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locally most advanced non-resectable rectal cancer patients

CALIN RADU!, OLA NORRLID'!, MORTEN BRANDENGEN?’>, KARL HANSSON?>*%,

ULF ISACSSON! & BENGT GLIMELIUS!2

I Department of Radiology, Oncology and Radiation Science, Uppsala University, Uppsala, Sweden, >*Department of

Oncology and Pathology, Karolinska Institutet, Stockholm, Sweden, 3 Department of Diagnostic Radiology, Karolinska
University Hospital, Solna, Sweden, *Department of Molecular Medicine and Surgery, Karolinska Institutet, Stockholm,
Sweden and ®Department of Oncology, Oslo University Hospital, Oslo, Norway

Abstract

Background and Purpose. Few studies have explored the potential clinical advantages of dose escalation and integrated boosts
for patients with non-resectable locally advanced rectal cancer. The possibility of escalating dose to non-resectable regions
in these patients was the aim of this study. Patients and merhods. Seven patients with locally very advanced rectal tumours
(sacrum overgrowth or growth into pelvic side walls) were evaluated. Intensity modulated photon and pencil beam scanning
proton plans with simultaneously integrated boosts (45 Gy to elective lymph nodes, 50 Gy to tumour and 62.5 Gy to boost
area in 25 fractions) were compared. Results. Target coverage was achieved with both photon and proton plans. Estimated
risks of acute side effects put the two patients with the largest tumours at unacceptable risk for intestinal toxicity, regardless
of modality. The remaining five patients had beneficial sparing of dose to the small intestine with protons. Conclusions.
Adding boost to areas where rectal tumours infiltrate adjacent non-resectable organs is an attractive option which appears
possible using both photon and proton irradiation. Proton plans reduced dose to organs at risk. Integrated peripheral boosts

should be considered more frequently in these very advanced tumours.

Colorectal cancer is a common malignancy world-
wide, and locally advanced rectal cancers (LARC)
pose special difficulties for physicians. Especially
challenging are those tumours that are so advanced
at presentation that surgery is not an up-front option
due to high risk of non-radical surgery or local
failure. Surgery may not be possible even after
preoperative chemoradiotherapy (CRT) due to over-
growth to structures difficult to resect. Complete
eradication of all tumour cells with CRT is rarely
seen in these frequently large tumours [1].

CRT given preoperatively is considered state-
of-the-art treatment for patients with LARC. There
is major disagreement in the literature on what is
considered LARC. The terminology of the European
Rectal Cancer Consensus (EURECA) project [2,3]
is used, dividing rectal cancer into three groups: early,
intermediate and locally advanced (also designated

“T4 non-resectable™). The terms “good”, “bad” and
“ugly” have also been used for these groups [4]. The
intermediate group is popularly termed “locally
advanced” and is the group included in most recent
trials evaluating different CRT protocols.

The LARC group comprises about 10-15% of all
newly diagnosed rectal cancers in Sweden [5]. Local
control can be achieved in about 82% of the LARC
patients provided they are treated with preoperative
CRT consisting of 5-fluorouracil and 50 Gy followed
by attempts at radical surgery [6]. A subgroup of
these patients has very advanced tumours with over-
growth to, e.g. the lateral pelvic side walls and upper
part of the sacrum. Such tumours cannot be resected
without mutilating surgery such as hemipelvectomy.
These patients, usually excluded from clinical trials,
may potentially benefit from increased radiation dose
to areas that cannot be resected.
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Studies have indicated that increased radiotherapy
(RT)-dose is advantageous [7], and some groups
have tried to find strategies for giving total doses of
66 Gy in 2 Gy fractions or more without compromising
organs at risk (OAR) [8—11].The pelvis and perineum
are especially difficult areas to irradiate because of
the proximity of the urinary bladder, small intestine
and internal genital organs, and risk for both acute
and late toxicity must be considered. The irradiated
volume of small bowel may be reduced by creating a
conformal dose distribution that tightly matches the
usually horseshoe-shaped planning-target volume
(PTV) of rectal cancer, using techniques such as
intensity-modulated RT [12—14]. Proton therapy has
the potential to become an attractive option when
there is a need for higher RT-doses in the pelvis.
Protons have special physical characteristics that
allow the dose to be delivered precisely in the culmi-
nation of their so-called Bragg peak, after which the
dose is close to zero.

