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Abstract

The application of MRI-guided brachytherapy has demonstrated significant growth during the last
two decades. Clinical improvements in cervix cancer outcomes have been linked to the application
of repeated MRI for identification of residual tumor volumes during radiotherapy. This has
changed clinical practice in the direction of individualized dose administration, and mounting
evidence of improved clinical outcome with regard to local control, overall survival as well as
morbidity. MRI-guided prostate HDR and LDR brachytherapy has improved the accuracy of
target and organs-at-risk (OAR) delineation, and the potential exists for improved dose
prescription and reporting for the prostate gland and organs at risk. Furthermore, MRI-guided
prostate brachytherapy has significant potential to identify prostate subvolumes and dominant
lesions to allow for dose administration reflecting the differential risk of recurrence.

MRI-guided brachytherapy involves advanced imaging, target concepts, and dose planning. The
key issue for safe dissemination and implementation of high quality MRI-guided brachytherapy is
establishment of qualified multidisciplinary teams and strategies for training and education.

Introduction

Magnetic resonance imaging (MRI) is an important imaging modality for management of
oncologic disease. With its excellent soft-tissue contrast, MRI is used for staging, treatment
planning, monitoring of treatment response and surveillance after treatment in many cancer
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sites. For many years, x-ray imaging, computed tomography (CT), and ultrasound (US) have
been the preferred imaging modalities for cervix and prostate brachytherapy treatment
planning. However, the last two decades have witnessed an increasing access to MRI and an
increasing use of MRI for brachytherapy treatment planning.

The cervix is among the first cancer sites where response-adaptive radiotherapy has been
successfully implemented in clinical practice. MRI at the time of brachytherapy allows the
brachytherapy boost to be individually tailored according to the residual tumor volume after
typically 40-50 Gy of external beam radiation therapy (EBRT). This new approach has
changed patterns of clinical practice with regard to dose administration (1-3), and
significant improvements in clinical outcome have already been reported from mono-
institutional settings with regard to local control, overall survival and morbidity (1; 4; 5).
Currently, there is a considerable interest in the community to implement MRI-guided
brachytherapy in cervix cancer. The step from 2D x-ray to 3D image-guided adaptive
brachytherapy is based on the development of new concepts for target definition and
reporting by the GEC ESTRO working group (6; 7). These concepts are further developed in
the upcoming ICRU report on cervix cancer brachytherapy, and recommendations from
GEC ESTRO and ABS have been published to support the implementation of the 3D
IGABT technique in an increasing number of institutions (8-11).

High quality prostate brachytherapy follows a standard six-step process; patient selection,
simulation, treatment planning, implant, post-implant assessment, and follow-up/
surveillance. Anatomic MRI provides the optimal soft-tissue delineation of the prostate from
surrounding organ structures and provides a view of the intraprostatic anatomy that is
unparalleled with either ultrasound or computed tomography. The role of MRI in each step
of the six-step process of quality assurance has still not been standardized. However, MRI-
guided prostate brachytherapy is rapidly evolving due to the technological advances in MRI
protocol sequence development for MRI-guided biopsy and staging, simulation, treatment
planning, implant, and post-implant dosimetry. In particular, MRI has been implemented
into the prostate brachytherapy procedure due to the excellent visibility of the prostate gland
and capsule in MRI as compared to CT and US (12; 13). Furthermore, the visualization of
normal tissue is superior, and incorporation of MRI into prostate brachytherapy has the
potential to improve dose assessment and to limit dose to organs at risk (OAR) (13; 14).

