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sUMMaRy

In the first part of this thesis certain aspects of MRI in the evaluation of colorectal 

cancer and its precursors, and restaging of rectal cancer were addressed.

In chapter 2 the current status of MR colonography regarding the different prepa-

ration techniques as well as the imaging sequences and colon distension methods 

were reviewed. The associated diagnostic performance and patient burden were also 

evaluated. It was concluded that there is a wide variety of bowel preparations and 

imaging techniques described in the literature for MR colonography. The diagnostic 

accuracies of the different MR colonography techniques varied considerably, as well as 

the reported patient burden. So far, no consensus has been reached regarding bowel 

preparation, colon distension methods and MRI data acquisition.

In chapter 3 the diagnostic accuracy and bowel distension of MR colonography at 

3T with the use of a limited bowel preparation and automated carbon dioxide bowel 

insufflation was assessed in patients symptomatic for colorectal cancer. Three readers, 

one experienced and two less experienced evaluated the images for the presence 

of colorectal lesions. Also, the adequacy of the bowel distension with automated 

bowel insufflation was evaluated. Results of the lesion detection were compared with 

the findings at colonoscopy. For lesions ≥ 10 mm a per-patient sensitivity of 91.7% 

was demonstrated for the experienced reader, and a sensitivity of 75% for the less 

experienced readers. Specificity was 96.5% for the experienced reader, and 97.7% 

and 95.3% for the less experienced readers. Per-patient sensitivity for lesions ≥ 6 mm 

was 85.7% for the experienced reader, 57.1% for both less experienced readers, and 

specificity was 86.8%, 98.7%, 90.8%, respectively.

In addition, the feasibility of automated bowel insufflation of carbon dioxide in 

symptomatic patients was demonstrated and showed adequate bowel distension by 

means of this method.

In chapter 4 patient burden of 3T MR colonography with the use of automated 

bowel insufflation for colon distension were compared to colonoscopy. Moreover, 

patient preference for either one of the examinations for future colon examination 

were evaluated. None of the patients experienced severe or extreme burden from 

the MR colonography bowel preparation. The colonoscopy bowel preparation and 

the colonoscopy procedure together, were rated more burdensome compared to the 

bowel preparation and MR colonography procedure (P < 0.0001). The examinations 

were rated equally burdensome, when the bowel preparations were discarded from 

the evaluation (P = 0.35). For their future bowel examination the majority of patients 

(61.4%) preferred MR colonography compared to colonoscopy (29.5%), both im-

mediately after the examinations and five weeks later (57.0% versus 39.5%).
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In chapter 5 diagnostic performances of MRI for restaging tumour status, lymph 

node involvement and tumour free resection margins after chemoradiotherapy were 

reviewed. Positive MRI results were more likely to correctly predict which patients had 

tumours (tumour stage) that responded to therapy, than were negative MRI results 

likely to predict which patients had tumours that did not respond to the therapy. 

Studies with experienced observers demonstrated significantly better results (higher 

sensitivity and lower negative likelihood ratio) compared with studies with less expe-

rienced observers for tumour restaging.

Moderate to good results were demonstrated for predicting a tumour free resec-

tion margin. Yet, poor results were shown for evaluation of nodal response; MRI was 

not able to discriminate nodal response from non-response. The subgroup of studies 

using additional diffusion weighted imaging (DWI) demonstrated significantly better 

diagnostic performance of MRI after chemoradiotherapy.

These results show that MRI can be used for evaluation of the tumour status and 

involvement of the tumour free resection margins after chemoradiotherapy. Better 

diagnostic performance of MRI for restaging of the tumour status after chemoradio-

therapy is to be expected when DWI is added to the scan protocol and when experi-

enced observers evaluate the images. However, MRI is not reliable for the evaluation 

of nodal response. Differentiation between benign and malignant is usually based on 

morphological features of the lymph node; size, border and shape, with larger nodes 

being more likely malignant. Yet, it is known from primary rectal cancer staging that 

nodal staging is challenging due to high prevalence of malignancy in small nodes. 

Therefore size of a lymph node is a weak predictor of malignancy.

