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Background and purpose: Loco-regional recurrence (LRR) dominates the failure pattern after curative radiotherapy
in anal cancer. The aim of this study was to estimate dose of LRRs in anal cancer using a point of origin-based
method.

Method and materials: Of 321 patients with squamous cell carcinoma of the anus, 31 patients with LRR (29 local
recurrences and 5 regional lymph node recurrences) were available for analysis. The recurrence volumes were
delineated on recurrence magnetic resonance imaging (rMRI). Rigid and subsequent deformable co-registration
of planning computerised tomography scans and rMRI were performed. Point of origin was estimated as the
centre of mass (COM) and an observer-based point of origin (obs-PO). Doses to COM and obs-PO, as well as the
full recurrence volume, were estimated and the relation to target volumes was extracted.

Results: The median minimum dose to COM was 63.8 Gy (range 32.5-65.1 Gy) and 63.7 Gy (range 35.5-65.2 Gy)
to obs-PO of local recurrences. COM was included in the high dose volume (64 Gy) in 86 % of cases, and obs-PO
was included in 75 % of cases. There was no difference in minimum dose to COM and obs-PO, and the median
distance between the two points was 3.3 mm (range 0.6-19.8 mm). No recurrences occurred in primarily boosted
lymph nodes.

Conclusion: The majority of LLRs were located within the high dose volume indicating radioresistance as the
primary cause of recurrence in anal cancer. No difference between the use of COM and obs-PO was evident.

[8,9]. However, the shape of especially large recurrences is often
irregular, and the isotropic growth pattern model can be compromised

1. Introduction

Modern radiotherapy (RT) techniques such as intensity-modulated
radiation therapy (IMRT) and volumetric modulated arc therapy
(VMAT) are standard of care in the treatment of anal cancer [1-3]. Anal
cancer is considered a loco-regional disease, and failure within the
pelvic area is seen in approximately 20-30 % of patients [4-6]. Hence,
to improve the outcome of anal cancer, improved local control is
necessary.

Loco-regional recurrence (LRR) can be caused either by surviving
radioresistant cancer stem cells despite potentially curative doses or
geographical miss of the tumour and thereby insufficient radiotherapy
dose [7]. Assuming isotropic growth of a recurrence, the point of origin
can be estimated as the centre of mass (COM) of the recurrence volume
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due to anatomical barriers such as pelvic bone, muscles of the pelvic wall
or other nearby organs. In these cases, an observer-based point of origin
(obs-PO) may be a better estimate of the origin of the recurrence
[10,11].

In previously published studies of anal cancer recurrences, only total
recurrence volume in relation to different dose volumes has been used to
estimate whether the recurrence was in-field, marginal, or out-of-field
and/or a simple estimation of relation to standard irradiated areas
[12-17]. This “volumetric approach” is, however, highly dependent on
the size of the recurrence at the time of diagnosis and is, therefore, time-
dependent [10]. No previous studies have measured the dose to anal
cancer recurrences based on the original radiotherapy plan. With the
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introduction of more conformal RT techniques evaluation of the dose to
recurrence point of origin is highly relevant for dose planning
optimisation.

This study aimed to estimate the dose to recurrence point of origin
and full recurrence volume using a computerised workflow. In addition
to this, the LRR pattern was analysed in terms of recurrence volume and
pelvic location.

