidents is most likely an underestimate because treatment 
verification is currently not routinely available. There is, therefore, a 
critical need for systems that are capable of verifying brachytherapy 
treatments. 

The lack of proper brachytherapy treatment monitoring has received 
particular attention over the last decade. In 2013, Tanderup et al. [12] 
gave an overview of the status of detectors for brachytherapy at that 
time and a direction for the future of in vivo dosimetry (IVD). “IVD is 
defined as a radiation measurement that is acquired while the patient is being 
treated containing information related to the absorbed dose in the patient. 
This definition implies that an IVD system must be able to capture errors due 
to equipment failure, errors in dose calculation, applicator positioning errors, 
and patient anatomy changes.” 

The goal of IVD in brachytherapy can be defined on three levels: 1) 
Catch large deviations from the treatment plan that can affect the clin
ical outcome of the treatment. If real-time IVD is performed, this may 
enable an interruption of the treatment and prevent errors if the un
certainty of the used IVD system is low enough; 2) Keep a record of 
smaller deviations from the treatment plan that violate some threshold, 
enabling interfraction adaptation; 3) Provide an estimate of the real 
delivered dose for the patient record. 

IVD measurements are normally compared to the treatment plan, 
and it is important to realise that deviations observed between planned 
and measured dose can both stem from deviations between the planned 
and delivered dose (clinical effect) or between the delivered and the 
measured dose (measurement uncertainty). The uncertainty of a source 
tracking system limits which deviations between the delivered and 
planned dose can be detected as will be shown in Section 5. The true 
delivered dose to the patient is unknown and lies within measurements 
uncertainties. If the measurement uncertainties are infinitesimally 
small, measured and delivered dose would be equivalent. 

Multiple initiatives and approaches to IVD in brachytherapy were 
reported. However, despite promising results in phantoms, very few of 
the systems have been used clinically. The aim of this report is to 
formulate requirements for the stakeholders (clinics, vendors, and re
searchers) to facilitate increased clinical use of IVD in brachytherapy. 
While previous efforts focused mainly on detectors, subsequent de
velopments in IVD have shifted the focus of the field towards re
quirements for the entire IVD workflow. 

2. Materials and methods 

While this report does not constitute a formal systematic review, we 
performed a thorough literature review to identify the methods 
employed in clinical trials and novel methods currently in development 
(phantom studies). Articles were identified performing a PubMed search 
using the term brachytherapy combined with in vivo, dosimetry or mea
surement. Articles describing phantom measurements performed with 
time-integrated detectors were disregarded whilst all clinical trials were 
included. Additional articles were identified based on the reference lists 
of the selected papers. 

3. Deviations between delivery and treatment plan and their 
impact on dose and local tumor control 

3.1. Deviations between delivery and treatment plan in brachytherapy 

This section will summarize the types of deviations between delivery 
and treatment plan that can occur in brachytherapy and identify errors 
that could be identified by IVD. For a more comprehensive list see 
Supplementary material A. Potential errors are numerous, and many of 
them have their own dosimetric signatures. The most common types of 
deviations between delivery and treatment plan in brachytherapy stem 
from misplacement of the source (see 3.2), deviations in source dwell 
time, anatomical changes or application of incorrect source-specific 

parameters (e.g., reference air kerma rate). Developers of IVD systems 
should be aware of the sensitivity and specificity of their systems to 
certain errors. The limitations of each technology should be quantified 
and provided by the manufacturer so that the end user can select which 
equipment is most suitable for the intended clinical application. 

Judgement of the severity of deviations between delivery and 
treatment plan should be based on the clinical impact in the delivered 
dose. The report of AAPM Task Group (TG) 100 classified errors ac
cording to their severity [13]. Dose errors between 5% and 10% are 
classified as a wrong dose distribution whilst errors that have a high 
probability to cause severe adverse effect are classified as very wrong 
dose distribution. Wrong location for dose and very wrong location for dose 
refer to errors smaller and greater than 5 mm, respectively. The very 
wrong classification can cause life-threatening complications, while 
wrong refers to an increase of the probability of unacceptable conse
quences for the treatment. These definitions have been supported for 
brachytherapy by clinical studies. Dose-effect studies on prostate and 
cervical cancer brachytherapy have shown how certain dose-volume 
histogram (DVH) metrics correlate with local tumor control [14,15]. 
An unintended decrease of 10% in brachytherapy dose can cause a 
decrease of 2–4% in the probability of local tumor control [16]. A 
localized dose boost (from 75.4 to 83.4 Gy) showed an increase of more 
than 12% in the probability of tumor control in prostate cancer cases 
[17,18]. Therefore, dose errors beyond 10% can have significant clinical 
effects. 

3.2. Impact of source position deviations 

The relation between source position deviations and target dose has 
been investigated in several studies. In locally advanced cervical cancer, 
target dose (CTV D90) changes by an average of 2% per millimeter 
(systematic) offset of the brachytherapy implant [16]; in general, an 
accuracy of 5% or 10% was achieved by controlling the implant ge
ometry within 2.5 mm or 5 mm, respectively. Simnor et al. [19] showed 
a decrease of up to 32% in the PTV dose due to catheter displacement 
(range 0–26 mm) between consecutive fractions. Poder et al. [20] 
showed that needle offsets between 2 and 6 mm for three or more 
needles in a high-dose rate (HDR) prostate treatment led to significant 
changes (>10%) in the relevant DVH metrics. Buus et al. [21] reported 
that overall migration of an HDR prostate implant by 3 mm and 5 mm 
led to decreases in prostate gland dose of 5% and 10%, respectively. The 
impact of a single needle offset or random offset is significantly less than 
that of overall migrations or offsets [22]. The impact of geometric de
viations on the target dose depends on the treatment site and patient 
anatomy and can be more significant when boosting smaller volumes, 
as, for example, in focal boosting with prostate brachytherapy. 

