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Purpose: Due to the Electron Return Effect (ERE) during Magnetic Resonance Imaging guided 

Radiotherapy (MRIgRT), rectal gas during pelvic treatments can result in hot spots of over-

dosage in the rectal wall. Determining the clinical impact of this effect on rectal toxicity requires 

estimation of the amount and mobility (and stability) of rectal gas during treatment. We therefore 

investigated the amount of rectal gas and local inter- and intra-fractional changes of rectal gas in 

pelvic cancer patients.

Methods: To estimate the volume of gas present at treatment planning, the rectal gas contents in 

the planning CT scans of 124 bladder, 70 cervical and 2,180 prostate cancer patients was 

calculated. 

To estimate inter- and intra-fractional variations in rectal gas, 174 and 131 T2-w MRIs for six 

cervical and eleven bladder cancer patients were used. These scans were acquired during four 

scan-sessions (~20-25 minutes each) at various time-points. Additionally, 258 T2-w MRIs of the 

first five prostate cancer patients treated using MRIgRT at our centre, acquired during each 

fraction, were analysed. Rectums were delineated on all scans.

The area of gas within the rectum delineations was identified on each MRI slice using 

thresholding techniques. The area of gas on each slice of the rectum was used to calculate the 

inter- and intra-fractional group mean, systematic and random variations along the length of the 

rectum. 

The cumulative dose perturbation as a result of the gas was estimated. Two approaches were 

explored: accounting or not accounting for the gas at the start of the scan-session. 

Results: Intra-fractional variations in rectal gas are small compared to the absolute volume of 

rectal gas detected for all patient groups. I.e., rectal gas is likely to remain stable for periods of 

20-25 minutes. Larger volumes of gas and larger variations in gas volume were observed in 

bladder cancer patients compared with cervical and prostate cancer patients. A
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For all patients, local cumulative dose perturbations per beam over an entire treatment in the 

order of 60 % were estimated when gas had not been accounted for in the daily adaption. The 

calculated dose perturbation over the whole treatment was dramatically reduced in all patients 

when accounting for the gas in the daily set-up image.

Conclusion: Rectal gas in pelvic cancer patients is likely to remain stable over the course of an 

MRIgRT fraction, and also likely to reappear in the same location in multiple fractions, and can 

therefore result in clinically relevant over-dosage in the rectal wall. The over-dosage is reduced 

when accounting for gas in the daily adaption. 

Introduction

With superior soft tissue contrast to Cone-Beam Computed Tomography (CBCT) and the 

potential for real-time imaging, Magnetic Resonance Imaging guided Radiotherapy (MRIgRT) 

shows promise for pelvic sites including cervix, bladder and prostate [1]–[6]. The potential for 

real-time Adaptive Radiotherapy (ART) could help us to achieve more accurate treatment delivery 

for pelvic sites, which are subject to large and irreproducible inter- and intra-fractional anatomical 

variations [5]–[7].

Variations in rectal gas have been shown to influence target coverage during conventional 

cervical, bladder and prostate cancer radiotherapy [8]–[13]. Furthermore, due to the Electron 

Return Effect (ERE), there is a potential for dose perturbation in the rectal wall during MRIgRT 

treatment of these sites [14]. The ERE occurs when dose depositing electrons, under the 

influence of Lorentz forces, cross a tissue-air boundary and return back into the tissue they came 

from. This results in sizable areas of increased dose on the beam entry side of the tissue 

boundary and, due to a reduced number of electrons travelling forwards, areas of reduced dose 

on an opposing tissue boundary [4], [15], [16]. It is estimated that large volumes of rectal gas in 

the path of a single treatment beam can increase Dmax in the rectal wall by up to 60 %, 

potentially increasing the risk of grade 2+ rectal toxicity [14]. 

The total dosimetric effect of rectal gas during MRIgRT depends on the beam configuration and 

the proportion of the treatment for which the gas is stable in a particular place. The longer gas is 

stable for during a fraction (intra-fraction), and the more it appears in the same place in multiple 

fractions (inter-fraction), the larger the total dosimetric effect. Also, in the case of hypo-

fractionation, the total dose effect is more influenced by gas appearing in one of the fractions [14], 

[17]–[19].A
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Further, although daily adaption is performed for MRIgRT using a daily MRI image taken at the 

beginning of each fraction, several workflows re-optimise the daily dose using the average 

electron density from delineated structures in the patients’ planning Computed Tomography (CT) 

scan [20], [21]. This means that inhomogeneity’s within structures, such as rectal gas, and inter-

fractional variations in rectal gas are neglected in the daily plan [22]–[24]. It also means that the 

electron density in the rectal structure will systematically be assumed to be lower if large amounts 

of gas were present in the planning CT, and higher if little or no gas was present.

Given the potential dose implications in the rectum due to gas during MRIgRT, it is important to 

assess the likelihood that large volumes of rectal gas remain stable over a treatment fraction or 

course to result in clinically concerning over-dosage in the rectal wall or under-dosage of the 

target. 

