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ABSTRACT

Introdution: Variation in shape, position and treatment response of both tumor and organs at risk are
major challenges for accurate dose delivery in radiotherapy. Adaptive radiotherapy (ART) has been pro-
posed to customize the treatment to these motion/response patterns of the individual patients, but
increases workload and thereby challenges clinical implementation. This paper reviews strategies and
workflows for clinical and in silico implemented ART for prostate, bladder, gynecological (gyne) and
ano-rectal cancers. Material and methods: Initial identification of papers was based on searches in
PubMed. For each tumor site, the identified papers were screened independently by two researches for
selection of studies describing all processes of an ART workflow: treatment monitoring and evaluation,
decision and execution of adaptations. Both brachytherapy and external beam studies were eligible for
review. Results: The review consisted of 43 clinical studies and 51 in silico studies. For prostate, 1219
patients were treated with offline re-planning, mainly to adapt prostate motion relative to bony anat-
omy. For gyne 1155 patients were treated with online brachytherapy re-planning while 25 ano-rectal
cancer patients were treated with offline re-planning, all to account for tumor regression detected by
magnetic resonance imaging (MRI)/computed tomography (CT). For bladder and gyne, 161 and 64
patients, respectively, were treated with library-based online plan selection to account for target volume
and shape variations. The studies reported sparing of rectum (prostate and bladder cancer), bladder
(ano-rectal cancer) and bowel cavity (gyne and bladder cancer) as compared to non-ART. Conclusion:
Implementations of ART were dominated by offline re-planning and online brachytherapy re-planning
strategies, although recently online plan selection workflows have increased with the availability of
cone-beam CT. Advantageous dosimetric and outcome patterns using ART was documented by the
studies of this review. Despite this, clinical implementations were scarce due to challenges in target/
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organ re-contouring and suboptimal patient selection in the ART workflows.

Organ motion with changes in shape, size and position is one
of the major challenges for accurate dose delivery in radio-
therapy (RT). The most common approach to compensate for
this motion in clinical practice has been to extend the target
with population-based margins. For tubular and hollow clin-
ical target volumes (CTV), e.g. rectum, bladder, uterus and cer-
vix, margins well above 1cm have been suggested to
maintain target coverage in the population [1,2]. Moreover,
treatment response may result in changes in the functional
properties of tissues and/or regression of the target volume,
which can cause the planned dose distribution to be sub-
optimal for the remaining treatment fractions [3,4]. As a fur-
ther complication, both the geometrical motion patterns
and the treatment response can vary greatly between
patients [4-8].

Adaptive radiotherapy (ART) was proposed by Yan et al. as
an alternative to tailor margin and dose to the individual
patient [9]. In ART, images recorded in connection to

treatment fractions are systematically used to determine
patient-specific anatomical variations for which the treatment
plan can be modified [9,10]. Independent of the clinical inten-
tions, the ART workflow described by Yan constitutes four
sub-processes; “feedback of dose from delivered fractions as
compared to the planned dose distribution (dose assess-
ment)”, “detection and analysis of variations” (commonly by
use of repeat imaging), “decision whether to adapt the plan”,
and “execution of the modified treatment plan” [9,10]. As the
fractionated treatment progresses, new measurements can
continuously be used to verify and re-adapt the treatment
plan [9,10]. In this paper we present a literature review of
clinical and in silico implemented adaptive strategies and
workflows in the context of these four sub-processes. In par-
ticular, we considered prostate, gynecological, bladder, and
ano-rectal tumors. In line with Yan et al., an ART workflow
was defined as a process where an adaptive intervention was
used as a systematic strategy on the basis of images acquired
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on- or offline. The adaptive intervention was required to
involve more than one treatment plan (including calculated
dose distribution), e.g. plan selection from a plan library,
re-optimization/re-planning or multileaf-collimator (MLC)/treat-
ment field alterations. Both external beam radiotherapy
(EBRT) and brachytherapy (BT) publications were eligible.
Papers describing systematic plan adaptations based on func-
tional/biological imaging were also allowed, as an extension
of ART to account for variations in organ motion.

Material and methods

A protocol specifying review questions and definitions of the
study objective, participants, interventions, as well as out-
come measures was composed prior to the start of the
searches to avoid bias in the review.

Paper selection

Systematic searches in PubMed were the basis for identifica-
tion of papers to review. The searches included the following
mesh terms applied to titles and abstracts of full length papers:
“(adapt* AND (radiotherapy OR radiation therapy OR radiation
treatment))”, and one of the site-specific keywords: “prostate”
for prostate cancer, “bladder” for bladder cancer, “cervi*”,
“gyn*”, "ovar*”, “vagi*” and “vulv*” for gynecological cancers,
or “rect*” and “anal” for ano-rectal tumors. The searches were
restricted to English written papers. For each site, the search
and the following paper selection (below) was performed inde-
pendently by two researchers. The last Pubmed search update
for all sites was conducted on January 26, 2015.

For each tumor site, papers identified in the Pubmed
searches were first screened on title and abstract, in order to
exclude studies lacking an ART workflow (as defined in the
Introduction section), e.g. no application of RT, reports on tar-
get definitions, outcome and prediction analysis, or comparison
of different RT delivery techniques. For the remaining papers, a
full paper screening was performed to verify that the topic was
indeed an ART workflow as defined above. Disagreements in
paper selection between the two researchers evaluating each
tumor site were discussed before final selection. If needed, an
additional senior researcher was consulted. Finally, papers
referred to by the selected studies were screened as well using
the review inclusion and exclusion criteria.

Data extraction

For all selected papers, data from each sub-process in the
ART workflow [10] was collected. This data included the type
and frequency of imaging used for identification of treatment

Table 1. Results from the PubMed searches and paper selection.

variations, the type of decision criteria used to trigger adapta-
tions, any dose prescription modifications, if the adaptations
were performed online or offline, as well as the type of modi-
fication executed (e.g. plan selection or re-planning/re-opti-
mization). For the clinical papers, additional data on the
number of patients treated with the ART protocol, the clinical
intentions behind the trials, the recorded results/gain, and
any reports on additional workload and/or quality assurance
measures for ART were also gathered.

Results
Eligible studies

The results of the literature search and screening process for
all sites are shown in Table 1. The Pubmed searches resulted
in 897 hits. Seventy-four of these papers passed both the title
and abstract screening and the full paper screening, i.e. they
contained a description of a full adaptive workflow either in a
clinical (33 papers), or in silico (41 papers) implementation.
These studies referred to additional 10 clinical and 10 simula-
tion papers that were added to the review. In total, the
review included 43 clinical studies and 51 in silico studies
(Table 1).