3.3. Detection sensitivity and false alarms 

An important feature of an IVD system is its ability to identify errors 
with clinical impact and trigger an alarm. However, it is equally 
important to keep the number of false alarms (see Section 5.1) low to 
avoid unnecessary additional treatment time and discomfort for the 
patient. The balance between detection of errors with clinical impact 
and avoiding false-positive alarms depends on the action levels dis
cussed in Section 5.1. Lower action levels may require more staffing to 
resolve a larger number of events, whether false alarms or true errors. 

4. Methods for IVD 

The goals of IVD include providing the clinical staff with a measure 
of treatment progression and enabling fast intervention in case of clin
ically relevant errors. This has traditionally been done through mea
surement of the delivered integrated dose at specific points. However, 
the emergence of new detectors that can provide information on the 
delivered dose rate for each dwell position has opened new avenues 
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towards more sophisticated approaches and levels of feedback. Feed
back on treatment progression is defined as measures based on the IVD 
reading that are presented to the clinical team or to an automated system 
to decide whether the treatment is progressing according to expecta
tions. “Feedback levels,” thus, can be of very different nature as shown 
in Fig. 1. The figure shows that the more clinically relevant a feedback is 
the more complex it is. Adding complexity and different measurements 
will add additional uncertainties [23]. Therefore, the higher the feed
back level, the higher is the demand for low uncertainties in the indi
vidual components. A higher level of feedback is therefore not 
necessarily better than a lower feedback level, if the added uncertainty is 
too high. An increasing number of studies have reported the advantages 
of time-resolved IVD and the possibility of using source tracking, i.e., 
determining source dwell times and positions based on measurements. 
This is advantageous, as positional and temporal offsets are the two 
major contributors to deviations between delivery and treatment plan, 
and the entire 3D dose distribution can be reconstructed. 

4.1. Time-integrated point/multipoint dosimetry 

Measurement of the total integrated dose in a single point or a 
limited number of points is the simplest and by far most widely used 
form of IVD [12,24,25]. Clinical applications of point dosimetry have 
shown large deviations between measurements and planned values 
(Section 4.3). The main reason for these deviations is the steep dose 
gradient, which requires precise positioning of the detector. Even if a 
high dosimetric accuracy is achieved, the technique is limited by the fact 
that the accumulated dose at a single point is often dominated by a few 
nearby dwell positions, while dwell positions further away may 
contribute less than a percent of the total measured dose. Deviations 
between measurements and treatment plan related to dwell positions far 
away from the detector, therefore, typically go unnoticed, even though 
they can have a large local dosimetric impact. Another disadvantage of 
this method is that detection of deviations is only possible after delivery, 
so real-time interruption and correction of the treatment is not possible. 

4.2. Time-resolved point/multipoint dosimetry 

With time-resolved dosimetry, the dose rate is recorded during the 
treatment with a given readout frequency, resulting in readout times 
ranging from minutes to subseconds. Such methods require detectors 
that can provide dose readout during treatment, such as diodes or 
scintillators. 

Dose rate at dwell position level: Verification of the dose and dose 
rate is the most basic level of feedback available from time-resolved IVD. 
Acquisition with a subsecond rate enables measurement of the dose rate 
for each dwell position [26]. Hence, a direct comparison of the expected 
and measured dose rate can be made at the dwell position level. 

Dwell time measurement: IVD with a subsecond readout rate also 
enables determination of the dwell time for each dwell position [27–29]. 
If the readout rate of the IVD system is fast enough, the timing of source 
movements can be determined with a precision of under 0.1 s 
[26,28–31]. Examples of dwell time studies can be found in Table 1. 

Source tracking: Source tracking exploits measurements (e.g. dose 
rate) to assess the source position and can be divided into 3 categories, 
which are described below and illustrated in Fig. 2. 

Point detector: The measured dose rate by a point detector can be 
transformed into a distance between source and detector by using 
TG43 [32,33]. By adding the information from dose rate measure
ments at multiple positions, triangulation can be used to determine 
the actual position of the source or source catheter relative to the 
detector(s) [26,34–36]. 
Flat panel detector: The panel is placed close to the patient (e.g. in 
the treatment couch underneath the patient) so that it detects pho
tons leaving the patient’s body. The panel response can be approxi
mated by mathematical functions used to define the dwell positions 
[28,29,37]. Panels are available with up to ≈0.1 mm spatial reso
lution and acquisition rates of more than 100 frames per second 
(fps). However, high acquisition rates usually limit the detection area 
and/or require pixel binning (combination of the response of adja
cent pixels). An advantage of flat panel detectors is that they can be 
used for commissioning of brachytherapy applicators [38] and for 
imaging of the patient anatomy, which enables measurements rela
tive to the anatomy [37,39]. 
Slit cameras: A collimator is placed in front of a radiation detector. 
The collimator consists of a high-density plate, normally made of 
tungsten, with small holes at a fixed distance from each other. The 
radiation passes through the apertures and generates spots on high- 
resolution detectors. These can be pixelated Si-detectors [40] or 
charge-coupled device cameras [31]. 