2. Materials and methods
2.1. Patient selection

In total, 321 patients with squamous cell carcinoma of the anus
treated with definitive IMRT/VMAT at Aarhus University Hospital from
2007 to 2018 were identified and reviewed. Patients were identified
using the International Statistical Classification of Diseases and Related
Health Problems (ICD) diagnosis codes. Information on pre-treatment
characteristics, treatment, and outcome was retrospectively retrieved
from medical records. Patients were reclassified by the 8th edition of the
TNM classification system [18]. By review of patient records, patients
with LRR were identified. Only patients with an LRR, defined as relapse
after a registered clinical and/or pathological complete response, were
candidates for analysis, thus excluding patients with persistent disease
at response evaluation. Recurrences were classified as local (LR) if the
recurrence originated from the anal canal/rectum in the pelvis or
regional (RR) if the recurrence was located in regional lymph nodes,
including inguinal lymph nodes. The location of recurrences was clas-
sified by intrapelvic compartments (infralevator, central, posterior or
anterior below peritoneal reflection) as by the PelvEx Collaborative
guideline [19]. In total, 34 patients with LRR were identified, and of
these, 31 had a diagnostic rMRI scan and were available for further
analysis (Fig. 1). Information on gender, age, tumour stage and treat-
ment characteristics are available in Table 1. Data collection was
approved by the Danish Patient Safety Authority (3-3013-2447/1) and
the Danish Data Protection Agency (1-16-02-66-18). Informed consent

Treated with
IMRT/VMAT
n=321

No failures
n=233

All treatment

failures
n=288
Persistent
> disease/PD
—L n=42
Recurrences
n=46
N~ Distant failure
> only
—— n=12
LRRs
n=34
N~ No recurrence
> MRI
n=3
Available for R
analysis
n=31

Fig. 1. Flowchart of patients available for analysis. Abbreviations: IMRT =
Intensity-modulated radiation therapy, VMAT = volumetric modulated arc
therapy, PD = progression disease, LRR = loco-regional recurrence, MRI =
magnetic resonance imaging.
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Table 1
Pre-treatment and treatment characteristics of the 31 patients included in the
study.

Pre-treatment characteristics n=31
Age at diagnosis (years), median (range) 57 (41-76)
Gender

Male 8 (26 %)
Female 23 (74 %)
Performance status (PS)

PSO 20 (65 %)
PS1 3 (10 %)
NA 8 (26 %)
Smoking status

Never smoker 13 (42 %)
Former smoker 5 (16 %)
Smoker 12 (39 %)
NA 1 (3 %)
Maximum tumour size (cm), median (range) 4(1-9)
T-stage

T1 5 (16 %)
T2 19 (61 %)
T3 7 (23 %)
N-stage

NO 22 (71 %)
Nla 9 (29 %)
Stage (8th edition)

Stage I 5 (16 %)
Stage ITIA 16 (52 %)
Stage IIB 1 (3 %)
Stage IIIA 3(10 %)
Stage IIIC 6 (19 %)
p16 status

Positive 13 (42 %)
Negative 1 (3 %)
NA 17 (55 %)
Treatment characteristics

Radiotherapy

Radiotherapy 18 (58 %)
Radiotherapy + chemotherapy (concomitant or induction) 13 (42 %)
Radiotherapy technique

IMRT 10 (32 %)
VMAT 21 (68 %)
Prescribed dose

64GY/51.2GY/32F 30 (97 %)
64GY/32F 1 (3 %)
Overall RT treatment time (days), median (range) 46 (43-51)

Abbreviations: n = numbers, IMRT = intensity-modulated radiotherapy, VMAT
= volumetric modulated arc therapy, GY = Gray, F = fractions, RT =
radiotherapy.

was waived with approval from the Danish Patient Safety Authority.

