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Abstract
AIM: To explore the physiopathology and magnetic resonance imaging (MRI) findings in an animal model of acute arterial mesenteric ischemia (AAMI) with and without reperfusion.
METHODS: In this study, 8 adult Sprague-Dawley rats underwent superior mesenteric artery (SMA) ligation and were then randomly divided into two groups of 4. In group I, the ischemia was maintained for 8 h. In group II, 1-h after SMA occlusion, the ligation was removed by cutting the thread fixed on the back of the animal, and reperfusion was monitored for 8 h. MRI was performed using a 7-T system. 
RESULTS: We found that, in the case of AAMI without reperfusion, spastic reflex ileus, hypotonic reflex ileus, free abdominal fluid and bowel wall thinning are present from the second hour, and bowel wall hyperintensity in T2-W sequences are present from the fourth hour. The reperfusion model shows the presence of early bowel wall hyperintensity in T2-W sequences after 1 h and bowel wall thickening from the second hour. 
CONCLUSION: Our study has shown that MRI can assess pathological changes that occur in the small bowel and distinguish between the presence and absence of reperfusion after induced acute arterial ischemia.
( 2013 Baishideng. All rights reserved.
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Core tip: Diagnosis of acute arterial mesenteric ischemia depends on early detection and findings with regarding the presence or absence of reperfusion events. Distinguishing between these different conditions is crucial to improving outcome for the patient and represents a challenge for radiologists. The results of this preliminary study in an animal model provide for a time-based definition of the radiological findings in ischemia and reperfusion, showing that magnetic resonance imaging can adequately assess the different pathological changes that occur in acute arterial mesenteric ischemia with or without reperfusion. 
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INTRODUCTION

Mesenteric ischemia can have various causes[1]. One of the most threatening conditions is acute arterial mesenteric ischemia (AAMI), which is characterized by the acute occlusion of the arteries feeding the small bowel[2]. AAMI is considered a vascular emergency with a mortality rate of up to 60%-80%[3].

Mortality of patients with AAMI most likely remains high because ischemic changes of the abdominal organs are most frequently detected and diagnosed at a late stage when therapy is ineffective[4]. Multi-detector computed tomography angiography is currently considered the gold-standard for imaging mesenteric and colonic ischemia[6,7]. However, recent papers have shown that MRI has significant potential for detecting subtle changes that may affect the intestinal wall during the ischemic process[8]. 

Recently, some researchers[9] assessed the evolution of ischemic lesions using 7 Tesla-magnetic resonance imaging (7T-MRI) in an animal model of acute colonic ischemia. This work demonstrated that MRI can be used as a reliable diagnostic and grading technique in acute ischemic colitis, which would allow for the early identification of pathology.

The purpose of this study was to explore physiopathology and MRI findings of mesenteric ischemia in an animal model, with and without reperfusion, to define semiological changes of mesenteric ischemia from both a macroscopic and MRI point-of-view. 

MATERIALS AND METHODS

Animal preparation

All procedures performed on animals were approved by the Animal Care and Use Committee of the Biotechnology Center of Cardarelli Hospital. Eight adult male Sprague-Dawley rats (250–340 g; Harlan, United States) were randomly divided in two groups of 4 rats each (group I and group II). The rats were maintained on a 12/12 h light/dark cycle and allowed free access to food and water. They were anesthetized with ketamine hydrochloride 100 mg/kg IM (CU ChemieUetikon GmbH, Lahr, Germany) and Domitor 0.25 mg/kg IM (Medethomidine hydrochloride, Pfizer, NY, United States) injections. Dolorex 0.1 mg/kg sc (Butarphanol, Intervet, Boxmeer, The Netherlands) was used immediately before the procedure to ensure intra-operative analgesia. Further injections of these drugs were provided throughout the operation to maintain a sufficient state of anesthesia. Each rat was allowed to breathe spontaneously. Body temperature was monitored with a rectal probe and maintained at 37.0 ± 0.5 ℃ with a heating blanket regulated by a homeothermic blanket control unit (Harvard Apparatus Limited, Edenbridge Kent, United Kingdom). After drug injection, rats were prepared for surgery via abdominal depilation. The area was then washed with povidone iodine and alcohol. 

Surgical procedures
Surgery and drug administration were performed by a board-certified veterinarian with 5 years of experience in microsurgical and vascular techniques (Scaglione M). In all rats, acute SMA occlusion was induced using a two-step surgical procedure (Figure 1). After midline laparotomy, the bowel was exposed in the abdominal cavity and displaced to the left, allowing identification of the SMA. The bowel and the mesentery were drawn out of the abdominal cavity and a snapshot of exposed organs was taken (Nikon Coolpix S210, 8.0 Megapixels resolution, ISO 2000, Japan) as a basal image.