Point detectors and some types of slit cameras provide information 
on source positioning relative to the detectors, not to the patient anat
omy. A specific slit camera solution has demonstrated integration of the 
detector with an ultrasound probe; with this system, source tracking can 
be related to imaging and patient anatomy [40]. Likewise, flat panel 
detectors can be used for source tracking and can also provide 
anatomical information. 

3D dose reconstruction: Brachytherapy dose distributions can be 
determined by knowing all source positions and dwell times. Dose 
reconstruction does not necessarily require an anatomical reference and 
can be calculated by following the TG43 homogeneous water approach. 
However, a reconstruction of the dose distribution onto the patient’s 
anatomy is more clinically relevant than purely geometrical informa
tion, since positional offsets of some dwell positions have more impact 
on the dose to the tumor and organs at risk than others. With 3D dose 
reconstruction, uncertainties in tracked source positions are propagated 
into uncertainties in dose reconstruction. In addition, the 3D dose dis
tribution depends on the used dose calculation algorithm and its own 
uncertainty. 

DVH calculation: A 3D dose distribution may be visually difficult to 

Fig. 1. Feedback levels and corresponding necessary measurement inputs. The 
horizontal dashed line indicates the current level reached in clinical practice 
and research. Note that anatomical information is not necessary for dwell time 
verification. Source tracking can only be performed in relation to the detector. 
3D dose reconstructions can be calculated assuming the patient geometry does 
not change between treatment planning and delivery. However, accurate source 
positioning relative to the patient anatomy is always desirable, and a lack of 
anatomical information limits the type of deviations from the treatment plan 
that can be detected. 
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interpret, whereas DVH metrics are considered more relevant for clinical 
use. DVHs can be calculated by using the reconstructed 3D dose distri
bution. A limitation in estimating DVHs from source tracking is that the 
patient anatomy may change between imaging and treatment delivery. 
Table 1 shows an overview of phantom studies reported in the literature 
since 2001. Several of the phantom studies showed submillimeter ac
curacy for determination of source position and sub-second accuracy for 
determination of dwell time for a range of phantoms and detectors. 

4.3. Clinical studies 

The clinical acceptance of IVD is currently limited by the labori
ousness of the methods and the absence of commercial systems with 
high sensitivity towards clinically relevant deviations from the treat
ment plan. 

Table 2 provides an overview of the reported clinical studies of IVD 
for brachytherapy. Most (20/27) of the studies reported on integrated 
dose from point detectors (e.g., thermoluminescent dosimeters [41–45], 
metal-oxide semiconductor field-effect transistors (MOSFETs) [46–48], 
optically stimulated luminescence detectors [49], diodes [50–52], glass 
detectors [53], plastic scintillators [54], and alanine dosimeters 
[52,55]) for different treatment sites. These studies reported maximum 

deviation between measured and planned dose ranging from a few 
percent to more than 100%. Deviations were often attributed to detector 
positioning uncertainties that depend on the experience of the user, 
verification methods, proper fixation and possible anatomical changes 
during the treatment. Catheter and needle reconstruction were also 
identified as a potential source of clinically relevant deviations [56]. 
One study reported that improvements in the workflow and imaging 
immediately prior to treatment delivery reduced maximum dose devi
ation from 67% to 9% [54]; indeed, deviations between measured and 
planned dose generally increase as the time between imaging and 
treatment delivery increases [47]. 

The likelihood of detecting errors increases significantly when time- 
resolved methods are used. Andersen et al. [24] concluded that the 
likelihood of detecting swapped catheters increased by a factor of 10 or 
more when time-resolved methods were used. Time-resolved methods 
have also been used for source tracking and dwell time measurements. 
In 2006, Tanderup et al. [57] evaluated the spatial stability of the 
applicator in relation to the IVD diode array during pulsed dose rate 
brachytherapy treatments. Despite promising results with phantoms 
(Table 1), clinical trials using source tracking are still limited. Johansen 
et al. [36] used a radioluminescence crystal to measure the dose rate for 
individual dwell positions during HDR prostate treatment. Source 

Table 1 
Short summary of the information provided from phantom measurements using time-resolved methods published since 2001. Papers were sorted by the publication 
year.  

Year Authors 
[citation] 

Detector Geometry Level of source 
tracking 

Spatial resolution Timing 
resolution 

Additional info 

2001 Duan 
et al. [81] 

Film-pinhole camera Polystyrene phantom x, y, z for each 
dwell position 

Dwell separations of 
1 mm can be 
distinguished 

None Post treatment analysis 

2005 Nakano 
et al. [82] 

One diamond detector on 
the skin 

Anthropomorphic 
phantom 

x, y, z for each 
dwell 

2.5 mm or 2% None Twelve measurements were performed 
with a single detector at 12 positions to 
simulate 12 detectors 