Study characteristics

Clinical implementations of ART were found to increase
around year 2004 for all but ano-rectal cancers (Figure 1). For
prostate cancer, a relatively low number of ART workflows
had reached clinical implementations since the year 2005, in
comparison to the vast number of in silico studies that had
been published. The opposite trend was seen for gyneco-
logical cancers, where published clinical implementations out-
numbered the in silico studies. This was largely due to the
imbalance between BT and EBRT, with EBRT contributing with
only one study to the clinical implementations but dominat-
ing the silico studies. For both bladder and ano-rectal cancers,
the number of clinical and in silico implementations were
more balanced (Figure 1, Table 1). Of the 43 publications
involving clinically implemented ART, three were multi-center
studies and the others single institutional studies, conducted
at 24 different clinics in 12 countries (Tables 2 and 3).

For the published clinical implementations of ART, 36 dif-
ferent workflows had been introduced, almost half of which
were applied to the combined treatment of EBRT and BT for
gynecological cancers (Tables 2 and 3). These workflows
could be grouped into different strategies based on timing
and type of plan adaptations: 1) on- or offline re-planning/re-
optimization; 2) online plan selection; and 3) on- or offline
MLC/field adjustments (Figures 2 and 3). Due to the rapid

Pubmed hits after title and

Pubmed hits after full paper

Site Pubmed search hits abstract screening screening (clinical/simulation) Final studies included the review
Prostate 341 177 33 (8/25) 45 (11[11-21]/34[22,58-62,67-941)
Gynecological 200 72 22 (14/8) 28 (19 [23-41] /9 [63,65,66,95-100])
Bladder 162 100 17 (10/7) 19 (12 [45-56] /7 [64,101-106])
Ano-rectal 194 114 2 (1/1) 2 (1[571/1 [107])

Total 897 463 74 (33/41) 94 (43/51)




increase in the number of clinical implementations in BT since
2005 (Figure 1), the majority of the patients included in this
review had been treated with online re-planning/re-optimiza-
tion (Figures 2 and 3, see Gynecological cancer — brachyther-
apy). For EBRT only, most patients had been treated with
offline re-planning/re-optimization (Figures 2 and 3), largely
related to early implementations for prostate cancer. The new
plan in EBRT was presented as a geometric correction of target
motion for 98% of the patients while for 2% it was a biological
adaptation to tumor regression magnetic resonance imaging
(MRI) (see Prostate cancer, Bladder cancer, Ano-rectal cancers).
For online re-planning/re-optimization with BT, tumor regres-
sion from MRI was used for >58% of the patients. However, no
implementations were found using functional properties as
feedback to ART in this review. For the online library-based
plan selection strategy in EBRT, 71% of the patients had been
treated for bladder cancer, 28% patients had been treated for
cervical cancer and only one patient had been treated for
prostate cancer. For all but the prostate cancer patient, the
library of plans had been constructed from detection of varia-
tions in bladder filling. Details of the published clinically imple-
mented ART workflows have been summarized in specific
sections for each site along with Tables 2 and 3,
Supplementary Tables S1 and S2 (available online at http://
www.informahealthcare.com), and Figures 2 and 3.

Comparisons between ART and conventional practice -
an overview

Comparison of ART to the conventional practice (e.g. popula-
tion-based margins and image-guided patient positioning)
was available in a larger fraction of the published implemen-
tations for EBRT, 63% than for BT, 18% of the reviewed work-
flows (Tables 2 and 3). Comparisons with the conventional
method was more frequently included the in silico studies
with 83% presenting such data. However, only 5% of the in
silico studies involved BT. Overall, the evaluations had large
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variations both in regard to included number of patients:
ranging from 1 to 201, as well as the number of treatment
fractions: ranging from two to a complete course of treat-
ment having daily cone-beam computed tomography (CBCT).
The results for prostate EBRT showed a greater gain from
adaptations (positive values in Figure 4A) in minimum dose
to the CTV, dose to 95% and 99% of the prostate when com-
pared to set-up based on bony anatomy than when com-
pared to set-up on gold markers. The overall largest
improvement from ART of the prostate (dose to 95% of the
prostate) was from online MLC-adaptations, though the
results were influenced by the target margins applied with
others ambiguously reporting decreased coverage from this
ART strategy. Two of the in silico studies applying online
MLC-adaptation also reported an increase in bladder dose as
compared to gold marker guided set-up (Figure 4C). In gen-
eral, for ART in prostate cancer, sparing of the rectum was
reported in all but two ART studies and rectum sparing was
generally greater than bladder sparing (Figure 4B-C). For
online plan selection, when applied to gynecological and
bladder cancers, improved coverage but the greatest impact
of these adaptations were sparing of the bowel and normal
tissue for doses higher than 45Gy in addition to reduced
irradiation of the rectum (Figure 4A-D). Sparing of the blad-
der and bowel were benefits of offline re-planning adapta-
tions for ano-rectal cancers (Figure 4C-D).

For BT, a large improvement in target coverage from ART
as compared to the conventional/old method (the
Manchester point) was reported (Figure 4A). The improved
coverage with online re-planning increased the dose to rec-
tum whereas smaller changes were reported for the bladder
(Figure 4B and Q).

Prostate cancer

ART had been used clinically for prostate cancer since 1997,
with a total of 1269 patients reported as treated at six

1988 1993 1998

2003
Year

Figure 1. Accumulation of clinical implementation and simulation studies for prostate (dark gray), gynecological (light gray), bladder (gray) and ano-rectal (black) can-
cer. Date of enroliment of the first patient were denoted for the clinical implementations (solid lines) and date of acceptance for publication of the simulation studies

(dotted lines).
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Table 2. Applied plan adaptations and reported dosimetric gains in the clinically implemented studies for external beam radiotherapy.

