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A B S T R A C T

Brachytherapy is a key treatment for gynaecological malignancies, delivering high doses to the tumour volume 
whilst sparing nearby normal tissues due to its steep dose gradient. Accuracy is imperative as small shifts can lead 
to clinically significant under- or over-dosing of the target volume or organs at risk (OARs), respectively. In-
dependent verification of dose delivered during brachytherapy is not routinely performed but it is important to 
identify gross errors and define action thresholds to guide inter-fraction treatment decisions. In vivo dosimetry 
(IVD) is one strategy for improving accuracy and identifying potential errors. Despite promising phantom work, 
clinical application of IVD is lacking. A literature search was performed using Medline and EMBASE without date 
limits and based on the PICO framework to evaluate the clinical application of IVD in gynaecological brachy-
therapy. After screening of titles and abstracts, full text papers were reviewed and 28 studies were identified. 
Several dosimeters were utilised and measurements were typically taken from the rectum, bladder, vagina and 
within interstitial catheters. Significant differences between calculated and measured dose were attributed to 
geometric shifts. The studies reviewed demonstrated the feasibility of IVD in brachytherapy for dose verification 
but further work is required before IVD can be used to optimise treatment. The purpose of this scoping review is 
to investigate the clinical application of IVD in gynaecological brachytherapy, understand its challenges and 
identify the steps required to facilitate integration into everyday clinical practice.

Introduction

Brachytherapy plays an integral role in the treatment of gynaeco-
logical malignancies and over the past two decades significant progress 
including 3D imaging, dose optimization systems and hybrid 
intracavitary-interstitial applicators has led to an increasingly sophisti-
cated pathway. However, with increasing complexity there is simulta-
neously less leeway for error and a greater need for accuracy; small 
deviations (of millimetres) can, in the worst-case scenario, lead to a 
clinically significant suboptimal dose to the target and or an unexpect-
edly high dose to nearby normal tissues. Clinical data has shown that 10 
% changes to planned dose distribution can have a significant impact on 
tumour control probability (TCP) between 2–12 % and the American 
Association of Physicists in Medicine (AAPM) Task Group 100 has 
defined radiotherapy error margins [1–3] (Table 1).

Human error is the biggest contributor to errors in brachytherapy 

[4,5]. Strategies to reduce this include use of Failure Mode and Effects 
Analysis (FMEA) [6,7]. High dose-rate (HDR) after-loaders have elimi-
nated several potential sources of human error and led to greater staff 
protection from radiation. However, a remotely controlled system in-
troduces a different set of risks and requires its own series of quality 
control measures and safety checks. Applicator migration can also affect 
dose; Karlsson et al (2017) calculated longitudinal applicator shifts and 
found in the majority of cases small displacements of maximum − 2.5 
mm to 3.5 mm in the craniocaudal direction correlating with a mean 
change of 0.6 % (SD 2.4 %) to the dose delivered to 90 % of the high risk 
clinical target volume (HR-CTV), D90. Although the relative differences 
between applicator shifts were low, the study did also identify a 6.6 % 
dose reduction in a single fraction, which if maintained across four 
fractions would result in a 5 Gy EQD2 dose loss from a total combined 
external beam and brachytherapy dose of between 78.02–90.09 Gy 
EQD2 for cervical cancer. [8] Applicator reconstruction is outlined using 
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computed tomography (CT) or magnetic resonance (MRI) imaging and 
can also lead to error [9].

There are also uncertainties in brachytherapy that reduce accuracy. 
Examples include source calibration; dwell position and timings; 
inherent assumptions within the treatment planning system (TPS); dis-
crepancies in image reconstruction; variation in target delineation; and 
applicator, source and internal organ movement [10,11]. Tanderup et al 
(2013) reported total uncertainty within gynaecological brachytherapy 
as 12 % for the target and 21–26 % for organs at risk (OARs) in a single 
fraction [12].

In an effort to increase knowledge and transparency of brachyther-
apy errors, there are incident reporting platforms and guidelines have 
been developed on how to report uncertainties. Despite these measures, 
it is acknowledged that errors in brachytherapy are potentially still 
missed due to a lack of detection.

One strategy to improve error detection and reduce uncertainty is 
through independent verification of actual dose delivered using in vivo 
dosimetry (IVD).

The Vision 20/20 paper defines IVD:
“…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.” [12].

Despite indications for its use, IVD has not been integrated into 
routine brachytherapy practice due to several obstacles impeding ac-
curate recording of absorbed dose. The potential error points along the 
brachytherapy pathway are comprehensively summarised by Tanderup 
et al (2013) in the Vision 20/20 paper (Fig. 1) [12].

Fonseca et al (2020) outlined the considerations for IVD, and 
described time-integrated and time-resolved methods [50]. Time- 
integrated IVD provide a dose reading for a single or multiple points 
whilst time-resolved IVD uses real-time dosimeters that can measure 
dose, dose rate, and dwell times, and can therefore be used to track 
source position. The former technique is simpler to employ but is more 
susceptible to geometric shifts and positional uncertainty, provides in-
formation after delivery rather than in real time and is more heavily 
influenced by dose from nearby dwell positions. Time-resolved methods 
are more sophisticated using real-time dosimeters to provide informa-
tion of source position relative to dosimeters and one can construct a 3D 
dose distribution [50]. However, with increasing complexity there are 
more variables, each with a degree of uncertainty that could preclude 
meaningful clinical interpretation.

The purpose of this scoping review is to investigate the literature to 
date regarding the clinical application of IVD in gynaecological 
brachytherapy to understand its challenges as well as the steps required 
to facilitate integration into clinical practice.