2010 Batic 
et al. [83] 

Two pinhole detectors, 2 Si- 
pads for each pinhole 

Air phantom with 2 
needles 

x, y, z for each 
dwell 

4.6 mm absolute, 2.8 
mm relative 

None Focus on relative position between 2 
positions inside a catheter 

2013 Smith 
et al. [28] 

Flat panel Solid water phantom x, y, z for each 
dwell 

<1.0 mm in the 
plane and 2.0 mm for 
the distance to the 
source 

0.1 s Focus on a 4D measurement system and 
characterization of an EPID panel 

2013 
Therriault- 
Proulx et al. 
[34] 

Three plastic scintillators 
on a single fiber 

Water phantom z position only 
(along the 
catheter) 

0.3 mm 3.0 s The integration time was defined as a good 
trade-off between precision and temporal 
resolution 

2013 Espinoza 
et al. [30] 

11 × 11 Si diodes Magic phantom: 3 × 30 
× 30 cm solid water 

x, y, z for each 
dwell 

<0.5 mm for 75% of 
the positions 

0.001 s They focus on a 4D measurement system 
that can also measure transit time 

2014 
Kertzscher 
et al. [59] 

Inorganic scintillators 
(Al2O3:C) 

Simulation Dosimeter 
position (x,y,z) 

<0.8 mm 1.0 s The aim is to continuously update the 
position of the detector throughout a 
treatment based on the measured dose 
rates 

2014 Wang 
et al. [35] 

Two inorganic scintillators 
(GaN) 

PMMA cylinder 
phantom 

x-position only 
(along the 
catheter) 

<1.0 mm 0.1 s The study aimed to find a method for 
pretreatment Q 

2015 Safavi- 
Naeini et al. 
[40] 

BrachyView prototype. 
Two 14 × 14-mm TimePix 
detectors in a specially 
designed probe with 6 cone 
pinholes 

Plastic water x, y, z for each 
dwell 

<1.0 mm None Authors mention that they are developing 
a 4-detector system integrated with an 
ultrasound probe. The detector can 
acquire up to 400 fps, but dwell times 
larger than 0.5 s are preferable to reduce 
noise 

2016 Guiral 
et al. [26] 

Four inorganic scintillators 
(GaN) 

Plastic cylinder for QA 
and water phantom for 
probe 

z for each dwell <1.0 mm 0.1 s There were 2 systems: an expanded 
version of the QA phantom from Ref. [9] 
and a specially designed applicator 

2017 Fonseca 
et al. [38] 

Flat panel PMMA plate x, y, and 
interdwell 
distance for 
each dwell 

0.2 mm 0.1 s Technique for commissioning of 
applicators using source tracking 

2017 Fonseca 
et al. [29] 

Flat panel Water phantom x, y, z for each 
dwell 

0.2 mm for x and y. 
0.6 mm for z 

0.1 s Technique for pretreatment verification 

2018 
Watanabe 
et al. [31] 

Pinhole camera with 2 
holes; a scintillator plate 
and a CCD camera 

Water phantom x, y, z for each 
dwell 

0.7 mm 2.0 s The pixel intensity is directly proportional 
to the dwell time and could allow 
measurements with higher resolution than 
the shutter speed 

Abbreviations: CCD, charge-coupled device; PMMA, poly(methyl methacrylate); QA, quality assurance. 
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tracking in relation to the detector was based on dose rate measure
ments, and needle shifts were determined (mean radial needle shift of 
0.2 ± 1.1 mm (1SD) and longitudinal needle shift of − 0.3 ± 2.0 mm 
(1SD)). Smith et al. [37] used a flat panel detector for 2D source tracking 
for two prostate cancer patients and found a mean deviation of 1.9 mm. 

5. Requirements and future directions for research, 
development, and clinical practice 

Despite great advances in IVD, several obstacles remain to be over
come before it can become an integrated part of modern clinical 
brachytherapy. This section gives an overview of some minimal re
quirements to improve the use of IVD, including visual feedback, 
detection accuracy and precision, integration with treatment delivery 
equipment, and staffing levels. 

The causes of deviations between the treatment plan and IVD mea
surements can be separated into four categories: 1) Deviations between 
delivery and treatment plan (e.g., positional offset of the source, 
incorrect source activity, anatomical changes); 2) Detector uncertainty 
(e.g., noise, calibration, energy dependence, and reproducibility); 3) 
Uncertainty in the position of the detector; 4) Uncertainty in the post- 
processing of measurements 

Since the goal of IVD is to identify deviations between delivery and 
treatment plan, item 1 should be the dominant contributor to deviations 
between measured and treatment plan. Item 2 is related to the type of 
detector used, and item 3 is related to the clinical setup in terms of the 
positioning of the detector in relation to the patient anatomy. The last 
item is related to data post-processing. Thus, items 2 and 4 are quantities 
that can be determined in a controlled environment, for instance by 
using phantoms. It is important to keep items 2, 3 and 4 separated when 
reporting the uncertainties of a detector system [24,58]. 

5.1. Estimates of required uncertainty limits 

This section will discuss the maximum detector uncertainty a system 
can have to be clinically relevant. The analysis is based on Gaussian 
uncertainty distributions for detection. Five parameters are important 
for the analysis. 