This paper reviews the application and status of MRI-guided brachytherapy with a focus on
gynecologic and prostate cancers, which are the major indications for MRI-guided
brachytherapy. The role of MRI for screening, biopsy, diagnosis, and staging of gynecologic
and genitourinary tumors is beyond the scope of this manuscript, and the paper will focus on
the major steps specific to MRI-guided brachytherapy: clinical application, imaging, and
treatment planning. Furthermore, the paper addresses the first promising outcome results
from MRI-guided brachytherapy, as well as the prospects of MRI-guided brachytherapy to
further improve clinical outcome.
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Clinical approach

Gynecologic cancer

Upon presentation to the physician, patients with gynecologic malignancies undergo a
thorough clinical examination and, optimally, diagnostic MRI. The most common
gynecologic diagnoses for which a pelvic MRI is obtained include cervical, vaginal and
recurrent endometrial cancer. At the time of brachytherapy, MRI can be obtained in addition
to clinical examination for assessment of response and residual tumor (Fig. 1). The
regression demonstrated by MRI after 45 Gy EBRT compared to the baseline MRI has been
shown to be a potentially significant predictor of local recurrence (15). 3D imaging,
particularly with MRI, provides a significant benefit to ensure dosimetric coverage of the
tumor and avoidance of the nearby OAR (vagina, bladder, rectum, sigmoid, and bowel) (Fig.
1)(2). The traditional use of prescription to point A may underdose tumors with significant
residual disease at brachytherapy (2), increasing the risk of a local recurrence. In contrast, in
clinical scenarios in which a small residual tumor is present, the tumor dose is typically
higher than point A dose and an unnecessarily high exposure of adjacent OAR may ensue.

3D image-based brachytherapy in gynecologic cancers has evolved to include many
different types of cancers, applicators and approaches. Centers that have access to an MR
scanner available for interventional procedures may choose a real-time approach, with
imaging used to properly position the applicator while actively visualizing the tumor (16).
The great majority of radiation centers, however, haves an MR unit in the hospital but not
necessarily in the radiation oncology department or not equipped for interventional
brachytherapy procedures. Therefore the more widely used approach is to obtain an MRI
after applicator insertion for contouring and planning purposes. US may be used during the
insertion procedure instead of MR to provide real-time visualization for proper placement of
the applicator, in particular for avoidance of perforations (17), and MRI obtained before the
first brachytherapy application may assist the planning of the implantation as well (18). CT
is the most commonly available imaging modality in radiation oncology departments, and
the most commonly used worldwide for brachytherapy imaging (19). CT allows for OAR
delineation, but CT-based target contouring shows systematically wider contours than with
MRI (20). This uncertainty limits the degree of dose optimization possible, in particular in
large tumors with parametrial invasion. Therefore, MRI remains the gold standard for
delineation of target structures in image-guided brachytherapy.

The importance of performing repeated MRI in brachytherapy depends on tumor size and
the timing of brachytherapy (21-23). If brachytherapy starts early, while shrinkage from
EBRT is still an essential factor, the use of MRI for each fraction has a higher impact
compared to scenarios where brachytherapy is applied towards the end of EBRT (24). Given
the availability of CT, one paradigm for limiting the number of MRI scans is to integrate
information from MRI to CT by registration of the MRI from the first brachytherapy
fraction to subsequent fractions planned on CT (25). Furthermore, MRI performed before
the first brachytherapy insertion can be used to assist with contouring on CT, although
fusion is not directly feasible due to distortion created by the placement of the applicator.
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Prostate cancer

The current standard of care for prostate brachytherapy simulation and treatment planning is
transrectal ultrasound (TRUS) imaging of the prostate using a TRUS probe. However, there
are several advantages to MRI simulation, including superior intra-prostatic localization of
the dominant lesion and better anatomic delineation of the apex, base, neurovascular
bundles, external urinary sphincter, bladder neck, and intraprostatic ejaculatory ducts (Fig.
3). The rapid ultrasound real-time imaging processing and accessibility of intraoperative
ultrasound imaging have limited the role of MRI for prostate brachytherapy simulation.
However, as MRI evolves, with greater acceptance for staging of the intraprostatic dominant
lesions, and extracapsular extension of disease (26; 27), MRI simulation and treatment
planning are emerging as active areas of investigation. MRI has been incorporated in the
prostate brachytherapy procedure on different levels: real time implantation guidance (27;
28), high-dose-rate (HDR) dose optimization (29) and low-dose-rate (LDR) post-implant
dosimetry (30; 31).