Although some work has been done to assess rectal movement and its influence on target 

coverage [8]–[12], [25], little work has been done to assess the variations of rectal gas on inter- or 

intra-fractional timescales, and it is widely accepted to be unpredictable and irreproducible [8], 

[26]. This work uses large numbers planning CT scans to assess gas volumes, and repeat MRI 

scans to assess the local inter- and intra-fractional variability of rectal gas in patients with 

cervical, bladder and prostate cancer. We further explore the dosimetric effect of accounting or 

not accounting for rectal gas in the daily adaption.

Method

Patient Images 

First, 2,374 planning CT scans of cervical, bladder and prostate patients were used to assess the 

volume of rectal gas on a population level (ethical approval ref. 17/NW/0060). To study inter- and 

intra-fractional rectal gas variation, 563 repeat T2-w MRI scans of 6 cervical (ethical approval ref. 

17/NW/0300), 11 bladder (ethical approval ref. 18/NW/0352) and 5 prostate cancer patients were 

analysed. The prostate MRI images were acquired during the treatment fractions of the first five 

patients treated using MRIgRT at our centre. For consistency, we will refer to all MRI studies and 

MRI-Linac fractions as scan-sessions in this paper. The details of the scans used are 

summarised in Table 1. 
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Analysis

Calculating the Volume of Rectal Gas

First, the total volume of gas within the rectum delineations in the large cohort of planning CT 

scans was calculated using thresholding techniques, i.e., all CT voxels with pixel value less than -

500 HU were considered as gas.

Then the rectum was outlined according to clinical standard from the sigmoid colon to the anal 

canal on each MRI scan using a research version of the RayStation Treatment Planning System 

(TPS) (version 6.99, RaySearch Laboratories, Sweden). A radiation oncologist either drew or 

reviewed the outlines. 

Slices where rectal delineations were present across all time-points in a scan-session were 

selected for analysis. The length of the rectum in the selected slices was normalised between 0 

(most cranial) and 1 (most caudal) across all scans for all patients (Figure 1 A). It was assumed 

that the normalised slices corresponded to the same anatomical level on the rectum in each time-

point, and that these levels were also comparable between patients, allowing a population level 

analysis. The length of rectums analysed and the length of rectums excluded from analysis due to 

our normalisation method, i.e. due to variation in rectum length during each scan-session, were 

also calculated and reported. 

The intra-scan-session variability in rectal length was defined as the mean of the standard 

deviation (sd) of the rectal length over a scan-session. Inter-scan-session variability was defined 

as the mean of the sd of the mean rectal length per scan-session. The inter-patient variability was 

defined as the sd of the average rectal length per patient over all scan-sessions. 

For each time-point, X{X = 1,…, N}, in each scan-session, the area of gas within each slice of the 

rectal delineations, AX, was determined using thresholding (Figure 1 B). The threshold was set to 

60, and was determined based on the pixel intensity of gas in the MRI scans. AX for each scan-

session was plotted against normalised rectum length to show the profile of rectal gas along the 

rectum (Figure 1 C). 

Quantifying Inter- and Intra-fractional Rectal Gas Variations

Patients were grouped by disease site. To calculate the local inter- and intra-fractional variation of 

gas for each patient group, we adapted the statistical methodology for margin calculation 

developed by van Herk et al. [27]. The group mean, M, systematic, Σ, and random, σ, and intra-A
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fractional random, σf, variation on each normalised slice of the rectum was calculated for inter- 

and intra-fractional changes using standard the methods presented in Figure 1 S in the 

supplementary materials.

M is defined as the mean of the mean, and shows the average amount of gas across the patient 

group, Σ is the standard deviation of the mean, and shows the spread of the average amount of 

gas per patient across the patients and σ and σf are root-mean-square of the standard deviations, 

and indicate the average inter-fractional variation across scan-sessions or intra-fractional 

variation across time-points respectively.

To evaluate inter-fractional variations, Ainter,, we used the mean area of gas in each slice over all 

time-points per scan-session (Figure 1 S supplementary material):

Ainter = ( x {X= 1, .., N}).𝐴

For intra-fractional variations, Aintra,, the change in gas area between time-point 1, i.e. the daily 

set-up image used for plan adaption during MRIgRT, and the rest of the time-points, {X= 2…N} 

was used (Figure 1S supplementary material):

Aintra = (AX {X= 2, …, N}  - A1),

The intra-fractional random variation, σf, was calculated using σ for each patient and then 

averaging over all patients (Figure 1S supplementary material).

Note that these calculations were performed on each image slice included in the analysis, and the 

full set of statistics was calculated separately for each patient group. To account for the 

uncertainty in the rectal lengths, a Gaussian filter with a width corresponding to the combined 

inter- and intra-scan-session variability was applied to the statistical plots [28].

Intra-fractional Dose Effects due to Rectal Gas

Analytically estimating dose perturbation 

The dosimetrical effect of accounting or not accounting for and accounting for rectal gas in the 

daily plan adaption was explored. The local dose perturbation, ΔD%(X), caused by the gas 

detected in each scan-session was calculated first assuming the gas was not considered in the 

daily adaption. ΔD%(X), was then re-calculated assuming that the dosimetric effects of gas present 

at the beginning of each scan-session were mitigated in the daily adaption.  A
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The local dose perturbation, ΔD%(X), due to the gas detected in each time-point, X{X = 1,…, N} , 

was calculated using equation 1, an adapted version of an equation previously presented in [29]. 