The aim of this study was to explore the possibil-
ity of dose escalation to non-resectable regions in
patients with exceptionally locally advanced rectal
tumours without increasing toxicity above a level
which is acceptable. The intent of dose escalation is
firstly to increase the chance that the tumour becomes
resectable and secondly to increase the chance of
local control if the tumour remains non-resectable.

Patients and methods

Patients

Between November 2007 and December 2009,
77 consecutive patients diagnosed with LARC at
two Swedish university hospitals (Karolinska in
Stockholm and Akademiska in Uppsala) were included
in a positron emission tomography (PET)-delineation
study [15]. LARC was defined as clinical stage
T4 with overgrowth to adjacent organs or structures
(cT4a, American Joint Committee on Cancer (AJCC)
TNM5), ¢T3 with mesorectal fascia involvement
(MRF+) or any TN+ with lateral node involvement.
Out of 77 patients, seven had locally very advanced
tumours (all cT4a) with overgrowth to non-resectable
structures (pelvic side walls including lumbo-sacral
plexus or sacrum above S3) and were therefore
selected for this dose escalation study. All evaluations
were done at a multidisciplinary team conference.
Patient characteristics are displayed in Table 1.

All patients were planned for treatment following
the standard guidelines of the actual institution,
independent of inclusion in this study. Some patients
went through preoperative CRT (50.4 Gy to the
tumour with concomitant capecitabine, 45 Gy to
non-involved lymph nodes at risk) and some started
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up-front combination chemotherapy because of
synchronous metastases.

Image acquisition

Magnetic resonance imaging (MRI) with 1.5 Tesla
was performed at the referring hospital. All MRI
protocols included at least transversal and sagittal
T2-weighted fast spin-echo sequences and transver-
sal T1-weighted images of the pelvic area. Whole-
body FDG (2-!8F-fluoro-2-D-deoxyglucose)-PET/
computed tomography (CT) scanning was performed
with a Siemens Biograph 64 (Siemens Medical Solu-
tions) or a GE Discovery STE (GE Medical Systems).
All PET/CT datasets included transversal, sagittal,
and coronal reformations of the PET, CT and fused
PET/CT images with a slice thickness from 3.75
to 5 mm.

Definition of target volumes

Target volume definition and OARs were outlined
by the same radiation oncologist on the same
PET/CT-scan for both photon and proton planning.

Gross tumour volume (GTV) was defined as
the gross extent of tumour as shown on MRI and
PET/CT. Next, regions with tumour overgrowth to
S1-S2-vertebrae, or into the lateral pelvic side walls
outside of the MRF were identified, and delineated
as GTV-boost within a peripheral part of the GTV-
tumour. Clinical target volume (CTV)-tumour was
defined as GTV-tumour plus 10-15 mm 3D margin
with manual readjustment for bony structures and
MRF where necessary. CTV-regional was delineated
according to Radiation Therapy Oncology Group-
guidelines [16] and also included CTV-tumour.
PTVs were automatically generated by adding a
7 mm margin to the GTV-boost (PTV-boost), the
CTV-tumour (PTV-tumour) and the CTV-regional
(PTV-regional).

OARs were defined as body (lower abdomen),
femoral head and neck, sacral nerve roots from L5
to S2, S1 to S5 vertebrae, urinary bladder and intes-
tinal cavity. The latter was defined according to San-
guineti and Fiorino [17,18]. Fiorino et al. studied
small bowel toxicity in clinically localised prostate
cancer patients who received whole pelvic irradiation
both with 3D conformal RT (3BDCRT) and IMRT.
The dose delivered to the pelvic lymph nodes was at
least 50.4 Gy in 1.8 Gy fractions, much like the irra-
diation in rectal cancer when given with a fluoropy-
rimidine. The intestinal cavity delineation was found
to be robust with respect to defining bowel move-
ment. We thus prefer to use intestinal cavity rather
than small bowel loops as it is difficult to account for
intestinal movement. Intestinal cavity was contoured



530 C. Radu et al.

Table I. Patient characteristics.