The second part of this thesis addressed the advances of MRI in bowel motility as-

sessment. In chapter 6 the feasibility of detecting bowel motion both in a phantom 

model and one human subject, with the motion-sensitive SPAMM technique at 3T MRI 

was described. In a simulation of a Shepp-logan numerical phantom model motility 

patterns were demonstrated at low signal to noise ratio. In addition, the feasibility 

of automated observer-independent bowel motility assessment without the use of 

breath-holds was demonstrated. By means of using a radiofrequency pulse prior to 

data-acquisition a magnetization tagging pattern was added to the data. By using a 

delay between the radiofrequency tagging pulse and the data acquisition, the tags 

were than distorted by bowel-, breathing- and cardiac motility. Spectral analysis in 

four quadrants of the abdomen was then used to differentiate breathing and cardiac 

motion from other forms of motility. The breathing and heart rate were measured at 

0.35 Hz and 1.11 Hz, respectively. Spectral power images with a bandwidth of 0.2 Hz 

were then constructed at four different frequencies: below the breathing frequency, 

at the breathing frequency, in between the breathing and the cardiac frequency, and 
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at the cardiac frequency. To further proof the remaining motility to be motility of the 

gut, a spasmolytic agent was administrated after 2 min of data acquisition to alter 

bowel motility. In the low frequency band from 0–0.2 Hz (below the breathing fre-

quency) spectral power was concentrated in the right and left lower quadrants. After 

administration of the spasmolytic agent a substantial overall decline in spectral power 

was demonstrated, indicating that the spectral power in the low frequency band was 

mainly caused by bowel motion. Yet, no substantial decline in spectral power was 

demonstrated for the frequency band at the breathing – and cardiac frequency. The 

spectral power was highest in the breathing frequency band and mostly in the liver 

area and left upper quadrant. In the cardiac frequency band (1.0–1.2 Hz) spectral 

power was mainly concentrated in the upper quadrants, which was concordant with 

the anticipated areas of motion caused by cardiac and breathing motion.

In chapter 7 the motion sensitive imaging technique (continuously tagged MRI) 

described in chapter 6 was further validated in a group of ten healthy volunteers. Mo-

tion patterns were evaluated per quadrant of the field of view and in three frequency 

intervals. In addition, a motility index was introduced ranging from 0 to 1 which con-

sisted of a percentage of the spectral power of the breathing frequency per volunteer, 

to compare motility between volunteers. A significant decrease (P < 0.0001) in the 

motility index was found for the low and high frequency interval (0.008-0.300 Hz and 

0.400–0.533 Hz, respectively) that are related to bowel motility.

iMPlicaTions

MR colonography

A recently published meta-analysis on MR colonography demonstrated a per-patient 

sensitivity of 88% for lesions larger than 10 mm and a per-patient sensitivity of 100% 

for colorectal cancer in patients at risk for colorectal cancer. These performances seem 

promising for MR colonography and its role in detection of colorectal cancer. However, 

MR colonography demonstrated extensive heterogeneity regarding diagnostic perfor-

mance for lesions smaller than 10 mm. It can be argued that this is probably owed 

to the wide variety of bowel preparation schemes, colon distension methods and 

imaging data acquisition. The diagnostic accuracy of MR colonography demonstrated 

in chapter 3 of this thesis were somewhat lower compared to the existing literature 

on CT colonography with sensitivities and specificities over 90%. However, the results 

were comparable to other MR colonography studies using gas distension. Lower 

diagnostic accuracies were found for the less experienced readers, which underlines 

what is known from CT colonography that better detection rates are achieved by 

experienced readers.1 For CT colonography consensus has been reached on prepara-
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tion, scan parameters and evaluation.2 Also, more data are available on diagnostic 

performance of CT colonography compared to MR colonography in both high risk 

and low risk patients. Moreover, substantial evidence exists on CT colonography in 

screening populations. This has led to the recommendation of CT colonography as 

a screening tool for colorectal cancer in the USA and in Europe the examination of 

choice when colonoscopy is incomplete.3,4

The advantage of the MR colonography method described in this thesis to other 

MR colonography methods is the extensive experience with the identical bowel prepa-

ration method and automated insufflation strategy of CT colonography. Therefore 

adoption in a clinical setting of the MR colonography protocol as proposed in this 

thesis is rather straightforward compared to MR colonography protocols using other 

bowel preparation and distension methods. Although the diagnostic accuracy of the 

MR colonography study described in chapter 3 seems promising for patients at risk 

for colorectal cancer, the diagnostic accuracy should be further evaluated in low-risk 

and screening patients. Also, patient burden varies for different patient populations 

therefore further research in screening patients and low-risk patients is warranted 

before it can be adopted in a clinical setting.