There are a variety of dosimeters available to provide measurement 
in vivo during brachytherapy. The characteristics and types of dosimeter 
currently available are summarised in Table 2. Unsurprisingly, there is 

no ideal dosimeter; each dosimeter is selected depending on the specific 
scenario and or what might be available in the clinical setting at the 
time.

Methods

There has been extensive work demonstrating feasibility of in vivo 
dosimeters in phantoms for brachytherapy. However, translation into 
the clinical setting is lacking due to labour intensive commissioning and 
practical challenges of delivering IVD in a clinically meaningful and 
precise way.

A literature search was performed in July 2023 using the OVID 
platform to search Medline and EMBASE databases. The search strategy 
employed was a combination of ‘brachytherapy’ AND ‘in vivo dosim-
etry’ (see Fig. 2).

Reference lists of included studies were reviewed for further studies.
Limits to the search were applied to exclude: 

– studies carried out in non-gynaecological tumour sites only (studies 
containing both gynaecological and non-gynaecological work were 
included)

– studies carried out in phantoms only
– abstracts, reviews, editorials and letters

Results

28 studies were included after screening. Table A.1 summarises the 
studies identified (see Supplementary materials). The majority of studies 
(n = 20) investigated IVD in cervical cancer. Other gynaecological 
malignancies evaluated included vaginal (n = 3) and endometrial cancer 
(vaginal cuff) (n = 5); two studies did not specify tumour subtype.

Most studies (n = 26) used HDR brachytherapy. One study delivered 
pulsed dose- rate (PDR) [43] and one used medium dose-rate (MDR) 
[32]. Eighteen studies used Iridium-192 (192Ir), seven studies used 
Cobalt-60 (60Co), one used Caesium-137 (137Cs) and two did not specify 
the source used.

In-vivo dosimeters

Three studies used OSL dosimeters [18,31,43]. Of these, two studies 
used α-Al2-O3:C NanoDot OSL and one study used a dual RL/OSL 
dosimeter. One study used a Radio-Photoluminescence Glass Dosimeter 
(RPLGD) [37]; five studies used MOSFETs [21,22,28,29,35] with one 
study using a microMOSFET and two using MOSkins; three studies used 
a plastic scintillator detector (PSD) [17,19,27]; one study used an ion-
isation chamber [36] and 13 studies used a semiconductor diode 
[16,20,22–24,26,30,32,33,38,39,41,42].

Detector position and geometric accuracy

The dosimeter positions selected included the rectum (n = 23), 
bladder (n = 9), vagina (n = 2), perineal skin (n = 1) and within the 
applicators or interstitial catheters (n = 4).

The majority of studies (n = 23) focussed on OAR dosimetry due its 
clinical relevance in relating measured dose to bladder and rectal 
toxicity. Placement of dosimeters within the target volume was less 
common, likely due to the increased need for precise placement due to 
greater proximity to the source.

Dosimeters were often inserted at the time of the applicator implant. 
Post-insertion the dosimeter position was verified using orthogonal x- 
ray images (n = 8), CT imaging (n = 10), and fluoroscopy (n = 5).

Quality indicators for brachytherapy in cervical cancer
The European Society of Gynaecological Oncology (ESGO) and the 

European Society for Radiotherapy & Oncology (ESTRO) summarise the 
dose constraints and targets for cervical cancer (Table 3). These 

Table 1 
AAPM Task Group 100 classification of terminology for severity of error in 
radiotherapy [3].

Term Description of 
error margin

Outcome Risk

Wrong 
distribution

5–10 % deviation Reduced tumour control, increased 
likelihood of grade I-II late toxicities

Very wrong 
distribution

10–20 % deviation Tumour recurrence, increased 
likelihood of grade III-IV late toxicities

Wrong location 3–5 mm Reduced tumour control, increased 
likelihood of grade I-II late toxicities

Very wrong 
location

>5mm Tumour recurrence, increased 
likelihood of grade III-IV late toxicities

Wrong absolute 
dose

5–10 % 
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constraints can be extrapolated to other gynaecological malignancies 
because the dose-fractionation schedules (typically 45–50.4 Gy in 25–28 
fractions (1.8 Gy/fraction) with brachytherapy between 28–36 Gy in 
4–6 fractions (6–7 Gy/fraction)), the histological subtype (predomi-
nantly squamous cell) and the anatomical location i.e. the female pelvis 
are the same as for cervical cancer. Additionally, these are relatively rare 
cancers with limited prospective randomised trial data investigating the 
role of brachytherapy (monotherapy or in combination with EBRT) in 
their management.

These constraints are defined to reduce the risk of radiation related 
toxicities; the 3-year rectal fistula risk reaches 12.5 % for a D2cc > 75 Gy 
[14] and at three years the cumulative incidence of grade 2 urinary 

toxicity was 22.8 % +/− 2.9 % for doses < 80 Gy versus 61.8 % for doses 
exceeding 80 Gy. The bladder trigone dose most accurately predicts late 
urinary toxicity [15].

Strategies to improve geometric accuracy
Due to steep dose gradients brachytherapy creates heterogeneity 

across a target volume. With a linear source the dose gradient at 4 mm is 
approximately 50 %/mm decreasing to 6 %/mm at 20 mm and 5 %/mm 
at 35 mm respectively [12]. The placement of a dosimeter is therefore of 
great importance as a slight displacement can have a large impact on the 
measured dose and interpretation of clinical effect. The dosimeter un-
certainty threshold is inversely proportional to its distance from the 

Fig. 1. An example of brachytherapy clinical workflow with potential error points at each step. The grey highlighted errors could be potentially addressed by 
IVD [12].
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source; dosimeters placed close to the source require even greater ac-
curacy (within millimetres) in order to correctly identify true dose de-
viations [11]; in order to achieve this, technical skill with accurate and 
timely imaging is required. The interval between imaging and treatment 
delivery should be as short as possible to reduce the opportunity for 
movement. High resolution imaging allows accurate reconstruction of 
applicators and dosimeter identification. The site of placement needs to 
be reproducible, not cause additive patient harm and in a place of 
clinical relevance e.g. OARs or within the HR-CTV.

