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Abstract
Purpose—Preoperative chemoradiotherapy (CRT) is part of the standard treatment of locally
advanced rectal cancers. Tumour regression at the time of operation is desirable, but not much is
known about the relationship between radiation dose and tumour regression. In the present study
we estimated radiation dose-response curves for various grades of tumour regression after
preoperative CRT.

Methods and Materials—A total of 222 patients, treated with consistent chemotherapy and
radiotherapy techniques, were considered for the analysis. Radiotherapy consisted of a
combination of external beam radiotherapy and brachytherapy. Response at the time of operation
was evaluated from the histopathological specimen and graded on a five point scale (TRG1-5).
The probability of achieving complete, major and partial response was analyzed using ordinal
logistic regression, and the effect of including clinical parameters in the model was examined. The
radiation dose response relationship for a specific grade of histopathological tumour regression
was parameterized in terms of the dose required for 50% response, D50,i, and the normalized dose-
response gradient, γ50,i.

Results—A highly significant dose–response relationship was found (p=0.002). For complete
response (TRG1) the dose-response parameters were D50,TRG1=92.0 Gy (95% CI: 79.3 to 144.9
Gy), γ50,TRG1=0.982 (0.533 to 1.429), and for major response (TRG1-2) D50,TRG1&2=72.1 Gy
(65.3 to 94.0 Gy), γ50,TRG1&2=0.770 (0.338 to 1.201). Tumour size and N-category both had a
significant effect on the dose-response relationships.
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Conclusions—This study has demonstrated a significant dose-response relationship for tumour
regression after preoperative CRT for locally advanced rectal cancer for tumour dose levels in the
range of 50.4 to 70 Gy, which is higher than the dose-range usually considered.
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Introduction
Preoperative chemoradiotherapy (CRT) is an integral part of the treatment of advanced
rectal cancer [1]. Long course radiotherapy (RT) improves local control, and often causes
downstaging of the tumour [2], but it has so far not been shown to affect long term survival
[2,3]. Patients with a pathological complete response (pCR) at the time of operation have
better disease-free survival [4]. It may, however, be due to responsive tumours having an
inherently more favourable prognosis, and the value of pCR as surrogate endpoint has
therefore not been conclusively demonstrated. Nevertheless, a subgroup of patients have so
favourable response to CRT that they may be candidates for a watch-and-wait approach,
omitting surgery. This is of particular interest to patients with a tumour location that does
not allow for sphincter-preserving surgery [5].

Despite this, the effect of varying the radiation dose of the CRT regimen on tumour
regression has so far not been quantified. A higher tumour dose (45 Gy or more) has been
identified as an independent factor affecting the level of pCR [6], and phase II studies have
indicated the presence of a dose-response relationship [7–9]. A new report [10] from our
own institution confirmed these findings, but also showed that response level depends
strongly on tumour size. Thus, current knowledge is based on a limited number of studies, in
which variation in tumour stage, chemotherapy and RT technique may confound the analysis
and makes extraction of an accurate dose-response relationship difficult.

In this study, we estimate a dose-response relationship for varying grades of tumour
regression after preoperative CRT for locally advanced rectal cancer by analysing data on
222 patients treated with consistent RT techniques and chemotherapy regimens, well-
defined pre-treatment tumour characteristics, and response evaluation by uniform
pathological procedures.

Methods and materials
Patients participating in two previously published clinical trials [10,11] were eligible for
inclusion: I) A phase II study of the effect of high-dose preoperative CRT for locally
advanced T3 rectal cancers [11], in which RT consisted of external radiation (60 Gy/30
fractions to the tumour, 48.6 Gy/27 fractions to the lymph nodes in the posterior part of the
pelvis), supplemented by a brachytherapy boost of 5 Gy in a single fraction. II) A phase III
study evaluating the effect of adding a brachytherapy boost to the CRT regimen for T3 and
T4 tumours [10], in which RT consisted of external radiation of 50.4 Gy/28 fractions to
tumour and lymph nodes, and where patients were randomized to +/− a brachytherapy
tumour boost of 10 Gy in 2 fractions.

Only patients where full information on tumour size, delivered RT and tumour regression at
the time of operation was available were included in the analysis. Figure 1 presents a
flowchart of the patient selection.

All tumours were histopathologically verified as adenocarcinomas, were less than 10 cm
from the anal verge and had a circumferential margin on MRI of less than 5 mm. They were
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identified as T3-4, N0-2, M0 tumours based on MRI of the pelvis, rectal ultrasound, chest
and abdominal CT scans or x-rays, and rectoscopy. Tumour size (maximum length and
diameter) was estimated from MRI scans.