Tumour GTV**
Patient no Gender  Age Overgrowth level (cm)* (cm3) c¢TN-stage***
1 Male 63 Sl 5.5 288 cT4aNO
2 Male 53 left pelvic side wall 5.5 101 cT4aN2
3 Male 55 left pelvic side wall 7.5 150 cT4aN1
4 Male 73 left pelvic side wall 7.5 396 cT4aN2
5 Male 75  S2+right pelvic side wall 0 748 cT4aN2
6 Female 52 left pelvic side wall 4.5 85 cT4aN2
7 Male 63 S2 3 212 cT4aN2

*Distance from anal verge
**Gross tumour volume
***According to AJCC TNM5

superiorly from 1 cm above the most cranial part of
PTV, anteriorly to the abdominal/pelvic anterior
wall, laterally to the pelvic wall and inferiorly to the
rectum and urinary bladder.

Treatment planning

Photon and proton plans with simultaneously inte-
grated boost were optimised to deliver 45 Gy to the
lymph nodes, 50 Gy to the tumour and 62.5 Gy to
the boost-areas in 25 fractions.

The proton beam was of spot scanning type; with
energy range 70-235 MeV, which gives a range of
the protons from 4 to 30 cm in water. The distance
between energy layers was 0.5 cm and the distance
between spots was 0.5 cm in a hexagonal pattern.
Two posterior beams with gantry angles 140° and
220° were used in all proton plans (Figure 1). In
two of the plans an additional beam at 180° with a
range shifter was used due to a shallow target. Single
field uniform doses were used to increase robustness.
The gantry angles were chosen to minimise the
volume of irradiated intestinal cavity and the overall
integral dose.

Photon plans were made with volume modulated
arc therapy (VMAT) technique using two arcs with
90 control points each, i.e. 4° between control points.
The collimator was positioned at 15° and had a max-
imum field size 40 cm X 40 cm with the leaves 1 cm
wide at isocentre. Interdigitising was not allowed.

The planning aim was to cover PTV with 95%
of the prescribed dose whilst minimising the dose
outside PTV as recommended by Fiorino et al. [18].
The relative biological effect of the proton beam was
assumed to be 1.1 uniformly. Boost doses were
2.5 Gy per fraction, which is slightly higher than
other groups have given. This dose was chosen as
controlling tumour growth quickly in these advanced
cases was important. The total dose to PTV-boost of
62.5 Gy corresponds to 68.8 Gy if o/f =3 or 65.1 Gy
if a/f=10 for the same BED in 2 Gy-fractions
(no time correction). Conformity index was defined

as the patient volume that received at least 95% of
the target dose divided by the total target volume.

A new treatment planning system was used,
Raystation [19]. In the system several linear accel-
erators and proton machines were available. For the
photon plans an Elekta accelerator was used and for
the proton plans an IBA machine.

To estimate the robustness of the plans for
changes in intestinal gas filling, the gas in the PTV
was delineated for all patients. Both proton and
photon plans were then recalculated with the gas
replaced by a water equivalent material.

Results

The target criteria were met by all plans. Proton and
photon plans reached equally good conformity to the
three PTVs (Table II).

Intestinal cavity volumes (mean 913 cm?, range
615-1157 cm?) and doses are shown in Table III
and the DVHs in Figure 2. The critical doses and
volumes for acute grade 2-3 toxicity from RT alone
and CRT are included in the figure.

One patient (no. 5, with the largest tumour and
inguinal metastases, where PTV included more than
40% of the intestinal cavity) had unacceptably high
doses to the intestinal cavity at all measured levels.
Patient no. 4, with the GTV-boost adjacent to the
intestinal cavity, also had high doses to the intestinal
cavity with V45 around 250 cm? for both plans and
above maximum acceptable dose in the photon plan
with 53.6 Gy. The rest of the patients’ intestinal
cavity doses were acceptable, with proton plans
generally being superior for doses below 45 Gy.

In a separate calculation the boost was removed
in two patients to see if intestinal cavity doses were
substantially reduced. Removing the boost lowered
the small bowel dose slightly in one patient whose
target was close to the intestinal cavity whereas it had
no effect in the other patient (Figure 3).

The volumes and doses to the different OARs are
shown in Table III. The proton plans spared the
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Figure 1. Beam orientation in proton plan (top) and starting angles for photon arcs (bottom) for patient no. 3.

bladder better than the photon plans; with a maximum
of 56.3 Gy for the photon plan in patient no. 5.
Advantages of protons were seen also for the femoral
heads with a maximum dose of 48.5 Gy for the
photon plan in patient no. 5. The integral doses (i.e.
deposited energy) to the body, with PTV-regions
excluded, estimated by multiplying the average dose
with the volume were 109 J for proton plans and
222 ] for photon plans.