2.2. Treatment planning

All patients had a planning computed tomography (pCT) scan with
intravenous contrast and 3 mm slice thickness performed in supine po-
sition according to local protocol with flexed hip and knees. In 2011/
2012, planning magnetic resonance imaging (pMRI) and positron
emission tomography (pPET) scans were introduced as a supplement to
pCT scans for target definition. Target definition (tumour (GTV-T) and
pathological lymph nodes (GTV-N)) was based on planning and diag-
nostic imaging together with information from clinical staging and pa-
thology reports. Target definition guidelines changed during the study
period, but in general, a margin of 5-10 mm was added to the GTV-T to
create the clinical target volume (CTV), followed by an additional 5 mm
margin to account for internal movement creating the internal target
volume (ITV). Individual modification in ITV margin was allowed to
account for bowel and bladder movement. Both CTV and ITV were
adjusted not to include bone and pelvic muscles. Standard elective
lymph node volumes included the mesorectal, pre-sacral, ischioanal,
inguinal, and internal- and external iliac lymph nodes, but individual
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modifications were allowed. A planning target volume (PTV) margin of
5 mm anterior-posterior and lateral, and 8 mm craniocaudally was
added to ITV. Standard dose to ITV (tumour and pathological lymph
nodes) was 64 Gy delivered in 32 fractions (ITV64), and 51.2 Gy to the
elective lymph node volume (ITV51.2). ITV and PTV were covered to
95-107 % of prescribed dose. Treatment planning was performed in
Eclipse (Varian Medical Systems, CA, USA), and for dose calculation, a
pencil beam algorithm (2007-2009) and the anisotropic analy-
tical algorithm, AAA, (2009-2018) were used. Dose differences result-
ing from this were ignored as the difference in the pelvic area is minimal
[20]. The earliest patients were treated with six field IMRT, while pa-
tients from 2011 primarily received VMAT. All patients were treated
with daily imaging setup, which changed from orthogonal kV images
(2007-2010) to cone-beam CT (2010-2018). For all patients, registra-
tion of the pelvic bones was used for setup. All patients received the
planned fractions; however, two patients had an unplanned treatment
break longer than one day.

2.3. Dose estimation

pCT and recurrence MRI (rMRI) were transferred to the Medical
Image Merge (MIM) software (Cleveland, USA, version 7.2.1). The
recurrence volume (Vy..) was delineated on the rMRI (axial T2 weighted
sequences) aided by the radiologist report, clinical information and/or
the pathology report from salvage surgery. In case of simultaneous local-
and regional lymph node recurrence, all failure sites were delineated
separately. For all LRs, an obs-PO was marked based on where the
recurrence on the rMRI appeared to originate, e.g. if an obvious tumour
centre in the bowel lumen were present. In case of two separate LR, only
one obs-PO was estimated. For the limited volumes of regional lymph
node recurrences, COM or total lymph node volume were considered
adequate for dose estimation and obs-PO were therefore not delineated.
Two oncologists (including one radiation specialist) performed the
recurrence delineation and estimation of obs-PO.

Co-registration of pCT and rMRI scans and dose estimation was
performed in the MIM software. The first step of the workflow was an
automated rigid registration using six degrees of freedom with both
translation along and rotation around the x-, y- and z-axis. If relevant, a
manual correction was performed with focus on the inner line of the
pelvic bones (sacral and iliac bone) and the soft tissue in relation to the
recurrence. Based on this, an automated multimodality deformable
registration (DIR) of the pCT and rMRI was performed [21].

The V,ec and the obs-PO structures were deformable transferred from
the rMRI to the pCT scan. The results were visually inspected, and if
anatomical changes were not accounted for satisfactorily, for example
bowel lumen differences, the obs-PO could be manually adjusted. The
COM of the transferred recurrence structure was then calculated by the
MIM workflow. For dose estimation, a sphere of 2.5 mm was added to
the centre of both the obs-PO and COM. Minimum, mean and maximum
dose to the obs-PO, COM and V... were measured, and the overlap with
GTV and ITV volumes was determined by the number of voxels of the
different contours (Vie., COM and obs-PO) overlapping with the voxels
of the target volumes relative to the total voxel count of the different
contours.

2.4. Statistics

Descriptive statistics (numbers, percentage and median) were used
to present pre-treatment, treatment, and recurrence characteristics. The
median minimum, mean and maximum dose between COM and obs-PO
was compared using Wilcoxon signed-rank test for paired non-
parametric data. A p-value < 0.05 was considered significant. Overall
survival at three and five years was calculated using the Kaplan-Meier
method and was calculated from the date of diagnosis to the date of
death. Median time to recurrence was calculated from the date of last
delivered fraction to the date of recurrence.
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3. Results

Of the 31 patients with available rMRI, 29 had LR, with one patient
having two separate tumours (the smaller of the two tumours was
considered a local bowel metastasis). Three patients had both local- and
regional lymph node recurrence, and two patients had regional lymph
node recurrence only. Regional lymph node recurrences were located in
mesorectal (n = 2), inguinal (n = 2) and internal iliac (n = 1) lymph
nodes. Of the 31 patients, three patients had synchronous distant
recurrence located in the liver (n = 2) and para-aortic lymph node (n =
1). Recurrence characteristics, including location and median volume,
are available in Table 2. The median time from the last day of RT to
recurrence diagnosis was 21.5 months (range 4.7-85.8 months), and
overall survival at 3- and 5 years were 84 % and 63 %, respectively.