Source tracking uncertainty: The uncertainty (1SD) of the detector 
system including post-processing (Section 5, items 2 and 4). 
Clinical threshold: A threshold level for a deviation to be considered 
of clinical relevance. For instance, if a 5 mm or 10 mm deviation in a 
source position is considered important for the quality of the treat
ment, these would be used as the clinical thresholds. 
Action level: The action level is the threshold at which an alarm 
should be set to indicate when a given deviation exceeds the 
threshold. Ideally, the action level should be equal to the clinical 
threshold, but the uncertainty from the detector might require a 
different action level, as will be described below. 
Sensitivity: The sensitivity is defined as the fraction of detected 
events occurring beyond a given clinical threshold. For example, if 
the clinical threshold is 10 mm and the system can identify 90% of 
10 mm deviations, the sensitivity is 90%. 
False alarms: A false alarm is a measurement that is beyond the 
action level but for which the clinical threshold has not been 
reached. For example, 2 mm offsets are frequent deviations between 
delivery and treatment plan, but offsets of this magnitude normally 
have minor clinical impact. If, for instance, 10% of the 2 mm de
viations trigger an alarm, the incidence of false alarms at 2 mm is 
10%. 

It is beyond the scope of this report to provide specific clinical 
thresholds or action levels or acceptable levels of sensitivity and false 
alarms since. Rather, our aim is to discuss the influence of IVD system 
uncertainties on the ability to detect relevant deviations between de
livery and treatment plan. Deviations in dose and DVH metrics are 
clinically more relevant than dwell position deviations. However, 3D 
dose and DVH calculations, based on source tracking, have not been 
implemented yet. Therefore, a clinically relevant threshold based on 
dose deviations would be hard to achieve using source tracking whilst a 
threshold based on dwell position deviations is more realistic. Typical 
clinical uncertainties are presented in the study of Kirisits et al [58]. The 
methodology to calculate and express uncertainty should follow inter
national standards [23]. 

Fig. 3 shows the incidence of alarms at different magnitudes of 
source position offsets and action levels. Estimates of the incidence of 
alarms is provided for three different true offsets and for four different 

Fig. 2. Illustration of IVD performed with 
three different methods. a) Computed to
mography image of a patient undergoing 
treatment for prostate cancer highlighting 
the bladder (orange), rectum (green), and 
target (red contour). The radioactive source 
is indicated in red. b) 3D sketch of (a). In the 
first method, the three circles (yellow, green, 
and purple) represent the catheters used for 
detector placement. Source tracking using 
point detectors is performed with the de
tector(s) inside or attached to the patient’s 
body. In the second method, a flat panel 
detector is placed outside the patient, where 
it captures photons emitted by the source. In 
the third method, a collimator is placed on 
top of the imaging panel so that it works as a 
slit camera. Note that measurements with 
point detectors can be performed using one 
or several detectors. Although this example 
shows an imaging panel/slit camera placed 
outside the patient, there are efforts to 
combine this technology with ultrasound 
imaging probes that would be placed inside 
the patient [40]. (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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source tracking uncertainties. Selected examples of the percentage of 
alarms for a given source tracking uncertainty and action level based on 
the three true offsets are shown in the Supplementary material C. A 
source tracking uncertainty of 1 mm or 2 mm (1SD) allows for excellent 
sensitivity at detecting 10 mm deviations, for a low incidence of false 
alarms. If the source tracking uncertainty is 3 mm (1SD) or lower, it is 
difficult to choose an action level that is sensitive to detecting 10 mm 
deviations without causing a high incidence of false alarms. A large 
detector uncertainty, therefore, might limit the usage of IVD to gross 
errors. 

5.1.1. Point detector system uncertainty for source tracking 
This section gives an estimate of the requirements for detector un

certainty in cases where the dose rate is used as a direct measure or 
indirectly for source tracking. Under the approximation that the dose 
rate (Ḋ) is inversely dependent on the square of the distance (r2) be
tween the source and the detector it is possible to translate thresholds for 
geometrical deviation investigated above into requirements for dosi
metric deviation through the following relationship (for a point 
detector): 

ΔḊ
Ḋ

=
− 2Δr

r
(1)  

where ΔḊ/Ḋ is the relative dosimetric deviation and Δr the geometric 
deviation [36]. 

Fig. 4 shows source tracking uncertainty for point detectors as a 
function of r for different levels of dose rate deviation (based on the 
estimate given in Eq. (1)). Deviation in dose measurement of 5% and 
10% result in deviation in the geometric prediction (Δr) of 0.25 mm and 
0.5 mm at a 10 mm distance (r), and of 1.25 mm and 2.5 mm at a 50 mm 
distance (r), respectively. It should be noted that these estimates are 
based on a single point detector and a single source position. If several 
point detectors or several source positions are used for source tracking, 
the accuracy will be improved by the larger amount of data. 

5.1.2. Position of the detector for source tracking 
A major contribution to deviations in the measured dose rate may be 

offsets in the detector position. Some algorithms correct for shifts in 
detector position by continuously updating the most probable detector 
position on the basis of the already-measured dwell positions [59]. The 
positional uncertainty of the detector can be divided into two parts: 

Determination of the detector position: It is essential to know the 
detector position in relation to both the anatomy and the brachytherapy 
implant. For internally placed detectors, the limiting factor is the visi
bility of the detector on the images used for identification of the de
tector. For externally placed detectors like flat panels and slit cameras, it 

Table 2 
Short summary of the information provided from clinical brachytherapy trials published between 2017 and 2020 (see Supplementary material B for publications 
between 1999 and 2020). For brevity’s sake, only treatment site (GYN = gynecological; PR = prostate; BR = breast; TH = thorax; HN = head and neck; SK = Skin; NPC 
= nasopharyngeal carcinoma), number of treatments (including multiple fractions for the same patient), detector, maximum deviation (MD), and main conclusions are 
reported. Accuracy and uncertainties reported in this table use the metrics reported by the authors for each study and may differ among them. Papers were sorted by the 
publication year. *Studies that used source tracking and/or time-resolved methods.  