The equation calculates the dose perturbation, ΔD%, at angles θ, Φ around spherical air cavities 

(up to 1 cm distance, d, from the cavity surface) for the Elekta Unity system with a 1.5 T 

transverse magnetic field and 7 MV photon spectrum irradiated with a single beam. The equation 

was derived in [29] using data fitting techniques, and describes the dosimetrical effects of ERE 

and attenuation differences for a single beam centred on a spherical air cavity using a modulated 

sinusoidal and a Gaussian function for ERE and attenuation effects respectively. The amplitude 

of both effects depends on the cavity radius, r, either logarithmically (ERE) or linearly (attenuation 

differences). This equation is designed for and has been validated on spherical and cylindrical air 

cavities with r between the range of 0.5 cm and 7.5 cm.

We modified the logarithmic term in the original (heuristic) equation to allow it to be applied where 

gas cavities may be <0.5 cm. The dose perturbation around air cavities with a diameter smaller 

than the radius of curvature of secondary electrons under the influence of Lorentz forces (<0.5 

cm diameter) is negligible [14], [18]. We therefore modified equation 1 to generate zero dose 

perturbation where the diameter of rectal gas tended towards zero. We validated our equation on 

spherical air cavities (0.5 cm < diameter < 7.5 cm) by calculating the predicting error; the 

difference between the dose perturbation predicted by our equation and that calculated using 

Monte Carlo dose calculations (ΔD%Predict  - ΔD%MonteCarlo).  Table 1S in the Supplementary 

material summarises the predicting error for various diameters of air cavity between 0.5 and 7.5 

cm. The mean and standard deviation of the predicting error across all air cavities was ≤+/-0.9 % 

and ≤+/- 7.7 % respectively.

Equation 1

∆𝐷%(𝜃,Φ,𝑟,𝑑) = ( ―55ln (𝑟 + 1)) ∗ 𝑒 ―3.71𝑑 ∗ sin (1.04𝜃 ― 1.97) ∗ sin (1.05Φ + 6.20) +7.14𝑟(𝑒𝑥𝑝
.[ ― ((𝜃 ― 3.02)2

2 ∗ 0.372 ) ―  ((Φ ― 1.59)2

2 ∗ 0.792 )] ―1.29

The local relative dose perturbation, ΔD%(X), assuming the original dose to be 1, on the internal 

surface of the rectal wall (that is d=0 cm in the equation) was calculated. 

The equation was applied to each normalised slice, assuming each slice to be the central plane 

of a sphere, creating a dose map of the internal surface of the rectal wall. The gas on each slice 

was assumed to be circular, with its whole circumference directly touching the internal surface of 

the rectal wall. 
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There are a very large number of permutations of beam configurations, rectal anatomy and gas 

location that cannot possibly be explored here. We therefore estimated the dosimetric 

consequences for the “worst-case” scenario, assuming that rectal gas lies in the path of a single 

beam of the treatment plan for the whole treatment course. This assumption was deemed 

reasonable as we compare like-for-like to show the impact of accounting for gas in the daily 

adaption. Further, we consider the rectum as an OAR in this work, and so multiple beams are not 

expected to be focussed on the rectum. 

Implementing the analytical equation

To determine the cumulative local dose perturbation over a scan-session, ΔD%(Cumulative)Scan-session, 

the local ΔD%(X) at each “beam-on” time-point was calculated and associated with a time period, 

f(t). To simulate the “beam on” time during a typical treatment fraction, only the last 6-7 minutes of 

each scan-session were used. 

The associated time period, f(t), was defined as a fraction of the total time of the “beam on” time 

and assumed to spread halfway between the neighbouring two time-points, TP:

Equation 2

.𝑓(𝑡) =
(𝑡(𝑇𝑃𝑖 + 1) ― 𝑡(𝑇𝑃𝑖)) + (𝑡(𝑇𝑃𝑖) ― 𝑡(𝑇𝑃𝑖 ― 1)) 

2(𝑡(𝑇𝑃𝑁) ― 𝑡(𝑇𝑃𝐵𝑒𝑎𝑚𝑂𝑛))

The calculated local ΔD%(X) for each time-point was then multiplied with the associated f(t) to 

calculate ΔD%(Cumulative)Scan-session: 

Equation 3

∆𝐷%(𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒)𝑆𝑐𝑎𝑛 ― 𝑠𝑒𝑠𝑠𝑖𝑜𝑛 =
𝑇𝑃𝑁

∑
𝑇𝑃𝐵𝑒𝑎𝑚𝑂𝑛

𝑓(𝑡)∆𝐷%(𝑋)

For those scan-sessions with only one time-point associated with them, the gas was assumed to 

remain stable for the entirety of the “beam on” time. For scan-sessions with two time-points, it 

was assumed that the gas per time-point was stable for half of the “beam on” time. 

Note that here we assume that the daily workflow uses average electron density over-rides, and 

so any gas present at the beginning of the scan-session (time-point 1) is neglected [23].

