Evaluation of Crohn's Disease by Dynamic Contrast Enhanced Magnetic Resonance Imaging
Introduction

Crohn's disease is a chronic illness characterized by long periods of remission interspersed with new episodes of inflammatory activity Treatment of the disease requires monitoring of this inflammatory activity and drug effects upon it. The development of rapid MR acquisition sequences, combined with anti-peristaltic agents and bowel distension techniques, has allowed acquisition of high quality images of the small intestine. Although MRI without IV contrast is able to demonstrate bowel wall thickening, this may not give an accurate indication of current inflammatory activity due to fibrosis (1). Mural oedema is assumed to be a more sensitive parameter for Crohn’s activity and has been shown to be strongly associated with increased mural enhancement following IV administration of contrast agent. The highly vascularised nature of small bowel mucosa normally results in strong mural enhancement, however the additional enhancement in inflamed bowel may be explained by increased capillary leakage and accumulation of fluid in the interstitial space (2). Quantification of this contrast enhancement plays a central role in determining disease activity (1). The focus of this study was to apply T1-weighted DCE MRI analysis to Crohn's disease using established kinetic models, in order to investigate their potential for use as surrogate markers of disease activity, essential in monitoring therapeutic effects.

Methods

Patients

A total of 12 patients were recruited to the study. All patients had undergone conventional small bowel radiology showing signs indicative of Crohn's disease. Of these, 6 were scanned on one occasion only, 4 were scanned twice and 2 underwent 3 scans.

Of these patients 10 had ileal Crohn's disease in the pelvic region, 1 had jejunal inflammation and 1 had inflammation in the pelvic area which subsequently cleared up completely, the post treatment medical consensus being that this was probably a viral inflammation and not IBD.

Patient preparation
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A minimal discomfort bowel distension procedure was developed involving oral administration of 3.5g Ispaghula husk (Fybogel, Reckitt Benckiser Healthcare, UK) in 250ml of water given four times over the hour preceding the scan, patients having previously fasted for four hours. 15ml of metocloopramide syrup were added to the first Ispaghula/water dose to increase the rate of gastric emptying. Although the maximal bowel distension possible with enteroclysis was not achieved, the moderate distension resulting from oral ispaghula solution allowed easy detection of inflamed segments in all patients and showed stenosis and pre-stenotic dilations particularly well (Fig. 1). No patients reported any adverse effects due to the bowel distension protocol, and all questioned answered that it was preferable to oral barium. The bowel relaxant drug Buscopan (hyoscine butylbromide, 20mg) was administered intravenously immediately prior to dynamic imaging. Test procedures on normal volunteers without Buscopan showed that a bowel relaxant was essential in achieving meaningful dynamic image sets over the course of 6 minutes. All imaging was performed prone.

MRI protocol

Morphological non dynamic imaging

All imaging was performed on a 1.5T Phillips scanner. Non-dynamic imaging was performed using a synergy body coil. The sequences obtained are listed in table 1 and examples given in Fig. 2.
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	name
	TR
	TE
	matrix
	slice thickness (mm)
	SENSE factor
	image slices 
	acquisition time (s)
	contrast

	T2 weighted TSE
	658.19
	80.00
	256x256
	3
	2
	50

axial
	25

breath-hold
	pre

	T2 weighted TSE
	658.19
	80.00
	256x256
	4
	2
	25

coronal
	25

breath-hold
	pre

	T1FFE

WAVE

(water volume excitation)
	9.84
	4.94
	256x256
	3 acquired over-contiguous
	2
	128

(2 x 64) 

axial
	2 x 25

breath-hold
	pre and repeated 

post

	T1FFE
	182.27
	4.60
	256x256
	3
	-
	25

axial
	23 breath-hold
	post
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	50 x 3mm slice TSE axial breath-hold with SENSE
	25 slice coronal TSE breath-hold with SENSE
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	breath-hold FFE matching dynamic sequence
	128 x 3mm slice post-contrast WAVE SENSE