Study description

Study Site Pts. ART workflow Reported dosimetric gain
Beaumont (1997) [13] Prost. 10 Offline MLC re-shaping/forward N/A
re-plan
Beaumont (1997-2006) [11,12,14-16] Prost. 962 Offline re-plan with target PTV reduction of 24% (based on
motion-adapted PTV 150 pts). Dose escalation of 5%
(CRT) and 7% (IMRT) (based on
150 pts)
Toronto (2001-) [19] Prost. 33 Offline re-plan of boost with N/A
adapted PTV
Amsterdam (2005) [17] Prost. 23 Offline re-plan with motion- PTV reduction of 29%. OAR sparing
adapted PTV and rectum with rectum V65 reduced by
19%, anal wall average dose
reduced by 4.8 Gy
Pardubice (2008-2012) [18] Prost. 201 Offline re-plan with adapted CTV coverage was 99% with individ-
PTV ual margins (based on 446 pre-fr.
CBCTs from 76 pts)
Salzburgh (2009-) [20] Prost. 39 Online forward re-planning of PTV reduction of 57% in exemplified
intra-fractional motion patient as compared to IGRT
only. Full CTV coverage of intra-
fraction motion in 79% of pts
San Fransisco (2010) [21] Prost. 1 Online plan selection Reduced coverage with CTV prost
D95 > 95% in 11/17 fr. with ART
and 17/17 w/o ART. Increased
coverage of CTV lymph node
with D95 > 95% in 17/17 fr. with
ART and 13/17 w/o ART.
Increased OAR sparing with kid-
ney V20 <15Gy in 13/17 fr. with
ART and 2/17 w/o ART
Rotterdam (2011-) [41] Cervix 64 Online plan selection Reduction of bowel V99 by 26%
and 29% for the (11) pts with 2
IMRT plans in the library as com-
pared to the back-up plan
Leeds (1989-1990) [45] Bladd. 20 Offline re-plan with PTV or field N/A
adaptation
Manchester (1993) [46] Bladd. 30 Offline re-plan to new CTV N/A
position
Multi-center the Netherlands (2003-2004) [56] Bladd. 21 Offline re-planning with adapted PTV reduction of 40%. CTV coverage
ITv in 95% of follow-up CTs with
CTV fully inside the PTV as com-
pared to 90% w/o ART
Melbourne (2007-2008) [47,48] Bladd. 27 Online plan selection Increased CTV coverage with
V95 < 99% of CTV in 2.7% of fr.
compared to 4.8% w/o ART. OAR
sparing with normal tissue V45
reduced by 29%
Mumbay (2008-2009) [53] Bladd. 10 Online plan selection N/A
Eindhoven (2008-2011) [54] Bladd. 20 Online plan selection N/A
Helsinki (2009-2012) [52,55] Bladd. 10 Online plan selection Decreased coverage with CTV Dmin
<95% of prescribed dose in 11%
of fr. with ART and 4% w/o ART.
Increased OAR sparing with intes-
tinal cavity V45 reduced by
155cm? (SD = 74 cm®) (contribu-
tion of partial bladder boost
included)
Sutton (2009-2011) [49] Bladd. 25 Online plan selection Reduced PTV volume of 219 cm?
Multi-center Australia (2010-2013) [50] Bladd. 49 Online plan selection N/A
Multi-center Denmark (2012-2013) [51] Bladd. 20 Online plan selection Reduced PTV of 30% or 183 cm®.
OAR sparing with intestinal cavity
V45 reduced by 100 cm® and rec-
tum V30 reduced by 10% (blad-
der only)
Milan (2009-2012) [57] Rect. 25 Offline re-planning of dose-esca- Dose escalation to the residual
lated boost tumor (MRI) of 8.4 Gy EQD2
(18%)

Prost: prostate; bladd: bladder; rect: ano-rectum; pts: patients; N/A: not available; fr:

different institutions [11,12,13-21]. For the reviewed studies
reporting CTV extension, the volume included prostate only
in 405 patients, prostate and parts of the seminal vesicles in
649 patients and prostate, seminal vesicles and pelvic lymph
nodes in one patient. ART for prostate had been clinically

fraction; w/o: without; OAR: organs at risk; SD: standard deviation.

implemented with all three strategies of adaptation (MLC/field
adjustments, re-plan/re-optimization and plan selection),
through seven different clinical workflows (Figure 2, Table 2).
Only three of these workflows enrolled patients after year
2010 (Figure 1).
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Table 3. Applied plan adaptations and reported dosimetric gains for adaptation in the clinically implemented studies for a combination of brachy- and external

beam radiotherapy.

Study description

Study Site Pts. ART workflow Reported dosimetric gain
Vienna (1993-2000) [23,26] Cervix 181+73 Online re-plan based on visual exam- N/A
ination of in treatment CTs
Vienna (1997) [24] Endo. 16 Online re-plan based on visual exam- N/A
ination of in treatment CT/MRI
Vienna (1999-2006) [25] Vaginal 13 Online re-plan based on regression N/A
seen in treatment MRI
Vienna (2001-2008) [26,27] Cervix 156 Online re-plan based on regression Dose escalation from D90 of 90 Gy
seen in treatment MRI (SD =15Gy) to D90 of 94 Gy
(SD=10Gy)
Cambridge (2005-2007) [28] Cervix 28 Online re-plan based on regression N/A
seen in treatment CTs
Villejuif (2004-2006) [36] Cervix 45 Following Gyne GEC-ESTRO N/A
recommendations
Villejuif (2004-2009) [30] Cervix 163 Following Gyne GEC-ESTRO N/A
recommendations
Aarhus (2005-2011) [29] Cervix 140 Following Gyne GEC-ESTRO CTV coverage of D90 > 85 Gy and
recommendations OAR constraints fulfilled in 80% of
pts. compared to 27% with no ART
(evaluated for 70 pts)
Multi-center France Cervix 163+ 117 Following Gyne GEC-ESTRO The 60 Gy isodose volume reduced by
(2005-2007) [30,37] recommendations 18% with ART for intermediate-
staged pts and increased by 24%
with ART for advanced staged pts
Utrecht (2006-2008) [34] Cervix 46 Following Gyne GEC-ESTRO N/A
recommendations
Mumbai (2006-2007) [35] Cervix 24 Following Gyne GEC-ESTRO N/A
recommendations
Leiden (2007-2012) [38] Cervix 83 Following Gyne GEC-ESTRO N/A
recommendations
Toronto (N/A) [31] Cervix 43 Following Gyne GEC-ESTRO N/A
recommendations
Pittsburgh (2007-2010) [39] Cervix 44 Following Gyne GEC-ESTRO N/A
recommendations
Aarhus (2009-2012) [40] Cervix 3 Following Gyne GEC-ESTRO recom- N/A
mendations & IMRT boost patched
to BT dose distribution
Aarhus (2005-2010) [32] Vaginal, endo., 28 Following Gyne GEC-ESTRO N/A
cervix recommendations
Aarhus (2006-2013) [33] Endo. 43 Following Gyne GEC-ESTRO N/A
recommendations
Endo: endometrial; gyne: gynecological; pts: patients; N/A: not available; SD: standard deviation; OAR: organs at risk.
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Figure 2. The number of prostate (dark gray), gynecological (light gray), bladder (gray) and ano-rectal (black) patients treated with the different categories of ART
workflows. Patients treated with brachytherapy additionally marked with striped pattern.
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Figure 3. Different categories of the implemented and the simulated ART workflows: online re-planning (blue), offline re-planning (red), online plan selection (tur-
quoise), online MLC/field alteration (green), offline MLC/field alteration (violet). The workflows are plotted as percentage of the total number of either implementation
or simulation workflows. Studies concerning brachytherapy additionally marked with striped pattern. clin: clinical; sim: simulation; gyne: gynecological.