For CT colonography tandem design studies, in which the patients underwent 

both CT colonography and colonoscopy, demonstrated patient preference in favour of 

CT colonography compared to colonoscopy.5,6 The study on patient burden described 

in chapter 4 also demonstrated preference in favour of MR colonography compared 

to colonoscopy. However, randomisation of the order of MR colonography and colo-

noscopy would be preferable to further investigate patient burden and preferences, 

as a recent randomised controlled showed a higher perceived burden for CT colonog-

raphy compared to colonoscopy. Yet the randomisation in this study was performed 

to identify patient participation rates, therefore evaluation of the perceived burden 

involved unequal groups.7 The authors hypothesized that participants underestimated 

the burden for CT colonography.

The time needed for the entire MR colonography examination, described in chapter 

3, was rather long (average 45 minutes), which in future research should be further 

reduced. Graser and colleagues demonstrated shorter MR colonography procedural 

time comparable to CT colonography.8 As far as known no cost-analysis has been 

performed for MR colonography, further research should also focus on the benefits 

and costs of MR colonography in a clinical setting.

The main reason to consider MR colonography in a screening setting for detection 

of colorectal cancer and its precursors is the lack of exposure to ionising radiation. 

Technical developments, such as decreasing the tube current and voltage, and using 

iterative reconstruction algorithms have led to decreased CT colonography radiation 

exposure.9 Therefore, only in rare cases where CT colonography or colonoscopy are 
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contraindicated (e.g., pregnancy) or in patients who refuse to undergo CT colonogra-

phy and colonoscopy, might MR colonography play a role in screening.

Pelvic MRi in response monitoring

The heterogeneity of the study characteristics for pelvic MRI in response monitoring 

of rectal cancer might to some extent have influenced the conclusions of chapter 

5. Moreover, the heterogeneity suggests that MRI for restaging should perhaps 

be reserved for research purposes only before widespread introduction should be 

considered. Current trend in the clinical treatment of patients with rectal cancer is 

tailor-made treatment strategies, in which minimally invasive surgery and organ sav-

ing treatments are being addressed when response to chemoradiotherapy is good or 

complete. This has led to the need for pre-operative evaluation of the response with 

MRI in addition to digital rectal examination and endoscopy. Moreover, recent studies 

have abstained from surgery in a selection of patients with evidence of a complete 

response (T0 on imaging and endoscopy) after chemoradiotherapy.10,11 Here the role 

of MRI in further clinical treatment strategies becomes crucial and should therefore 

be further evaluated.

Lymph nodes characterisation and identification of small residual local disease 

after chemoradiotherapy were traditionally limitations of MRI. Several new techniques 

showed promising results demonstrating higher diagnostic performance. Diffusion 

weighted imaging (DWI) demonstrated additional benefit in predicting response after 

chemoradiotherapy. In the ESGAR consensus document on pelvic MRI in rectal cancer 

the use of DWI is recommended for restaging of the tumour status after chemora-

diotherapy.12 No consensus was reached regarding the use of DWI for assessment of 

the nodal status and mesorectal fascia involvement. Apparent Diffusion Coefficient 