CT-based conformal treatment plans using 6 and/or 18 MV photon beams were used for
external RT. Full tumour dose was given to a clinical target volume (CTV) consisting of
tumour and rectum on the same level, plus a 1 cm margin to create the planning target
volume (PTV). PTV coverage was optimized towards 95–107% of the prescribed dose. A
secondary nodal volume was defined and treated according to the protocols, see [10,11] for
details. The bladder, small intestine and femoral heads were defined as normal tissue at risk
and spared to the highest extent possible while maintaining full CTV coverage. High dose-
rate brachytherapy was delivered using a rigid, single channel endorectal applicator
described in detail elsewhere [12] and a single 192Ir source. Applicator diameter (1.0 or 2.0
cm) was chosen on a patient-to-patient basis. Dose was prescribed 1.0 cm from the
applicator surface, corresponding to 1.5 or 2.0 cm from the applicator central axes, and was
planned so as to provide a uniform dose distribution along the tumour central axis.
Orthogonal x-rays were used for verification of applicator position. Brachytherapy was
scheduled for week 2 or 3 (study I) or weeks 4 and 6 (study II) during the treatment course.
No external radiation was given on brachytherapy treatment days. Patients who could not
comply with brachytherapy were prescribed an external boost of 6 or 12 Gy, delivered with
2 Gy per fraction, according to the protocols.

Chemotherapy consisted of daily peroral Tegafur-Uracil (UFT) 300 mg/m2 (split into three
doses daily) and peroral L-leucovorin 7.5 mg × 3 during the whole treatment course. Both
were given on treatment days (external RT and brachytherapy) only. Chemotherapy was
discontinued in case of grade III toxicity.

Tumour regression at the time of operation was estimated during routine histopathological
evaluation of the surgical specimens. Response was classified according to Mandard’s
tumour regression grade (TRG) [13,14]: TRG1 corresponds to no residual tumour (complete
response), TRG2 indicates only microscopic residual tumour (i.e. major response), TRG3 is
a moderate response, TRG4 a minor response and TRG5 no response.

Estimation of tumour radiation dose
The total tumour dose was calculated on an individual patient basis, as a sum of external RT
and brachytherapy. The total dose was based on information on the actual treatment
delivered, and, in a separate analysis, according to intention to treat (ITT). If an external
boost had been delivered to patients not complying with brachytherapy, external beam RT
boost dose was used in the ITT analysis, as this procedure was according to protocol. For the
external RT, a homogeneous tumour dose was assumed. All doses were converted to
equivalent doses as given in 2 Gy-fractions (EQD2) using the linear quadratic model [15]

D is the total dose, d the dose per fraction and a generic α/β ratio of 10 Gy was assumed for
the tumour. For the brachytherapy treatment, the radial dose fall-off was assumed to depend
inversely on the distance, r. Hence the tumour dose for a single fraction at a distance r from
the centre of the applicator was estimated as
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where Dpres is the prescribed dose at distance Rpres from the applicator surface, and Rapp is
the applicator diameter. We corrected the local dose to EQD2 and integrated over the entire
tumour volume to estimate the average EQD2 from each brachytherapy fraction. Assuming
that the tumour radius, R, is constant over the length of the tumour and that the tumour
radius can be estimated from the pre-treatment MRI, we find

Here,  is the estimated average radius of tumour and applicator (in cm) after
the applicator has been positioned. We assumed that the rectal lumen was collapsed prior to
the positioning of the applicator, and that the tumour, after positioning, stretched such as to
preserve the total cross sectional area at each point along the applicator.

Statistical model
Tumour response was fitted to an ordinal logistic model using average EQD2 tumour dose
as covariate. Lowest observed response grade was regarded as baseline, all other levels as
responders. The model had the form

where TRPTRG≤i is the probability of response of at least grade TRGi, b0,i a parameter
dependent on response grade and b1 a parameter describing the common dose-response. This
provided a sigmoid response curve for each response grade, with one added extra variable
per grade included in the analysis. The individual dose-response curves could be
characterized by D50,i = −b0,i/b1, defined as the dose resulting in 50% response, and γ50,i =
−0.25b0,i, defined as the normalized dose-response gradient at D50,i [16].

Additional clinical variables, such as tumour stage and size, were added to the model via the
modification

where Yj could be either a binary or a continuous variable and was assumed to influence the
probability of the various response grades in the same way.