To determine the effect of rectal gas when re-optimising the dose for each MRIgRT fraction, the 

above process was repeated but this time using the dose estimated with gas present at the A
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beginning of each scan-session (time-point 1) as a baseline, and the relative change in dose due 

to changing gas during each scan-session used to calculate ΔD%:

Equation 4

∆𝐷%(𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒)𝑆𝑐𝑎𝑛 ― 𝑠𝑒𝑠𝑠𝑖𝑜𝑛_𝑎𝑑𝑎𝑝𝑡 =
𝑋𝑁

∑
𝑋𝑚𝑖𝑛

𝑓(𝑡)∆𝐷%(𝐴𝑋 ― 𝐴1)

where 

.{𝑋 = 2,…, 𝑁}

Note that it is the dose effects from each time-point that are combined rather than the volume of 

gas in each time-point. Scan-sessions with only one time-point were excluded from this stage of 

the analysis. 

The cumulative ΔD%(Cumulative)Total and ΔD%(Cumulative)Total_adapt over all scan-sessions for each patient 

was calculated using:

Equation 5

∆𝐷%(𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒)𝑇𝑜𝑡𝑎𝑙 =
𝑆𝑐𝑎𝑛 ― 𝑠𝑒𝑠𝑠𝑖𝑜𝑛𝑁

∑
𝑆𝑐𝑎𝑛 ― 𝑠𝑒𝑠𝑠𝑖𝑜𝑛1

𝑓(𝑡)∆𝐷%(𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒)𝑆𝑐𝑎𝑛 ― 𝑠𝑒𝑠𝑠𝑖𝑜𝑛

where the time period, f(t), is now 

𝑓(𝑡) = 1/𝑁

where N is the total number of scan-sessions per patient. This is equivalent to simulating a 

treatment with 4 fractions for the cervix and bladder cases, or a 20 fraction treatment for the 

prostate cases.

Results

Rectal Gas Volume: Planning CT vs MRI

Figure 2 shows the distribution of the total volume of gas detected in the planning CT scans of the 

2,374 patients (70 cervical, 124 bladder and 2,180 prostate cancer). 97.8 % of the patients had 

<50 cm3 of rectal gas in their planning CTs, and almost half of the patients (43 %) had <1 cm3. A
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The largest volumes of gas were seen in the bladder patients. The bladder patients had a mean 

rectal gas volume of 9.8 cm3, and four of the patients (3 %) had >50cm3 of rectal gas in their 

planning CTs (maximum=129 cm3). The prostate patients had the least gas with mean volume of 

7.0 cm3 (44 patients (2 %) had >50cm3, maximum=106 cm3). The cervix patients lay between the 

bladder and prostate groups with a mean gas volume of 7.6 cm3 (max=41.3cm3). The difference 

between the distribution of rectal gas volume between three groups is border-line statistically 

significant (p = 0.05 (Kruskal-Wallis test)).

Figure 3 shows the area of gas along the length of the rectum, which has been normalised from 0 

(most cranial) to 1 (most caudal), for cervical cancer patient 1. No rectal gas was detected in this 

patients’ planning CT. 

Clear inter-fractional variations are seen across each scan-session for this patient. Further, 

although the total volume of gas remains quite stable over scan-session 1, the gas moves locally 

intra-fractionally towards the end of the scan-session, which happens to be the “beam on” period 

(time-points 5-7). For scan-sessions 3 and 4 there is a smaller and more stable volume of gas. 

Similar plots for all other patients are presented in supplementary material (Appendix A-C 

supplementary material). 

Rectum Length Variation

Table 2 summarises the results related to rectum length variation. All variations are relatively 

small; inter- and intra-scan-session variations were ≤0.71 cm, and inter-patient variations are 

≤1.46 cm, which corresponds to ~10 % of the mean average length. These results indicate that 

the variability of the rectal length and the sensitivity of the methods used for analysis in this work 

is small.

We have applied a Gaussian filter with a width of 0.1 to account for the rectum variability 

uncertainty. This value was derived from the inter- and intra-scan-session variability. Note that, as 

the inter-patient results are a form of descriptive statistics, where the length is normalised 

between 0 and 1 to indicate the beginning and end of the rectum, the absolute length of the 

rectum has no impact on the results and was therefore not included in the Gaussian blurring.

Inter- and Intra-fractional Variations in Rectal Gas during MRI Scan-Sessions

Figure 4 shows the local statistics (M, Σ, σ and σf) for inter- (panels A-C) and intra-fractional 

(panels D-F) variations in rectal gas, calculated for each patient group. A Gaussian filter with a 

width = 0.1 (10 % of the normalised rectal length) was applied to account for variability in the 

rectal length during the analysis. As would be expected, inter-fractional variations are larger than A
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intra-fractional variations. For all patient groups, the intra-fractional changes are small compared 

with the absolute area of gas in each slice (Figure 3 and Appendix A-C supplementary material). 

This indicates that rectal gas in all patients is relatively stable. 

Differences are observed between patient groups. Both inter- (up to 8.5 cm2/slice) and intra-

fractional (up to 5 cm2/slice) variations are largest in bladder cancer patient patients, and are 

around five times larger than those seen in the cervical and prostate cancer patients, who had 

similar inter- and intra- fractional variations (~1-2.5 cm2/slice).