3.1. Dose estimation

Table 3 shows minimum, mean and maximum dose (median) to
COM, obs-PO and V. for LRs. The prescribed minimum dose (median)
of LRs was 62.8 Gy (range 0-64.1 Gy) for Vi, 63.8 Gy (range 32.5-65.1
Gy) for COM and 63.7 Gy (range 35.8-65.2 Gy) for obs-PO. There was no
statistically significant difference between median minimum dose to
COM and obs-PO (p = 0.4). Minimum dose to all individual recurrences
(LR and regional lymph node recurrence) is depicted in Fig. 2, showing
the minimum dose to Ve, COM and obs-PO. For LRs, 90 % of both COM
and obs-PO received 95 % of prescribed dose to ITV64, and 76 % of Vi,
received 95 % of prescribed dose to ITV64.

For LRs, COM was 100 % included in ITV64 in 86 % of cases, obs-PO
in 75 % of cases and V.. in 45 % of the cases, whereas 97 % of all
volumes were included in the ITV51.2 volume. Location in relation to
GTV-, ITV64- and ITV51.2 volumes for COM (LR and regional lymph
node recurrences) is simplified in Fig. 3. A more detailed figure of COM,
obs-PO and Vi, and relation to target volumes are available in Sup-
plementary Fig. S1. Median centroid distance from obs-PO to COM was
3.3 mm (range 0.6-19.8 mm).

None of the recurrent regional lymph nodes was boosted at primary
treatment. Doses to COM and V. depended on inclusion of elective
volume and can be seen in Supplementary Table S1.

Manual corrections of the rigid registration were necessary for

Table 2

Loco-regional recurrence characteristics and recurrence treatment.
Loco-regional recurrence n=31
Pelvic location of local recurrence (intra-pelvic n=29

compartments)

Infralevator 19 (66 %)
Infralevator + Central 4 (14 %)
Central 4 (14 %)
Central + Anterior below PR 1 (3 %)
Central + Posterior 133 %)

Local recurrence volume (cm®)
Median (range) 5.6 (0.4-353.2)
Lymph node location n=>5

Mesorectal lymph nodes 2 (40 %)
Inguinal lymph nodes 2 (40 %)
Internal Iliac lymph nodes 1 (20 %)

Median time to recurrence (months)
Median (range)

Treatment of recurrence

Salvage surgery and/or lymph node dissection® 24 (77 %)

21.5(4.8-85.8)

Local excision 3 (10 %)
Palliative treatment or BSC 4 (13 %)
Synchronous distant failures n=3

Liver 2 (67 %)
Para-aortic lymph nodes 1 (33 %)

) In combination with pre-operative chemotherapy (n = 1) and brachytherapy
(n=1).

Abbreviations: n = number, PR = peritoneal reflection, BSC = best supportive
care.
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Table 3
Minimum, mean and maximum dose (median).

Local recurrence (median dose)

Minimum dose Mean dose (Gy) Maximum dose (Gy)

(Gy) (range) (range) (range)
Recurrence 62.8 64.0 65.3
volume (0-64.1) (39.6-65.2) (53.8-68.0)
COM 63.8 p= 64.2 p= 64.6 p=
(32.5-65.1) 0.4 (34.0-65.2) 1.0°  (36.1-65.9) 0.5%
Obs-PO 63.7 64.1 64.5
(35.8-65.2) (39.5-65.4) (44.6-65.7)

@) Comparison between COM and obs-PO using Wilcoxon signed-rank test.

One patient had two separate local recurrences; only one local recurrence per
patient is included in this analysis.