Location

In the studies reviewed, dosimeter location was selected to provide 
dose verification in a position of clinical relevance; this could allow for 
correlation with toxicity and tumour control probability to be 
investigated.

Rectum
In all studies rectal dosimeters were placed within the rectal cavity. 

The rectum was the most common site selected for IVD. Seventeen 
studies used a rectal probe (eight used the PTW 9112 rectal probe) or 
tube, four papers used a rectal catheter and two studies used a rectal 
retractor [16,17,20–26,28,30–42].

Bladder
For bladder dosimetry, the measured dose was recorded by insertion 

of a dosimeter into a urinary Foley catheter, which is routinely inserted 
during the implant [17,20,21,25,32,34,37,38,42].

Vaginal applicators and interstitial catheters
Four studies assessed dose within the applicators or interstitial 

catheters [19,27,29,43] and two studies assessed vaginal dose with 
dosimeter placement on vaginal applicators [17,37]. Although it is more 
challenging to measure the dose close to the source it is important to 
confirm that prescribed doses are delivered within the target (and pro-
vide a proxy for the dose delivered to the target volume).

Customisation of dosimeters

Simple yet innovative methods of dosimeter customisation are 
described to minimise uncertainty and allow for clinically relevant po-
sitions to be reached. Typically, the studies have adapted required 
equipment to prevent potential added harm to patients.

Rectum
One study used a rectal retractor and created a groove slot for a 

NanoDot OSL [31]. This was then covered with a latex sleeve taped to a 
metal rod to keep the detector clean and reduce movement. The groove 
helped to ensure the correct surface of the dosimeter surface was facing 
the source and avoided the need for angle corrections. Another approach 
was to place a semiconductor rectal probe at 100 mm into the rectum, as 
identified by a marker on the external surface of the diode [22]. The 
same study placed a MOSkin anterior to the third rectal diode, 50 mm 
from the probe tip to provide a separate reading. Encapsulation of do-
simeters was also carried out to protect from mucus contamination or 
other bodily fluids, which could affect readings [37].

Bladder
Dosimeters used for bladder dosimetry were typically arranged in a 

linear arrangement and threaded through a supplementary lumen of the 
urinary catheter; most commonly through the balloon port. Whilst 
customised 3-way catheters created for IVD are available [17], in most 
cases standard catheters proved sufficient. Spacer inserts allowed do-
simeters to be placed at specific lengths [34]. When loading with do-
simeters occurred outside of the operating room, catheters required 
repeat sterilisation prior to insertion. Although this did not impact the 
treatment delivery time, there was a significant pre-treatment workload 
impact [25].

Interstitial catheters and applicators
Vaginal cylinders used for vaginal vault brachytherapy (VBT) were 

customised for IVD by drilling a customised groove on the applicator 
surface [27] and when interstitial catheters were sited any unused 
needles were utilised for dosimeter placement [29]. Measures taken, or 
lack thereof, to prevent incorrect connection of the afterloader to the 
dosimeter catheter were not discussed. It is important that this is 
considered due to the potential risk of the source getting stuck in the 
catheter loaded with a dosimeter. MicroMOSFETs were able to be 
advanced through an interstitial catheter without additional impact on 
the patient and placed in a timely fashion (<1 min) [29]. Advancing 
microMOSFETS to the end of the catheter ensured reproducibility. This 
was achieved with the polyamide cable attachment, which also con-
nected to a portable reader for real-time dose readout. Whilst some 
studies had reported uncertainty regarding the angle of the micro-
MOSFET within the catheter, this could be corrected by using a clip fed 
through the cable which fixes to the interstitial catheter in a specific 
orientation.

Image optimisation

3D imaging is an essential component of brachytherapy and inter- 
fraction imaging is required for gold standard adaptive treatment 

Table 2 
Qualities of dosimeters suitable for IVD.

Dosimeter Thermoluminescent 
Dosimeters (TLDs)

Semiconductor 
Diodes

Metal oxide 
semiconductor field 
effect transistor (MOSET)

Radioluminescence 
(RL)

Plastic 
Scintillator 
Detector (PSD)

Optically Stimulated 
Luminescent 
Detectors (OSL)

Advantages − Small 
− High Sensitivity 
− No angular dependence 
− Dynamic range 
− Low cost 
− Well studied system

− Variable size 
− High sensitivity 
− Dynamic range 
− Simple 
calibration 
− Reasonable cost 
− Online 
dosimetry

− Very small size 
− High sensitivity 
− Dynamic range 
− Low cost 
− Online dosimetry

− Very small size 
− Very sensitive 
− No angular 
dependent 
− No energy 
dependence 
− Dynamic range 
− Online dosimetry

− Very small size 
− No angular 
dependence 
− No energy 
dependence 
− Online 
dosimetry 
− Simple 
calibration

− Stable 
− No directional effects 
− Dose rate 
independent

Disadvantages − No on-line dosimetry 
− Energy dependent 
− Requires calibration and 
preparation for read-out

− Energy 
dependent 
− Angular 
dependence

− Energy dependent 
− Angular dependence 
(due to epoxy resin bulb) 
− Limited lifespan (20,000 
mV)

− Frequent 
recalibration 
− Stem effect 
− Not commercially 
available

− Stem/ 
Cherenkov effect*

− Stem/Cherenkov 
effect*
− Need a laser reading

* Stem effect = unwanted light generated in the fibre cable upon irradiation.
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[45]. Imaging also provides the opportunity to verify dosimeter position 
relative to the applicators and patient anatomy. Dosimeters should 
therefore be radiologically visible or alternatively placed in close 

relation to a radiographic marker. The latter option is less desirable as 
this increases uncertainty regarding position.