All models were fitted in MATLAB® (2010b, The MathWorks Inc, Natick, MA) using
maximum likelihood fitting, and confidence intervals (CIs) were estimated using a bootstrap
procedure drawing 10,000 samples with replacement from the original dataset. The
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improvement in model fit from adding clinical parameters was evaluated using the
likelihood ratio test. Two-tailed p-values of <0.05 were considered statistically significant.

Results
A total of 222 patients were available for analysis, consisting of 39 patients from trial I and
183 patients from trial II. See table 1 for a summary of patient characteristics and figure 1
for a flow diagram of patient inclusion. No patients presented a TRG5 response.
Consequently, TRG4 was used as baseline, and positive response was regarded as either
complete (TRG1), major (TRG1-2) or some (TRG1-3) response. The resulting model
parameters can be found in table 2. Figure 2 shows the corresponding dose response curves
for complete and major response, with clinical data added to illustrate the quality of the fit.
The curves are characterized by D50,TRG1=92.0 Gy (95% CI: 79.3 to 144.9 Gy),
γ50,TRG1=0.982 (0.533 to 1.429) for complete response and D50,TRG1&2=72.1 Gy (65.3 to
94.0 Gy), γ50,TRG1&2=0.770 (0.338 to 1.201) for major response.

The results were tested for their sensitivity to the value of the α/β ratio. For α/β in the range
of 5 to 15 Gy, D50,TRG1 varied between 93.3 and 89.1 Gy, D50,TRG1&2 between 75.5 and
70.7 Gy.

Clinical variables were included one by one and tested for significance in the model; all
results are shown in table e1 (available online only). Tumour pre-treatment size (p=0.040,
continuous variable) and N-category (p=0.039, binary variable) both significantly improved
the fit when included individually. Tumour size was estimated from the diameter and length
on the pre-treatment MRI scan, assuming cylindrical geometry; an increase in tumour
volume of 50 cm3 corresponded to an odds ratio of 0.71 for positive response. N1-2 tumours
had an odds ratio of 0.48 compared to N0 tumours. Adding the two clinical parameters (size
and N-category) to the model simultaneously resulted in both parameters becoming not
statistically significant (p ≈ 0.07 for both). However, since the model was still significantly
better than a simple model with dose only, both clinical variables were maintained in the
final model, see table 2. Neither T-category (p=0.161, binary variable), age (p=0.964,
continuous variable) nor gender (p=0.823, binary variable) were significant. All analyses
were repeated in the ITT analysis, with the optimal model fits reported in table 2. This did
not result in any major changes to the above results, although the dose response became
slightly shallower and D50 increased, as expected. The response curves for “intention to
treat” doses were characterized by D50,TRG1=98.1 Gy (95% CI: 80.5 to 210.7 Gy),
γ50,TRG1=0.878 (0.403 to 1.350) for complete response and D50,TRG1&2=74.6 Gy (65.9 to
120.3 Gy), γ50,TRG1&2=0.668 (0.211 to 1.128) for major response.

Discussion
This study has demonstrated a clear done-response relationship for tumour regression after
preoperative CRT for rectal cancer. Previous studies have indicated the existence of such a
relationship, but to our knowledge this is the first study providing a mathematical
parameterization of the dose dependence in combination with clinical predictors.

Chan et al [7] and Valentini et al [8] both demonstrated the effects of radiation dose
escalation when combined with an intensification of the chemotherapy regimen, while
Wiltshire et al [9] compared three radiation dose levels in three consecutive phase II trials
with consistent chemotherapy for all patients. They all found an increased rate of pCR at
higher dose levels, but neither of the studies investigated radiation doses above 60 Gy. The
current study has confirmed the findings of these reports, using consistent chemotherapy
regimens and modern 3D conformal RT techniques, with a range of tumour radiation doses
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(from 50.4 Gy to >70 Gy). Dose-response relationships for both complete response
(D50,TRG1 = 92.0 Gy, γ50,TRG1 =0.98) and major response (D50,TRG1&2 = 72.1
Gy,γ50,TRG1&2=0.77) were established from individual patient doses and response grades.
Figure 3 shows these response curves in the context of the results of the previously
published studies [7–9]. Furthermore, the response-levels found in multivariate analysis in
the review by Sanghera et al [6] are shown. The steep response curves from [7] and [8] can
be explained by the additional chemotherapy in the high-dose groups. In the Wiltshire et al
study there may have been an association between RT techniques and prescription dose, as
higher dose regimens were given in the most recently treated patient groups.