Real-time MRI guidance has been developed for placement of permanent sources as well as
HDR needles into the prostate gland in 0.5T and 1.5T scanners, respectively (27; 28). As an
alternative to the MRI real-time approach, which is resource demanding and time
consuming, MRI can be acquired after US-guided needle implantation to facilitate improved
dose optimization for HDR brachytherapy. This approach can be used for boosting the entire
gland or sub-volumes in combination with EBRT, as well as for HDR mono-therapy (29).
Furthermore, multi-parametric MRI has emerged as the standard imaging modality to
evaluate recurrent disease in men with a rising PSA following prostate-cancer treatment, and
has therefore also been explored for MRI-guided salvage brachytherapy (32).

The role of MRI in post-implant LDR assessment is an area of active investigation (30; 31)
due to the excellent visualization of the prostate gland. MRI-based sector analysis may also
refine and enhance quality assurance by facilitating MRI-based dosimetric markers for
disease outcome and treatment related morbidity (12). A challenge with MRI-based post-
implant dosimetry is that titanium seeds are difficult to localize due to their negative contrast
with susceptibility artifacts and are often mistaken for strands, needle tracks, or vessels (33).
Therefore MRI fusion with CT can be applied for improved seed localization (34). However,
MRI/CT-based postimplant dosimetry outside of the academic setting is not widely used.
Current real and perceived barriers include cost, inconvenience for the patient, and
suboptimal image fusion registration.

MR imaging
Anatomic MRI

GEC ESTRO recommendations on MR imaging (9) in cervix cancer advocate MRI at the
time of diagnosis and at brachytherapy with T2w sequences being the gold standard for the
purpose of target definition. Assessment of the target extension in all planes is aided by
performing para-transverse, para-coronal and sagittal imaging oriented according to the
applicator. Due to relatively long acquisition time, this approach has an inherent risk of
motion between each acquisition. Recently, 3D T2w FSE sequences with variable flip angle
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have been introduced for diagnostic imaging of the pelvis and other anatomic regions (35).
However, further studies are needed to benchmark it against the gold-standard 2D approach,
as the higher isotropic resolution comes at the price of different contrast.

For prostate brachytherapy treatment planning, T2w MRI offers optimal prostate-gland
visualization and discrimination between peripheral zone and central gland (36). However,
the sensitivity and specificity of T2w MRI for primary tumor identification has limitations in
this multifocal disease. MRI with an endorectal coil is currently the standard of care for
staging of the prostate and dominant intraprostatic lesions. However, prostate deformation
from the endorectal coil induces problems for treatment-planning purposes (37) requiring
alternative MR sequences without the endorectal coil (e.g. non-diagnostic axial T2w and/or
3D protocol sequences) (Supplementary Video 1).

Functional imaging

Intra- and inter-tumor variations such as hypoxia are relevant for radiation response in
cervix cancer. Tumor sub-volumes with poor perfusion as imaged with dynamic contrast-
enhanced (DCE) MRI have been proposed as a surrogate for hypoxia (38). However, it is
currently not clear if low-perfusion regions represent radioresistant sub-volumes, and so far
DCE MRI has not been incorporated into brachytherapy treatment planning. DWI1 at the
time of cervix brachytherapy has been applied for evaluation of the extent of the residual
GTV (39; 40) (Fig. 2).

In prostate cancer, multiparametric MRI using functional imaging such as DWI, DCE and,
less frequently, MR spectroscopy is currently being increasingly recognized as a standard in
the diagnostic setting (41). Inclusion of functional MRI for prostate brachytherapy can
improve the identification of intra-prostatic lesions, which is of particular interest for
salvage prostate brachytherapy and for subvolume boosting (42—-44).