A 3/0 silk thread was used to wind a loop around the SMA at the origin, not yet tightening the loop. The tips of the thread were brought into a silicon pipe and, through it, carried out to the back of the animal, between its shoulders. The thread tips were attached to the pipe using medical plaster. Muscles and skin were closed in two layers using a 2/0 Vicryl thread. 10 mg/kg of Baytril 10% (Enrofloxacin 2.5%, Bayer AG, Leverkusen, Germany) was topically applied to the wounds to prevent infections. The animals were returned to their cages after awakening, and water and food were provided ad libitum. Three days after surgery, the rats underwent a second anesthetic treatment according to the same drug protocol, and acute mesenteric ischemia was induced by pulling the threads out of the pipe. In this way, the loop around the SMA was squeezed, and the arterial inflow through this artery was stopped. In group I rats, the ischemia was maintained for 8 h and during this time all animals were monitored at predetermined time points. In group II rats, the ligation was removed one hour after SMA occlusion by cutting the thread fixed on the back of the animal; the following reperfusion was monitored for 8 h.

7T-magnetic resonance imaging protocol
All animals underwent MRI of the abdomen using a 7-T micro-MRI scanner (BioSpec 70/16US, Bruker Medical Systems, Ettlingen, Germany). Two abdominal radiologists (Saba L and Grassi R), with 10 and 15 years of experience, respectively, assessed all 7T MR images by consensus. In all the rats, just before pulling the threads and occluding the vessel, a localizer scan along the three orthogonal planes [repetition time (TR) = 6.0 ms, echo time (TE) = 100.0 ms, field of view (FOV) = 8, Averages = 1, Flip Angle 30 deg, Matrix = 128, Slice thickness = 2.00 mm, Scan time = 12 s 800 ms] and a T2-weighted (T2-W) TurboRare sequence (TR = 4428.7 ms, TE = 36 ms; 180° flip angle; 38 slices; slice thickness 1 mm, interslice distance 1 mm, field of view, 6 cm; acquisition matrix, 256 x 256, scan time = 7 min 5 s 156 ms) were performed to serve as baseline images. Before and after the SMA occlusion, to insure the complete lack of flow in the vessels, a FLASH TOF 2D sequence was performed (TR = 12 ms, TE = 3.5 ms; 90° flip angle; 180 slices; slice thickness 0.4 mm, interslice distance 0.25 mm, field of view, 6 cm; acquisition matrix, 256 x 256, averages = 7, acquisition time 48 min 23 s 40 ms). Maximum intensity projection (MIP) images were reconstructed for each series of images to evaluate SMA occlusion.

For those rats in which lack of flow in the SMA after occlusion was confirmed, additional T2-W TurboRare sequences were performed at predetermined time-points to identify and characterize signs of bowel necrosis. For group II rats, a second FLASH TOF 2D sequence (TR = 12 ms, TE = 3.5 ms; 90° flip angle; 180 slices; slice thickness 0.4 mm, interslice distance 0.25 mm, field of view, 6 cm; acquisition matrix, 256 x 256, averages = 7, acquisition time 48 min 23 s 40 ms) after reperfusion was performed to verify the bloodflow through the SMA. 

At each time-point in each rat, after opening the pre-existing midline laparotomy, the bowel and the mesentery were drawn out of the abdominal cavity, and a picture of the exposed organs was taken (Nikon Coolpix S210, 8.0 Megapixels, ISO 2000, Japan). The rat was then euthanized by an intrapulmonary injection of Tanax 0.5 mL (Enbutramide+Mebenzonium, Iodide+Tetracaine, Intervet/Shering-Plough Animal Healt, Boxmeer; The Netherlands).
MR images were assessed for the following parameters: (1) presence of free fluid in the abdomen; (2) gas filled dilated loops, known as hypotonic reflex ileus (HRI); (3) gas-fluid mixed stasis dilated loops (paralytic ileus ,PI); (4) bowel wall thinning or thickening; (5) wall signal intensity on T2-W sequences; (6) mesenteric vessels; (7) wall pneumatosis; and (8) presence of free gas in the abdomen.
RESULTS

Macroscopic analysis 

Immediately before the SMA ligation the bowel loops presented an average diameter of 1.5 mm (measured with a gauge), uniform serosa and rose-colored mesentery in all segments (Figure 2A). In all rats, 1 h after ischemia (Figure 2B), pale mesentery with thinning of mesenteric vessels and a spasm of the jejunal loops were evident, compared with the baseline assessment.