There are also differences between patient groups in the distribution of gas along the length of 

the rectum. For cervical and prostate cancer patients, both inter- and intra-fractional changes are 

larger towards the cranial aspect of the rectum, and gas appears more stable at the caudal end. 

The opposite is observed for the bladder cancer patients; inter-fractional variations are largest in 

the centre of the rectum length and intra-fractional variations are largest towards the caudal end. 

Of course, this part of the analysis is based on small patient numbers, so there may be an 

element of chance in these differences.

Dose Effects of Rectal Gas

Single Scan-Session

Figures 5 and 6 show the distribution of estimated local dose perturbation for a single beam on 

the internal surface of the rectum during four scan-sessions when gas is not (Figure 5) and is 

(Figure 6) accounted for in the daily adaption for cervical patient 1. For all scan-sessions, large 

areas of dose of around ± 70 % (Figure 5) were reduced to almost zero when gas is accounted 

for in the daily plan. Equivalent plots for all patients, where similar observations are true, are 

presented in Appendix A - C in supplementary material. 

The box plots in Figure 7 panels A-C show the cumulative dose perturbation on the internal 

surface of the rectal wall for each scan-session, ΔD%(Cumulative)Scan-session,  for all patients when gas 

has not (red boxes) and has (blue boxes) been accounted for in the daily adaption. Is it clear that 

for all patients, the dose perturbation in each scan-session is greatly reduced when gas is 

accounted for in the daily adaption. 

Total Treatment

The box plots in Figure 7 panels D-F show the cumulative local dose perturbation for a single 

beam on the internal surface of the rectal wall over each patients’ total treatment, ΔD%(Cumulative)Total. 

As expected, ΔD%(Cumulative)Total is smaller than ΔD%(Cumulative)Scan-session, indicating that gas moves 

between scan-sessions. However, ΔD%(Cumulative)Total still ranges between ±~60 %, suggesting that A
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considerable volumes of gas reappear in the same location along the length of the rectum over 

multiple scan-sessions to result in clinically concerning dose perturbation over the total treatment 

course. 

For all patients, the maximum dose perturbation over a full treatment course is reduced to around 

±10 % when gas is taken into account during daily adaption, ΔD%(Cumulative)Total_adapt. 

Discussion

This work aimed to quantify the local inter- and intra-fractional variation in rectal gas in pelvic 

cancer patients and estimate its dosimetric effect. We first assessed the likelihood that large 

volumes of rectal gas remain stable over the duration of an MRIgRT treatment thereby resulting 

in clinically relevant over-dosage due to ERE in the rectal wall. Then we explored the dosimetric 

effect of not accounting or accounting for the gas present in the daily set-up image. This study is 

conducted in light of work that indicates that rectal gas lying in the path of a treatment beam could 

increase the risk of rectal toxicity [14]. 

We adopt a similar methodology to map the rectum as Nijkamp et al., who quantify inter-fractional 

shape variation of the rectum for rectal cancer patients. However, we are the first to quantify inter- 

and intra-fractional variations of rectal gas, and included patients that have been treated with 

MRIgRT, in this kind of study [26], [27]. 

Volume of Rectal Gas

Patients generally had more rectal gas in the MRI scan-sessions than in their planning CT scans. 

This may be due to the longer imaging times involved with the MRI scan-sessions, or possibly 

due to the comfort of the imaging bed. Cervical cancer patients 1, 2 and 6 had no gas in their 

planning CT scans, yet all had gas in all four of their MRI scan-sessions (supplementary material 

Appendix A). Bladder cancer patients had the largest volumes of gas in both the planning CTs 

and MRIs.

Inter- and Intra-fractional Variations in Rectal Gas

For the MRI scan-sessions, local intra-fractional variations in rectal gas are small compared with 

the average volumes of gas detected (2-6 cm2/slice). This suggests that gas present in the daily 

set-up MRI at the beginning of each 20-25 minute MRIgRT fraction is likely to remain stable 

throughout the treatment fraction. As a result, there is a significantly lower dose perturbation 

when re-planning based on the first image of each fraction.A
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Alike Nijkamp et al., we observe differences in the total gas volume and gas variations between 

patient groups (p =0.05, CT scan cohort). Whereas Nijkamp et al. report differences between 

male and females within the same disease site (rectal cancer), we group our patients by disease 

site. Nijkamp et al. find larger volumes and larger variations in gas for female rectal cancer 

patients compared with male rectal cancer patients [30], [31]. The only female patients in our 

study, the cervical cancer patients, had the least amount of rectal gas in both their planning CTs 

and MRI scan-sessions, compared with the bladder and prostate groups, who were all male. 

They also had smaller inter- and intra-fractional variations than the bladder cancer patients, but 

similar inter- and inter-fractional variations to the prostate group despite having around 50 % less 

gas than the prostate patients (see Appendix A-C supplementary material).

The bladder cancer patients had the largest volumes of rectal gas in the planning CTs and MRI 

scan-sessions, and also the largest inter- and intra-fractional variations in rectal gas. This seems 

to be characteristic of bladder cancer patients [13], perhaps related to treatment protocols, the 

nature of the disease or the patient age and performance status, which is often worse for bladder 

patients. 