Brachytherapy applicators and seeds: artifacts and visualization

Applicators must be MRI-compatible in order to avoid heating and mechanical tissue
injuries. Commercial solutions for prostate and gynecologic HDR and pulsed-dose-rate
(PDR) brachytherapy include non-metallic (plastic) and titanium applicators. Applicators
appear as negative contrast or signal voids in the images. However, MRI-compatible
titanium applicators induce susceptibility artifacts which depend on image sequence and
which become larger with increasing field strength. Use of intracavitary titanium applicators
for cervix brachytherapy is feasible at field strengths of 1.5 and lower. Titanium applicators
may also be feasible at 3T with spin-echo sequences (45), but DWI at 3T with titanium is
not possible due to significant susceptibility artifacts and geometric distortions.
Reconstruction of brachytherapy applicators and prostate brachytherapy seeds are in general
more challenging in MRI as compared with CT because of the lack of contrast of applicators
and seeds. Furthermore, metallic distortions lead to signal build-up which may not appear at
the exact position of the applicator, leading to potential uncertainties in reconstruction of
applicators. Additional MR sequences such as T1W (46), proton-weighted MRI (47), 3D
sequences (48) or CT (48) may be applied for improved visualization of applicator and
seeds. MRI-based applicator localization is an active area of investigation, and there is
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currently progress in the development of new sequences and reconstruction methods which
are specifically adapted to the purpose of seed and applicator visualization (49).

In gynecologic applicators, efforts are being made to exploit markers with contrast from
fluids such as CuSO4, cobalt-cloride, water, or ultrasound gel (46; 50-52). Such positive-
contrast substances may be inserted into the source channels of an intracavitary applicator or
into well-defined cavities in the applicator, such as holes in the ring or ovoids. Fluid markers
should not be applied in needles, because the needle-wall thickness is too thin to generate
sufficient contrast towards the fluid. New developments include seed localization MRI
markers for prostate brachytherapy, where a cobalt chloride complex contrast agent (C4) is
placed adjacent to the implanted seed (33; 53) (Fig. 4). These markers are awaiting clinical
testing.

Geometry and dose calculation

The spatial accuracy of MR images is crucial as distortions will directly translate into
uncertainties in source location and target/organ delineation. For cervix and prostate
brachytherapy, the relevant anatomy and applicator is in the central part of the magnet with
high homogeneity of the BO field. Patient-related susceptibility-induced distortions are
limited for spin-echo sequences (<0.8mm for gradient strengths >15mT/m at 3T (54)),
whereas titanium susceptibility artifacts may compromise image quality and geometric
accuracy significantly (see section above on applicators). Furthermore, fast imaging
techniques like echo planar imaging (EPI) techniques as used for DWI may induce
significant geometric uncertainties.

The lack of Hounsfield units is of specific concern for EBRT dose calculation, but this
problem is less pronounced in afterloading brachytherapy using high-energy sources like
192-Ir, 137-Cs, or 60-Co. The heterogeneity corrections originating from the energy
dependence of the tissue composition are modest, and the dose calculation can be based on
water according to the TG43 algorithm where Hounsfield unit information is not needed
(55). Dose-calculation uncertainties are more pronounced with low-energy 125-1 and 103-Pd
sources for LDR prostate brachytherapy due to the high-density material of the radioactive
seeds. Only recently have heterogeneity corrections become available in brachytherapy and
the field is currently in a transition period between TG43 and model-based dose-calculation
methodologies (56).

MRI-guided treatment planning

Target definition

Brachytherapy target definition in cervix cancer relies on an adaptive target concept
exploiting repeated imaging and clinical examination before and during radiochemotherapy
to individually tailor the brachytherapy boost to the residual tumor. At time of
brachytherapy and preferably with the applicator in situ, T2W imaging is used to assess the
residual GTV (GTVs), high-risk CTV (CTVQR) as well as the intermediate-risk CTV
(CTV/|R) according to the GEC ESTRO recommendations (6) and the upcoming ICRU/GEC
ESTRO recommendations. MRI improves the visibility of the target structures as compared
to CT, but target contouring still bears a major part of the uncertainties related to the image-
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guided procedure with a mean relative standard deviation of 8-10% for the GTV and
CTVhr (57-59).