Abbreviations: COM = centre of mass, Obs-PO = observer-based point of origin,
Gy = Gray, LN = lymph node.

approximately 50 % of the co-registrations. The cause of registration
problems was not always clear, but in nearly 50 % of the corrections, the
poor registration was caused by small and/or poor-quality MRI se-
quences with limited bone structure for registration. In four cases, it was
necessary to change the location of the deformable transferred obs-PO,
all four cases were due to changes in bowel lumen.

7o Minimum dose to V,, 5% of the

i prescribed
65 dose to ITV64
OOT REREEERERRERRERRRRRRRRR D B~ ———

55
S50-EEEEESEEEEREERERERE
45
40
35
30
25
20
157
10

95% of the
prescribed
dose to ITV51.2

Minimum dose (Gy)

Minimum dose 0 Gy

Viee (LR) M V., (RR) [ V.2 (LR2)

Minimum dose to obs-PO
704 95% of the
prescribed

65 dose to ITV64

e Fannndbannnnnnnnnstbinnni | i
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45 95% of the
20 prescribed

35
30
254
204
15
104

5

Minimum dose (Gy)

Obs-PO (LR)

dose to ITV51.2
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4. Discussion

This study aimed to analyse dose and relation to target volumes of
point of origin of LRRs after RT for anal cancer. Using this method, it was
possible to analyse the prescribed dose to an estimated point of origin of
the LRRs. Results showed that the majority of point of origins were
located in the high-dose volume (ITV64) and hence received potentially
curative radiation doses. This indicates that the cause of recurrence
could originate from radioresistant cancer stem cells rather than
geographical misses. This is the first published study to use a point of
origin-based method to analyse prescribed dose to LRRs after highly
conformal techniques for anal cancer.

In previous studies investigating pattern of failure after IMRT for
anal cancer, “volumetric approaches” have been applied, classifying
LLRs as either in-field, margin or out-of-field in relation to target vol-
umes [12,13,15,16]. In general, the methodology and definition of
recurrence classification vary across these studies, and comparison is
difficult. The “volumetric approach” previously used lacks information
about dose to the recurrence and is highly dependent on recurrence size
and hence the time of diagnosis. Point of origin-based recurrence anal-
ysis has previously been used in head and neck cancer to analyse the
relation to target volumes [8-11]. However, the point of origin-based
method has limitations as well. The centroid-based approach, using a
mathematically estimated COM as point of origin is an estimate based on
the assumptions of isotropic growth, which may not always be the case,
especially in large recurrences. Hence, an obs-PO, based on the

Minimum dose to COM

95% of the
prescribed
65 dose to ITV64

50-EEREEEEEER

95% of the
prescribed
dose to ITV51.2

Minimum dose (Gy)

COM (LR) Il COM (RR) [l COM2 (LR2)

Recurrence volume =V ..
(Total delineated recurrence volume)

Centre of mass = COM
(The centre of V. mathematically
calculated)

Observer-based point of origin = obs-PO
(Point of recurrence origin estimated by
an experienced radiation oncologist)

Fig. 2. Minimum dose to V.., COM and obs-PO. A-C: Minimum dose to V,e., COM and obs-PO. Each bar represents a recurrence. The dashed lines represent 95 % of
prescribed dose to ITV64 and ITV51.2. For obs-PO, only LRs are presented. For patients with more than one failure site, each failure is depicted with no space
between bars. For COM and V... one patient is represented with two separate LRs (LR and LR2). D: Definitions of Ve, COM and obs-PO. Abbreviations: V. =
recurrence volume, COM = centre of mass, obs-PO = observer-based point of origin, LR = local recurrence, RR = regional lymph node recurrence, ITV = internal

target volume.
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@ Local recurrence —————— GTV
Regi L h nod ITV64
o Regional Lymph node recurrence . — |TV51.2