Offline field adjustments or re-plan to correct for prostate
motion relative to bony anatomy

The adaptation strategy and timing applied to the majority
(1186) of the prostate patients was offline re-plan/re-optimiza-
tion after the initial 1-2 weeks of treatment to adjust to
patient-specific prostate motion relative to bony anatomy
(Table 2, Figures 2 and 3) [11-18]. This ART strategy was used
in three single institutional studies. The earliest implementa-
tions, and the pioneers of ART for prostate cancer, were con-
ducted at Beaumont Hospital, US, where 962 patients were
treated between the years 1997-2006 [9-16,22]. The target
treated was prostate only for 42% of the patients with the
remaining 58% receiving irradiation of both prostate and
seminal vesicles. Their initial implementation, applied to 10
patients, was based on field adjustments for adaptation to
the patient-specific set-up errors detected by mega-voltage
(MV) radiographs [13]. Subsequently, the workflow was
expanded to adaptation of target shape changes through
construction of a patient-specific planning target volume
(PTV) and finally — for the majority of the patients — this PTV
was used for individualized dose escalations until reaching
the pre-set criteria for rectum and bladder constraints (Table
2) [11-16,22]. The patient-specific PTV, adapted target motion
in regard to bony anatomy and was composed of a union
formed from four delineated target volumes in the initial CTs
to account for shape - and positional changes. The union
was expanded with a patient-specific PTV margin calculated

set-up errors depicted with radiographs (Table S1) [11-12,22].
The new conformal RT (CRT) or intensity modulated RT (IMRT)
plan was made offline using the patient-specific PTV and
used for the remainder of the treatment course [13,14,22].
Offline re-plan with a patient-specific PTV correcting pros-
tate motion in treatments with set-up on bony anatomy was
also used at NKI-AVL, Amsterdam in 2005 as well as at
Pardubice hospital, Pardubice in 2008-2012 [17,18]. At
NKI-AVL, the majority of the 23 patients (75%) had irradiation
of the prostate and seminal vesicles, the remaining prostate
only [17] whereas seminal vesicle irradiation was not stated
for the Pardubice patients [18]. As the Beaumont group, the
group at NKI-AVL accounted for target position and shape
variations but detected with CBCT of the first week of treat-
ment. The average target and rectum were calculated from
variations of the corresponding points of the prostate and
rectum shapes in the repeat CBCTs and the prostate and rec-
tum of the planning CT, after bony anatomy based co-regis-
trations [17]. As the NKI-AVL group aimed for toxicity
reduction of the rectum, the new IMRT plan was optimized
using the prescription of the initial plan. The group allowed
for re-activation of the initial plan (with larger margins) if indi-
cated by the weekly CBCT used for verification of the treat-
ment. This occurred in 4% of the follow-up CBCTs [17]. The
group at Pardubice, corrected positional variations of the tar-
get in relation to the bony anatomy, analyzed from CBCTs of
the initial 10 fractions [18]. Patient-specific PTV margins were
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Figure 4. Changes in evaluation points with ART as compared to the conventional strategy for prostate (dark gray diamonds), gynecological (light gray triangles),
bladder (gray circles) and ano-rectal (black squares). Changes in target coverage is displayed in top left (A), to the rectum top right (B), bladder lower left (C) and the
bowel cavity and other normal tissues lower right (D). Studies concerning brachytherapy additionally marked with striped pattern. BA: bony anatomy; GM: gold

markers; BT: brachytherapy; fxs: fractions.

selected based on the standard deviation of the position of
the prostate in regard to bony anatomy while the average
position was applied as a shift of the isocenter. These adapta-
tions were use when optimizing the new IMRT plan used for
the remaining fraction [18].

Outcome and/or toxicity data has only been reported by
the Beaumont group, with 96% bio-chemical control after five
years for the low-risk (prostate only) and 83% for the higher
risk groups [16]. Acute rectal toxicity > Grade 2 [Common
Terminology Criteria (CTC) 2.0] was 34%, presented for a sub-
group of 331 patients [15]. Late rectal toxicity after five-year
follow-up was 21% for CTC Grade>2 and 3% for CTC
Grade >3. Late effect for the bladder was reported for 16% as
CTC Grade >2 and for 4% as CTC Grade >3 [16].

Comparisons of ART to conventional margins showed that
a larger dose escalation could be achieved through ART [11].
For the NKI-AVL patients, the adapted PTV was on average

29% smaller than the initial PTV leading to sparing of the rec-
tum (Table 2, Figure 4).

Offline re-plan and online MLC adjustments to adapt to
intra-fractional motion

Two studies used intra-prostatic gold markers in the prostate
to adapt to intra-fractional motion but with substantially dif-
ferent workflows: one using online MLC adjustments and the
other offline re-planning. The latter was applied in the study
from Toronto-Sunnybrook Regional Cancer Center, Toronto
for irradiation of the prostate and parts of the seminal
vesicles [19]. ART was employed for 33 patients to shrink mar-
gins in order to deliver a hypo-fractionated prostate boost.
Intra-fractional motion of the gold markers was detected with
kilovoltage (kV) radiographs collected pre- and post- each of
the initial 9 fractions, in addition to respiratory motion
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detected with fluoroscopic imaging in connection to the plan-
ning CT. With the gathered data the random errors were
quantified in order to calculate individualized PTVs, used for
offline planning of the hypo-fractionated IMRT boost.
The boost was delivered in the last 10 fractions with gold
marker-based set-up. No dosimetric data or comparisons with
non-ART were presented. Toxicity reports were limited to the
bladder with an incidence of acute CTC Grade 3 of 9% [19].
The other study reporting ART for intra-fractional motion was
conducted in 2009 in Salzburg [20]. As for the Toronto
patients, the prostate and parts of the seminal vesicles were
treated. MV and kV radiographs detected the location of
intra-prostatic gold markers and rigidly aligned these to the
markers in the planning CT. The obtained transformation was
used to online re-position the MLC segments of the original
IMRT plan (monitor units unchanged). The adapted fractions
were verified with MV radiographs during delivery and re-
adaptation of segments was triggered if a marker transla-
tion>3mm was detected. The verification MV images
revealed the adapted PTV to account for target motion in the
majority of the patients, but some patients needed a PTV
enlargement (Table 2). Comparison to non-ART was made for
a selected patient, showing a considerable PTV reduction
from online ART (Table 2) [20]. No outcome or toxicity data
was reported.

Plan selection for adaptation of uncorrelated prostate and
lymph node motion

A case study from University of San Francisco and the
Cleveland Clinic in 2009 used online plan selection for a high-
risk (HR) prostate cancer patient with nodal involvement in
the proximity of an abdominal kidney [21]. The switch to ART
in the last 17 of the 25 fractions was triggered by observed
acute rectal complications. The plan library consisted of five
IMRT plans generated by shifts of the prostate contour
(0.5-1.0cm) in posterior-superior direction relative to the
lymph node target in the planning CT. The plan-of-the-day
was selected from the position of the implanted gold markers
relative to the bony anatomy, as quantified by daily pretreat-
ment MV-CBCTs. The adaptations resulted in reduced prostate
but increased lymph node coverage as compared to non-ART
as well as kidney sparing (Table 2) [21].

