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Summary

From a total of 33 studies
(N Z 10,149) this post-
QUANTEC systematic re-
view has identified novel
dose/volume tolerances for
17 distinct gastrointestinal
(GI), genitourinary, and sex-
ual dysfunction symptoms
following radiation therapy
(RT) for prostate cancer.
Synthesized dose/volume
tolerances were assessed
across studies for Defecation
urgency, Diarrhea, Fecal in-
continence, Proctitis, and
Rectal bleeding post
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Purpose: The aims of this study were to systematically review tolerance doses for late
distinct gastrointestinal (GI), genitourinary (GU), and sexual dysfunction (SD) symp-
toms after external beam radiation therapy (EBRT) alone and treatments involving
brachytherapy (BT) for prostate cancer after Quantitative Analysis of Normal Tissue
Effects in the Clinic (QUANTEC) and ultimately to perform quantitative syntheses of
identified dose/volume tolerances represented by dose-volume histogram (DVH)
thresholds, that is, statistically significant (P � .05) cutoff points between symptomatic
and asymptomatic patients in a certain study.
Methods and Materials: PubMed was scrutinized for full-text articles in English
after QUANTEC (January 1, 2010). The inclusion criteria were randomized
controlled trials, case-control studies, or cohort studies with tolerance doses for late
distinct symptoms �3 months after primary radiation therapy for prostate cancer
(N> 30). All DVH thresholds were converted into equivalent doses in 2-Gy fractions
(EQD2a/b) and were fitted with a linear or linear-quadratic function (goodness of fit,
R2). The review was registered on PROSPERO (CRD42016042464).
Results: From 33 identified studies, which included 36 to 746 patients per
symptom domain, the majority of dose/volume tolerances were derived for GI
toxicity after EBRT alone (GI, 97 thresholds; GU, 8 thresholds; SD, 1 threshold).
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external-beam RT (EBRT)
D

and also across these symp-
toms leading to a curve for
overall GI toxicity
(R2 Z 0.98). Restricting
treatments for EBRT using
the lower boundaries of this
curve are likely to limit
overall GI toxicity. Further
investigative initiatives are
encouraged to untangle
similar effects for symptoms
of the remaining domains.
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For 5 symptoms (defecation urgency, diarrhea, fecal incontinence, proctitis, and
rectal bleeding), relationships between dose/volume tolerances across
studies (R2 Z 0.93 [0.82-1.00]), and across symptoms, leading to a curve for
overall GI toxicity (R2 Z 0.98), could be determined. For these symptoms,
mainly rectal thresholds were found throughout low and high doses
(10 Gy � equivalent dose in 2-Gy fractions using a/b Z 3Gy (EQD23) � 50 Gy
and 55 Gy � EQD23 � 78 Gy, respectively). For BT with or without EBRT,
dose/volume tolerances were also mainly identified for GI toxicity (GI, 14 thresh-
olds; GU, 4 thresholds; SD, 2 thresholds) with the largest number of DVH thresh-
olds concerning rectal bleeding (5 thresholds).
Conclusions: Updated dose/volume tolerances after QUANTEC were found for 17
GI, GU, or SD symptoms. A DVH curve described the relationship between dose/
volume tolerances across 5 GI symptoms after EBRT alone. Restricting treatments
for EBRT alone using the lower boundaries of this curve is likely to limit overall GI
toxicity, but this should be explored prospectively. Dose/volume tolerances for GU
and SD toxicity after EBRT alone and after BT with or without EBRT were scarce
and support further research including data-sharing initiatives to untangle the dose/
volume relationships for these symptoms. � 2018 Elsevier Inc. All rights reserved.
Introduction

Over the past 3 decades, 2 major efforts have been
conducted to better understand radiation therapy (RT)
dose/volume tolerances for organs at risk (OARs) with
the overall aim to limit the occurrence of severe late
toxicity. The first consensus values were proposed in
1991.1 In 2010, the Quantitative Analysis of Normal
Tissue Effects in the Clinic (QUANTEC) group presented
evidence-based results made available from the accu-
mulation of 3-dimensional (3D) treatment planning data.2

For prostate cancer, these efforts summarize dose/volume
tolerances for OARs after external beam RT (EBRT) for
commonly reported gastrointestinal (GI) and genitouri-
nary (GU) toxicities and sexual dysfunction (SD).1,3-5

However, dose/volume tolerances for distinct symptoms
were typically not distinguished because these recom-
mendations were based on toxicity scoring systems that
combine symptoms (eg, by the Radiation Therapy
Oncology Group/European Organisation for Research
and Treatment of Cancer6 and National Cancer Institute
Common Terminology Criteria for Adverse Events7

systems). Furthermore, these QUANTEC reports on GI
and GU toxicity and SD were derived for only the whole
rectum, bladder, and penile bulb, respectively, and did
not explicitly focus on dose/volume tolerances after
treatments involving brachytherapy (BT).3-5

Since the publication of the 3 QUANTEC reports,
dose/volume tolerances for late and distinct symptoms
and other OARs have become available. The objective of
this systematic review was to summarize dose/volume
tolerances between distinct late GI and GU toxicities, SD
symptoms, and relevant OARs after prostate cancer RT
separately for EBRT alone and for BT with or without
EBRT.
TIUM MEDICAL LIBRARIES - ISR
ly. No other uses without permission. 
Methods and Materials

Search strategy

This systematic review adheres to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses state-
ment,8 and protocol details were registered on PROSPERO
(http://www.crd.york.ac.uk/PROSPERO/display_record.asp
?IDZCRD42016042464). The PubMed database was
scrutinized for full-text articles in English published up to
December 31, 2017, focusing on studies reporting dose/
volume tolerances for late toxicities only after prostate
cancer RT. For GI toxicity and SD after EBRT alone, the
search interval started on January 1, 2010, immediately
after the publication of the QUANTEC reports.3,5 Because
the QUANTEC reports focused neither on GU toxicity after
prostate cancer RT nor on the effects after BT,4 the search
interval for GU toxicity after EBRT alone and for GI and
GU toxicity, as well as SD, after BT with or without EBRT
started after the publication of the report by Emami et al1

(i.e., January 1, 1992). The search strategy is detailed in
Appendix E1 (available online at https://doi.org/10.1016/j.
ijrobp.2018.08.015).

Study selection criteria

Identified abstracts and full-text articles were indepen-
dently screened and cross-checked by 2 investigators (MT
and CEO). Studies qualifying for inclusion were case-
control and cohort studies, as well as randomized
controlled trials, all reporting on distinct late symptoms
assessed �3 months after completion of photon-based RT
adhering to typically applied regimens for localized
prostate cancer (“Publication Type” according to the
Population, Intervention, Comparison, and Outcome
AEL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 12, 2019.
Copyright ©2019. Elsevier Inc. All rights reserved.
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Worksheet9). The exclusion criteria were (1) articles not in
English or unavailable in full text; (2) no data on the
relationship between OAR doses and symptoms (with an
exception for GU toxicity, in which prostate dose was
accepted as a surrogate for prostatic urethral dose); (3)
reanalysis not adding to previously published data; (4)
fewer than 30 patients included; (5) only a combination of
symptom “scores” reported; (6) acute toxicity or combined
acute and late toxicity; and (7) data not interpretable even
after the authors of individual studies were contacted.