An empty bladder protocol was used for all patients in this study. The cervix and bladder patients 

were instructed to drink 300-500 ml of water immediately before each scan-session, and the 

bladder patients took Hyoscine Butylbromide (Buscopan) 30 minutes prior to each scan-session 

(Table 1). As the bladder and cervical patients had the most and least gas in the MRIs 

respectively, it is unlikely that bladder filling alone strongly influences rectal gas. However, the 

Buscopan that the bladder patients took could have influenced rectal gas behaviour. 

The prostate patients, who had the mid volume of rectal gas during the MRIs, were not instructed 

to drink water or take Buscopan prior to their scan-sessions. In light of this, it could be that the 

bladder filling in the cervix patients limited rectal gas activity, and the Buscopan in the bladder 

patients increased it.  It would be interesting to repeat this study to determine whether Buscopan 

influences rectal gas in cervical and prostate cancer patients in a similar was as in bladder cancer 

patients.

Further, it would be interesting to investigate if bladder filling combined with tumour location, i.e. if 

the tumour pushes against the rectum as the bladder fills, is influential on rectal gas. The 

differences between disease sites, particularly between the bladder and prostate patients, who 

were all male, suggest that characteristics such as tumour location may be more influential over 

the volume and stability of rectal gas than the patient’s gender. This theory is supported by the 

same observations between the groups being observed in both the planning CT and MRI scan-A
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sessions. It would be interesting to explore the influence of gender on rectal gas stability in 

bladder cancer patients by repeating this analysis with female patients.  It would also be 

interesting to compare the rectal gas in female bladder patients to that in cervical cancer patients 

to investigate if tumour location is influential between these two disease sites. 

Our results indicate that larger inter- and intra-fractional gas variations are observed at the cranial 

aspect of the rectum for cervical and prostate cancer patients (Figure 3 A). This agrees with 

multiple other studies, that suggest that the caudal end of the rectum is more “anatomically fixed” 

[30]–[33]. However, our results also show that bladder patients have larger variations in the mid 

(inter-fractional) and more caudal (intra-fractional) aspect of the rectum. This disagrees with work 

reporting larger variations in bladder movement, due to bladder and rectal filling, in the cranial 

half of the bladder [13]. This could be due to the tumour location, gas passing out of the rectum 

during the scan-sessions, or a result of using a relatively small patient selection. 

The average length of the rectums included in analysis was also different per patient group. The 

cervical patients had the longest rectums, and the bladder patients had the shortest with the 

largest variation (see Table 2). The variation in rectal length could be due to the rectum becoming 

shorter when expanding in the transverse direction due to filling. 

The variation in the rectum length is small for all patient cohorts. Further, the largest variations in 

rectal gas (Figure 4), nor the regions of the rectum expected to receive a high dose, do not occur 

at the very extents of the analysed length of the rectum. Therefore, we believe the method used 

to normalise the rectums is not detrimental to results presented in this work. 

It is worth noting that we assessed inter-fractional variation across all scan-sessions for all 

patients at once. Admittedly they do not appear to be grossly larger than intra-fractional changes 

in Figure 3 A-C. However, large changes occur between scan-sessions per patient when studying 

the gas profiles in Figure 3 and Appendix A-C in supplementary material. This, as well as 

changes between scan-sessions and the patient’s planning CT, should be incorporated into 

analysis in order to develop a model, similar to Hoogeman et al.’s., to predict if a patient is likely 

to be “gassy” and unstable during MRIgRT [34]. 

Dose Effects due to Rectal Gas

All patients benefited from accounting for gas present at the beginning of a scan-session during 

the daily adaption. 

Some current MRIgRT workflows use the average electron density from each structure in the 

planning CT. Our results show that patients tend to have more gas during the MRI scan-sessions A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

compared with their planning CTs. This suggests that the electron density for the rectal structure 

used to plan their whole treatment is likely to over-estimate the average electron density of the 

rectal structure in the patients’ anatomy during treatment, which could result in over-dosage in the 

rectal wall. 

Previous work by Chuter et al. assessing MRIgRT plan robustness for variations in sinus filing for 

head and neck cancer indicates that optimising using electron density over-rides to simulate an 

empty sinus cavity is preferable [35]. Our results could indicate that simulating large volumes of 

rectal gas when optimising a pelvic plan may be similarly beneficial. However, work adopting the 

same methodology as Chuter et al.’s would be needed to fully to explore this. 

Alternatively, results we present in this paper show that if rectal gas is accounted for in the daily 

adaption process, dose perturbation due to intra-fractional variation in rectal gas are minimised. 

Incorporating the analytical equation we use in this work (equation 1) into the clinical workflow 

allows quickly alerting the treatment team if intra-fractional variations in rectal gas result in 

violation of dose constraints. This would help to optimise the on-line adaptive workflow.

It is appreciated that the analytical equation has only been validated using phantom data, and 

work should be done to further validate it using patient data. For clinical implementation, the 

equation should be paired with a tool to detect gas and calculate the local radius of curvature and 

the distance between gas boundaries, and be applied locally around the boundary of a gas cavity. 