Gynecological cancer

For gynecological tumor sites ART implementations had been
used since 1993 for treatment of in total of 1409 patients at
10 institutions and one multi-center study (Table 3) [23-41].
All but four studies focused on cervical cancer, most com-
monly staged as FIGO IIB. One study focused on locally
advanced vaginal cancer with patients mainly in FIGO stages
Il and lll, and one on confined endometrial cancers mainly
with FIGO stage IB. Two studies investigated recurrent endo-
metrial or gynecological cancer. The majority of the studies
dealt with BT alone or in combination with EBRT. The majority
of the reported ART studies used workflows based on the
Gynecological GEC-ESTRO guidelines published in 2005
(Table 3) [42,43]. Only two studies reported on ART imple-
mentations for EBRT of cervical cancer.

Gynecological cancer - brachytherapy

Early implementations of online brachytherapy re-planning
ART for gynecological BT was first implemented at the Vienna
General Hospital, Vienna, with the motivation to detect incor-
rect applicator placements and thus improve target coverage
and/or organs at risk (OAR) sparing. Online applicator adapta-
tions were performed for 181 cervix cancer patients based on
visual evaluation of the applicator placement, with the BT
dose distributions superimposed on CTs [23] (Table 3).
Gradually, the Vienna group applied similar ART strategies for
locally advanced cervix cancer, vaginal cancer, as well as
endometrial cancer, while replacing the CT images with
MRI and moving from 2D- to 3D-based treatment planning
(Table 3) [24]. Starting in 2001, MRI-based ART using re-
defined gross tumor volume (GTV), OARs as well as a HR-CTV
for re-planning of every BT fraction was applied systematically
for cervical cancer treatment (Table 3) [26,27]. The new HR-
CTV considered tumor regression occurring between the MR
images at time of diagnosis, and the MR images of each BT
fraction [26]. The re-defined structures were used for online
re-planning with an individual dose escalation limited by OAR
constraints [26,27]. With the introduction of MRI-based plan-
ning interstitial needles were available to compliment intraca-
vitary BT for coverage of large tumors [24,26]. Later, in the
years 2005-2007, the updated Vienna workflow was imple-
mented at Addenbrooke’s Hospital in Cambridge, UK, treating
28 locally advanced cervical patients [28]. Due to the
inaccessibility of MRI, this group used CTs, which led to a
slight change of target definitions as compared to the Vienna
workflow.

The results from the earliest implementation in Vienna
revealed a wrongly placed applicator in 7% of the instances
where a CT was acquired, and dose adaptation was per-
formed in 30% of the treatments, mainly to modify the rectal
dose [23]. With approximately three-year follow-up, pelvic
control of the cervical cancer was achieved in 78% of the
patients, and rates for LENT SOMA Grade >3 toxicity were
10% for gastro-intestinal (Gl), 3% for bladder, and 31% for the
vagina [23]. In comparison, three-year pelvic control for the
156 cervix patients treated with the updated workflow from
2001 was improved to 91%, and LENT SOMA Grade >3 tox-
icity was reduced to 4% for Gl, 2% for the bladder and 1%
for the vagina [27]. For these patients, the average dose to
90% (D90) of the HR-CTV was 93 Gy and the local control at
three years was 95%. For patients with endometrial cancer,
the ART workflow was feasible but only 19% of the patients
received CTV D90>the prescribed dose of 60Gy [24].
However, 92% of the patients with curative intent and who
completed treatment had local control with no reports of tox-
icity LENT SOMA (Gl or GU) >Grade 2 [24]. For locally
advanced vaginal cancer, the average D90 of the HR-CTV was
86 Gy with three-year actuarial local control of 92% and no
late side effects higher than LENT SOMA Grade 2 [25]. For the
cervical cancer patients treated at Addenbrooke’s Hospital,
86% had coverage of HR-CTV D90 of a dose equal to or
higher than the prescribed (74Gy EQD2), the deviations
caused by OAR constraints. With an average follow-up of 23
months, both the pelvic control and the toxicity was higher



than that reported by the Vienna group with 96% control
and 11% RTOG Grade >3 toxicity (abdominal pains and fis-
tula) [28].

Online re-plan using the GEC-ESTRO recommendations for
adaptation to target response

The recommendations from the gynecological GEC-ESTRO
working group, published in 2005, served to unify the BT
community through a set of target definitions and reporting
concepts facilitating implementation of image-based BT.
Relating this to an ART workflow, the GEC-ESTRO recom-
mended imaging at the time of BT for assessment of residual
tumor after response to EBRT. Subsequently three target vol-
umes were adapted to a differential risk: GTV seen at time of
BT, a HR-CTV and an intermediate-risk CTV (IR-CTV) obtained
by adding a margin determined by the amount of regression
of the HR-CTV. The BT was adapted through online re-plan-
ning prescribing different dose levels to each adapted risk
volume and allowing an individual dose escalation bounded
by the recommended OAR doses [42-44]. Twelve studies
have so far reported their experience and outcomes after clin-
ical implementation according to these recommendations
(Table 3) [29-40], 10 of which focused solely on cervical can-
cer [29-31,34-40]. The majority (674/871) of the cervical can-
cer patients underwent EBRT combined with 1-3 fractions of
pulsed-dose-rate (PDR) BT, 151 patients received EBRT and
high-dose-rate (HDR) BT and 46 patients EBRT in addition to a
combination of PDR and HDR (Table 3) [29-31,34-40]. Across
these studies, the aim was to deliver at least 80 Gy to the HR-
CTV and/or at least 60Gy to the IR-CTV. Most patients were
treated with MR-guided BT, except for those included in the
French multi-institutional study where the limited availability
of MRI caused the regression analysis and adaptations to be
based on CTs [37]. In two studies MR images were only used
in the first BT fraction and CTs used for the remaining frac-
tions [35,39]. In addition to the adaptations recommended by
the Gynecological GEC-ESTRO, a group at Aarhus University
Hospital, Aarhus, sculptured a supplementary stereotactic
boost to the BT dose distribution. In their workflow, a CT was
acquired for planning of the stereotactic dose distribution
additional to the MR images at each BT fraction [40].
Following intracavitary BT complimented by interstitial nee-
dles, the IMRT boost was planned offline with the applicator
still in place. This workflow was applied to three patients with
either large tumors or challenging anatomy for delivery of a
high dose (>70Gy) to the entire HR-CTV plus 3 mm margin,
with a greater contribution of the dose from the boost to the
distal regions of the target. The boost was delivered at the
linear accelerator, following CBCT-guided set-up based on
applicator position. The workflow greatly improved dose
coverage of the HR-CTV and with 1-3 years of follow-up,
none of the patients had recurrences and only one patient
experienced CTC Grade 3 toxicity (pelvic pain) [40].