To report study quality, we used an 8-criterion assess-
ment, including descriptions of study individuals, follow-
up, toxicity scoring, and statistics (yielding a score of 0-8,
with >6 regarded as good quality; 4-6, fair quality; and <4,
poor quality).10 Studies that assessed symptoms using
retrospective reviews instead of prospective collections (eg,
case-report forms or questionnaires) were penalized by
subtracting 1 from the total score.
Dose-volume harmonization

Correction for fractionation effects
For each study, dose/volume tolerances were assessed from
dose-volume histogram (DVH) thresholds. A threshold is
defined as a statistically significant dose/volume cut point
distinguishing symptomatic from asymptomatic patients.
Doses were converted into equivalent doses in 2-Gy frac-
tions (EQD2a/b)

11 using a/bZ 3 Gy for GI toxicity and SD
and a/b Z 6 Gy for GU toxicity, consistent with the
QUANTEC studies.3-5 For studies exploiting multiple
fractionation schemes, the most conservative scheme
(lowest EQD2a/b) was used. For low-dose-rate BT, the
EQD2a/b formalism accounting for continuous RT was
applied.12

If no DVH thresholds were reported in a study, they
were derived at a 10% predicted risk from the study-
specific dose-response curves (judged as clinically relevant)
or from the study-specific averaged DVHs stratified be-
tween symptomatic and nonsymptomatic patients. If only
absolute volume DVH thresholds were reported, these were
converted, on the basis of population- and/or cohort-
averaged OAR volumes, to relative volume thresholds
(with the exception that the maximum dose to a volume
�2 cm3 was set equal to a relative volume of 2% with the
assumption of this being a sufficiently sized volume for
reliably estimating maximum doses within a treatment
planning system).

If none of these data could be determined from the
studies, the authors were contacted and asked to supply this
information. Finally, if exactly the same DVH threshold
was identified for multiple symptom grades or severities
within a study, that of the lowest severity is reported (e.g.,
the same threshold for grade 1 or higher and grade 2 or
higher would lead to only grade 1 or higher being stated).
All DVH thresholds are given as EQD2a/b/relative volume
Downloaded for Anonymous User (n/a) at CONSORTIUM MEDICAL LIBRARIES - ISRA
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(e.g., 50 Gy/25% indicates �25% of the concerned struc-
ture volume receiving �50 Gy).

Quantitative synthesis
If a study included multiple dose-symptom association
methods (i.e., combinations of a hypothesis test, univariate
analysis, and/or multivariate analysis), the DVH threshold
derived by the most comprehensive method was used (with
hypothesis test being least comprehensive and multivariate
analysis being most comprehensive).

Initially within the quantitative syntheses, a linear or
linear-quadratic function with or without robust linear least
squares (bisquare weights or least absolute residuals
[LARs]) was fitted to all identified DVH thresholds for a
symptom. All fits were constrained to adhere to an EQD2a/b
of 0 Gy at a 100% relative volume; in addition, an EQD2a/b
in the near vicinity of 80 Gy was constrained to a 0%
relative volume. For each symptom, the function con-
forming to these constraints and yielding the lowest sum of
squares due to error (SSE) was considered final, and the
associated adjusted coefficient of determination (R2) was
reported and used as a goodness-of-fit measure. If threshold
outliers were apparent for a certain symptom, as judged
graphically, the same function was refitted excluding these
outliers. Consequently, if such a refit resulted in a lower
SSE, that fit was considered final.

Ultimately, for each symptom with �3 DVH thresholds
identified from �2 different studies excluding mean dose
thresholds, unless otherwise stated, 2 to 3 across-study
symptom-specific thresholds were identified within the
low- to intermediate-dose region and within the high-dose
region. These center-of-mass DVH thresholds (COMTDVH)
were given equal importance and averaged as the mean
value over each dose-volume interval for included studies
(COMTDVH; EQD2a/b/relative volume). If possible, all
COMTDVHs for symptoms of the same domain were com-
bined into a meta-DVH (i.e., a DVH curve for overall
domain-specific toxicity using a fitting procedure analo-
gous to that described earlier). All analyses were conducted
in MATLAB (version R2016a; The MathWorks, Natick,
MA).
Results

A total of 168 full-text articles were identified, of which 33
fulfilled the inclusion criteria. Of these 33 studies, 22
concerned EBRT alone (n Z 6313 treated between 1993
and 2014) and 11 concerned BT with or without EBRT
(n Z 3836 treated between 1995 and 2010; Fig. 1;
Tables 1-3; Tables E1 and E2, available online at https://
doi.org/10.1016/j.ijrobp.2018.08.015). All studies pre-
sented with at least “fair” study quality (mean
score � standard deviation, 6 � 1). The studies concerning
EBRT alone included a median of 275, 557, and 56 patients
(minimum of 90, 262, and 42 patients per study) for GI
toxicity, GU toxicity, and SD, respectively. The
EL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 12, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.
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Search strategy step Identified studies

Identified studies

Excluded studies

I.Initial search

II.Abstract screening

III.Full-text screening

1954

1275
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33
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1107

135

Unique studies

Full-text studies
assessed for eligibility

Finally included
studies

Duplicates

not fulfilling inclusion criteria

Not fullfilling inclusion criteria:
Full-text N/A (N = 4)
No OAR DVH metrics (N = 32)
Re-analysis of previous studies (N = 18)
Less than 20 patients (N = 5)
Aggregated symptom scores (N = 62)
Acute toxicity only (N = 5)
Data not interpretable (N = 5)
Uncommon RT approach (N = 4)
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Fig. 1. Schema of study selection procedure. Altogether, the authors of 23 different studies were contacted for additional
and/or clarifying information in search strategy step II. Of these, the authors of 17 studies (74%) responded. Abbreviations:
DVH Z dose-volume histogram; N/A Z not available; OAR Z organ at risk; RT Z radiation therapy.
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corresponding patient numbers for BT with or without
EBRT were 118, 197, and 44 patients (minimum of 37, 36,
and 41 patients per study).
EBRT alone

GI toxicity: Symptom-specific tolerance dose patterns
Defecation urgency
Four studies fulfilled the inclusion criteria for defecation
urgency in which 5 scoring systems had been used
(n Z 1037; Table 1).13-16 All 14 identified rectal DVH
thresholds had been assessed using a defecation urgency
definition relating to its frequency (Table 1; Tables E1 and
E2, available online at https://doi.org/10.1016/j.ijrobp.
2018.08.015). The thresholds were located between 13
and 71 Gy/8% and 70%, and the final fit for this symptom,
which included all thresholds, was a linear-quadratic
(þLAR) function (R2 Z 0.82; Fig. 2; Table E3, available
online at https://doi.org/10.1016/j.ijrobp.2018.08.015).

Diarrhea
For diarrhea, only 2 studies fulfilled the inclusion criteria
(n Z 1026; Table 1).13,17 These studies had both defined
diarrhea as diarrheal frequency (grade 1 or 2 or higher), and
Downloaded for Anonymous User (n/a) at CONSORTIUM MEDICAL LIBRARIES - ISR
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the associated 9 anal canal, anorectal, or rectal DVH
thresholds were located within 23 to 62 Gy/20% to 80%
(Table 1; Tables E1 and E2, available online at https://doi.
org/10.1016/j.ijrobp.2018.08.015). A linear-quadratic
(þLAR) function described the association between these
thresholds (R2Z 0.86, SSEZ 1008), and excluding the anal
canal threshold at 30 Gy/20% but retaining the anorectal and
rectal thresholds within 23 to 62 Gy/30% to 80% yielded the
final fit for diarrhea (R2 Z 1.00; Fig. 2; Table E3, available
online at https://doi.org/10.1016/j.ijrobp.2018.08.015).