Year Site Detector No. 
Treated 

MD Additional info 

2017 Wagner et al.  
[55] 

PR Alanine/ 
ESR 

15 ≈100.0% Alanine strands were inserted into a Foley catheter. 
Needles and detector positions were measured using ultrasound images. The detector volume 
could not be clearly defined in some of the cases. Reported uncertainty 5.0% 

2017 Carrara et al.  
[47] 

GYN MOSkin 26 <14.0% Dosimeters placed on top of the rectal probe. Large differences (>36.0%) were traced to a 
longitudinal probe displacement and not included in the analysis. Deviation between planned 
and measured doses increased with increasing time between imaging and treatment. 
Reported uncertainty 6.2% (k = 1 – MOSkin) and 7.1% (k = 1 – TPS). 

2017 Jaselske et al.  
[41] 

HN, BR TLD >6 ≈22.0% Dosimeters inserted into catheters/needles. 
Reported an increased difference in every subsequent fraction. 
Reported uncertainty 17.9%. 

2017 Van Gellekom 
et al. [84] 

GYN MOSFET 50 >14.0% Dosimeters inserted into a Fletcher or MUPIT applicator. 
Additional imaging should be performed for measured differences larger than 10.0%. 
Overall reported uncertainty 9.0% (k = 2). 

2018 Smith et al.  
[37] 

*PR Flat panel 2 4.9 mm EPID positioned under the patient couch used for imaging (additional X-ray source) and source 
tracking in 2D. 
Reported uncertainty 2.2 mm 

2018 Johansen et al. 
[36] 

*PR Opt. fiber 
(Al2O3:C) 

20 ≈ 16.9% Dosimeters inserted into catheters/needles. 
Time-resolved measurements. 
MR scans acquired just before and after the treatment. 
Reported uncertainty 5.0% (k = 1) 

2018 Melchert et al.  
[46] 

BR, TH, 
HN 

MOSFET 12 ≈ 56.0% Dosimeters inserted into catheters/needles. 
A long interval between needle implantation and imaging can reduce positioning uncertainties 
due to edema. 
Reported uncertainty 4.0% (detector response) ± 1 mm positioning. 

2018 Belley et al.  
[85] 

*GYN Opt. fiber/ 
TLD 

30 < 20.0% Dosimeters at the surface of a vaginal cylinder. 
Real-time dose rate monitoring. 
Reported uncertainty 13.9% (k = 2). 

2019 Jamalludin 
et al. [86] 

SK MOSkin 5 24.0% 
(target) 
32.0% (OAR) 

MOSkin was placed between the arm and the chest of the patient (HDR Cobalt-60). The tumor 
was located at the medial aspect of the right arm. 
Differences were attributed to backscattering from lead shielding and TPS inaccuracies near the 
patient surface (TG43-based dose calculation). 
Reported uncertainty 8.4% (k = 1). 

2020 Jamalludin 
et al. [87] 

GYN MOSkin/ 
diode 

48 greater than 
37.0% 

MOSkin attached to diode during 18 sessions (HDR Cobalt-60). 
Doses measured with MOSkin were higher than planned for 44.0% of the cases, while doses 
measured with diodes were lower than planned for all the treatments. Reported uncertainty 5.2% 
(k = 1) and 6.6% (k = 1) for the detector and TPS, respectively. 

Abbreviations: HDR, high dose rate; OAR, organ at risk; TPS, treatment planning system; TLD, thermoluminescent dosimeter; MOSFET, metal–oxide semiconductor 
field-effect transistor; MR, magnetic resonance; MUPIT, Martinez universal perineal interstitial template; ESR, electron spin resonance; OSLD, optically stimulated 
luminescent dosimeter; ICRU, International Commission on Radiation Units and Measurements; RPLGD, radio-photoluminescence glass dosimeter. 
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is important to place the patient with high precision relative to the de
tector, or to directly relate the detector to the patient and implant 
through anatomical imaging [25,37,60]. 

Stability of the detector position: During treatment, it is important 
that the detector is not displaced. Proper fixation is needed, but even 
with proper fixation, displacements can occur due to anatomical 
changes in case of internal detectors [32]. For external detectors, the 
problem stems from movement of the patient in relation to the detector. 

5.1.3. Dwell time measurements 
Some clinics do not accept treatment plan dwell times shorter than 

0.5 s due to the time it takes for the source to move between dwell 
positions (transit time) [61,62]. In addition, in modern afterloaders, the 
minimum dwell time depends on the distance between dwell positions 
[63]. The aim of measuring time is to ensure that the dwell times are 
correct. Johansen et al. [27] estimated that a precision of at least 0.2 s is 
sufficient to identify timing deviations with clinical impact. 

5.1.4. Accuracy of current detector systems 
The accuracy of current state-of-the-art detectors is shown in Sup

plementary material D to illustrate the level of accuracy that can be 
obtained today and the importance of reporting the various contribu
tions to the uncertainties. The table shows that with recent detector 
developments, the limiting factor is the positioning of the detector. 