CT imaging has been shown to allow accurate identification of 

Fig. 2. PRISMA flowchart of study identification and inclusion.

Table 3 
Brachytherapy dose volume histogram target for the high risk clinical target volume (CTVHR), rectum and bladder adapted from ESGO/ESTRO quality indicators for 
radiation therapy of cervical cancer, Chargari et al (2023) [13].

Target Dose D90CTVHR 

EQD210

D98CTVHR 

EQD210

D98GTVres 

EQD210

D98CTVIR 

EQD210

Minimum dose constraint (optimal 
constraints)

>85 Gy 
(>90 and < 95 
Gy)

>75 Gy 
(>80 Gy)

>90 Gy 
(>95 Gy)

>60 Gy 
(− )

 

OARs Rectum D2cm3 

EQD23

Bladder 
D2cm3 

EQD23

ICRU rectovaginal point 
D2cm3 

EQD23

ICRU bladder point 
D2cm3 

EQD23

Bowel 
D2cm3 

EQD23

Sigmoid 
D2cm3 

EQD23

Maximum dose constraint (optimal 
constraints)

<75 Gy 
(<65 Gy)

<85 Gy 
(<80 Gy)

<75 Gy 
(<65 Gy)

<85 Gy 
(<75 Gy)

<75 Gy 
(<65 Gy)

<75 Gy 
(<70 Gy)
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dosimeters between 0.4 to 3.2 mm, with an average of 1 mm inter- 
observer variation. Sharma et al found that with a distance of 3 cm 
between source and NanoDot dosimeters on a rectal retractor the mean 
dose gradient was 0.12 Gy/mm for a tandem and ovoid treatment; based 
on this an absolute dose difference of 0.05 Gy-0.39 Gy between 
measured and calculated dose was found to occur simply due to the 
discrepancy in identifying the dosimeter position accurately [31]. 
Consensus on the impact of this dose difference is lacking and needs to 
consider individual clinical, biological and treatment factors. Novel 
digital tools such as EviGUIDE [46], which models TCP and normal 
tissue control probability (NTCP) for patients having brachytherapy for 
locally advanced cervical cancer can help guide this process provided 
there is real time data exchange between EviGUIDE and TPS.

In some cases use of multiple imaging modalities at different points 
in the treatment pathway can improve accuracy of position verification. 
Examples include fluoroscopic and in-room cone beam CT (CBCT) im-
aging [18]. However, extra radiation exposure needs to be justified and 
one has to be mindful of its potential proportional effect on passive 
dosimeters. Dedicated in-room imaging is an attractive option, which 
minimises the need for patient transfer and reduces opportunity for 
geometric shift. Furthermore, use of hybrid imaging and treatment 
apparatus can reduce plan-to-treatment time thereby minimising time 
for anatomical shifts to occur. Reduced movement can improve agree-
ment between the TPS and IVD.

One study found that the diode dosimeters can cause a scattering 
artefact making it harder to discriminate between tissues when con-
touring [26]. It was acknowledged that this may lead to a larger target 
volume, and in turn, unnecessarily higher dose to OARs. It was also 
noted on imaging that the rectal IVD probes can push the rectal wall 
towards the applicators potentially increasing rectal dose [26]. Jaberi et 
al (2022) also reported careful use of rectal probes with micro silica 
TLDs on the surface to avoid pushing the anterior rectal wall closer to 
the target volume [25].

Placing dosimeters into the balloon port lumen can aid visualisation 
of dosimeters as radiopaque agents such as meglumine compound [25]
or urographine [32] can be injected into the lumen. In centres that do 
not have or use 3D imaging such measures still allow visualisation using 
x-rays.

Dosimeter fixation

In addition to customisation, dosimeters require fixation to minimise 
movement following insertion in the desired position; the studies 
reviewed describe some of the approaches that could be taken to address 
this issue.

Rectum
Dosimeters can be sutured into position for example within the 

anterior rectal wall. One study used a rigid rectoscope to place the 
dosimeter and did not report any adverse side effects [37]; however, 
how this was assessed was unclear. Using routine equipment to also fix 
dosimeters minimises additional instrumentation and potential harm for 
the sake of dosimetry. Similar to fixation of applicators, packing and 
adhesive tape has also been used to stabilise dosimeters [22,30,35]. 
Despite these measures, significant movement can still occur and gross 
visual checks are also valuable prior to treatment.

Bladder
Although a urinary catheter offers an opportune conduit for dosim-

eters, fixation can be difficult as the catheter can freely float within the 
bladder and is influenced by bladder filling. Traction to hold the catheter 
balloon at the bladder neck is a reproducible location [25]. This can then 
be secured using an external attachment, which can be placed on the 
imaging and treatment couch, or adhesive tape securing the catheter to 
the patient’s external surface [34,35]. A complicating factor is that the 
interstitial catheters can pierce the catheter balloon leading to catheter 

and dosimeter migration. One study tackled this problem by suturing the 
catheter to the urethral orifice [37]; toxicity and impact on patient 
comfort was not discussed. Whilst there is some data to demonstrate 
safety and efficacy, this technique requires technical expertise to pre-
vent long term complications [47].