Dynamic imaging

As the project progressed dynamic imaging underwent two major revisions from that initially used. The three protocols are summarised in Table 2.
Table 2 Selected parameters from the dynamic sequence
	Patient No.
	matrix
	spatial resolution

(mm)
	temporal resolution (s)
	slice orientation
	flip angle for dynamic

	1-8
	128 x 128
	2.94 x 2.94 x 5
	4.4
	axial
	35

	9-11
	256 x 208
	1.54 *1.54 x 3
	7.1
	axial
	25

	12
	256 x 192
	1.54 x 1.54 x 3
	7.8
	coronal
	25


Dynamic imaging was initially accomplished using a 3D T1-weighted fast field echo (spoiled gradient echo) sequence (TR = 4.3 ms; TE = 1.21 ms). Images were acquired using flip angles of 2º, 10º and 35º with 4 averages to estimate baseline T1. This was followed by a dynamic series of 40 single average volumes (flip angle 35º) with a temporal resolution of 4.4 s. Image matrix for all scans was 128 x 128 in-plane, with 25 slices acquired using over-contiguous slicing. The Q-body coil was used for all dynamic imaging to ensure as homogenous a field as possible. Patients were scanned in the prone position, which is reported to reduce motion artefacts associated with breathing. Early in the series 0.1 mmol/kg Omniscan was administered as a bolus at 4 ml/s using a power injector. As the bowel distension protocol results in a large volume of water adjacent to fatty mesenteric tissue, fat-water shift must be minimised otherwise signal from several voxels around the fat-water interface will be lost, which may well include signal from bowel wall. Most clinical scanners have inbuilt algorithms to reduce chemical shift and these should be selected, even though the dynamic time may be increased.

For patients 9-11 a higher spatial resolution protocol with in-plane voxel size of 1.54 mm was used. This higher spatial resolution allowed better segmentation of small bowel, problematic at the lower resolution due to the small dimensions of bowel wall and partial volume effects. The decrease in temporal resolution to 7.1sec per dynamic appeared to be an acceptable trade-off for abdominal imaging.

For patient 12 a coronal sequence was used in order to include the maximum extent of small bowel within the imaging volume.

Perfusion and Permeability analysis

Perfusion and permeability analysis was applied to the dynamic time series using

custom-built software applying both the standard Tofts model(3), and the Tofts model extended to include vascular plasma volume (4). Arterial input function (AIF) was determined using an automated AIF identification algorithm (5). The models generate a number of parameter estimates concerned with perfusion and permeability, the most important of these being the volume transfer constant (Ktrans), volume of the extravascular extracellular space (ve) and regional blood volume (vp).
Results and Discussion

Of the 12 patients examined 10 had bowel inflammation in the pelvic area and breathing motion during the dynamic imaging did not result in significant motion within the axial dynamic image series. In patient 12 where a coronal dynamic series was used breathing motion was present in the cranial end of the images. This motion was substantially reduced using 12-parameter rigid registration (FLIRT, FSL, Oxford, UK).

In the single patient with jejunal disease some breathing motion was also detectable, however the rigid registration proved sufficient to remove most of this and allowed application of the model to the full time course of data.

Example parameter maps, a contrast enhanced WAVE image and a region of interest (ROI) are shown in Fig. 3.
Figure 3. Examples of parameter maps
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	post contrast WAVE
	example ROI of inflamed tissue
	Ve map
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	Ve overlaying morphology
	Ktrans overlaying morphology
	Vp overlaying morphology


An attempt was made to compare parameter values between regions of inflamed and non-inflamed small bowel wall in four patients, however the narrow wall of non-inflamed bowel resulted in difficulties in accurately drawing regions of interest defining healthy bowel wall in the low spatial resolution dynamic images. While this point and its effects on the data must be considered, results from this analysis (shown in Fig. 4) showed significantly higher (p = 0.05) Ktrans and Ve in inflamed bowel wall yet no significant difference in Vp. 