A number of trials have tested the addition of a second drug to the chemotherapy regimen
(see e.g. [17] or [18]). However, while the response rates are encouraging, relatively high
rates of acute toxicity have been reported. In order to match the complete tumour response
of 17% reported in the STAR-01 trial, arm B [17], we estimate the need for a tumour dose of
~55 Gy for UFT based chemotherapy. Similarly, to match the 39% major response in the
ACCORD trial, Capox 50 arm [18], a dose of ~62 Gy is needed. Given that the acute
toxicity with radiotherapy dose escalation seems acceptable [11], this may be a viable
alternative.

Most studies of preoperative RT for rectal cancer measure tumour response by the rate of
pCR. Dichotomizing the response is associated with a loss of information and thereby
potentially with a loss of statistical power. Moreover, tumour size may confound the
evaluation of the endpoint, especially for advanced tumours where size alone might prevent
observing a complete regression after CRT in many cases. Furthermore, the estimation of
pCR from the pathological specimens might be influenced by the evaluation method used
[19]. The variance in the response levels reported (see figure 3) could thus be a result of
variations in pathological evaluation, rather than a true difference in response. The Mandard
five-point grading system used in this study appears reproducible [20] and while
maintaining the full grading information, it also facilitates subsequent pooling of response
grades. This notion is supported by the fact that the response curves for complete and major
response span the majority of the reported range of response. The ordinal logistic model
employed here is a widely used, purely empirical model. It utilizes the assumption that the
effect of radiation is similar for all tumours and can be parameterized by a logistic curve, but
attempts no explanation of this. By using the fraction-size corrected dose as covariate,
however, the model becomes sensitive to the choice of α/β ratio. We found, though, that our
results were relatively insensitive to a change in α/β value – e.g. a choice of α/β=5 Gy
resulted in D50,TRG1&2=75.5 Gy. Our analysis did not take dose recovery due to protraction
of treatment time into account. If a value of 0.54 Gy recovered per day [21] is used to adjust
for treatment time deviating from 39 days overall treatment time (corresponding to 50.4 Gy/
28 fractions), a slightly lower D50,TRG1&2 of 70.2 Gy and slightly steeper γ50,TRG1&2 of
0.801 is derived.

That inclusion of tumour size in the model significantly improves the fit to data is
unsurprising; but the underlying reason for this could be any combination of factors, such as
larger tumours having a higher content of clonogenic cells, an increased radioresistance (e.g.
because of hypoxia), generally more aggressive behaviour, etc. The model validity is
independent of the true mechanism explaining the influence of tumour size or nodal status.

This study is a single institution study, thus maximizing the homogeneity in chemotherapy,
RT techniques, pathology, and response evaluation. However, this could also affect the
generalizability of the results. As an example, the margins used for generation of treatment
planning volumes may not be consistent with emerging evidence from repeated imaging
studies [22]. Similarly, only a relatively small number of patients were included, and the
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model constructed should be tested in a larger population, ideally containing patients from
several institutions and treated with a variety of doses, applied both as external RT and
brachytherapy. Estimation of tumour dose from a combined modality external and
brachytherapy treatment can be difficult, not at least due to the potential breakdown of the
linear quadratic model for high dose per fraction. In this study, a residual uncertainty in the
dose estimate from the brachytherapy remains. Tumour diameter at the time of treatment
was not available due to the lack of imaged based brachytherapy planning. Therefore a
simplified assumption of constant maximum distance from the applicator to the outer edge
of the tumour was employed. For future studies, a more accurate brachy therapy dose
planning ought to be introduced, especially if CRT is to be applied as a curative modality
without surgery for locally advanced rectal cancer, where the enhanced therapeutic ratio
offered by brachytherapy may be a way to achieve sufficiently high doses.