In this work, areas of over-dosage are observed along the length of the rectum close to the 

entrance position of the beam (0 and 360 °), and under-dosage close to where the beam has left 

the rectum on the opposing side (Figures 5 and 6). This is because the beam angle is assumed 

to be the same for each scan-session. The location of the over-dosage could be moved for each 

treatment fraction, smearing out the cumulative dose perturbation over the whole treatment, by 

changing the beam angle of the beam travelling though the rectum. However, it is appreciated 

that this may not always be practical or achievable, particularly with the limited beam angles 

available for clinical treatment on the Elekta Unity system.

We consider gas in the path of a single beam in this paper, which is a “worst case” scenario. The 

total effect of gas in the path of multiple overlapping beams is a summation of the effect in each 

beam. Therefore, it is expected that the dose effects of rectal gas in the path of opposing beams 

would be lower than those we report in this paper [17]. 

It is appreciated that the rectum may not lie in the path of a single beam during pelvic treatments, 

and therefore dose perturbations we report may be overestimated. However, treatment beams 

are not expected to be focussed on the rectum when it is an OAR. As such, the likelihood that A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

opposing beams totally cancel out the effects of rectal gas in a clinical treatment plan is 

questionable, as we see in [14] where the dose perturbation is reduced from ~70 % for a single 

beam to ~20 % for a 5-beam treatment. 

There are a large number of permutations of beam configurations and air cavity locations, which 

cannot possibly be assessed here, and is beyond the scope of this paper. Work could be done to 

explore likely beam configurations covering the rectum. Clinical implementation of the heuristic 

equation we use to estimate dose effects should always involve applying it to each treatment 

beam and summing the effect, which can be done in real time [29].  

 The purpose of this work was to assess if rectal gas present at the beginning of a scan-session 

remains stable enough throughout a scan-session to result in clinically concerning dose 

perturbations in the rectum. Additionally, we looked at whether accounting for gas at the 

beginning of each scan-session is dosimetrically beneficial. As such, it is deemed that dosimetric 

estimation using a single beam to compare not accounting or accounting for gas is sufficient for 

the interests of this paper. 

For interest however, to estimate the effect of rectal gas in the path of multiple beams, we 

propose to derive, a “geometry factor”. Work by Shortall et al. showed that dose perturbations 

due to gas in the path of a five-beam plan are reduced to approximately one third of the dose 

perturbation in a single beam scenario, i.e. the “geometry factor” would be ~0.3 for a five-beam 

example plan [14]. Further, we observed a “geometry factor” of ~0.1 for a 15-beam plan using a 

web-based simulator incorporating MRIgRT uncertainties, produced by van Herk et al. [37]. With 

this in mind, the dose perturbations we report of ~60 % for a multiple fraction treatment would 

reduce to ~18 % for a five-beam scenario and ~6 % for a 15-beam scenario. Further investigation 

deriving and validating this “geometry factor” for complete assessment of gas in the path of 

multiple beams is matter for future work.

The crucial issue is how much localised areas of over-dosage of up to 60 – 70 % increases the 

risk of rectal toxicity. As discussed in [14], although it is thought that localised hotspots of 1cc 

receiving upwards of 70 Gy significantly increases the risk of grade 2+ late rectal toxicity [36]–

[39], the question is by no means answered. The absolute dose perturbation due to rectal gas 

would of course depend on the proximity of the rectum to the tumour and other clinical planning 

parameters. In order to gain a greater understanding of the risk of increased rectal toxicity during 

MRIgRT, patient studies recording symptoms of acute side effects such as incontinence should 

be recorded, and, along with accurate dose accrual assessment, appropriate follow up should be 

implemented. A
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The target coverage should also be kept in mind in light of large inter-fractional gas variations we 

report in this work. Variations in rectal filling has been shown to influence target coverage for 

bladder [13] and prostate cancer [40]. With this in mind, and the additional implication of rectal 

gas during MRIgRT, treating with an empty rectum may always be preferable [33], [41]. Although 

patients are currently given dietary advice and asked to clear their bowels before treatment, 

further precautions to minimise rectal gas, such as enemas, could be considered. 

We have considered a “worst case” scenario, where the gas is circular, touches the rectal wall i.e. 

there was no solid matter between the gas and the rectal wall, and lies in the path of a single 

treatment beam. The dose effects due to ERE are reduced by around two thirds when in the path 

of multiple overlapping beams, compared to a single beam [14]. However, to gain a greater 

understanding of the absolute dose effects and increased risk of toxicity, this kind of assessment 

should be done using clinically realistic MRIgRT plans.

Conclusion

Rectal gas in bladder, prostate and cervical cancer patients is likely to remain stable for the 

duration of a 20-25 minute MRIgRT fraction. If not accounted for in the daily re-planning, the intra-

fractional stability of gas in abdominal cancer patients treated using MRIgRT is likely to cause 

relevant over-dosage due to ERE. However, the over-dosage can be mitigated if the gas is 

accounted for at the daily re-planning stage. This should be kept in mind when large volumes of 

rectal gas are seen in daily imaging at the beginning of treatment. Further investigation into 

factors that influence the volume and stability of rectal gas in different patient groups should be 

done in order to assess the likelihood of over-dosage or need for plan adaption, on a more 

personalised basis. 
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Figure Captions

Table 1: Summary of the patient images used in this study

Table 2: Rectal length variation results.  The columns present the lengths used for normalisation 

in our analysis, the lengths of the delineated rectums, inter- and intra-scan-session and inter-

patient variation in rectal length. 