(ADC) values are quantitative measures of DWI and have been studied to potentially 

outline the aggressiveness of the tumour, thereby potentially enabling tailor-made 

pre-operative treatment.13 So far only a few research groups have reported on ADC in 

the assessment of response monitoring with different results for diagnostic accuracy, 

which for now results in the application of ADC assessment for research purposes 

only.14–16

Furthermore, several contrast agents were evaluated for nodal response after 

chemoradiotherapy. Ultrasmall Superparamagnetic Particles of Iron Oxide (USPIO) en-

hanced MRI demonstrated superior results to standard MRI in detecting lymph nodes 

and lymph node response after chemoradiotherapy.17–19 So far USPIO compounds have 

not been Food and Drug Administration (FDA) approved for the purpose of evaluating 

lymph nodes, yet some iron supplements can be used off-label.20 An alternative mag-

netic resonance contrast agent is gadofosveset trisodium, which has shown promising 

results for lymph node characterization. This agent is a gadolinium-based contrast 
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agent and acts as blood pool agent, it is used in combination with magnetic reso-

nance angiography (MRA) to allow blood vessels, organs, and other non-bony tissues 

to be seen more clearly on the MRA. Uptake of this contrast agent was demonstrated 

in benign lymph nodes. High per-lesion and per-patient sensitivity and specificity were 

shown and an increased area under the curve (P < 0.05) was shown after evaluation 

of the gadofosveset trisodium imaging for restaging nodal status. Both expert- and 

less experienced reader demonstrated high negative predictive values (over 90%) for 

restaging nodal status.17 Good reproducibility was shown thereafter for sensitivity, 

specificity, and area under the curve for the more experienced reader in a second 

study with 71 patients.21 These results are promising and the need for better lymph 

node response monitoring justifies the ongoing evaluation of this agent.

Although new techniques (DWI, use of gadofosveset trisodium) showed promising 

results regarding diagnostic performances of pelvic MRI, diagnostic performance in 

several studies was influenced by the experience of the readers. In chapter 5 it was 

demonstrated that studies using experienced readers (> 5 years pelvic MRI) tended to 

show better diagnostic performance for restaging tumour status. Moreover, Heijnen 

and colleagues demonstrated improved diagnostic performance of the unexperienced 

reader after a learning curve of 60 patients.21 A learning curve was also demonstrated 

in a study by Lambregts and colleagues where the area under the curve was 0.79 for 

the first 10 study patients, but improved to an area under the curve over 0.90 for 

the further period of the study, due to feedback after every study patient.17 Future 

research should also focus on the learning curve of a new pelvic MRI technique before 

it is widespread introduced.

continuously tagged imaging

Continuously tagged imaging is a MRI based method capable of motility assessment 

during free breathing which is more patient friendly and allows longer data acquisition 

compared to the currently used techniques for motility assessment. Moreover, auto-

mated data post-processing also allows longer data acquisition because demanding 

manual data analysis is redundant. Although a bowel preparation (mannitol) was used 

in the studies described in chapter 6 and 7 of this thesis, the tagged data acquisition 

provided image contrast without the need for an intraluminal bowel contrast prepa-

ration. These features of continuously tagged imaging potentially facilitate a non-

invasive robust technique to the currently used techniques for motility assessment.

Continuously tagged MRI was evaluated in a large field of view (in four quad-

rants of the abdomen) to determine any motility changes after administration of a 

bowel motility relaxant. Future research should therefore focus on evaluation and 

validation of the technique in smaller bowel segments to become of any clinical 

relevance. Menys and colleagues compared motility features of the terminal ileum 
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with histopathologic severity of acute inflammation in 28 patients with Crohn’s 

disease.22 There was a significant difference in motility index between non-inflamed 

and inflamed terminal ileum, and a significant negative correlation was demonstrated 

between the motility index and the histopathology inflammation score, indicating a 

lower motility index with a histopathology inflammation score. Also, Hahnemann and 

colleagues demonstrated additional inflammatory bowel lesions by assessing hypo- or 

hypermotility of small bowel segments in patients with Crohn’s disease.23 Although 

existing MRI techniques have shown promising results for motility measurement22–,25 

most techniques required breath holds, a bowel preparation, or a manual motility 

data analysis, complicating motility assessment for longer durations. This in contrast 

to the SPAMM technique, which is independent of breath-holds, bowel preparation 

or manual data analysis. Furthermore, continuously tagged MRI was assessed in a 

small group of healthy volunteers. Larger studies are necessary and in different patient 

groups to validate the technique and demonstrate its potential in a clinical setting.
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