Conclusion
This study has demonstrated the existence of a clear dose-response relationship for tumour
regression after preoperative CRT for locally advanced rectal cancer, with response curves
constructed both for complete and major response. Furthermore, it has confirmed the
importance of tumour size in the prediction of treatment response grade.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Summary

This study compared radiation dose and tumour regression at the time of operation in 222
rectal cancer patients. A significant correlation between dose and tumour regression was
found when considering dose-levels in the range of 50.4 to 70 Gy, and dose-response
relationships for different levels of tumour regression were established. Tumour size and
N-category both had an influence on the dose-response. This may prove of interest for
dose-escalation studies and watch-and-wait protocols.
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Figure 1.
Flow-diagram of inclusion of patients in the analysis. For details on trial I and II,
respectively, see [11] and [10]. RT: Radiotherapy. TRG: Tumour regression grade.
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Figure 2.
Dose-response relationships for complete response (TRG1, solid line, filled squares) and
major response (TRG1-2, dashed line, outlined squares) after pre-operative
chemoradiotherapy (CRT) for rectal cancer. The model includes the full information on
tumour regression grade (TRG1-4); however, for clarity only TRG1 and TRG2 responses
are shown. Patient response data has been sorted into the following bins: 1) Patients not
completing the full CRT course; 2) patients in trial II without brachytherapy; 3) patients in
trial II with brachytherapy, below median tumour dose; 4) patients in trial II with
brachytherapy, above median tumour dose; 5) patients in trial I. Error bars indicate 68%
confidence intervals. EQD2: equivalent average dose to the tumour in 2 Gy fractions.
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Figure 3.
Comparison of reported dose-response relationships between EQD2 (equivalent dose in 2
Gy fractions) and complete response. All dose levels recalculated as EQD2, and logistic
response-curves fitted for each study. Bold, dashed line; filled circles: Meta-analysis by
Sanghera et al [6]. Thin, solid line; open squares: Chan et al [7]. Thin, dotted line; open
triangles: Valentini et al [8]. Thin, dashed line; open diamonds: Wiltshire et al [9]. Bold,
solid lines; filled triangles: Our study, with response curves for complete response (black
line/triangles) and major response (grey line/triangles).
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Table 1

Patient characteristics.

Study I Study II

Age [years] 63 (48–76) 63 (35–78)

Gender

 - Men/women 31/8 113/70

Tumour stage:

 - T3/T4 39/0 149/34

 - N0/N1/N2 14/21/4 22/80/81

Tumour size

 - Diameter [cm] 4.0 (2.3–5.0) 3.5 (1.5–6.6)

 - Length [cm] 4.8 (2.5–8.0) 4.5 (1.8–10)

Tumour regression after CRT

 - TRG1/TRG2/TRG3/TRG4 9/12/16/2 38/25/106/14

All continuous values are medians, numbers in brackets indicate range. CRT: Chemoradiotherapy. TRG: Tumour regression grade.
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Table 2

Results for model fits

Model with dose only

TRPTRG ≤i =
exp (b0,i + b1EQD2)

1 + exp (b0,i + b1EQD2)

Actual dose delivered Intention To Treat

b0,TRG1: −3.928 (−5.787;−2.181) b0,TRG1: −3.511 (−5.417;−1.621)

b0,TRG2: −3.079 (−4.865;−1.392) b0,TRG2: −2.671 (−4.501;−0.814)

b0,TRG3: 0.085 (−1.591;1.693) b0,TRG3: 0.451 (−1.282;2.153)

b1: 0.0427 (0.0153;0.0712) b1: 0.0358 (0.0060;0.0648)

Model with dose, tumour size and N-category

TRPTRG ≤i =
exp (b0,i + b1EQD2 + btumour-sizeYvol + bN -stageY N -stage)

1 + exp (b0,i + b1EQD2 + btumour-sizeYvol + bN -stageY N -stage)

Actual dose delivered Intention To Treat

b0,TRG1: −2.634 (−4.836;0.600) b0,TRG1: −2.106 (−4.400;0.060)

b0,TRG2: −1.762 (−3.903;0.246) b0,TRG2: −1.240 (−3.514;0.856)

b0,TRG3: 1.463 (−0.641;3.404) b0,TRG3: 1.949 (−0.281;3.979)

b1: 0.0349 (0.0060;0.0641) b1: 0.0268 (−0.0039;0.0580)

btumour-size: −0.0058 (−0.0132;0.0008) btumour-size: −0.0061 (−0.0134;0.0008)

bN-category: −0.6252 (−1.3399;0.1449) bN-category: −0.6580 (−1.3920;0.1106)

TRPTRG≤i is the probability of tumour regression of at least grade TRGi. EQD2 is the equivalent average dose to the tumour in 2 Gy fractions.

Yvol is the pre-treatment tumour volume, as estimated from the tumour length and diameter on the pre-treatment MRI scan and assuming

cylindrical symmetry. YN-category is 0 for clinical N0 patients and 1 for N1-2 patients. The b1 coefficient has the unit of [Gy−1], the

btumour-size coefficient the unit of [cm−3]. All other coefficients are dimensionless.
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