Nerve roots and S1-S5 vertebrae doses were
higher in patients with growth into S1-S2, which was
expected, with a maximum of 61.7 Gy and 63.1 Gy,
respectively. Photons gave a slight advantage com-
pared to protons in these areas.

The mean volume of intestinal gas in the CT
planning studies was 19 cm?, range 2-35 cm?. When
the gas was replaced by water in the treatment
planning system the targets were, depending on the
size and location of the replaced gas, no longer
covered with the 95%-isodose line in all proton plans.
Photon plans seems to be more robust in this sense
(no statistical differences) (Figure 4).

Discussion

Fortunately, the patients used in this study are rarely
seen. In our original study material of 77 patients
with LARC (all “ugly”), these “ugly-ugly” (with
overgrowth to non-resectable structures) constituted
about 10% of the patients. In the randomised trial
with 209 LARC patients [6], between 10% and 15%
had “ugly-ugly” tumours at a retrospective evalua-
tion of the patient cohort. Even though the patients
are rare, the consequences can be dire if local control
is not achieved.

While it is perfectly valid in many tumour types
where RT is the sole or main treatment to boost
cellular or hypoxic volumes, usually somewhere in
the centre of the tumour, this is not particularly rel-
evant when the main tumour is removed by surgery,
as is the case in rectal cancer. Rather, the purpose of
RT is to eradicate all cancer cells in the periphery,
and not primarily those which are later removed by
surgery. Thus, if a boost is required to further improve
local control, it should be directed against a critical
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Figure 2. Dose volume histogram (DVH) for intestinal cavity for protons (top) and photons (bottom) with critical volumes recommended

by Fiorino et al. (18) and Roeske et al. (30) mapped.

volume not (easily) removed surgically. In rectal
tumours growing extensively into the prostate, uterus,
urinary bladder or levators (cT4b according to
TNMT7), adequate removal of the infiltrated organs
will result in local control. In order to avoid a pelvic
exenteration (usually resulting in two stomas), a
boost to that particular organ would be advanta-
geous, alone or together with partial resection of the
infiltrated organ if the infiltration is not too extensive.
In the patients included in this study, surgery would
likely have resulted in hemipelvectomy, together with
removal of the organs in the pelvis, if it would even
have been possible. An alternative would be to boost
intraoperatively the volume containing tumour cells
not possible to resect by an electron boost (IORT)
or using brachytherapy [20]. Neither of these tech-
niques is “evidence-based” [21] and none are widely
practiced in Sweden.

In this study we report that for the seven patients
with the most locally advanced rectal cancers seen
during a recent two-year period in the Stockholm-
Uppsala regions, both photons and protons could
have been used for the treatment including the
peripheral boost. Protons gave similar coverage of
treatment target whilst sparing the small intestine for
five of seven patients. The remaining two patients had
very large tumour volumes and their respective risk
of acute treatment toxicity was high regardless of
whether photons or protons had been used. It must
be emphasised that the cases included in this model
study are more extensive than most tumours that are
at presentation classified as cT4.

Since the 1990s, efforts have been made to explore
if protons can be utilised in clinical RT of patients
with rectal cancer [22-25]. One problem with
protons as a treatment modality in rectal cancer is
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Figure 3. Dose volume histogram (DVH) for intestinal cavity showing mean values for patient 3 and 6, critical volumes recommended by

Fiorino et al. (18) and Roeske et al. (30) mapped.