In prostate cancer, a multi-observer study of MRI prostate definition suggested
improvements in anatomic delineation at both the base and apex of the prostate and rectal
wall which could reduce rectal and urologic complications. Furthermore, MRI allows for
detailed inter-prostatic anatomic information such as external urinary sphincter, dominant
lesions, and prostate gland base and apex (Fig. 3).

Dose planning

GEC-ESTRO recommendations for applicator reconstruction describe the reconstruction
procedure on MRI for both intracavitary and interstitial HDR and PDR applicators (8).
Recent software tools in treatment-planning systems have improved the identification of
rigid intracavitary applicators through application of predefined applicator geometries
including the source path (60). The source path geometry should be taken from the date
from commissioning, combined with landmarks at the applicators, which can be made
visible either via the applicator shape alone or special MRI markers. In recent seed
reconstruction investigations, CT- based reconstruction remained superior to T1-based seed
reconstruction due to manual interpretation of the seed signal voids, although MRI/CT
fusion uncertainties may considerably diminish the advantage of using CT-based
reconstruction in MRI-based planning (61).

Image registration is the combination of several image sequences/modalities from one time
point and/or sequential images from several time points. Image registration is applied for
reconstruction of applicators (8), propagation of brachytherapy target contours across image
modalities or across different time points (25), or for dose accumulation (62). Intra- and
inter-fraction movements of the tumor relative to the applicator is limited in cervix
intracavitary applications (57), and therefore registration between image series should
always be performed in reference to the applicator, and registration on bone is strongly
discouraged. For interstitial implants there may be systematic movements of the needles
relative to the CTV (63), and registration should be based on soft tissue, e.g., the prostate
and urethra. The application of deformable registration in MRI guided brachytherapy
remains unclear. Deformable registration in bladder and likely also rectum seems to have
little advantage for dose accumulation (62), and may even introduce uncertainties due to
unreliable deformations. For sigmoid and bowel, dose accumulation based on rigid
registration has significant limitations (64), but there exists currently no convincing
deformable registration tool for these organs.

The ability to optimize dose distribution to target volumes and a set of OAR contours has
changed clinical dose planning practice substantially in gynecologic brachytherapy (2). For
smaller tumors there is a trend toward dose de-escalation in order to spare the OAR, whereas
for larger tumors with a bad response after EBRT and involvement in the parametria the
dose is usually increased. With the improved visualization achieved with MR, it has also
become possible to optimize the applicator geometry by using adapted applicator types or
via combination with interstitial applicators (3; 65).

Semin Radiat Oncol. Author manuscript; available in PMC 2015 July 01.
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For prostate cancer, MRI-based treatment planning for HDR and LDR treatment of the
entire prostate gland is similar to US-based planning, however with the advantage that
improved visualization of the gland improves the confidence in dosimetric parameters which
are used to assess the quality of the plan (37). Citrin et al. investigated the role of inverse
treatment planning for HDR prostate brachytherapy and concluded that application of a set
of planning dose constraints reduced uncertainties in MRI treatment planning (66).

The 3D image-guided brachytherapy dose optimization process has resulted in new
standards for use of the term prescription. Whereas EBRT and 2D based brachytherapy is
often based on dose normalization, image-guided brachytherapy with individualized dose
optimization typically does not involve normalization. Usually there is a planning aim, a set
of dose constraints for the target volumes and the OAR, which is defined for the patient
before brachytherapy. However, the final prescribed dose to the target and OARS depends
on the tumor and OAR topography, and DVH parameters for an approved plan are usually
different from the initial planning aim.