Applicators and interstitial catheters
It can be difficult to identify the sensitive component on imaging of 

some dosimeters or correlate a measurement with the precise point 
across the dosimeter. Using pre-set windows and setting a range lock to 
contour the dosimeter within specific Hounsfield units has been used 
with PSD. The calculated dose was then obtained for the dosimeter itself 
as the minimum dose covering 90 % of each PSD contour to reduce 
uncertainty from imaging artefact [19].

Dosimeters placed within interstitial catheters cannot easily be 
distinguished from catheters and so alternative measures such as 
advancing the dosimeter to the catheter tip or placing dosimeters along 
the whole length of the catheter can mitigate for this.

Calculated versus measured dose

The studies identified compared calculated to measured dose devi-
ation. Some studies quantified this in terms of the range, mean and 
standard deviation, whilst others have built upon uncertainty analysis 
and the AAPM definitions of dose deviation based on 5–10 % 
increments.

Rectum
The percentage dose difference between calculated and measured 

range was large across all studies (range − 85 % to +50 %) with a modest 
mean (− 8.3 % to +11.0 %) and standard deviation (Tables 4 and 5). 
Semiconductor diodes were the most commonly used dosimeters; in all 
studies a flexible PTW probe (Type 9,112 from M/S PTW, Germany), 
which comprises of five semiconductor diodes with 1.5 cm spacing; 
readings were taken from each diode along the length of the rectum; this 
could explain the variability between calculated and measure dose 
[16,20,22–24,30,32,33,38,39,41,42]. Similar to other studies higher 
discrepancies between the calculated dose and measured dose occurred 
by a factor of 1.7 with a longer treatment planning time. Using IVD it 
was demonstrated that categorising rectal anatomy using 3D sagittal 
slices into anterior (rectum in parallel to the cervico-uterus) or posterior 
(rectum angled towards the sacrococcygeal bone) lead to lower doses in 
the latter scenario [16]. For these patients it was concluded that the 
brachytherapy team may feel more confident to increase dose within the 
target without compromising rectal constraints. Difficulties in placing 
dosimeters at the precise ICRU rectal point also accounted for variation 
between the calculated ICRU point and the proxy measured dose. 
Stronger correlation was seen when comparing measured dose to its 
corresponding calculated dose based on the dosimeter position on im-
aging [23]. Whilst one study reported ‘no untoward’ events when 
comparing IVD to TPS for rectal toxicity, data relating toxicity to 
measured dose was lacking [23]. Applicator artefact reported in some 
studies was overcome by using CT compatible applicators. Interestingly, 
one study did not find a correlation with rectal volume and measured or 
calculated dose but did find an inversely proportional relationship with 
bladder volume and rectal measured dose [24]; the mechanism for this is 
not clear. There was also a positive correlation with the positioning of 
the vaginal applicator. Movement within the rectum, internal gas and 
variation in positioning resulted in a lack of consensus and wide varia-
tion. Creating customised or 3D printed conduits, which can sit 
comfortably within the rectum and hold dosimeters against the anterior 
rectal wall represent one strategy to tackle this.

Bladder
Four studies reported on bladder dosimetry using IVD (Table 6) 

[25,32,38,42]. Three studies found a lower measured dose compared to 
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Table 4 
Studies comparing difference between calculated and measured dose reporting the range, mean and standard deviation for rectal in vivo dosimetry.

Study Detector Range (% or Gy) Mean 
(% or 
Gy)

Standard 
Deviation 
(%)

Median Comments

Johan et al 
(2023) [16]

Semiconductor diode − 19.5 % to + 24.0 
%

0.7 % +/− 9.1 % − −

Jamalludin et al 
(2020) [22]

Semiconductor diode − 16.4 % to + 14.9 
%

3.2 % +/− 10.1 % − −

Villafuerte et al 
(2020) [23]

Semiconductor diode +0.05 % to + 50.3 
% 
(0.02–1.9 Gy)

0.19 Gy − − p = 0.1578 (− 0.78 to 0.46) no sig difference between 
rectal dose in vivo max and ICRU rectal

Sharma et al 
(2013) [31]

OSL − 14.9 to + 13.7 % − − − −

Jaberi et al 
(2022) [25]

TLD − − 8.3 % +/− 19.5 % − −

Bergau et al 
(2020) [24]

Semiconductor diode 0.00 to 6.74 Gy 0.59 Gy − − Absolute differences

Carrar et al 
(2017) [28]

MOSFET − − 2.2 % +/− 6.9 % − 

Van Gellekom et 
al (2018) [29]

MOSFET − 3 % +/− 14.0 % − Disregarding the eight measurements with the large 
difference, the mean and standard deviation decrease 
to respectively 1 % and 5 %.

Allahverdi et al 
(2012) [33]

Semiconductor diode –22.0 to + 39.0 % 6.5 % − − 

Toossi et al 
(2012) [34]

TLD 1.72–18.55 Gy 7.62 Gy − − 

Nose et al 
(2008) [37]

RPLGD − 11.1 Gy to + 0.5 
Gy

− − − 0.7 Gy Compatibility ratio between measured and calculated 
dose 0.99 +/− 0.20

Waldhäusl et al 
(2005) [38]

Semiconductor diode − 31 to + 90 % 
− 1.4 Gy to + 2.1 Gy

11.0 % 
0.4 Gy

− − − 61 % to + 156 % with an average of 29 % (range − 3.6 
to 4.2 Gy, average 1.0 Gy). 12/55 applications showed 
a lower dose in the ICRU rectum reference point and 
43/55 applications showed higher dose. Only 4/55 had 
a lower dose at the ICRU rectum point.