In group I rats, 2 h after acute SMA occlusion the spasm was replaced by definite HRI (Figure 2C). The ileal loops underwent the same pathological evolution, but the spasm was observed approximately 2 h after acute SMA occlusion, with transition to definite HRI after approximately 4 h. At this stage, a chromatic change from pink to dark red was observed in the loops of the middle portion of the ileum, then became charcoal black in the rat observed for 8 h, spreading to a cover larger ileal segment – both proximal and distal (Figure 2D). In group II rats, vascular congestion of mesenteric vessels was evident 1 hour after reperfusion (Figure 2E). After 2 h of reperfusion, damaged areas underwent chromatic change from pink to dark red, then became charcoal black at 4 h and growing more apparent in subsequent hours (Figure 2F and G). 

7T MRI

In all cases 7-T micro-MRI identified findings of intestinal ischemia. Immediately before inducing acute SMA obstruction, 3 d after laparotomy, no free gas within the abdominal cavity or signs of visceral or mesentery irritation were found. Compared with the baseline acquisition, the MR angiography sequence at 5 min showed that flow in the SMA had stopped (Figure 3). In group I (Table 1), 1 h after SMA ligation, T2-W sequences showed minimal change – a thin collection of fluid between the loops – compared with control scans (Figure 4A and B). 

Dilation of numerous bowel loops (HRI) (mean diameter 4 mm, compared with 2.5 mm in baseline acquisition) and reduced wall thickness (average 0.5 mm compared with 1 mm in baseline acquisition) were already apparent at approximately 2 h of ischemia (Figure 4C). HRI was followed by PI (gas–liquid stasis) that was clearly evident 4 h after SMA ligation. A hyper-intense signal in the bowel wall was evident after 4 h in some loops (Figure 4D).

In group II (Table 1), an early hyper-intense signal of the bowel wall in some loops and a thin layer of peritoneal fluid were detected 1 hour after reperfusion (Figure 4E). After 2 h, a small amount of peritoneal free fluid, bowel wall thickening (average thickness of 1.5 mm) and hyperintensity of the intestinal wall (Figure 4F) were observed. HRI in some loops and additional free fluid were related to previous findings. At 4 h, a PI (average diameter of intestinal lumen of 4.5 mm) with a larger amount of peritoneal fluid, a mild mesenteric engorgement and a hyper-intense signal of the intestinal wall became evident in many loops (Figure 4G and H). By comparing the different MRI signal characteristics of the rats that underwent the reperfusion versus those that did not undergo the reperfusion (Table 2), we found differences between the appearances of bowel wall thickening and wall signal (in T2-W). 

DISCUSSION

The morbidity and mortality of mesenteric ischemia are quite high[10]; some authors assert that this high mortality is associated with the low sensitivity of diagnostic tools, which may hinder a correct diagnosis in the early phase of ischemia[12]. Early identification of mesenteric ischemia is critical to plan an appropriate therapeutic approach. Moreover, different characteristics of the bowel corresponding to different pathogenesis are not clearly defined in imaging studies, adding further difficulties to obtaining an early and precise diagnosis[13]. 

We defined the progress of 2 different mechanisms of mesenteric ischemia – the acute occlusion of SMA and the acute occlusion of SMA followed by reperfusion – and investigated MRI findings in a time course. Most studies about ischemia/reperfusion reported in literature[14] analyze histological or biochemical alteration. In contrast, we focused our research on the development of radiological evidence for intestinal damage because diagnosis by imaging is crucial for the assessment of patients with acute mesenteric ischemia. Thus far, the chronological sequence of early changes that follow mesenteric ischemia and reperfusion has not been described, and the role of MRI diagnosis is still widely debated.

Intestinal ischemia occurs when there is an interruption of the blood supply to the bowel, or when there is inadequate organ perfusion due to conditions of shock or hypovolemia. The initial damage caused by ischemia could be worsened by oxidative damage during reperfusion. This clinical entity is known as ischemia/reperfusion (I/R) injury[15]. Previous studies on mesenteric I/R in felines reported that tissue lesions produced during reperfusion were greater than those produced during ischemia[16]. Despite decades of research in this area, I/R injury remains a clinically challenging problem[17-22]. Patients are particularly susceptible to the damaging effects of increased neutrophil activation following intestinal I/R[23]. Consequently, many cases of intestinal I/R develop into shock, multiple organ failure, and death[24,25].