Clinical outcome of MRI guided brachytherapy

Cervix cancer

Clinical outcome for MRI-guided brachytherapy in cervix cancer has been reported by
several institutions (4; 5; 67-69). Currently, the largest available series are those reported
from Vienna (156 patients) and Aarhus (140 patients) (4; 5), with patients treated within
prospective clinical protocols by definitive 3D EBRT, concomitant chemotherapy, and MRI-
guided brachytherapy according to GEC ESTRO recommendations. The overall actuarial
local control rates at 3 years were 95% and 91% in the Vienna and Aarhus series,
respectively, and according to stage were 100% for IB, 96% for 11B and 86% for 111B in the
Vienna series. Comparisons with historical controls from each institution showed that
improved local control translated into a significant improvement in overall survival by 30%
(from 28% to 68%) and 16% (from 63% to 79%), respectively (1; 5). Both series also
demonstrated a significant reduction in morbidity as compared to the historical controls. .
The use of concomitant chemotherapy as well as more advanced detection and treatment of
positive lymph nodes have likely contributed to the improved survival, but given the
magnitude of the improvement, the change from standard 2D-based brachytherapy to MRI-
guided adaptive brachytherapy is thought to have impact on survival. The major
improvement in local control was seen in large tumors (stage I11B), where significant tumor
dose escalations of >10 Gy had been applied (1; 2), in particular through the use of needles
in patients with significant residual disease at the time of brachytherapy.

The use of MRI guidance has also demonstrated excellent results in vaginal cancer as well
as in recurrent gynecologic cancer treated with interstitial brachytherapy (16; 70; 71). With
the use of mean high total doses >80 Gy, it has been demonstrated that high levels of local
control of >90% can be been obtained (70; 71).

Prostate cancer

The major advantage of using MRI for whole-gland LDR and HDR treatment as compared
to US and CT based approaches is to reduce uncertainties and improve quality. Currently,
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the addition of MRI has not resulted in significant changes to clinical practice and dose
administration, however, dose differentiation and OAR avoidance (i.e. urinary sphincters
and rectum) has the potential to measurably impact future clinical outcomes. Improved
precision of contouring and dose assessment is the prerequisite for improved assessment of
the dose effect relationships for OARs such as e.g. the urinary sphincter (14). Significant
dose discrepancies have been found with CT- as compared to MRI-based sector analysis
(12), and the next step is to utilize the improved target-dose assessment to improve outcome
prediction.

Several investigators have considered partial treatment of the prostate gland based on
intraprostatic MRI information. Specifically, Ares et al. focused the boost radiation delivery
to the peripheral zone of the prostate in a dose-escalation study of 77 patients treated with an
MRI-guided HDR boost. The 3-year biochemical disease-free survival and disease-specific
survival rates were 87% and 100%, respectively (72). Partial volume with monotherapy was
investigated in a study with 318 patients which demonstrated less than optimal PSA failure-
free survival outcomes for favorable intermediate-risk patients (73.0% at 5 years and 66.4%
at 8 years) (32). D’Amico et al. reported that the 5-year PSA control was 95% in 196
patients with cT1c, PSA <10 ng/ml, and biopsy Gleason score 3+4 or less without perineural
invasion treated to the peripheral zone (73). An update report on MRI-guided partial prostate
brachytherapy by Nguyen et al. included 318 men with PSA <15 ng/ml, cT1c, and Gleason
score 3+4 or less and showed 8-year PSA failure-free survival rates for low- and
intermediate-risk disease of 80.4% and 66.4%, respectively (32).

In a prospective phase Il study of MRI-guided salvage brachytherapy following EBRT
recurrences for men with favorable-risk prostate cancer, Nguyen et al. reported a PSA
control rate of 70% at 4 years and grade 3 or 4 Gl or GU toxicity of 30%. It is important to
note that 13% required a colostomy and/or urostomy to repair a fistula (74).

Future perspectives

Obtaining further evidence for the significant clinical benefit of MRI-guided brachytherapy
in cervix cancer is the key to moving forward with further dissemination of the technique. In
2008, the GEC-ESTRO Gyn network initiated the “International Study on MRI-Based
Brachytherapy in Cervical Cancer” (EMBRACE, www.embracestudy.dk). EMBRACE has
recruited >1000 patients by 2013 from 30 international centers performing MRI-guided
brachytherapy. The purpose of the EMBRACE study is to evaluate and benchmark MRI-
guided brachytherapy in a prospective multicenter study. In 2010, the GEC-ESTRO group
also initiated the retrospective study retroEMBRACE, in which >800 patients treated with
image-guided brachytherapy prior to EMBRACE accrual have been included to provide
long-term outcome data for image-guided brachytherapy while the EMBRACE study data is
still maturing (Www.retroembrace.com).