Fecal incontinence
Among the 8 studies fulfilling the inclusion criteria for
fecal incontinence, 5 symptom definitions had been used,
but for the 13 identified thresholds, the definition of fecal
incontinence overall related to the use of pads either oc-
casionally or daily (n Z 2237; Table 1).13-16,18-21 The
thresholds were primarily derived from the rectum and
were reported within 10 to 65 Gy/14% to 100%. Of these
thresholds, 1 each pertained to the anal wall, anal sphincter
region, external anal sphincter, and iliococcygeal muscle
(Table 1; Tables E1 and E2, available online at https://doi.
org/10.1016/j.ijrobp.2018.08.015). Retaining all thresholds
resulted in a final linear (þLAR) fecal incontinence fit
(R2 Z 0.93; Fig. 2; Table E3, available online at https://doi.
AEL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 12, 2019.
Copyright ©2019. Elsevier Inc. All rights reserved.
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Table 1 Study-specific information relating to finally selected studies for GI toxicity after EBRT alone

Symptom Structure Reference N D (d), Gy RT
Symptom
cutoff

Symptom
definition at

lowest
investigated

grade
Symptom
rate, %

Median
FU, y Modeling

EQD23/
relative
volume,
Gy/%

Defecation
urgency

R

1 13 288 64-74 (2.0) 3D CRT �1 �1/wk 47 5.0 UVA 56/40
44/55
33/65

�2 �1/d 23 69/15
2 14 170 50-74

(2.5-3.1)
3D CRT/
IMRT

�2 At least
intermittent
urgency or
regular

49 3.0 H test 13/56

3 15 90 76-78
(1.8-2.0)

3D CRT/
IMRT

�1 Rarely or never 5 2.0 H test 71/8

65/14
59/25
53/30
42/35
31/46
18/70

4 16 212
(N1)

78 (2.0) 3D CRT �1 Immediate toilet
visit <1/mo

17 3.6 MVA 32/55

277
(N2)

70 (2.0) Hold stools >1 h 39 6.4 63/40

Diarrhea AC
5 17 708 66-74 (2.0) 3D CRT �1 Increase of <4/d 40 6.0 MVA 30/20
AR
6 17 708 66-74 (2.0) 3D CRT �1 Increase of <4/d 40 6.0 MVA 32/66

26/74
R 25/76
1 13 318 64-74 (2.0) 3D CRT �1 Usually 23 5.0 UVA 56/40

44/55
33/65
23/80

�2 Always 13 62/30
Fecal
incontinence

AW

7 18 379 64-74 (2.0) 3D CRT �1 Occasional (pad
use)

15 5.0 H test 48/53

ASR
8 16 277

(N2)
70-78 (2.0) 3D CRT �1 Any pad use 7 6.4 MVA 23/70

EAS
9 20 256 78 (2.0) IMRT �2 Pad use for

unwilling loss
of stools >2/
wk

8 �3 MVA 10/75

IM
10 20 256 78 (2.0) IMRT �2 Pad use for

unwilling loss
of stools >2/
wk

8 �3 MVA 49/100

(continued on next page)
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Table 1 (continued )

Symptom Structure Reference N D (d), Gy RT
Symptom
cutoff

Symptom
definition at

lowest
investigated

grade
Symptom
rate, %

Median
FU, y Modeling

EQD23/
relative
volume,
Gy/%

R
11 19 515 70-78

(1.8-2.0)
3D CRT �1 Unintentional

stool discharge
sometimes

11 7.0 H test 31/80

1 13 318 64-74 (2.0) 3D CRT �1 Occasional (pad
use)

15 5.0 UVA 56/40

33/65
2 14 170 50-74

(2.5-3.1)
3D CRT/
IMRT

�2 Intermittent (pad
use)

5 �2.0 H test 18/69

3 15 90 76-78
(1.8-2.0)

3D CRT/
IMRT

�1 Rarely or never 4 2.0 H test 65/14

59/25
53/30

12 21 232 70 (2.0) 3D CRT �2 Intermittent (pad
use)

4 5.0 UVA 10/96

Gastrointestinal
pain

ASR

8 16 212
(N1)

70-78 (2.0) 3D CRT �1 Need to strain
<1/mo

8 3.6 MVA 10/15

AR
6 17 655 66-74 (2.0) 3D CRT �1 Occasional and

mild/
nonnarcotic

65 6.0 MVA 30/54

29/71
25/78
12/93
11/93

R 10/80
12 21 232 70 (2.0) 3D CRT �2 Intermittent and

tolerable/
regular
nonnarcotic

6 5.0 UVA 68/4

62/16
Incomplete

evacuation
AC

5 17 671 66-74 (2.0) 3D CRT �1 Occasional
multiple
evacuations or
not “all done”
approximately
1/wk

55 6.0 MVA 34/27

31/21
30/21
29/33
28/38
16/63
15/63
14/63
13/63
12/63

(continued on next page)
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Table 1 (continued )

Symptom Structure Reference N D (d), Gy RT
Symptom
cutoff

Symptom
definition at

lowest
investigated

grade
Symptom
rate, %

Median
FU, y Modeling

EQD23/
relative
volume,
Gy/%

Mucus ASR
8 16 277

(N2)
70 (2.0) 3D CRT �1 In stools 1/mo 8 6.4 MVA 70/5

Proctitis R
1 13 388 64-74 (2.0) 3D CRT �1 Minor symptoms 47 5.0 UVA 62/30

23/80
�2 Simple outpatient

management
22 69/15

65/30
56/40
44/55
33/65

2 14 170 50-74
(2.5-3.1)

3D CRT/
IMRT

�2 Superficial
�1 cm3 or
occasional
steroids

14 3.0 H test 64/4

28/69
Rectal
bleeding

AC

5 17 702 66-74 (2.0) 3D CRT �1 Occult, stool
softener, or
iron therapy

53 6.0 MVA 40/26

38/29
34/30

AR 32/32
6 17 710 66-74 (2.0) 3D CRT �1 Occult, stool

softener, or
iron therapy

53 6.0 MVA 62/25

61/29
60/30
59/33
58/35

13 23 512 68-78 (2.0) IMRT �2 Loss of blood >1/
d requiring
single laser
coagulation or
transfusion

6 3.0 MVA 61/42

14 20 256 78 (2.0) IMRT �2 Loss of blood >1/
d requiring
single laser
coagulation or
transfusion

5 �3.0 MVA 69/18

RW
15 25 205 70-78 (2.0) IMRT �2 Moderate,

persistent,
symptomatic,
medical or
minor surgical
intervention
required

6 7.4 UVA 55/24

43/33
32/45
23/70

(continued on next page)
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Table 1 (continued )

Symptom Structure Reference N D (d), Gy RT
Symptom
cutoff

Symptom
definition at

lowest
investigated

grade
Symptom
rate, %

Median
FU, y Modeling

EQD23/
relative
volume,
Gy/%

R
16 22 141 65-70 (2.5) 3D CRT �2 Simple outpatient

management
14 4.0 UVA 65/20

17 24 173 78-80 (2.0) IMRT �1 Mild or
intervention
other than iron
supplements
not indicated

6 4.8 H test 63/57

18 17 702 66-74 (2.0) 3D CRT �1 Occult, stool
softener, or
iron therapy

53 6.0 MVA 63/30

62/31
60/34
59/35

11 19 515 70-78
(1.8-2.0)