Eich et al (2000) 
[39]

Semiconductor diode − − − − Measured maximum doses 1.5 less than the mean 
calculated doses

Inoue et al 
(1980) [42]

Semiconductor diode − 101.5 % +/− 9.4 − −

Hayashi et al 
(2021) [18]

OSLD − 30 to + 40 % 3.9 % 12.7 % − −

Herreros et al 
(2022) [17]

PSD − − − − Planned and measured dwell times were compared in 
this study: 
− The range was − 0.5 to + 0.5 s (s), with a mean of 
− 0.003 s absolute difference between dwell times and 
a standard deviation of +/− 0.2 s 
− Median dwell times were 0.1 s and 0.060 s for first 
and last dwell position respectively

Muenkel et al 
(2021) [19]

PSD (OARtrac) − 26 % to + 19.5 % − 0.22 % +/− 5.98 %  

Soror et al 
(2021) [20]

Semiconductor 
diodes

− − − − No difference in gastrointestinal toxicity regardless of 
dose. Increased acute and later bladder toxicity 
corresponding with higher measured dose.

Alecu et al 
(1999) [41]

Semiconductor 
diodes

+/− 15 % 1.0 % +/− 5.5 % − 

Belley et al 
(2018) [27]

Nanoscintillator fibre 
optic dosimeter

− − − TLD/TPS: 1.01 (IQR 
0.98–1.04) 
NanoFOD/TPS: 1.0  
(IQR: 0.94–1.02)



Andersen et al 
(2009) [43]

RL/OSL − − <3% − 3/5 patients showing no statistically significant 
difference between calculated and measured doses for 
dose per dwell position, dose per applicator, or total 
dose per pulse. However 2/5 showed significant 
deviations for 3 individual pulses and for one 
dosimeter probe hypothesised to be related to 
applicator movement during the treatment and an 
incorrectly positioned dosimeter probe, respectively.

Shin et al (1999) 
[40]

TLD − − − − 

Zaman et al 
(2014) [30]

Semiconductor diode 8.5 % to 41.2 % 
(absolute difference 
0.3–1.5 Gy)

− − 1.4–5.4 % (0–1.4 
Gy)



Allahverdi et al 
(2013) [32]

Semiconductor − 85 % to + 36 % − 3% − − −
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the TPS [32,38,42], whilst one study found the opposite [25]. In the 
former scenarios this was related to geometric shifts and in the latter 
scenario this was thought to be due to high mass density of the micro 

silica bead TLD not accounted for by TG43. Correlating the ICRU 
bladder point was challenging as the dosimeters were placed within the 
catheters rather than on the catheter balloon surface hence measuring a 
lower dose due to increased distance from the source.

Vaginal vault
Herreros et al (2022) compared deviations in calculated and 

measured dwell time in VBT for postoperative endometrial cancer [17]. 
The absolute deviations showed a mean of 0.0 +/− 0.2 s. Of 121 dwell 
positions 10 % (n = 13) were undetectable due to stem signal affecting 
the signal–noise ratio and blurring the differentiation of adjacent dwell 
positions. The detector efficiency was > 89 % and the total deviation in 
treatment times was < 0.3 % in the 20 treatments measured. There was 
good linear agreement between planned and measured dwell times with 
all deviations < 1.5 % in keeping with other similar studies [48,49]. 
Transit time of the source in this study was not taken into account by the 
TPS because in VBT this was significantly less relative to the high dwell 
time. However, it was noted that in intracavitary or interstitial 
brachytherapy for cervical cancer this would likely be more relevant 
[44].

Bergau et al (2020) also collected data on 80 VBT (four sessions for 
20 patients) [24]. The mean of calculated maximum dose versus 
measured dose for 80 sessions was 3.95 Gy +/− 1.02 (range 1.95–9.80) 
and 3.79 Gy +/− 0.80 (range 0.34–5.40) respectively. The mean abso-
lute difference between maximum calculated and measured doses for 
each of the treatments was 0.61 Gy +/− 0.91 (range 0.01–6.61 Gy); this 
was not statistically significant.

Concurrent use of different dosimeters

Two studies used two different dosimeters as a comparator against 
the TPS [22,27].

Jamalluddin et al (2020) used a MOSkin and PTW semiconductor 
diode [22]. The MOSkins showed good agreement with the TPS in 
phantom studies with a difference between measured and calculated 
dose < 3 %. Both dosimeters showed equal variation with respect to the 
TPS (coefficient of variation 33 % and 27 % respectively) in vivo. The 
mean dose measured for the dosimeters was lower than the TPS in 
keeping with other studies. The percentage deviation was 32 % and 
absolute dose deviation was 1.0 Gy for both dosimeters. Again dis-
crepancies in dose were related to applicator shift, which was felt to 
have occurred during patient transfer, vaginal packing, and internal 
organ motion. These shifts were felt more likely to occur with increased 
time from imaging to treatment. Previous studies have shown the 
location of the MOSkin on a CT planning image to be +/− 0.5 mm. The 
total uncertainty budget for a MOSkin was 5.2 %, while dose point 
calculation uncertainty with TPS was 6.6 %. The MOSkin did record 
higher doses relative to the semiconductor diode; a consequence of lying 
closer to the source.

Belley et al (2018) treated nine women who altogether received a 
total of 30 fractions [27]. 27 fractions were suitable for evaluation. TLDs 

Table 5 
Studies comparing in vivo rectal dosimetry by categorising calculated: measured 
dose difference < 5 %, 5–10 % and > 10 % groups.