The studies of cervical treatment following the gyneco-
logical GEC-ESTRO guidelines reported the planned D90 for
both the HR- and IR-CTV in 42% while D90 for only HR-CTV
was provided in 33% of the studies. The average D90 to the
cervical HR-CTV was 80 Gy (range: 67; 92 Gy) while D90 of IR-

ACTA ONCOLOGICA . 951

CTV was 64Gy (range: 59; 68 Gy). Actuarial local control at
2-3 years in the studies ranged from 88% to 95%. Actuarial
toxicity scored as Grade 3 or worse for any normal tissue
ranged from 0% to 9% at 2 or 3 years. In comparison to the
standard technique (point A) Charra-Brunaud et al. and
Lindegaard et al. both reported superior outcome and toxicity
profiles through the adaptations in the GEC-ESTRO guidelines.
In the French multi-center study reported by Charra-Brunaud
et al. the increase in local relapse-free survival at two years
from the adaptations as compared to the standard BT varied
between the risk groups. For the IR group the local relapse-
free survival increased from 85% to 93% whereas the highest
risk group had a smaller increase, from 74% to 79% [37].
Toxicity reported as CTC Grade >3 was decreased from 13%
to 9% and from 23% to 3% for the IR and HR group, respect-
ively [37]. Lindegaard et al. reported actuarial pelvic control at
three years being increased from 76% to 85%, while toxicity
RTOG Grade >3 decreased from 10% to 3% with adaptive BT
as compared to standard BT [29].

Extrapolating the GEC-ESTRO guidelines to other gyneco-
logical cancers, the Aarhus group applied the adaptations in
BT to 28 patients with advanced vaginal, endometrial or cer-
vix cancers treated with laparoscopic guided PDR BT as well
as 43 recurrent endometrial patients treated with intracavitary
BT [32,33]. Both studies used a prescription dose of 80 Gy and
60 Gy to the HR- and IR-CTV, respectively. All patients in these
studies completed treatment and both studies reported an
actuarial local control at two years of 92% with no acute CTC
Grade 3 toxicity. Gl complications were the most common
morbidity, with a higher risk for Grade 3 complication in the
latter study with patients treated for recurrent endometrial
cancer [32,33].

Gynecological cancer - EBRT

Online plan selection adapting for shape and positional
changes of the cervix-uterus

An ART workflow based on daily plan selection from a plan
library to accommodate for variations in position and shape
of cervix-uterus had been applied to 64 cervical cancer
patients since 2001 at the Erasmus Medical Center, Rotterdam
[41]. All patients were treated in prone position with a belly-
board and had markers implanted in the lower part of cervix
for the purpose of image guidance. The plan libraries consist-
ing of motion-adapted IMRT plans and a 3DCRT back-up plan
were generated prior to the fractionated treatment. For plan-
ning, individualized cervix-uterus internal target volumes
(ITVs) were produced from patient-specific motion models
using the correlation in bladder filling and cervix-uterus
shape. This correlation was derived with deformable registra-
tion of the delineated target in two planning CTs, with an
empty and a full bladder [7]. Initially, the individualized libra-
ries contained one IMRT plan, based on an ITV capturing cer-
vix-uterus shapes for all bladder fillings but later patients
exhibiting large cervix motion (pre-set criterion) had two
IMRT plans, each covering a subset of possible bladder fil-
lings, in their library. All patients had markers implanted in
the lower part of the cervix, to aid the daily plan selection
based on CBCT. Implementations were successful, with the
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back-up plan used in less than 20% of the fractions. In the later
implementations, 11 of 29 patients were selected as needing
two ITVs to account for their extensive cervix-uterus motion.
For those patients dosimetric comparisons showed ART to
reduce high dose to bowel cavity [41] (Table 2, Figure 4).

Bladder cancer

ART was introduced for bladder cancer already in 1989 and
so far 302 patients have been enrolled in clinical ART from
seven different institutions and three multi-center studies
[45,56]. The majority of the patients had been treated with a
uniform dose to the whole bladder [45-53], while 46 patients
had received a boost of the bladder tumor [52-56] and nine
had received partial bladder treatment [52,56]. In total 36
patients had the pelvic lymph nodes included the treatment
[51,55,56]. Three different ART strategies had been used in
the ART implementations (Figures 2 and 3).

Offline field adjustments and re-plan for varying bladder
shape and position

Offline field adjustments were used in the two earliest stud-
ies. The first study was conducted in 1989-1990 at Yorkshire
Regional Center for Cancer Treatments, Leeds including 90
patients while the second study was conducted in 1993 at
Christie Hospital, Manchester with 30 patients (Tables 2, S1)
[45,46]. Both studies used CTs to detect deviations and to
decide upon adaptations. From visually comparing the blad-
der shape mid-treatment and the treated volume, Sur et al.
found 20% of the patients with a change in bladder shape,
and 40% of these patients subsequently had the treatment
fields of the CRT plan adjusted. No difference in outcome
between the adapted and the non-adapted patients was
noted [45]. Turner et al. applied an adaptation criterion for
the bladder wall at mid-plane extending beyond the 95%-iso-
dose in the weekly CTs. This triggered a new CRT plan in 7%
of the patients [46].

One of the implementations for bladder cancer used off-
line re-planning based on an ITV derived from the CTs
acquired in the first week of treatment [56]. Similar to their
workflow for prostate cancer (see section Prostate cancer), 21
patients were treated in a joined feasibility study from the
Academic Medical Center, University of Amsterdam and NKI-
AVL Hospital, Amsterdam in 2003-2004 [56]. The adapted
3DCRT plan used an ITV accounting for target motion relative
to the bony anatomy by forming a union of all partial bladder
GTV contours delineated in the daily CTs. The new plan was
used from the third week, continuously evaluated by repeat
CTs and allowing re-activation of the initial plan in case of
sub-optimal coverage in two successive CTs [56]. The authors
reported a smaller PTV but improved target coverage with
ART as compared to the initial plan (Table 2, Figure 4A).

Online plan selection based on a single or multiple
plan CTs

The remaining studies on plan adaptations in bladder cancer
used online plan selection (Table 2, Figure 3). At Tata

Memorial Hospital, Mumbai in 2008, several PTVs were gener-
ated by expanding the CTV in the planning CT by isotropic
margins of 5-30 mm in 5mm steps, yielding a library consist-
ing of six IMRT plans. The plans of the library were generated
either with a simultaneous integrated boost to the suspicious
tumor area or with homogenous irradiation of the bladder.
The plan-of-the-day was selected after registering the bony
anatomy and bladder (manually) of daily MVCTs to the plan-
ning CT. In the post-treatment MVCT scans used to verify the
plan selection, the authors observed a substantial risk of geo-
graphical miss due to intra-fractional bladder filling but no
dosimetric evaluation was provided [53].