3D CRT �1 <2/wk 7 7.0 UVA 71/6

1 13 361 64-74 (2.0) 3D CRT �1 Occasional 44 5.0 UVA 56/40
44/55
33/65
69/15
62/30

2 14 170 50-74
(2.5-3.1)

3D CRT/
IMRT

�2 Occasional >2/
wk or
occasional
transfusion

6 3.0 H test 18/69

19 26 159 74 (2.0) 3D CRT �2 Slight bleeding 7.5 2.7 - 64/2
20 27 261 70-80 (2.0) 3D CRT/

IMRT
�1 Occult, stool

softener, or
iron therapy

10 5.2 MVA 75/2

21 28 129 70-76 (2.0) 3D CRT/
IMRT

�2 Moderate,
persistent,
symptomatic,
medical or
minor surgical
intervention
required

21 1.6 UVA 61/17

3 15 90 76-78
(1.8-2.0)

3D CRT/
IMRT

�1 Rarely 4 2.0 UVA 78/5

71/8
Stool

frequency
AR

13 23 512 68-78 (2.0) IMRT �2 Increase of >3/d 6 3.0 MVA 37/68
6 17 575 66-74 (2.0) 3D CRT �1 2-4/d or �2

antidiarrheal
agents/wk

53 2.5 MVA 24/24

22/38
22/28
20/40
19/43

IM
10 20 256 78 (2.0) IMRT �2 Increase of >3/d 11 �3.0 MVA 37/100
LAM
23 20 256 78 (2.0) IMRT �2 Increase of >3/d 11 �3.0 MVA 32/100

(continued on next page)
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Table 1 (continued )

Symptom Structure Reference N D (d), Gy RT
Symptom
cutoff

Symptom
definition at

lowest
investigated

grade
Symptom
rate, %

Median
FU, y Modeling

EQD23/
relative
volume,
Gy/%

R
1 13 344 64-74 (2.0) 3D CRT �1 2-4/d or �2

antidiarrheal
agents/wk

39 5.0 UVA 56/40

44/55

Abbreviations: AC Z anal canal; AR Z anorectum; ASR Z anal-sphincter region; AW Z anal wall; CRT Z conformal radiation therapy;

D Z prescribed dose; d Z dose/fraction; EAS Z external anal sphincter; EBRT Z external beam radiation therapy; EQD23 Z equivalent dose in 2-Gy

fractions using a/b Z 3Gy; FU Z follow-up time; GI Z gastrointestinal; H Z hypothesis; IM Z iliococcygeal muscle; IMRT Z intensity modulated

radiation therapy; LAMZ levator ani muscle; MVAZ multivariate analysis; N1Znumber of patients in cohort 1; N2Z number of patients in cohort 2;

R Z rectum; RT Z radiation therapy; RW Z rectal wall; 3D Z 3-dimensional; UVA Z univariate analysis.
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org/10.1016/j.ijrobp.2018.08.015). In addition to these 13
DVH thresholds, associations between fecal incontinence
(occasional pad use) and the anal wall and the anal
sphincter mean dose were identified at 20 Gy and 23 Gy,
respectively (Table E4, available online at https://doi.org/
10.1016/j.ijrobp.2018.08.015).18

GI pain
Three studies were included for GI pain (n Z 1099;
Table 1).16,17,21 Of the 9 identified DVH thresholds, 6 had
been assessed from an occasional GI pain definition (grade
1 or higher). Thresholds were represented by 9 anal
sphincter regional, anorectal, or rectal thresholds within 10
to 68 Gy/4% to 93% (Table 1; Tables E1 and E2, available
online at https://doi.org/10.1016/j.ijrobp.2018.08.015). A fit
to the 9 thresholds was not considered given that there were
only data from 2 studies in the DVH space for this symp-
tom (Fig. E1, available online at https://doi.org/10.1016/j.
ijrobp.2018.08.015).

Proctitis
The majority of the 9 proctitis DVH thresholds that were
identified from 2 studies had been assessed for proctitis defined
as requiring intervention (outpatient management and/or
occasional steroids), that is, grade 2 or higher (5 of 9 thresholds,
n Z 558; Table 1).13,14 The final fit to all thresholds located
within 23 to 69 Gy/4% to 80% was a linear-quadratic (þLAR)
function (R2 Z 0.93; Fig. 2; Tables E1-E3, available online at
https://doi.org/10.1016/j.ijrobp.2018.08.015).

Rectal bleeding
From 13 studies, the majority of DVH thresholds were
derived from occasional rectal bleeding followed by rectal
bleeding requiring intervention (laser coagulation or
transfusion at least once), which corresponded to grade 1 or
higher and grade 2 or higher, respectively (n Z 3682;
Table 1).13-15,17,19,20,22-28 Rectal bleeding presented with
the largest number of identified DVH thresholds across all
symptoms: 33 in total within 18 to 78 Gy/2% to 70%.
Eighteen of these thresholds were assessed for rectal doses,
Downloaded for Anonymous User (n/a) at CONSORTIUM MEDICAL LIBRARIES - ISRA
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whereas the anal canal and the rectal wall were each rep-
resented by 4 thresholds and the anorectum was represented
by 7 thresholds (Table 1; Tables E1-E3, available online at
https://doi.org/10.1016/j.ijrobp.2018.08.015). A final rectal
bleeding fit was a linear-quadratic (þLAR) function to all
thresholds except the 4 anal canal thresholds (R2 Z 0.95;
Fig. 2; Table E3, available online at https://doi.org/10.1016/
j.ijrobp.2018.08.015). Furthermore, refitting the final
function to all data, excluding the anal canal thresholds but
including the 25 QUANTEC-identified DVH thresholds,3

resulted in an inferior fit (R2 Z 0.68; Fig. 3A). In addi-
tion to the 33 identified DVH thresholds, a rectal wall mean
dose finding with moderate rectal bleeding was reported at
43 Gy (Table E4, available online at https://doi.org/10.
1016/j.ijrobp.2018.08.015).25

Other GI toxicities
Among the 4 stool frequency studies, all 10 identified DVH
thresholds had been assessed for the number of stools
released per day (n Z 1687; Table 1).13,17,20,23 These DVH
thresholds were identified between 19 and 56 Gy/24% and
100% and had been assessed from 5 OARs (Table 1; Tables
E1 and E2, available online at https://doi.org/10.1016/j.
ijrobp.2018.08.015). No final fit was assessed for this
symptom because there was no apparent relationship be-
tween thresholds (Fig. E1, available online at https://doi.
org/10.1016/j.ijrobp.2018.08.015). In addition, an associa-
tion with the anorectal wall mean dose at 51 Gy was
identified (Table E4, available online at https://doi.org/10.
1016/j.ijrobp.2018.08.015).23 Thresholds for other GI tox-
icities included 1 high-dose anal sphincter association at
70 Gy/5% for mucus (in stools monthly)16 and 10 low to
intermediate anal canal DVH thresholds in the range 12 to
34 Gy/21% to 63% for incomplete evacuation (multiple and
occasional; Table 1).17

GI toxicity: Meta-DVH across symptoms
The generated COMTDVHs based on dose/volume tolerances
for defecation urgency, diarrhea, fecal incontinence, proctitis,
and rectal bleeding were calculated within the low- to
EL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 12, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.
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Table 2 Study-specific information relating to finally selected studies for GU toxicity and SD after EBRT alone