5.2. Software and hardware integration 

This section provides a list of requirements needed to establish 
suitable communication between IVD systems, the afterloader delivery 
equipment, and the treatment planning system (TPS). The additions 
would provide basic functions that are currently lacking and should 
ideally be vendor agnostic. 

5.2.1. Integration with the brachytherapy afterloader 
Currently, IVD systems use measurements to infer which position the 

afterloader is treating. It would be a significant step forward if the 
afterloader could communicate to the IVD system which source position 
it is intended to be treating. Ideally, this integration could also allow 
automatic treatment interruption, if a measured deviation reaches a 
certain action level, hence improving patient safety. 

5.2.2. Integration with the TPS 
The following is a list of possible features to be added to TPSs. The 

first four items listed below could be considered minimal requirements, 
as they do not require the development of new techniques. More 
advanced features, such as outcome prediction (tumor control proba
bility/normal tissue complication probability [TCP/NTCP] models) and 
treatment plan adaptation, require further developments. 

Export of dwell positions and times: The TPS should export the 
source dwell positions and times. This could include fiducial markers for 

Fig. 3. Estimate of the fraction of events identified as being above a given action level for four different source tracking uncertainty levels (incidence of alarms). The 
incidence of alarms is shown for 3 true positional offsets: 10 mm (blue), 5 mm (black), and 2 mm (red). The dashed lines represent the 10% and 90% incidence levels 
as examples of acceptable levels of false alarms and deviation sensitivity, respectively. The shaded area represents the area in which false alarms for 2 mm offsets are 
below 10% and the sensitivity at catching 10 mm deviations is more than 90%. Source tracking uncertainties of 3 mm or less allow for reliable detection of 10 mm 
deviations, while 1 mm uncertainty is needed for reliable detection of 5 mm deviations. If a detector system has a detection accuracy of 5 mm (1SD), a sensitivity of 
80% requires an action level of 6 mm, which causes almost every fifth offset at 2 mm to trigger a false alarm. Furthermore, a substantial number of correctly placed 
source positions (offset = 0 mm) will also lead to alarms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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potential registration. In general, TPSs already have this capability. 
However, dwell time corrections (e.g. rescaling due to air-kerma 
strength, transit time and minimum dwell time) [61,63] are applied 
just before the treatment by the treatment console. Therefore, mea
surements should be compared to the plan executed by the afterloader 
and this information should be accessible. 

Export of dose rate at a single point: To support dose rate mea
surements (as a function of treatment delivery), the TPS should export 
the expected dose rate at points defined by the user. 

Reconstruction of dose and DVH from measured dwell positions 
and times: The TPS should import measured dwell times and positions 
from the IVD system and calculate dose distributions and DVH metrics. 

Tools for evaluation: The TPS should provide tools for comparison 
of a specified plane or the entire dose volume (absolute difference, 2D/ 
3D gamma, etc.), TCP/NTCP models to estimate the clinical effect of a 
dose deviation, and tools to pinpoint the its most likely cause. Such tools 
could employ artificial intelligence as already evaluated for treatment 
planning optimization [64] and inter-fraction adaptation [65]. 

Measured dose accumulation and treatment plan adaptation: 
The dose differences reported by an IVD system may be used for inter
fraction adaptation. 

Consolidation of the treatment control system and TPS: Many of 
the features required by a brachytherapy verification system dissolve the 
distinct line between a planning system and a treatment delivery control 
system. A comprehensive brachytherapy system similar to systems 
commonly used in external beam radiotherapy would consider patient 
anatomy and position at the time of treatment and the previously 
delivered dose. It would also provide online adaptive planning, treat
ment delivery verification, and dose summation. 

5.3. Resources and staffing 

An important factor affecting the widespread usage of IVD is the 
resources required to acquire, commission, and run the systems. 
Brachytherapy requires relatively inexpensive equipment (compared to 
external beam radiotherapy). At the same time, brachytherapy is time 
consuming and requires many manual procedures. Adding steps to an 
already busy schedule would have a negative effect on the adoption of 
IVD. Two surveys performed by GEC-ESTRO [66,67] estimated that an 
IVD system should not add more than 1 h of additional work to a 
treatment. This additional workload can be divided into two categories: 

Commissioning, quality assurance and pre-treatment verifica
tion: This step ensures accurate measurements. It would not add to the 

timing of the brachytherapy procedure, as it can be performed prior to 
treatment. In addition, IVD audits in analogy to dosimetry audits 
[68–70] performed by an external organization could provide relevant 
information on accuracy and a comparison between different centers. 
Audits of IVD systems would require dedicated phantoms and protocols 
to mimic relevant clinical scenarios. 

IVD: This involves the procedures performed while the patient is 
present: positioning of the detector, possible calculation of the expected 
dose pattern, and initiation of IVD measurements. Ideally, this would be 
fully automated. 

6. Discussion 

In addition to IVD, other techniques for treatment verification in 
brachytherapy are continually developing. These methods can be com
plementary to or combined with IVD, so we will briefly describe two 
techniques that have received much attention in the last decade. Both 
techniques are related to tracking, which again emphasizes the focus on 
identifying possible positional offsets of the source. 