Figure 1: A) Sagittal MRI images taken at seven time-points during one scan-session for one 

patient. The rectum delineations are outlined in red and the gas is overlaid in green. The pink 

lines enclose the slices where rectal delineation is common across all time-points, and the arrow 

in time-point 1 shows the direction of normalisation (0: most cranial, 1: most caudal). B) The axial 

views corresponding to the slice marked by the orange dotted line in panel A. The changes in 

intra-fractional gas (green) are apparent. C) The area of rectal gas (cm2) in each slice of the 

normalised rectum for the same patient. Each line represents the gas distribution at different time-

points. The slice shown in panel B is indicated by the dotted line.

Figure 2: Histograms showing the distribution of the volume of rectal gas in the planning CT 

scans of 70 cervical (panel A) 124 bladder (panel B), and 2,180 prostate (panel C) cancer 

patients. A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Figure 3: The area of rectal gas (cm2) in each slice of the delineated rectum for cervical cancer 

patient 1. Each plot represents a different scan-session for the same patient, and each line 

represents the gas in a different time-point. The equivalent plots for all other patients are 

presented in Appendix A-C in supplementary material. 

Figure 4: The local Group Mean (M) and the systematic (Σ) and random (σ) inter-(A-C) and intra- 

(D-F) fractional variation of rectal gas for each patient group.  Intra-fractional random variations 

for each patient (σf) averaged across all patients, are included in panels D-F.

Figure 5: The estimated dose perturbation (represented in a cylindrical coordinate system, similar 

to [14]) in four fractions, ΔD%(Cumulative)Scan-session, when rectal gas is not accounted for in the daily 

adaption during MRIgRT for cervical cancer patient 1 (in a single beam). The equivalent plots for 

all other patients are presented in Appendix A-C in supplementary material

Figure 6: The calculated cumulative dose perturbation in each scan-session, ΔD%(Cumulative)Scan-

session_adapt, when rectal gas is accounted for in the daily adaption during MRIgRT for cervical 

cancer patient 1. The equivalent plots for all other patients are presented in Appendix A-C in 

supplementary material.

Figure 7: Box and whisker plots showing the spread of the total dose perturbation for all scan-

sessions on the internal surface of the rectal wall for each patient during a single beam treatment. 

The red boxes represent the dose perturbation when rectal gas is not accounted for in the daily 

adaption and the blue boxes represent the dose perturbation when the gas in the daily MRI (time-

point 1) has been accounted for in the daily plan. Panels A-C show the cumulative dose 

perturbation in each scan-session (overlaid on the same point on the x-axis for space purposes), 

and panels D-F show the cumulative dose perturbation over all scan-sessions for each patient 

(four scan-sessions for cervix and bladder patients, 20 for prostate patients).
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Table 1: Summary of the patient images used in this study 

        

Scan Type Site 
Number of 

patients 
Number of 

scan-sessions 
Number of 

time-points 
Time scale Scan preparations Comments 

MRI - 

diagnostic 

scanner 
Cervix 6 4 (weekly) 7 

Total ~20 minutes  
(2-3 minute intervals) 

Empty bladder, 300 ml water 

immediately before scan 
5 time-points for scan-session number 4 

MRI - 

diagnostic 

scanner 
Bladder 11 4 (weekly) 3 

Total ~25 minutes 
 (10-14 minute intervals) 

Empty bladder, 300 -500 ml water 

immediately before scan 
Hyoscine Butylbromide (Buscopan) 30 

mins prior to scan 

All patients were male 

 

2 time-points for scan-session 2 for 

patient 1 

MRI - 
Elekta Unity 

system 

(Elekta, 

Stockholm, 

Sweden) 

Prostate 5 20 (daily) 3 
Total ~30 minutes  
(10 minute intervals) 

Empty bladder 

21 scan-sessions for patients 1 and 2 

 

2 time-points for patients 1 and 2 (daily 

MR and verification image) 

 

Only daily MRI available for patients 1, 2 

(two scan-session), 3 and 5 (one scan-

session)  

 

Additional time-points for patient 3 (two 

scan-sessions) and patient 4 (three scan-

sessions) (total time 60-75 minutes) A
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Planning CT 

Cervix 70 1 - - - Including 6 cervix patients who had MRI 
Bladder 124 1 - - -   

Prostate 2,180 1 - - -   
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Table 2: Rectal length variation results. The columns present the lengths used for 

normalisation in our analysis, the lengths of the delineated rectums, inter- and intra-scan-

session and inter-patient variation in rectal length.  

            

  

Mean Rectum 

length Analysed 

(cm) 

Mean Rectum 

Length Whole 

(cm) 

Intra-Scan-

Session variation 

(cm) 

Inter-Scan-

Session variation 

(cm) 

Inter-patient 

variation (cm) 

Cervix 6.39 6.82 0.34 0.57 1.46 
Bladder 5.58 6.33 0.47 0.66 0.66 
Prostate 5.94 6.41 0.34 0.71 0.51 
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