Fig. 3. Mapping of COM (loco-regional recurrences) in relation to high dose
volume (GTV and ITV64) and elective volume (ITV51.2). Every dot represents
one individual loco-regional recurrence (36 individual recurrences (30 local-
and 6 regional lymph node recurrences) in 31 patients). If placed on the lines,
the COM was included in the volume by less than 100 % but above 0 %. Ab-
breviations: COM = centre of mass, GTV = gross tumour volume, ITV64 =
internal target volume (64 Gy) (high dose volume), ITV51.2 = internal target
volume (51.2 Gy) (elective volume).

experience of a radiation oncologist, could be a better estimate. How-
ever, this method is by nature observer-dependent and may be more
difficult to reproduce and more time-consuming (as an observer need to
estimate a point of origin) compared to the COM which is a mathe-
matically estimated point of origin. In head and neck cancer, no relevant
clinical differences were found when comparing COM and obs-PO as
points of recurrence origin which is in line with our findings [10].
Furthermore, point of origin-based methods are based on the prescribed
dose (in our case all patients received the planned number of fractions),
which due to differences in e.g., bowel volume, might differ from the
actual delivered dose. Since 2010, daily set-up cone beam CT scans have
been used in our department, reducing the set-up uncertainties and
hence the differences between prescribed and actual delivered dose.
However, for all patients in this study, registration of the pelvic bones
was used for setup, and the possibility of soft tissue changes can there-
fore not be eliminated. Dose calculation on cone beam CTs was not
possible at the time and calculation of a cumulative dose based on the
day-to-day anatomy is therefore extensive and outside the scope of this
study. In order to give an estimate of a “worst case”-coverage scenario
this study also included estimation of dose to the full recurrence volume
(Vrec)- However, this dose estimation is not clinically relevant as the
recurrence volume was not present at the time of treatment.
Co-registration in this study was done automatically by the MIM
software. We experienced some co-registration difficulties and the ne-
cessity for manual adjustments after the RIR, some due to small MRI/
poor-quality sequences. Co-registration of time-separated pelvis scans
is complicated by few “stable” organs and potentially large differences in
bladder- and bowel volumes. In addition, the rMRI was performed with
stretched legs, whereas the pCT scan was performed with flexed hips and
knees, inducing some variation in hip rotation between scans. The un-
certainty of multimodality DIR using the same methods applied in this
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study has previously been evaluated in head and neck showing a mean
distance to agreement of 1.2 to 2.2 mm [22]. The same validation is
missing for pelvic multimodality DIR. However, the sphere of 2.5 mm
added for dose calculations would allow for minor uncertainties. As a
reassurance step visual inspection of both the RIR and DIR was incor-
porated into the workflow to minimize co-registration uncertainties.

Biological features influencing radiosensitivity might play an
essential role in understanding treatment failures but are sparsely
investigated in anal cancer. Radioresistant cancer stem cells may not be
the only factor influencing response to RT. Human papillomavirus
(HPV)-negative cancer cells have been shown to be less radiosensitive
compared to HPV-positive cancer cells [23], and HPV-negative anal
cancer is known to have a poorer outcome compared to HPV-positive
[24]. Nevertheless, of the 31 patients in our study population, 45 %
were evaluated for p16 expression, with only one patient diagnosed with
an HPV-negative tumour. Even though p16 evaluation was not available
in the entire cohort, this emphasises the role of other biological features
to help clarify the cause of radioresistance in anal cancer. Hypoxia is
associated with increased radioresistance in solid tumours [25] and
might play a role in explaining radioresistance in anal cancer [26].
Investigating the biological features, for a better understanding of
radioresistance and treatment failure, is highly relevant for developing
new intensified treatment options. In light of ongoing dose escalation
and de-escalation trials in anal cancer [27], a detailed analysis of the
pattern of failure in relation to dose is highly relevant as large dose spans
will be seen.

In conclusion, the majority of LRs originated in the high-dose volume
(ITV64). No difference in median minimum dose to COM and obs-PO for
LRs was observed, and median distance between these points was 3.3
mm, suggesting that a mathematically based, less time-consuming,
approach using COM is reasonable in anal cancer. Using a point of
origin-based workflow to extract dose to LRRs is feasible, and infor-
mation is relevant for future treatment optimisation and evaluation.
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