The absence of reperfusion after acute SMA occlusion is characterized by clear macroscopic differences compared to AAMI with reperfusion. In the first case, there is a pale mesentery with thinning of mesenteric vessels and spasm of the jejunal loops due to the lack of blood flow and the contraction of the semilunar folds. With reperfusion, there is vascular congestion of the mesentery and bowel wall related to hypoxic damage of endothelial cells and subsequent blood extravasation following restoration of blood flow. These findings are in agreement with results obtained by previous authors[24-26].

Analyzing MRI signal characteristics, we found that the presence of free fluid in the abdomen (from the first hour) and HRI (from the second hour) are common and early findings in AAMI. It has been reported that a small amount of fluid is already visible 30 minutes after the ischemic event[24]; however, another study, in a porcine model, reported that free fluid is a late finding (detectable after 12 h)[25]. The presence of ascites is reported in up to 80% of cases[26]. HRI is a condition that occurs before PI, and it is considered an early reaction to the ischemic insult.

From the fourth hour, MRI also identified the presence of dilated loops with gas-fluid stasis (PI), reported in the literature in up to 65% of cases[25,27-29], and a hyper-intense signal from the bowel wall in some loops in T2-W sequences. These four findings (free fluid, HRI, dilated loops with gas fluids and bowel wall hyper-intensity) were present in all rats with mesenteric ischemia, with or without reperfusion.

We found important differences between the 2 mechanisms (mesenteric ischemia with or without reperfusion). First of all, the signal intensity of the wall in T2-W sequences: in those rats without reperfusion the signal intensity is normal at the first and second hour and becomes hyper-intense at the fourth and eighth. On the contrary, when we cause a reperfusion the hyper-intense signal is clearly visible form the first hour due to interstitial edema. Another MRI finding is the presence of bowel wall thickening due to blood extravasation and edema, which is visible from the second hour in rats with reperfusion but never found in rats without reperfusion. Bowel wall thickening was previously found in an animal model of mesenteric venous ischemia[30], suggesting that reperfusion produces venous damage. 
The early bowel wall thickening and hyper-intensity of the wall in T2-W sequence images may be considered signs of acute mesenteric ischemia with reperfusion. The presence of hyper-intense signal in T2-W images may be attributed to the edema of the submucosa caused by the release of vasoconstrictor amines that attract fluid from the bowel lumen[24,31]. The absence of mucosal thickening in arterial occlusion without reperfusion is interesting: indeed, the presence of wall thickening has been considered the most important feature of acute mesenteric ischemia[32] (with a prevalence of up to 96%). Nonetheless, we found that the wall thickening was only visible when the occlusion was followed by reperfusion. Further, our results showed that bowel wall thinning, detectable from the second hour after the SMA occlusion, is an extremely specific sign of occlusion without reperfusion. This finding was never detected in the cases with reperfusion. In the literature, bowel wall thinning seems to be heavily underestimated, as it is described in only 5% of cases[33]. 
The treatment of AAMI without reperfusion is significantly different from treatment of AAMI with reperfusion[34]. Because mesenteric ischemia with and without reperfusion have different therapeutic approaches, the power to distinguish between these conditions may have a great clinical importance[35,36]. Additionally, the radiological findings of mesenteric ischemia have different courses depending on whether the ischemic event followed by reperfusion: bowel wall thickening is a specific sign of reperfusion damage; acute SMA occlusion without reperfusion is characterized by bowel wall thinning. Although CT remains a valid diagnostic tool for the visualization of mesenteric ischemia and for the evaluation of its damage, our study results suggest that MRI, which does not require the use of a contrast medium or ionizing radiation, can play an important role in the early diagnosis of this condition.

Because our model has some limitations, further investigation is necessary to verify whether these results can be translated to human beings. The first limitation is that we used a complete acute occlusion of the SMA, but in human beings it is possible to find partial occlusions. Second, the vessel ligation was performed at the vessel origin; this represents a potential bias because distal occlusions can occur. Other limitations include the small number of animals included in this preliminary report and the lack of histological analysis.