Symptom
domain Symptom Structure Reference N

D (d),
Gy RT

Symptom
cutoff

Symptom
definition at

lowest
investigated

grade
Symptom
rate, %

Median
FU, y Modeling

EQD23/
relative
volume,
Gy/%

GU Dysuria BW
24 30 746 66-74

(2.0)
3D
CRT

�1 Intermittent and
tolerable

25 5.0 UVA 64/19

�2 Persistent and
intense

8 5.0 UVA 64/19

Frequency BW
24 30 746 66-74

(2.0)
3D
CRT

�2 Increase >2 times
normal but
<1/h

29 5.0 UVA 39/41

Hematuria B
25 29 262 74-80

(2.0)
IMRT �2 Gross 14 4.0 MVA 74/5

BW
24 30 746 66-74

(2.0)
3D
CRT

�1 Microscopic or
normal
hemoglobin

14 5.0 UVA 63/41

Obstruction B
26 31 276 70

(2.0)
3D
CRT

�1 Bear down or
push to urinate
<50% of times

9 6.4 MVA 66/20

BW
27 32 557 68-78

(2.0)
3D
CRT

�2 Urethral
narrowing with
hydronephrosis
requiring
catheterization
and/or
transurethral
resection or
dilation

10 5.9 MVA 81/1

Urgency B
26 31 276 78

(2.0)
3D
CRT

�1 Rarely having to
restrain
urinating
before reaching
toilet

10 3.6 MVA 83/2*

SD Erectile
dysfunction

PB

30 33 70 70
(2.0)

3D
CRT

�2 Quality of
nocturnal
erection firm
enough for
intercourse
approximately
50% of times

37 4.0 UVA 70/2

Abbreviations: B Z bladder; BW Z bladder wall; CRT Z conformal radiation therapy; D Z prescribed dose; d Z dose/fraction; EBRT Z external

beam radiation therapy; EQD23 Z equivalent dose in 2-Gy fractions using a/b Z 3Gy; FU Z follow-up time; GU Z genitourinary; IMRT Z intensity

modulated radiation therapy; MVA Z multivariate analysis; NA Z not available; PB Z penile bulb; RT Z radiation therapy; SD Z sexual dysfunction;

3D Z 3-dimensional; U Z urethra; UVA Z univariate analysis.

* Assumption of a maximum dose at 105% equal to 82 Gy.
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intermediate-dose region (21-44 Gy/46%-76%) and within the
high-dose region (54-70 Gy/10%-42%). A linear-quadratic fit
to these points suggested good agreement between symptom-
specific COMTDVHs (R

2 Z 0.98; Fig. 4; Table E3, available
Downloaded for Anonymous User (n/a) at CONSORTIUM MEDICAL LIBRARIES - ISR
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online at https://doi.org/10.1016/j.ijrobp.2018.08.015) and
further suggested that these aligned along a meta-DVH curve
for overall GI toxicity. Most of the COMTDVHs were derived
from rectal doses (71%) extending from the low- to high-dose
AEL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 12, 2019.
Copyright ©2019. Elsevier Inc. All rights reserved.
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Table 3 Study-specific information relating to finally selected studies for GI and GU toxicity as well as SD after BT with or without
EBRT

Symptom
domain Symptom Structure Reference N D (EBRT þ BT), Gy d (EBRT þ BT), Gy

GI Anorectal pain R
31 35 118 46 þ 19.5 2 þ 6.5

Defecation urgency R
31 35 118 46 þ 19.5 2 þ 6.5

Diarrhea R
31 35 118 46 þ 19.5 2 þ 6.5

Fistula R
32 40 2368 (1604, 764) 44, 46 þ 144, 124

(125I, 103Pd)
-

Rectal bleeding R
33 38 37 40/45 þ 110 2/1.8 þ 110

31 35 118 46 þ 19.5 2 þ 6.5
34 36 216 45-51 þ 18-25 3 þ 5-10.5

RW
35 39 212 160 160
R mucosa
36 37 64 45-50.4 þ 18 1.8 þ 9

Stool frequency R
31 35 118 46 þ 19.5 2 þ 6.5

GU Incontinence U
36 37 64 45-50.4 þ 18 1.8 þ 9

Retention U
39 41 36 38 9.5

Stricture U
38 42 330 46 þ 18 2 þ 6

SD Erectile dysfunction PB
40 44 46 (37/9) 145, 115 (125I, 103Pd) -

41 45 41 (11/30) 145, 125 (125I, 103Pd) -

Abbreviations: BTZ brachytherapy; DZ prescribed dose; dZ dose/fraction; EBRTZ external beam radiation therapy; EQD23 Z equivalent dose in

2-Gy fractions using a/b Z 3Gy; FU Z follow-up time; GI Z gastrointestinal; GU Z genitourinary; H Z hypothesis; HDR Z high dose rate; LDR Z
low dose rate; MVA Z multivariate analysis; NA Z not available; PB Z penile bulb; R Z rectum; RT Z radiation therapy; RW Z rectal wall;

SD Z sexual dysfunction; U Z urethra; UVA Z univariate analysis.

* Assumption of a maximum dose at 105% equal to 82 Gy.
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region, followed by primarily high anorectal doses (13%)
and intermediate anal canal and rectal wall doses (5%
for both). As judged from this DVH, the more sensitive
symptom, that is, the symptom with the most conservative
associated COMTDVH, was defecation urgency. The region
below and above this meta-DVH can be regarded as low risk
and high risk of development of overall GI toxicity,
respectively.
Downloaded for Anonymous User (n/a) at CONSORTIUM MEDICAL LIBRARIES - ISRA
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GU toxicity
Two studies each identified a high-dose bladder or
bladder wall DVH threshold at 74 Gy/5%29 and at 63 Gy/
41%30 for gross or microscopic hematuria (n Z 262 and
n Z 746; Table 2; Tables E1 and E2, available online at
https://doi.org/10.1016/j.ijrobp.2018.08.015). For the
bladder wall, a high-dose threshold was also identified at
64 Gy/19% for intermittent or persistent dysuria, and an
EL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 12, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.
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Table 3 Study-specific information relating to finally selected studies for GI and GU toxicity as well as SD after BT with or without
EBRT (continued)

RT
Symptom
cutoff

Symptom definition
at lowest investigated grade

Symptom
rate, %

Median
FU, y Modeling

EQD23/relative
volume, Gy/%

EBRT þ HDR (192Ir) �1 Occasional and mild or nonnarcotic 30 6.0 UVA 48/28

EBRT þ HDR (192Ir) �1 Occasional urgency 70 6.0 UVA 58/4
51/19
50/15
42/30
25/62

EBRT þ HDR (192Ir) �1 Increase of <4/d 35 6.0 UVA 50/13

EBRT þ LDR NA Presence of fistula (yes or no) <1 6.0 H test 93/2, 175/2*

EBRT þ LDR (125I) �2 Moderate, persistent, symptomatic,
medical or minor surgical intervention required

14 3.5 H test 150/2

EBRT þ HDR (192Ir) �2 Occasionally >2/wk or occasional transfusion 20 6.0 UVA 52/12
EBRT þ HDR (192Ir) �2 Moderate, persistent, symptomatic,

medical or minor surgical intervention required
9 2.9 MVA 68/5

EBRT þ LDR (125I) 2 Simple outpatient management 10 2.5 H test 180/2

EBRT þ HDR (192Ir) �1 Rarely 25 1.5 H test 66/2

EBRT þ HDR (192Ir) �2 4-8/d or >2 antidiarrheal agents/wk 12 6.0 UVA 52/12

EBRT þ LDR �1 Leaked urine 1/wk or no pads 22 1.5 H test 185/2

HDR (192Ir) �3 >1 catheterization/d or urologic
intervention indicated

11 3.0 H test 164/12

148/22

EBRT þ HDR (192Ir) 2 Symptomatic and/or dilation or
urethrotomy required

8 2.0 UVA 109/10

LDR (125I, 103Pd) 1 Erection sufficiently firm for
vaginal penetration (yes or no)