	Figure 4.  Comparison of vascular parameters between inflamed (red) and non-inflamed small bowel in 4 Crohn's patients
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The failure to detect significant difference in Vp does not imply that blood flow to inflamed bowel segments remains unchanged as Vp represents proportional blood volume in each voxel. For example consider 10 cm segments of inflamed and normal bowel, the inflamed bowel may cover four times the number of voxels in an image slice and hence contain four times the quantity of vascular blood per 10 cm segment.

Successful pre and post treatment imaging was only performed in one patient (number 10). This patient was newly diagnosed and had commenced steroid treatment just prior to the first scan. The second scan was performed 42 days later. Inflammation appeared localised to a single inflamed segment that could be well defined on both scan dates. Estimates of all three parameters Ktrans, Vp Vp were lower on the second visit after 42 days (Fig. 5), suggesting a marked decrease in disease activity during the steroid treatment, although it must be considered that n = 1.

	Figure 5. Histograms of Ktrans, Ve and Vp from inflamed small bowel in patient with newly diagnosed disease. Day 42 is after steroid treatment
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	ktrans day 1
mean 0.659 sd 0.991 median 0.154
	Ve day 1
mean 0.249 sd 0.179 median 0.199
	Vp day 1
mean 0.153 sd 0.177 median 0.119
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	ktrans day 42
mean 0.137 sd 0.101 median 0.107
	Ve day 42
mean 0.238 sd 0.152 median 0.186
	Vp day 42
mean 0.043 sd 0.041 median 0.036


The normal method for monitoring treatment effects with DCE MRI and tracer kinetic analysis is to manually define ROIs representing the tumour or diseased organ and take statistical measures of the parameter maps within the ROIs which hopefully give an indication of disease response to treatment. This procedure relies on the correspondence of the same tissue within ROIs from different times, which is usually the case in tumour or organ studies where the same discrete volume of tissue can be repeatedly imaged over time. Our work on repeat imaging of inflamed small bowel has revealed that longitudinal comparisons of ROIs present considerable difficulties when applied to small bowel due to substantial changes in shape and position of bowel segments in consecutive scans. Gut contents, bowel gas, distension agent, stomach filling and bladder contents can all exert an influence. An alternative method of analysis is to apply thresholds to parameter maps and measure the size of regions thereby defined. Changes in disease volume should give a surrogate parameter of disease status. This alternative method can only be relied on if the whole of the small bowel is within the imaged volume, otherwise changes between scans may be due to positioning of the patient within the imaged volume. It is not currently possible to image the entire small bowel in axial slices with sufficient temporal resolution therefore a coronal acquisition was tested with patient 12. One of the concerns with a coronal sequence is the fitting an AIF to the dynamic sequence. Rapid flow along the aorta can result in only partial radio frequency excitation of the flowing blood and care must be taken when defining ROIs that will be used for determination of AIF (Fig. 6). 
Figure 6. AIFs taken from different sections of a coronal image slice
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Conclusions

With suitably tailored acquisition and data processing, kinetic tracer modelling can be used to provide quantitative microvascular information in Crohn’s disease. Model outputs provide physiological distinction between diseased and normal bowel wall and provide possible biomarkers for monitoring therapy. Of particular concern is co-localisation of the exact same tissue between scans, as this work has shown that the small bowel can undergo substantial changes in position and shape, probably more so than any other organ in the body. It is therefore recommended that the entire small bowel should be encompassed in the volume of tissue subjected to perfusion and permeability analysis and at present this can only be accomplished using a coronal orientation. It is also recommended that future studies should examine both differences between ROIs and also look at the volume of tissue beyond normal thresholds for the studied parameters.
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Figure 1. example of Ispaghula bowel distension





Table 1. non-dynamic sequences





Figure 2. Examples of morphological images
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