Study Dosimeter Within 5 
%

5–10 % >10 %

Johan et al 
(2023) 
[16]

Semiconductor − − 26.4 %

Singh et al 
(2020) 
[21]

MOSFET 31/50 8/50 7/50

Carrar et al 
(2017) 
[28]

MOSFET 44.6 % 44.6 % 10.8 %

Allahverdi 
et al 
(2012) 
[33]

Semiconductor 
(9112 PTW)

20 pts 11 pts 9 pts

Zaman et al 
(2014) 
[30]

Semiconductor 
(9112 PTW)

− − 3/11 (R1-R4 
diodes)

Jamalludin 
et al 
(2020) 
[22]

(MOSFET) 
MOSkin

27.8 % 27.8 % 44.4 %

Jamalludin 
et al 
(2020) 
[22]

Semiconductor 
(9112 PTW) 
RP3

16.7 % 22.2 % 61.1 %

Muenkel et 
al (2021) 
[19]

PSD 75 % 18.3 % 6.7 %

Inoue et al 
(1980) 
[42]

Semiconductor 44.8 % 
(read form 
histogram)

32.8 % * read 
from histogram

22.4 % *read 
from 
histogram)

Hayashi et 
al (2021) 
[18]

OSLD 36.0 % 31.0 % 33 %

Villafuerte 
(2020) 
[23]

Semiconductor 
diode

 − −

Belley et al 
(2018) 
[27]

nanoFOD & 
TLD

nanoFOD: 
63 % 
TLD: 70 %

nanoFOD: 26 % 
TLD: 22 %

nanoFOD:11 
% (10–20 %) 
TLD: 7 % 
(10–20 %)

Waldhäusl 
(2005) 
[38]

Semiconductor 
diodes

− 19/55 
rectumBladder 
17/29

36/55 
rectum12/29 
bladder

Sha et al 
(2011) 
[36]

Ionisation 
chamber

52/86 26/86 8/86

Van 
Gellekom 
(2018) 
[29]

MOSFET − 50/50 readings 
within < 9 %

−

Table 6 
Studies comparing difference between calculated and measured dose using the range, mean and standard deviation for bladder in vivo dosimetry.

Study Dosimeter Range (% 
or Gy)

Mean (% 
or Gy)

Standard 
Deviation (%)

Median Comments

Allahverdi et al 
(2013) [32]

Semiconductor 
diode

–22 to 
+48 %

11 % ¡ ¡ ¡

Inoue et al 
(1980) [42]

Semiconductor 
diode

− 99.5 % +/− 11.2 % − −

Waldhäusl et al 
(2005) [38]

Semiconductor 
diode

− 27 % to 
+ 26 %

4 % − − ICRU bladder reference point was underestimated by the calculated in-vivo 
dose by a range of 12 to 162 % (mean 58 %) (range 0.5 to 5.3 Gy, average 2 
Gy). All applications showed a higher dose at the ICRU bladder reference 
point.

Jaberi et al 
(2022) [25]

TLD − − 7.2 % +/− 14.6 % − −
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and a nanoscintillator-based fibre-optic dosimeter (nanoFOD) were 
compared to the calculated dose. The median ratio of nanoFOD/TPS was 
1.00 (0.94–1.02 IQR) and TLD/TPS 1.02 (1.00–1.07). On two occasions 
the dosimeters were not able to be read due to a trapped air pocket at the 
sensor tip, which was rectified subsequently by altering the method of 
sealing the nanocrystal and checking the integrity of the fibre with a 
laser point to confirm transmission. Two nanoFODs were used and 
received cumulative doses in excess of 76 Gy and 108 Gy respectively 
with no deterioration in radiation performance. The effect of the treat-
ment planning algorithm was considered: TG-43 vs TG-186 was found to 
have a small impact on the final calculated dose. As expected TG-186 
gave smaller values than TG-43, being able to account for tissue in-
homogeneity and the presence of applicator; this demonstrated better 
agreement of TG-186 with the dosimeters. 89 % of nanoFOD doses and 
93 % of TLD doses agreed within 10 % of the TPS and none exceeded 20 
% agreement. However, it was also acknowledged that in order to 
determine a dose difference threshold for intervention the uncertainty of 
both the dosimeter (nanoFOD 13.9 %) and for TPS (15.4 %) needed to be 
considered. Finally it was recognised that VBT is a simple setup as 
compared to intracavitary and interstitial implants where therapeutic 
window will be much narrower and the complexity much greater.

IVD to guide inter-fraction treatment

Only one study used initial measurement at fraction one to guide 
subsequent treatment decisions when delivering VBT [20]. In this 
retrospective study the prescription point was either the applicator 
surface or a depth of 5 mm from the applicator using two different dose- 
fractionation schedules. Moving the prescription location to the appli-
cator surface pulled dose off the rectum and bladder. Prior to treatment 
the rectal semiconductor probe was verified with X-ray imaging. In 27.3 
% of cases the dose prescription point was altered if the first fraction was 
felt to be too high. Despite reducing the depth of the dosimetry, excellent 
local control rates were maintained. In this study the dose threshold at 
first fraction for reducing the prescription depth was not defined.

Discussion

The accuracy seen in phantom studies is yet to be replicated in the 
clinical setting, primarily due to ongoing complexities including geo-
metric shift of applicators, dosimeters and internal anatomy. Common 
difficulties encountered and the corrective strategies employed for the 
clinical implementation of IVD in gynaecological brachytherapy are 
summarised in this review.