the changeability of the target volume due to internal
organ motion, organ filling and bowels containing
gas. The relative biological effectiveness at the end
of the Bragg peak extends the effective range of the
protons [26] which in the case of intestinal gas means
that the distal edge of the Bragg peak will be located
in the bowels and increase the risk of toxicity. The
finite range of protons makes the proton plans more
sensitive than photon plans if the density distribution
in the patient changes from that of the planning CT.
Gas in the bowels will not be present at the
same location, or with the same volume, in all
25 fractions. We cannot exclude the possibility that a
small degradation of the target coverage could occur.
This scenario should be investigated in more detail
to assess its likeliness. With this uncertainty, it is pos-
sible that further research should be done to evaluate
if interventions such as placing a catheter in the
rectum, or even considering a colostomy for these
patients, will translate into better treatment effects.
Severe diarrhoea and other gastrointestinal toxicity
can be a cause of undesired breaks or early termina-
tion of CRT. Several authors have reported toxicity of
the small bowel at the low to medium dose ranges
5-30 Gy [27-29]. Derived models to calculate the
probability for severe diarrhoea involve large uncer-
tainties [24,28] but can give a hint of the complica-
tions to expect. That it is impossible to predict
intestinal movement adds to this difficulty. Another
problem when using models to calculate toxicity risks
is that they do not take into account the additive and
sometimes radio-sensitising effect of chemotherapy. In
Uppsala we are aiming at limiting the doses to the

small bowel as described by Fiorino et al. [18] and
Roeske et al. [30], which is also recommended in the
QUANTEC rapport [31]. Fiorino et al. find a clear
impact of reducing the fraction of intestinal cavity
receiving a high dose (V40-V50), a finding that was
in agreement with Roeske et al. who use peritoneal
space as OAR in cervix cancer for both RT and CRT.
Fiorino et al. also found that V15 was the best predic-
tor of toxicity in patients treated with 3DCRT, but it
had no biological meaning for patients treated with
IMRT (higher values in these patients with fewer cases
of toxicity), where V40-V50 were more important.

Dose to sacral nerves and bone has been studied
with regards to acute and late toxicity in spine
sarcoma patients [32]. With both photon and proton
plans they found that nerve tissue could tolerate doses
up to 77 Gy in 1.8 Gy fractions, which is reassuring
as none of our plans would have given doses in excess
of 61.7 Gy in 2.5 Gy fractions to nerve roots.

Late toxicity is of greatest relevance when RT is
given, but was not modelled in this study. Reasons
for this are the lack of validated parameter values for
combinations of chemotherapy and RT and the use
of intestinal cavity rather than small bowel loops.
Since the physical doses to various risk organs did
not increase substantially by adding a boost, it is not
likely that late toxicity will be a greater concern than
in standard preoperative CRT; rectal toxicity is no
longer a concern if successful surgery can be performed.
The doses to the nerves are increased in the cases
where the tumours grow adjacent to/or into the
nerves, but still below what generally cause severe
late toxicity.
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Figure 4. Differences in target coverage — intestinal gas influence in patient no 3. Photon plan to the left and proton plan to the right.
Upper row: Dose distribution in the planning CT with gas present. Lower row: Dose distribution when gas is replaced by water in 25 of
25 fractions. It is the distance the protons have to cross in the gas cavity that is important for the robustness of the proton plan.

All patients in this study would have been treated
with CRT in order to maximise their chances of
becoming resectable, since concomitant chemother-
apy to RT improves local control [6,33,34]. Litera-
ture on proton treatment of rectal cancer is scarce,
and of protons in combination with chemotherapy it
is virtually non-existent. Wolff et al. have suggested
in a planning study for LARC that since proton plans
were superior to photon plans, patients should be
better equipped to cope with possible toxicity of
combined CRT [25]. No prospective study evaluat-
ing in vivo toxicity and tissue tolerance of CRT with
protons has yet been done; rather, indications of pos-
sible advantages of protons in this setting are derived
from planning studies similar to this one.

The patients recruited for this planning study
came from a study in which PET was done for all
patients. For delineation of these very advanced
tumours MRI is generally considered sufficient and
was the most important radiological examination for
delineation purposes in this study with a boost to the
periphery of the tumour. It could be stressed that if
the purpose is to avoid or minimise surgery (so called
organ preservation), boost doses should be against
the tumour volumes with the highest number of
(resistant) tumour cells. In these cases, PET-imaging
may be more relevant.

For patients with locally very advanced rectal
cancers who are not only primarily but likely also
secondarily non-resectable, adding a boost to the
area of organ infiltration is possible using either

intensity-modulated photon or proton rays. In our
study sample of seven patients, using protons gave
five of seven patients an advantage with regards to
dose in OAR. Finding ways to overcome disadvan-
tages with protons such as lack of robustness, avail-
ability and treatment expense will be important if
this treatment is to become more widespread.
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