The most common approach for plan library creation in
bladder cancer was to use 2-5 planning CTs with varying
bladder fillings, which was employed at Helsinki University
Central Hospital, Helsinki, Royal Marsden Hospital, Sutton and
Catharina Hospital Eindhoven, Eindhoven [52,54,55,59]. The
enrolled patients received a uniform bladder dose with either
conventional or hypo-fractionated regimen, simultaneous
integrated tumor dose or a hypo-fractionated partial bladder
treatment. Two planning CTs, one with full and one with
empty bladder were acquired for library creation in the stud-
ies from the Royal Marsden and Eindhoven whereas the
group in Helsinki used 4-5 successive planning CTs acquired
over 15-30minute intervals. The number of plans, 3DCRT
[49], IMRT [54,55] or volumetric modulated arc therapy
(VMAT) [52], in the libraries varied from three to six as did
the motion models to create the different ITVs. The groups in
Helsinki and Sutton both created 3-4 ITVs by expanding the
bladder volumes seen in the multiple CTs by 5-20mm
whereas the group at Eindhoven applied a deformable
motion model to derive the ITVs. The motion model used
vector fields obtained from deformable registration of bladder
contours and GTV of the empty- and full bladder CTs, after
bony anatomy-based alignment. The vector fields were inter-
and extrapolated to create six bladder ITVs with associated
GTVs. In all studies, plan selection guided by daily CBCTs
started from the first fraction. The plan-of-the-day was chosen
such that the PTV covered the visible bladder, often with a
margin for intra-fractional bladder filling. This selection was
aided by rigidly aligning the daily CBCTs to the planning CT
in addition to Lipiodol markers for patients receiving partial
bladder- or integrated boost to the GTV [52,54]. The results
from target coverage evaluation in 25 patients with post-
treatment CBCT, revealed the 95%-isodose encompassing the
CTV in 88% of the treatment fractions [49]. ART lead to PTV
reduction or sparing of normal tissue as compared to conven-
tional delivery (Table 2) [49,55]. Acute toxicity was reported
by Meijer et al. with no patient having CTCAE Grade >3.

Online plan selection based multiple plan CBCTs

A third alternative for building a plan library was to create
multiple ITVs from the bladders observed in daily CBCTs
acquired in the first 4-5 fractions of treatment. This method
had been employed in one single- and two multi-institutional
studies in Australia/New Zeeland and Denmark [47,48,50,51].
The first implementation was a pilot study involving 27
patients in 2008-2009 at Peter MacCallum Cancer Center,
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Melbourne. The study was later expanded to a multi-institu-
tional trial involving 12 RT centers in Australia and New
Zealand in 2010-2013 [47,48,50]. The Danish multicentre trial
enrolled patients during 2012-2013 [51]. All these studies
used manual segmentation of the bladder CTV in the repeat
CBCTs to generate adapted I[TVs. The Melbourne group
defined three ITVs: 1) small as the CTV with least filling or the
union of the two smallest CTVs; 2) large as the union of all
CTVs; and 3) medium as the mean of the large and small
CTVs. 3DCRT plans were generated for all these ITVs. The
group in Denmark defined the three ITVs slightly different,
with 1) small as the union of at least two bladder CTVs; 2)
large as the ITV of the initial plan; and 3) medium as the
union of all bladders in the CBCTs. For each of these ITVs, a
VMAT plan was optimized. Plan selection started in the
second week of treatment and was based on daily CBCTs in
all studies. The PTV best suited for the daily bladder volume
was selected after aligning the isocenter or bony anatomy of
the CBCTs to the planning CT. The reported comparisons to a
non-adapted treatment revealed ART to greatly spare normal
tissue (Table 2, Figure 4) [47,48,51]. Acute toxicity incidence
of CTCAE Grade >3 was reported for 15% and 18% of the
patients in the Australian single- and multi-institutional stud-
ies, respectively [47,50].

Ano-rectal cancers

Offline  re-plan/re-optimization
shrinkage

The only clinical implementation found for rectal cancer used
offline plan re-optimization for adaptation to treatment
response. The study from San Raffaele Scientific Institute,
Milan included 25 patients treated in 2009-2012. The treat-
ment was delivered in two phases; an initial phase of hypo-
fractionation to the CTV plus margin in 12 fractions followed
by the adapted plan with an additional integrated boost to
the adapted GTV for the final 6 fractions. The adapted GTV
was defined on a mid-therapy MRI (ninth fraction) and trans-
ferred through bony anatomy registration to the mid-therapy
planning CT for PTV creation and optimization of the new
tomotherapy plan. Throughout the treatment, set-up was
based on bony anatomy with manual adjustments to correct
for rotations and deformations. The study reported ART to
enable dose escalation (Table 2). Result of tumor response in
regard to surgical findings was promising with 7 patients
showing no residual viable cells and 12 patients having less
than 10% residual viable cells after RT. Only acute complica-
tion scoring was available with three patients reported CTCAE
Grade 3 toxicity [57].

to adapt to tumor

Discussion

This systematic review of adaptive strategies for pelvic
tumor sites included treatment of in total of 3069 patients
from clinical ART implementations in 12 countries. In add-
ition to these studies, 51 studies in silico implementations of
a full ART workflow were found. The clinically and in silico
implemented workflows reflects the tumor sites well, where
the faster responding tumors of cervix and rectum were
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adapted based on treatment response whereas tumors of
the bladder and prostate have been adapted to variations in
motion. The clinical implementations of ART were dominated
by three strategies and timing of ART workflows: online re-
planning/re-optimization applied to 1409 patients all receiv-
ing BT, offline re-planning/re-optimization applied to 1358
patients and online plan selection applied to 226 patients
(Figure 2). This pattern was also seen in the in silico work-
flows where most studies used online re-planning/re-opti-
mization followed by offline re-planning/re-optimization but
plan selection was equally common to online MLC/beam
alterations (Figure 3). However, online re-planning/re-opti-
mization presented by the in silico studies was dominated
by EBRT studies whereas in silico studies applied to BT were
rare (Figure 3).

Mature clinical outcome on recurrence and toxicity was
reported by the gynecological cancers treated with a combin-
ation of EBRT and BT [23,25-30,32-39] as well as from the
large prostate trial conducted at Beaumont [12,14-16]. For
the gynecological cancers and most pronounced for the
advanced stages, the improved target coverage obtained
through ART has improved local control [37]. In addition, a
decrease in complications has been reported by patients
receiving BT with ART in comparison with the old method of
treatment delivery [27,29,37,38]. These encouraging results
from following the Gynecological GEC-ESTRO recommenda-
tions [42,43] has also led to patients previously appointed to
hysterectomy now being considered for BT [30]. Regarding
the Beaumont trial, outcome was favorable or similar to the
large non-ART trials using similar prescription delivered with
3DCRT [16,108,109,110] or IMRT [16,111,110] but toxicity was
generally higher in the Beaumont trial [16,111,110]. Non-ART
with gold marker-based set-up has indicated further improve-
ment in toxicity to be possible [112,113]. For the more recent
implementations of adaptations in prostate as well as bladder
cancer, longer follow-up is needed to assess the potential
clinical gain of ART. Until such outcome data has matured,
comparison of ART to the conventional RT with population-
based margins can be used to assess the dosimetric benefit
of ART. Such data was mainly provided by in silico studies.
The comparisons revealed the target coverage to improve
with ART for the vast majority of the studies, but the poten-
tial for OAR sparing was the most evident benefit from the
applied ART workflows (Figure 4A-D).