50 2.8 H test 36/50, 55/50*

LDR (125I, 103Pd) NA Maintaining erection sufficient for
intercourse with or without sildenafil (yes or no)

27 1.7 MVA 8/90, 10/90*
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intermediate threshold was identified at 39 Gy/41% for 2
times normal urinary frequency.30 In 1 of the 2 cohorts
investigated by Thor et al,31 a high-dose threshold at
83 Gy/2% was reported for rare urinary urgency and the
bladder; in the other cohort, a high-dose bladder
threshold for obstruction (bearing down during the ma-
jority of times when urinating) was observed at 66 Gy/
20% (n Z 207 and n Z 276). Another threshold for
obstruction (requiring intervention), but for the bladder
wall, was observed at 81 Gy/1% (n Z 557)32; in that
Downloaded for Anonymous User (n/a) at CONSORTIUM MEDICAL LIBRARIES - ISR
For personal use only. No other uses without permission. 
study, the same obstruction definition was also associ-
ated with the trigone point dose at 42 Gy (Table E4,
available online at https://doi.org/10.1016/j.ijrobp.2018.
08.015).

SD
Only 1 study reported a DVH threshold for SD. More spe-
cifically, a relationship between erectile dysfunction
(nocturnal erection sufficient for intercourse on the majority
of occasions) and the penile bulb at 70 Gy/2% (nZ 70) was
AEL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 12, 2019.
Copyright ©2019. Elsevier Inc. All rights reserved.
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Fig. 2. Identified dose-volume histogram thresholds for the 5 gastrointestinal symptoms after external beam radiation
therapy alone for which the quantitative synthesis was considered. Study-specific symptom rates are given next to the first
(lowest dose) dose-volume histogram threshold in each study. Each symbol is study specific (with the exception of rectal
bleeding); open and closed symbols refer to grade 1 or higher and grade 2 or higher, respectively. Black dotted lines represent
final fits (the associated R2 is presented in the key). Regarding color coding, red indicates the anal canal; blue, anorectum;
magenta, anal sphincter; purple, external anal sphincter; brown, iliococcygeal muscle; black, rectum; and green, rectal wall.
Abbreviations: EQD23 Z equivalent dose in 2-Gy fractions using a/bZ 3Gy; Rel volZ relative volume. (A color version of
this figure is available at https://doi.org/10.1016/j.ijrobp.2018.08.015.)
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identified (Table 2; Tables E1 and E2, available online at
https://doi.org/10.1016/j.ijrobp.2018.08.015).33 In addition,
an association between erectile dysfunction (firm enough for
intercourse >50% of times) and penile bulb mean dose at
21 Gy was reported (n Z 41; Table E4, available online at
https://doi.org/10.1016/j.ijrobp.2018.08.015).34
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BT with or without EBRT

GI toxicity: Symptom-specific tolerance dose patterns
Five studies had each reported a rectal DVH threshold
for rectal bleeding defined primarily as being moderate
and requiring surgery or transfusion (n Z 647;
EL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 12, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.
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Fig. 3. The 29 identified dose-volume histogram thresholds for rectal bleeding after external beam radiation therapy alone
(excluding the 4 anal canal thresholds; compare with Fig. 2) and the 25 dose-volume histogram thresholds for grade 2 or
higher rectal bleeding that were identified by Quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC)3 are
shown. QUANTEC studies are marked with a bright green border, with different symbols for different sub-QUANTEC
studies; subscript numbers refer to the reference list of Michalski et al3; subscript K refers to Koper et al in Michalski et
al3; and subscript Z refers to Zapatero et al. All 54 thresholds were stratified with respect to organ at risk (blue, anorectum;
black, rectum; green, rectal wall; black dotted line, final fit for rectal bleeding; gray dashed line, fit including 25 QUANTEC
thresholds) (A); rectal bleeding symptom cutoff (B); rectal bleeding rate separated into 5 intervals (C); radiation therapy
technique (D); and prescription dose level (EQD210) separated into 5 intervals (after QUANTECdthe median value of all
exploited prescription levels) (E). Abbreviations: CRT Z conformal radiation therapy; EQD23 Z equivalent dose in 2-Gy
fractions using a/b Z 3Gy; IMRT Z intensity modulated radiation therapy; Rel vol Z relative volume; 3D Z 3-
dimensional. (A color version of this figure is available at https://doi.org/10.1016/j.ijrobp.2018.08.015.)
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Table 3; Tables E1 and E2, available online at https://
doi.org/10.1016/j.ijrobp.2018.08.015).35-39 The 5
thresholds were located within 52 to 68 Gy/2% to
12%35-37 and within 150 to 180 Gy/2%.38,39 No func-
tion was explored to fit these 5 thresholds given lack of
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data between the 2 clusters of DVH thresholds
(Fig. E1, available online at https://doi.org/10.1016/j.
ijrobp.2018.08.015). Thresholds for other GI toxic-
ities included intermediate rectal thresholds at 25 to
58 Gy/4% to 62% for occasional anorectal pain,
AEL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 12, 2019.
Copyright ©2019. Elsevier Inc. All rights reserved.
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Fig. 4. Estimated center-of-mass DVH thresholds
(COMTDVHs) for defecation urgency, diarrhea, fecal in-
continence, proctitis, and rectal bleeding after external
beam radiation therapy alone and the fitted metaedose-
volume histogram (DVH) for overall gastrointestinal (GI)
toxicity based on COMTDVHs for each of these symptoms
(black dotted line). Dashed black lines show 95% confi-
dence intervals (CIs). The majority of data from which all
COMTDVHs were derived stemmed from rectal doses
(71%), followed by high anorectal doses (13%). The region
below and above this meta-DVH suggests low risk and high
risk, respectively, of development of overall gastrointestinal
toxicity; the circles denote the 2 clusters of COMTDVHs.
The color coding indicates symptom-specific sensitivity;
for example, the tolerance dose for the most sensitive
symptom of defecation urgency is red. Abbreviations:
EQD23 Z equivalent dose in 2-Gy fractions using a/b Z
3Gy; Rel vol Z relative volume. (A color version of this
figure is available at https://doi.org/10.1016/j.ijrobp.2018.
08.015.)
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occasional defecation urgency, diarrhea (increase in
daily stools), and stool frequency (4-8 times per day)35

(n Z 118; Table 3). For fistula, 1 threshold at 93 Gy/
2% (n Z 2368) was identified.40

GU toxicity and SD
Urinary retention (requiring catheterization or urologic
intervention) was represented by 2 high urethral DVH
thresholds at 148 to 164 Gy/12% to 22%,41 and urinary
incontinence (not requiring pads) was represented by 1
urethral threshold at 185 Gy/2%37 (n Z 36 and n Z 64;
Table 3; Tables E1 and E2, available online at https://doi.
org/10.1016/j.ijrobp.2018.08.015). In a considerably
larger cohort (nZ 330) and for urinary stricture (dilation or
urethrotomy required), 1 threshold at 109 Gy/10% was
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found.42 For GU pain (during urination <50% of times), an
association with the urethral mean dose was reported at
91 Gy (n Z 368; Table E4, available online at https://doi.
org/10.1016/j.ijrobp.2018.08.015).43 Two smaller studies
had each identified 1 DVH threshold for erectile dysfunc-
tion (inability to maintain erection for intercourse) and the
penile bulb at 36 Gy/50%44 and at 8 Gy/90%45 (nZ 46 and
n Z 41).
Discussion

This systematic review was based on dose/volume toler-
ances for late and distinct RT-induced toxicities after
prostate cancer RT from 10,149 patients and 33 studies. We
identified 97 dose/volume tolerances, 8 dose/volume tol-
erances, and 1 dose/volume tolerance as quantified by DVH
thresholds for GI, GU, and SD toxicity, respectively, in 13
OARs after EBRT alone. The corresponding numbers after
BT with or without EBRTwere 14, 4, and 2 in 4 OARs. An
overall GI toxicity DVH curve based on primarily rectal
doses was generated by fitting the tolerance doses across
defecation urgency, diarrhea, fecal incontinence, proctitis,
and rectal bleeding after EBRT alone in the low- to
intermediate-dose region and the high-dose region
(R2 Z 0.98).