The findings from this review demonstrate the clinical utility of vivo 
dosimetry and advocate its use in brachytherapy as an independent 
verification check. However, whilst the true number of errors related to 
brachytherapy may be unknown, brachytherapy does remain a highly 
efficacious treatment and safe delivery is the norm as evidenced by 
clinical studies to date. Further work investigating the role of IVD may 
therefore also focus on guiding inter-fraction decisions to further 
improve the therapeutic ratio between target volume and OARs.

Limitations

A limitation of this review is that the studies were retrospective and 
prospective cohort studies with small patient populations demonstrating 
feasibility; the largest study comprised 121 patients. Several studies 
used imaging techniques such as orthogonal x-rays alone to verify 
dosimeter positioning and for treatment planning. Whilst these imaging 
modalities are valid, 3D planning, using CT or MRI, is considered the 
optimal modality because it allows for more accurate target delineation 
and better tumour coverage whilst still meeting dose constraints.

Imaging

Verification of IVD is achieved by radiological imaging, which rep-
resents another strategy for dose verification in itself. Similar to online 
CBCT imaging used in EBRT, one study recommended use of C-arm 
fluoroscopy to verify position just prior to treatment to mitigate against 
organ and applicator motion effects [16]. Another study found that there 
was greater agreement between calculated and measured dose in pa-
tients receiving treatment within 90 min of imaging versus more than 
90 min, with a mean dose difference of 4.7 ± 3.6 % versus 7.1 ± 5.0 % 
respectively [28]. More recently, increasing advocacy for development 
of in vivo source tracking has been discussed in the context of brachy-
therapy; Fonseca et al (2020) also described the use of electromagnetic 
tracking whereby a small sensor in the form of a coil is tracked using an 
electromagnetic (EM) field generator [50]. The coil can be tracked 
relative to the generator with a precision of under 0.2 mm. If incorpo-
rated into the source cable this would allow source tracking and be in-
tegrated into the IVD system. The RADPOS system, produced by Best 
Medical Canada, comprises a MOSFET detector paired with a position 
sensor. In their study, Reniers et al (2012) demonstrated with accuracy 
of 0.2–0.3 mm between 5–30 cm distance from the EM generator and 
dose measurement uncertainty of 5 % for a detector 10 mm from the 
source in phantom studies [51].

OARs vs target volume

Majority of the studies reviewed have focussed on IVD use for 
bladder and rectal absorbed dose with little focus on the tumour volume. 
Focus on OARs allows for quality assurance and correlates measured 
dose with acute and late toxicity. Although six studies looked at the dose 
delivered in the applicator/vaginal surface, none of the studies explored 
the dose delivered to the recto-vaginal point, which is a surrogate 
marker for vaginal stenosis. This may be due in part to the fact that the 
dose constraints to this region were developed after many of the studies 
were performed. The lack of measurements for the target volume or 
applicators is explained by the steep dose gradients about the source 
meaning that very slight shifts can lead to significant discrepancies, 
which will be difficult to interpret. Progress in this area has developed 
with the advent of increasingly small dosimeters, which can be placed 
within interstitial catheters. Whilst placing a dosimeter within a catheter 
is one means of ensuring the dosimeter location, movement of the ap-
plicators between imaging and treatment still introduces uncertainty.

Current and future status of IVD in gynaecological brachytherapy

Despite recognition of its value, uptake of IVD in brachytherapy is 
lacking globally. The 2008 ‘Towards Safer Radiotherapy’ reported IVD 
use to be between 30–40 % at the beginning of treatment in the UK 
referring only to EBRT [52]. In Denmark, Sweden and France it is a legal 
requirement to incorporate IVD alongside EBRT for independent veri-
fication but its role in brachytherapy is less clear [12,52]. Patterns of 
care studies carried out in the early 2000 s, showed that in Latin America 
19 % of centres used IVD and in Japan a reported 30–40 % used IVD in 
the context of rectal dose monitoring between 1999–2001 and 
2003–2005 [53]. However it is not clear what systems are used and what 
impact this has on error identification and treatment delivery. In 2020, 
ESTRO established a task group to facilitate the use of in vivo dosimetry 
in brachytherapy and to work toward defining thresholds for error 
detection and treatment adaptation. Larger studies will allow for the 
clinical utility, or lack thereof, to be realised as well as relevant action 
levels and clinical thresholds to be defined. In addition to dose verifi-
cation, IVD could be used to adapt treatment inter-fractionally to reduce 
OAR and or escalate dose to the target volume. This is yet to be fully 
explored in the modern era of gynaecological brachytherapy and may be 
of particular importance in the context of re-irradiation.
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Conclusion

The studies reviewed have demonstrated proof of principle for IVD in 
the clinical setting for quality assurance. Whilst inter-fraction dose 
adjustment using IVD may be potentially more useful, clinical applica-
tion for dose verification represents the first stage to advancing this 
process. Alongside this there is an increasing focus to develop IVD for in 
vivo source tracking; on the one hand a more sophisticated verification 
system can circumvent the limitations inherent to time-integrated IVD, 
however, whether this translates, on a global scale, to a clinically 
meaningful and cost-effective improvement is yet to be defined. The 
incidence of cervical cancer is inversely proportional to the income 
status of a country; time-integrated IVD may be more cost effective and 
easily integrated for verification and or adaption of brachytherapy.

In combination with sustainable strategies such as a streamlined 
clinical workflow; minimising imaging-to-treatment time and sharing of 
rigorous protocols for commissioning dosimeters, IVD represents a 
powerful tool to improve brachytherapy delivery for gynaecological 
malignancies.
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