The comparisons of ART with a non-adaptive treatment
were strongly dependant on differences in size of the applied
margins. In several studies, ART allowed for margin reduction
but both clinical as well as in silico studies also reported
decreased coverage (Figure 4A, Table 2) [21,49,50,78,90].
Prolonged fraction times could reduce the benefits of ART,
requiring larger margins for intra-fractional motion. This could
be a concern for plan selection strategies based on differen-
tial bladder fillings [49,50]. Here, the different ITVs of the
library were commonly expanded with identical PTV margins
to account for both intra-fractional and delineation uncertain-
ties. The additional time needed for plan selection based on
CBCTs in bladder cancer was reported to 2-8 min (excluding
CBCT uptake [44,54,55]). This corresponded well to that using
non-adaptive image guidance [49,55]. Reasons for the rare
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occasion when plan selection was unfeasible, besides intra-
fractional motion, were to poor CBCT image quality and tech-
nical malfunction of the CBCT [44,50,55]. To mitigate the lim-
ited CBCT image quality for plan selection in EBRT of cervical
cancer, Heijkoop et al. used cervical markers while in plan
selection for bladder cancer, Tuomikoski et al. and Meijer
et al. used Lipiodol injections to visualize bladder tumor.
Further improvements of the plan selection process could
also be attained through feedback and training of the staff
responsible for the selections [47,501.

Another factor that influence the results form ART alone or
when compared to the conventional practice, is the patients
used for comparison. ART is still a resource intensive correc-
tion strategy and patients with the most benefit from the cor-
rections should be prioritized. However, the majority of the
studies in this review adapted the treatment for all patients
with only about 17% of the clinically applied ART and 18% of
the in silico studies followed a workflow allowing for selective
use of ART. Examples of patient selection in the reviewed
workflows were, applied alone or in combination: exerting a
threshold criteria on the detected motion for initiation of
modifications [20,45,46,61-64,69,72] or shrinking the PTV mar-
gins to less than the common 90% of the population and cor-
rect for dose degradation of outliers during/at the end of
treatment [63,65,66,94]. As an alternative, differentiating the
size of the plan library based on a criterion for large and
small cervix-uterus [41] or discriminating the adaptations
based on greater and smaller response to treatment as in the
gynecological GEC-ESTRO recommendations has been applied
clinically [42].

For paper selection in the review, we used as inclusion cri-
teria the application of ART as a systematic procedure to
modify the applied (and calculated) dose distribution based
on findings in imaging data. This led to inclusion of EBRT
implementations from the year 1989 and BT studies starting
in 1993 [23,45], even before the ART concept was introduced
[9]. The inclusion criteria of an updated dose distribution to
select studies in this review lead to exclusion of papers solely
focusing on geometric interventions, such as tumor set-up
correction strategies etc. The pioneering paper in plan selec-
tion of bladder cancer from Burridge et al. was consequently
excluded [114]. Adaptation of the treatment plan could have
benefited BT studies, since BT has a long tradition of involv-
ing both physicists and oncologists simultaneously in the
more interventional treatment process as compared to EBRT.
The effort in composing common and systematic guidelines
involving diagnostic quality imaging (MRI) was likely to have
facilitated introduction of online BT ART further, reflected by
the rapid increase of clinical implementations (Figure 1).

The motivation for including in silico studies in the review
was to detect new strategies soon to be implemented as well
as identifying possible bottlenecks hindering clinical imple-
mentation. Notable differences in the applied ART strategies
between in silico and clinical application were obtained.
Whereas online re-planning for prostate, gynecological and
bladder cancer EBRT was applied in silico, the strategy was
only used clinically for gynecological cancer treated with BT
(Figure 3) [58,59,61,65-67,70-72,74,78,80,82,83,88-91,94,100,
101,1031. An ART workflow presented in the in silico studies

but not in the clinical workflows was offline re-plan/re-opti-
mization, applied during or at the end of EBRT, to correct
degradation of the dose distribution from previously deliv-
ered fraction [60,63,69,75,76]. In addition to one in silico
implementation of online compensation [58], these were the
only studies where feedback from delivered dose triggered
adaptations. Contributing to differences in applied strategies
and workflows could be the additional manual contouring,
which was a pre-requisite in over 70% of the simulated ART
workflows [22,59,60,62-66,68-70,72,74,78,79,81-83,85,86,88,89,
91,93,95-98,100-107]. To reduce the need of manual
contours, the segmentation could be propagated using
deformable image registration. Deformable registration was
utilized when generating ITVs in one offline re-planning/
re-optimization and in two online plan selection workflows
applied clinically [17,41,54]. Deformable image registration
was more frequently applied in the in silico studies, mostly
for online re-planning/re-optimization [59,61,67,71,86,87,94]
and offline re-planning/re-optimization strategies
[60,63,66,69,75,107] but also applied for online MLC/field
adjustments [77,89]. To facilitate adaptations, especially for
online execution, modifications of the planning system or
automatic activation/selection of plans was applied in ~50%
of the in silico studies [58-61,67-69,71,72,74-80,82-88,92-94].
In view of the increasing speed of optimization algorithms,
limited in-room imaging quality together with manual (re-
)contouring remains the biggest bottlenecks for clinical imple-
mentation of many of the ART strategies and certainly limit-
ing online applications.

The number of images or inputs needed for adaptations of
the treatment is a tradeoff between an accurate prediction,
cost, imaging dose and the benefit of the adjustments. The
majority of the clinical implementations and almost 40% of
the in silico studies with an offline re-planning strategy
adapted to motion using images from the initial 4-9 fractions
(Table S1). Images acquired in the first week of treatment
were also used for creating plan libraries in bladder cancer.
Another method was to construct the library from multiple
planning CTs, which besides bladder was applied to account
for cervix-uterus motion. The former strategy has been
applied to 94 patients and the latter to 114 patients, with
the library reported as a poor model for only four patients,
respectively [44,50,51,54,55]. Consequently, although the
approach of creating a plan library based on multiple plan-
ning CTs and initiating plan selection at first fraction might
be more time efficient, the first week of images also seem to
provide a good representation of the motion in later stages.

In conclusion, clinical implementations of ART were domi-
nated by offline re-planning/re-optimization and online BT re-
planning/re-optimization, although recently online plan selec-
tion workflows have increased with the availability of CBCT.
Advantageous dosimetric and outcome-related patterns has
been documented by the studies on ART included in this
review. Despite this, clinical implementations have been
scarce, especially regarding prostate and the vast amount of
in silico studies available. Identified challenges, hindering suc-
cessful clinical implementations, were re-contouring of target/
OARs in addition to patient selection in the workflows to
guide the resources towards the most challenging patients.
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