The report by Emami et al1 and the QUANTEC reports2

presented normal tissue dose/volume tolerance data after
EBRT alone (with 4400 combined citations in peer-
reviewed articles as of May 25, 2018). The QUANTEC
reports embraced published studies up to 2009 and, for
prostate cancer, mainly covered relationships between
combined symptom scores and rectal and penile bulb doses
for GI toxicity and SD, respectively.3,5 The QUANTEC
effort still provides the major guidelines in treating cancers
without severe RT-induced toxicity. The GU-specific
QUANTEC report did not include dose/volume tolerances
after prostate cancer EBRT because of heterogeneity in
published results.4 Our systematic review spans from after
the publication of these QUANTEC reports (2010) to 2017
for GI and SD toxicity after EBRT alone and spans from
after the report by Emami et al (1992) to 2017 for GU
toxicity after EBRT alone and for the 3 investigated
symptom domains after BT with or without EBRT. We
identified dose/volume tolerances for 15 and 11 distinct
symptoms after EBRT alone and after BT with or without
EBRT, respectively. For both regimens, the majority of
DVH thresholds were reported for GI toxicity and, in
particular, for rectal bleeding.

Among all GI toxicities, rectal bleeding after EBRT
alone was the only distinct symptom for which dose/vol-
ume tolerances were suggested by the associated QUAN-
TEC report. Their 5 high-dose constraints (EQD23/relative
volume of 50 Gy/50%, 60 Gy/35%, 65 Gy/25%, 70 Gy/
20%, and 75 Gy/15%) were presented to limit the occur-
rence of grade 2 or higher rectal bleeding to <15%.3 Even
though the majority of the dose/volume tolerances
EL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 12, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.
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identified in our study13-15,17,19,20,22-28 and those reported
by QUANTEC3 were derived primarily from rectal doses,
the post-QUANTEC data were generally located between
those reported by QUANTEC for EQD23 <56 Gy, followed
by a wider spread in the post-QUANTEC data within
56 Gy < EQD23 < 80 Gy. This finding could be explained
to some extent by the lower number of post-QUANTEC
dose/volume tolerances identified for the low- to
intermediate-dose region compared with QUANTEC data
(7 vs 16 thresholds) and the higher number for the high-
dose region (20 vs 9 thresholds; Fig. 3A), but it is also a
consequence of increasingly conformal treatment tech-
niques over time enabling higher therapeutic doses with
lower OAR doses (median EQD210, 73.4 Gy vs 70.7 Gy;
Fig. 3D and E).

Associated differences were also reflected when refitting
our final rectal bleeding function to all data also including
the raw data behind the QUANTEC constraints (i.e., the 25
QUANTEC DVH thresholds), which reduced the fitting
statistics from a satisfying fit to a modest fit (R2 Z 0.95 vs
R2 Z 0.68). The differences between the post-QUANTEC
and QUANTEC dose/volume tolerances can partly be
explained by differences in rectal bleeding severity or
grades because we have summarized the results for both
grade 1 or higher and grade 2 or higher rectal bleeding in
contrast to QUANTEC, which summarized tolerance doses
for grade 2 or higher rectal bleeding exclusively (Fig. 3B).
This is also reflected for lower doses in the refitted curve
(including QUANTEC data), which is more conservative
than the final rectal bleeding fit (Fig. 3A). It should, how-
ever, be kept in mind that the more ideal stratification
would involve the actual symptom definition rather than a
specific grade given the use of various rectal bleeding as-
sessments performed either by physicians or by patients. In
the majority of our identified studies, rectal bleeding
had been defined as occurring occasionally, which corre-
sponded to grade 1 or higher. Even though patient-reported
outcomes are included in the post-QUANTEC data only,
which can be expected to lead to a higher rate compared to
that of the same physician-assessed symptom,46 it is
interesting to note that the median rectal bleeding rate for a
grade 2 or higher definition was 6% in the post-QUANTEC
studies versus 15% in the QUANTEC studies (Fig. 3C).

Across all 5 GI symptoms after EBRT alone,
the overall best fit was that applied to diarrhea,13,17

followed by rectal bleeding,13-15,17,19,20,22-28 fecal inconti-
nence,13-16,18-21 proctitis,13,14 and last, defecation
urgency13-16 (R2 Z 1.00, 0.95, 0.93, 0.93, and 0.82,
respectively). The final linear-quadratic fits for diarrhea,
rectal bleeding, and proctitis were similar in shape but
resulted in a somewhat lower tolerance for rectal bleeding
in the low- to intermediate-dose levels (relative volumes
along the curves at EQD23 Z 30 Gy and EQD23 Z 50 Gy
were 67% vs 70%-72% and 44% vs 46%-47%, respec-
tively; Fig. 2). Within the same dose range, the final linear
fit for fecal incontinence and, even more so, the linear-
quadratic fit for defecation urgency resulted in even lower
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tolerances (relative volumes at EQD23 Z 30 Gy and
EQD23 Z 50 Gy were �63% and �38%, respectively).
These sensitivity patterns are also captured in the meta-
DVH (i.e., the function fitted to the synthesized
COMTDVHs), suggesting that treatments designed to the
lower boundaries could limit overall GI toxicity (Fig. 4).
Physicians designing treatments adhering to these should,
however, bear in mind a patient’s individual risk of devel-
opment of a certain symptom given variables related to
disease, patient, and/or treatment not accounted for here
and their plausible interaction with dose.

Without any definitive consensus, the GU- and SD-
specific QUANTEC reports implied that high bladder
doses4 and intermediate penile bulb doses5 are important
for the development of GU toxicity and erectile dysfunc-
tion, respectively, after EBRT alone. Unfortunately, dose/
volume tolerance data for these toxicities are still scarce,
and quantitative synthesis adhering to the criteria of this
systematic review was not possible. Yet, on the basis of the
identified dose/volume tolerances, recent data have sug-
gested that a high or maximum bladder dose or bladder
wall dose is critical for dysuria, hematuria, obstruction, and
urinary urgency29-32 whereas a somewhat lower dose to the
bladder wall is associated with urinary frequency.30 Only 1
high-dose penile bulb threshold was reported for erectile
dysfunction.33 Dose/volume tolerances for other GU and
SD symptoms were not identified.