MRI-guided brachytherapy in cervix cancer is an advanced technique which relies on new
applications of imaging, target concepts, and dose planning principles and the utilization of
new applicators. The implementation of high quality treatment requires a multidisciplinary
team, and appropriate expertise can only be obtained and maintained with a certain patient
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load, such as e.g. >10-15 patients per year. Recent studies show that the most important
source of uncertainty to address in the image-guided procedure is target delineation (24; 57—
59) which underlines the necessity of training and expertise as well as quality assurance in
clinical studies. A recent paper reports on a concerning decrease in the utilization of
brachytherapy in the U.S. (75). Brachytherapy was reported in only 63% of patients between
1988 and 2009, and there was a decline after year 2000. The clinical outcome was
significantly worse in patients treated with EBRT alone. Promotion of high quality treatment
for cervix cancer is clearly needed.

During the last decades, EBRT dose escalation has been demonstrated to be associated with
improved progression-free survival in prostate cancer. There are also indications that IMRT
(50.4 Gy) combined with HDR boost (21 Gy in 3 fractions) is associated with superior PSA-
relapse-free survival compared to high-dose IMRT (86.4 Gy); this is likely related to the
higher prostate dose by adding the brachytherapy boost (76). As local recurrences occur
mainly at the site of the primary lesions as the example shown in the Fig. 5a next logical
step is to consider whether inhomogeneous dose distributions, according to risk of
recurrence, may improve the balance between side effects and tumor control. Differential
dose distributions with focal boosting of primary lesions combined with whole-gland
irradiation is addressed in the ongoing randomized phase |1l FLAME trial (http://
clinicaltrials.gov/ct2/show/NCT01168479) where integrated IMRT boosting to 95 Gy is
used to escalate the dose to the primary lesion in the experimental arm. Given that the
FLAME trial shows improved outcome with focal boosting, it is attractive to consider MRI-
guided brachytherapy for the boost for a potential improved balance between OAR and
tumor dose. Further improvements in OAR sparing may even be possible by considering the
option to combine the dose escalation to primary lesions with dose de-escalation to the parts
of the prostate where macroscopic lesions are not visible. Such an approach would reflect
the differential risk of recurrence by discriminating between tissue at risk of microscopic
spread or with very small lesions and tissue with a high macroscopic tumor load.

A current limitation on the spread of MRI-guided brachytherapy in both prostate and cervix
cancer into wide clinical practice is the problem of access to MRI and the increased costs of
additional imaging. Strategies to adapt the amount of extra imaging according to the
possibilities in departments with different resources is crucial for the dissemination of MRI-
guided brachytherapy. As discussed above, such scenarios in gynecologic brachytherapy
may include MRI without the applicator in place combined with CT, or MRI for the first
brachytherapy fraction combined with CT for succeeding fractions. In prostate
brachytherapy, MRI combined with CT is currently used to improve reconstruction
accuracy. However, improved visualization of seeds and applicators can make it possible to
omit CT scans to reduce the load of imaging to the patient and to the department.

New avenues for advanced dose assessment in OARs can also be exploited with MRI-
guided cervix and prostate brachytherapy. Gastrointestinal and genitourinary morbidity as
well as side effects related to sexual function should be investigated prospectively with
validated instruments. Further refined identification of OARs and subvolumes related to
endpoints of relevance to patient quality of life are of significant interest.
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MRI-guided adaptive radiotherapy as applied in cervix cancer has significant potential for
application in other disease sites. Sites of specific relevance are those which exhibit
significant and individual response during radiotherapy, and where a focal boost has
potential to decrease the incidence of local failure and/or to limit the irradiated volume so as
to decrease morbidity. Examples of such sites are other gynecologic indications, rectum,
anal canal, lung, and head and neck cancer. Current protocols on EBRT dose escalation in
NSCLC (77) and head and neck cancer (78) are aiming for dose escalation using advanced
imaging and treatment to improve local control.