6.1. Imaging 

Imaging is already a key part of treatment planning for brachyther
apy. As in external beam radiotherapy, the field is converging towards 
online monitoring using images (in-room imaging). Nose et al. [71] used 
a C-arm to perform X-ray imaging during treatment. By increasing the 
intensity of the X-rays and reducing the number of frames per second 
(fps), they were able to make images of the source together with the 
anatomy of the patient. Despite the reduction in fps, X-ray images still 
lead to additional radiation exposure. 

Furthermore, a prototype system combining MR imaging (MRI) and 
an afterloader has been reported [72]. The advantage of MRI-guided 
therapy in brachytherapy compared to external beam radiotherapy is 
that a fully integrated system like the MR-linac is not necessary for 
brachytherapy. However, because most MRI scanners are not located in 
rooms that are appropriately shielded for brachytherapy, adopting this 
system would require infrastructural changes. 

The clear advantage of imaging is the ability to relate the source 
position to the anatomy. Imaging and IVD can also be combined to relate 
the detector position to the anatomy, as described by Smith et al. [37], 
before or during the treatment. Image acquisition and registration (e.g. 
with the planning CT) will add additional uncertainties components that 
should be evaluated. 

Fig. 4. Position and dose deviation as a function distance between the source and the detector (r). a) Deviation in the geometric prediction for different levels of dose 
deviations (− 1%, − 2%, − 5%, and − 10%). b) Relative dose deviation for four different positional deviations as a function of r. This does not apply to flat panel 
detectors if mathematical fits are applied to define the source position. 
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6.2. Electromagnetic tracking 

Electromagnetic tracking (EMT) is another way of performing 
tracking. A small sensor in the form of a coil is tracked using an EM field 
generator. The coil can be tracked relative to the generator with a pre
cision of under 0.2 mm [73]. However, this is not a direct tracking of the 
source. Another possibility would be to add the coil to the tip of the 
source cable. This would enable direct tracking of the source. 

EMT could also be combined with IVD. One major issue in efforts to 
implement IVD at the moment is the uncertainty associated with the 
positioning of the detector (Section 4.2.2). A first attempt to solve this 
problem was demonstrated with the RADPOS system, in which an EMT 
device was coupled to a MOSFET detector [74]. Unfortunately, the EMT 
technology implemented did not allow for position-reading accuracy of 
better than 1 mm. More recently, a different EMT technology was used 
by Tho and Beaulieu [73]. This detector’s accuracy was on the order of 
0.2–0.3 mm between 5 and 30 cm from the center of the EM field 
generator, which corresponds to the relevant region for clinical use [75]. 
This level of accuracy allows for dose measurement uncertainty of 5% 
for a detector at 10 mm from the source and better at larger distances. 
Furthermore, knowing the detector position in real time enables its use 
as input when implementing the source tracking approach [76,77]. 

6.3. Perspectives for clinical use of IVD 

The focus of this report has been the requirements for future de
velopments of IVD systems, both from an R&D point of view and for 
commercialization. It is, however, worth noting that despite the ongoing 
need for further development of IVD, several systems for real-time IVD 
are currently on the verge of clinical usage. We will therefore end this 
report by looking at the future clinical uses of IVD and how improve
ments could improve the clinical standards of brachytherapy. 

Clinical studies: Most of the novel and advanced IVD systems have 
only been tested in laboratories with phantom measurements. Very few 
reports of clinical studies are available, and they are limited to proof-of- 
concept studies with small numbers of patients and treatment sites. The 
next step should be to test more systems in clinical studies with larger 
cohorts of patients to establish the clinical value of advanced IVD. The 
clinical environment is very different from a fixed phantom. Further
more, feedback from users is essential. Finally, clinical studies will help 
raise the awareness of the need for IVD. 

Reporting of errors: A major concern in brachytherapy is a lack of 
knowledge regarding the frequency and nature of errors. It is therefore 
important that once routine clinical use of IVD is initiated, errors as well 
as near-misses are reported. The UK and France have initiatives to 
collect data on errors and near-misses in radiotherapy for educational 
purposes [78,79]. The European Radiological Protection Act 1991 
(Ionizing Radiation) Regulations 2019 establishes that each Member 
State should have mechanisms to register errors and near-misses 
ensuring timely dissemination of lessons learned from significant med
ical exposure events [80]. Such registries can greatly benefit the 
brachytherapy community and would provide useful information for 
future developments in brachytherapy. 

Future efforts in the development of IVD systems would greatly 
benefit from integration with afterloaders and TPSs, both to provide the 
necessary treatment information for reference and for the evaluation of 
the measurements. The next steps towards clinical implementation will 
require large clinical trials and systematic reporting of errors and near- 
misses. It is of the utmost importance that the sensitivity to different 
types of errors is well understood for each IVD system so that end-users 
can select the most suitable method for their needs. Furthermore, 
departmental policies may vary; some departments may focus on 
avoiding gross errors with major clinical impact, while others may seek 
to improve the treatment by avoiding errors that have more limited 
clinical impact. Whatever methods are adopted, IVD would also benefit 
from in-room imaging to correlate measurements and patient anatomy 

and reduce measurement uncertainties. The clinical use of IVD solutions 
will affect workflows and require additional staffing to use the systems 
and investigate alarms. This issue can be mitigated by integrating 
automated evaluation systems, efficiently placing detectors, and setting 
appropriate action levels. The potential benefit will justify the use of IVD 
once accurate methods are commercially available. In addition, IVD 
could become mandatory to satisfy increasing medico-legal re
quirements to record the dose delivered to patients. 
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