Dose/volume tolerances after BT with or without EBRT
have not been investigated to the same extent as those after
EBRT alone. From the small number of identified DVH
thresholds within the scope of this review, it is also clear that
data on BTwith or without EBRTare still much less reported.
A quantitative synthesis for BT with or without EBRT was,
therefore, not possible. The largest number of dose/volume
tolerances, a total of only 5, was identified for rectal
bleeding,35-39 for which associations between both the lower
and higher rectal doses were observed, similarly to after
EBRTalone. None of the studies in which BT plus EBRTwas
applied had used intensity modulated RT for the EBRT
component. Moreover, the OARs investigated were limited to
the rectum (GI), urethra (GU), and penile bulb (SD).
Assessing DVH thresholds after BT with or without EBRT is
more challenging than after EBRT alonedsimilar to a
2-phase EBRT alone treatmentdbecause the components
should be summed in a radiobiologically sound manner.47,48

Furthermore, the applied fractionation correction formula
must be isotope specific and BT approach specific and able to
account for effects at a higher dose/fraction (approximately
>6 Gy).49 Among the identified studies involving BT plus
EBRT, only 1 study reported summarized dose/volume
tolerances after first having corrected for the fractionation
effect of each component,38 whereas others typically reported
dose/volume tolerances separately for each modality.

To our knowledge, there has not been any previous
attempt to perform a meta-analysis with a quantitative
synthesis of dose/volume tolerances represented by a range
of DVH thresholds. Typical meta-analysis and quantitative
AEL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 12, 2019.
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synthesis approaches involve assessing heterogeneity for
the same measure.50 Such an approach was not suitable
here because of dose levels identified for multiple measures
(i.e., volumes). We therefore devised an alternative strategy
in which the relationship among dose/volume tolerances
from different studies was assessed by the goodness of fit of
the applied linear or linear-quadratic functions. In addition,
these dose/volume tolerances were combined into 2 to 3
unbiased summary metrics (COMTDVHs) and finally com-
bined into a symptom-specific COMTDVH, forming an
overall GI toxicity meta-DVH curve. Equal importance was
considered across individual study DVH thresholds, but
alternative approaches could involve, for example,
weighting with respect to study size in combination with
study quality as given by the investigated 9-grade score.
However, any additional weighting procedure was consid-
ered outside the scope of this work. Ideally, stratified ana-
lyses with respect to additional aspectsdfor example,
symptom definition (the number of different definitions
typically did not exceed 2 for any of the investigated
symptoms) or RT techniquedwould have shed further light
on the robustness of the fitted curves, including the meta-
DVH, but this could not be performed given limited data.
A crude stratification with respect to symptom definition,
that is, refits of the final functions to either grade 1 or
higher (defecation urgency, diarrhea, fecal incontinence,
rectal bleeding) or grade 2 or higher (proctitis) data, how-
ever, indicated no substantial improvement in the goodness
of fit (final vs refitted R2 of 0.82 vs 0.85 for defecation
urgency, 1.00 vs 1.00 for diarrhea, 0.93 vs 0.92 for fecal
incontinence, 0.95 vs 0.96 for rectal bleeding, and 0.93 vs
0.93 for proctitis). In addition, because the majority of
treatments concerned 3D conformal RT (CRT) or 3D CRT/
intensity modulated RT, identified dose/volume tolerances
could not be studied with respect to the applied RT
technique. The robustness of dose/volume tolerances with
respect to variables other than dose was further not assessed
given that only 2 studies included such data (anticoagu-
lants20 as well as cardiovascular disease and surgery23; all 3
predisposing for rectal bleeding]. Future efforts are, how-
ever, encouraged to untangle dose-response relationships in
the presence of all potentially influencing factors.

When dose/volume tolerance data were synthesized for
this review, 135 studies did not fulfill the inclusion criteria.
The most common reason was absence of distinct symp-
toms (46%) (i.e., concerned toxicities were typically
assessed as multiple symptoms), making it impossible to
distinguish the degree to which a reported symptom per-
tained to this toxicity exclusively, followed by unavailable
DVH data (24%) and reanalysis not adding to previous
results (13%). Five studies were excluded because of
insufficient reporting of results, which prevented interpre-
tation of DVH thresholds, and for almost 50% of the
included studies (16 of 33), assumptions regarding DVH
thresholds were made (Normal Tissue Complication Prob-
ability calculations were performed in 3 studies,20,23,26

averaged DVHs were stratified between patients with and
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without toxicity in 5 studies,8,14,21,25,31 and the
absolute volume threshold/maximum dose to a volume
of �2 cm3 was converted to relative values for 6
studies27,32,33,37,39,41). In future and associated efforts, in-
vestigators are, therefore, strongly encouraged to investi-
gate and report DVH thresholds for OARs more
consistently: (1) State the fractionation scheme (if multiple,
denote number of patients [or percentage] per scheme); (2)
report the DVH threshold, complication rate, and number of
patients above and below the identified threshold; (3)
include a DVH summary measure (e.g., the mean dose or
the generalized equivalent uniform dose in addition to
thresholds), enabling established meta-analysis approaches
and true validation of identified dose-response relation-
ships; and (4) make the data publicly available as already
encouraged by QUANTEC almost 10 years ago51

(formatting and standardization guidelines for such efforts
were recently published by the Medical Physics editorial
team52).

In addition to investigating the potential effects of
covariates other than dose for the development of a certain
symptom, nomenclature and contouring standardization of
OARs is important.53,54 Among the included studies, there
are examples in which the OARs were defined either by
anatomic landmarks or with respect to distances above and/
or below tumor volumes (Table E1, available online at
https://doi.org/10.1016/j.ijrobp.2018.08.015). This review
has indicated that dose/volume tolerances most commonly
concern physician-assessed rectal bleeding determined
from no versus any symptom severity. Although this may
be sound from a statistical modeling point of view (the
lower the symptom cutoff, the higher the rate), future dose-
response modeling efforts should rather focus on symptoms
and severities that matter to patients. Concerning RT
technique dependence, especially for rectal bleeding after
EBRT alone, this review could only provide incremental
improvement compared with QUANTEC given that most
thresholds were still assessed after 3D CRT. However, more
recent 3D CRT techniques are to a larger extent more
conformal, leading to the considerable decrease in rectal
bleeding rates documented in this update. Given this, it is
plausible that the response to higher doses remains un-
changed for GI toxicities and that data from future studies
will primarily provide more information about the low- to
intermediate-dose range and associated OAR volumes.
Conclusions

This systematic review provides evidence in support of
rectal dose/volume tolerances after prostate cancer EBRT
alone for defecation urgency, diarrhea, fecal incontinence,
proctitis, and rectal bleeding within both the low- to
intermediate-dose range (10 Gy � EQD23 � 50 Gy) and
high-dose range (55 Gy � EQD23 � 78 Gy). The more
sensitive symptom of defecation urgency implies that if its
tolerance can be respected, the risk of development of other
EL -Medical Center Rambam from ClinicalKey.com by Elsevier on June 12, 2019.
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GI toxicities is low. Even though RT-induced injuries of
various GI symptoms differ,55-58 our data suggest that their
dose/volume tolerances are primarily given by rectal doses.
Designing treatments to meet the constraints presented
along our meta-DVH curve (Fig. 4) to reduce GI toxicity
should be further exploited in a prospective setting. Data
for other GI toxicities, as well as GU toxicity and SD after
EBRT alone, are still scarce and even less reported after BT
with or without EBRT. To accelerate the understanding of
dose/volume tolerances for specific symptoms after state-
of-the-art RT regimens, researchers are encouraged to
collect and report such data, including standardization and
sharing initiatives.
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