Conclusion

Mono-institutional reports indicate that individualized, adaptive, MRI-guided brachytherapy
improves the clinical outcome in cervix-cancer patients. Future efforts in cervix cancer
should be directed toward dissemination of MRI guidance through focused training and
establishment of high quality treatment in centers with multidisciplinary expertise and
sufficient patient load. MRI-guided prostate brachytherapy has improved the visibility and
accuracy of dose administration. Utilization of MRI in prostate cancer has the potential to
improve clinical outcome by allowing better identification of primary lesions and the
administration of dose according to the risk of recurrence.
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Fig 1.

Patient with FIGO stage 111B treated with EBRT and 2 fractions of PDR MRI-guided
brachytherapy. Left panel shows transverse MRI at time of diagnosis with parametrial
proximal involvement (left) and to the pelvic wall (right). At time of brachytherapy there
was still residual parametrial disease (left proximal and right distal). A combined
intracavitary/interstitial applicator (5 needles) was used. Middle and right panel show para-
transverse and coronol MRI at time of brachytherapy with the applicator in situ. The
volumes are: residual GTV (magenta), CTVQg (red), CTV|r (pink), bladder (yellow) and
sigmoid (orange). Isodoses 15 Gy (cyan) and 7.5 Gy (green) correspond to 84 Gy and 60 Gy
in terms of total EBRT and brachytherapy EQD?2.
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Fig 2.

MgRI at time of brachytherapy for a locally advanced cervical cancer patient with stage 1B2
disease treated at Dept of Radiation Oncology, Washington University, St. Louis. Left and
right panel show sagittal T2w and ADC images, respectively, obtained at 4. fraction of
brachytherapy with the intracavitary applicator in situ. At the time of imaging 13 fractions of
IMRT had been delivered with an integrated midline blocking as well as 3 fractions of
brachytherapy of 6.5Gy to point A. A significant residual GTV mass is clearly identified in
the cervix region on the ADC map (arrows). The bright signal regions on the T2w image
indicate residual GTV, but appear with less clear borders towards the surrounding tissue as
compared with the ADC map.
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Fig 3.

UIE:][rasound (US), CT, and MRI images of the base, midgland, and apex of the prostate
following LDR brachytherapy. MRI has superior soft tissue delineation of the prostate over
ultrasound and CT. Urinary irritation and bother symptoms, which are more common in
prostate brachytherapy, may be reduced with better anatomic delineation of the external
urinary sphincter (indicated in bottom right) during simulation and treatment planning.
Additionally, better anatomic delineation of the apex, base, neurovascular bundles, bladder
neck, and intraprostatic ejaculatory ducts may also improve disease outcomes and reduce
treatment related morbidity.
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Fig4.

MgRI post-implant dosimetry in prostate phantom using C4 MRI markers within strands with
1-125 dummy (i.e. non-radioactive) seeds. The positive contrast MRI markers facilitate the
localization of the implanted negative contrast 1-125 titatium seeds for post-implant MRI-
based dosimetry.
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Fig5.

Ag?5 yo male presented with a small nodule at the left base of the gland (i.e. clinical T2a),
PSA of 6 ng/ml, and Gleason Score (GS) of 7 (3+4) and was treated with a prostate
brachytherapy implant alone to 144 Gy with 1-125 (A). Post-implant dosimetry
demonstrated a V100=97% and a D90=177 Gy, however, the left midgland was not covered
with the 100% isodose line ( A). The patient’s PSA reached a nadir of 0.3 ng/ml eighteen
months after the implant. Six years after treatment he had a PSA of 2.3 ng/ml with a PSA
doubling time greater than 12 months (D). Multiparametric 1.5T MRI including T2W (B),
DWI (C), DCE (E), and ADC maps (F) localized the recurrence at the left midgland.
Metastatic workup was negative. Biopsy of the left midgland confirmed adenocarcinoma
with a GS of 7 (4+3).
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