COMMENTS

Background

Acute arterial mesenteric ischemia is a life threatening vascular condition caused by the lack of arterial flow to the bowel, which can be occlusive or non-occlusive in origin. The initial damage caused by ischemia could be further worsened by oxidative damage during reperfusion. This entity is known as ischemia/reperfusion (I/R) injury. An early diagnosis of this condition is crucial to ensure a good outcome for the patient.
Research frontiers

Although computer tomography (CT) remains a valid diagnostic tool for the visualization of mesenteric ischemia and for the evaluation of its damage, magnetic resonance imaging (MRI), which does not require the use of a contrast medium or ionizing radiation, can play an important role in the early diagnosis of this condition.
Innovations and breakthroughs
Despite decades of research in this area, ischemia/reperfusion injury remains a clinically challenging problem. Patients are particularly susceptible to the damaging effects of increased neutrophil activation following intestinal ischemia/reperfusion. To ensure a good prognosis to these patients an early diagnosis is requested and the prerequisite to do it consists in the knowledge of the timing of the lesions. Important differences between the 2 mechanisms (mesenteric ischemia with or without reperfusion) were found at MRI, regarding the timing of the following findings: the signal intensity of the wall in T2-W sequences and the presence of bowel wall thickening due to blood extravasation and edema. Although CT remains the gold standard in the evaluation of acute mesenteric ischemia, our results suggest that MRI, which does not require the use of a contrast medium or ionizing radiation, could in future play an important role in the early diagnosis of this condition.

Applications

This study suggests the following points: (1) The reperfusion of the mesenteric region, after 1 hour of induced acute arterial ischemia, is characterized by early bowel wall hyperintensity in T2-W sequences, from the first hour, and bowel wall thickening, from the second hour; (2) Bowel wall thinning is a specific sign of acute superior mesenteric artery occlusion without reperfusion, detectable from the second hour; (3) MRI can assess the various pathological changes that occur in the small bowel after induced acute arterial mesenteric ischemia with and without reperfusion.

Terminology
Acute arterial mesenteric ischemia/infarction: lack of blood flow to the small bowel caused by a pathologic constriction or obstruction of its blood vessels, or an absence of blood circulation that can lead to ischemic damage of the bowel (involving part of the wall) or infarction (full thickness necrosis). 7T microMRI: Non-invasive preclinical studies method of demonstrating internal anatomy based on the principle that atomic nuclei in a strong magnetic field (7 Tesla) absorb pulses of radiofrequency energy and emit them as radiowaves which can be reconstructed into computerized images.
Peer review

The paper presents some new methodology concerning the detection of subtle changes that occurs during the acute arterial mesenteric ischemia and ischemia-reperfusion pathological process. The paper is well designed and the results are meaningful and conceivable.
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Figure 1 Flow chart. Flow chart shows our procedure to study the 2 different groups of rats.
Figure 2 Macroscopic appearance. A-D: Group I; At baseline evaluation, the bowel loops presented an average diameter of 1.5 mm, uniform serosa and rose-colored mesentery in all segments (A). Pale mesentery and spasm of the jejunal loops (arrowheads) were evident 1 hour after acute superior mesenteric artery (SMA) occlusion (B). Spastic reflex ileus was replaced by definite HRI 2 hours after acute ischemia (arrow) (C). Eight hours from acute SMA occlusion, a chromatic change to charcoal black was extended to a large ileal segment (white stars) (D); E-G: Group II; vascular congestion of mesenteric vessels was evident 1 hour after reperfusion (E). After 2 h from reperfusion, damaged areas underwent chromatic change from pink to dark red (arrowheads) (F), and became charcoal black after 4 hours (stars) (G).
Figures 3 Magnetic resonance imaging angiography. Maximum intensity projection images through origins of renal arteries (arrowheads) and acute superior mesenteric artery (SMA) (arrow) before (A), and after SMA occlusion (B) (FLASH 2D-TOF), no flow is observed in SMA (B).

Figures 4 7 Tesla-magnetic resonance imaging appearance. A-D: Group I; at baseline evaluation no free gas within the abdominal cavity or signs of visceral or mesentery irritation were found on T2-W sequences (A). One hour after acute superior mesenteric artery (SMA) ligation, T2-W sequences showed a thin collection of fluid between the loops (arrowhead) (B). After 2 hours dilation of numerous bowel loops [(hypotonic reflex ileus (HRI)] with reduced wall thickness were evident (star) (C). Four hours from SMA ligation HRI was followed by PI (gas–liquid stasis) (arrow); also bowel wall hyper-intense signal was evident in some loops (arrowhead) (D). E-H: Group II; An early hyper-intense signal of bowel wall in some loops (arrow) and a thin layer of peritoneal fluid (arrowheads) were detected 1hour after reperfusion (E). After 2 h, a small amount of peritoneal free fluid, bowel wall thickening, hyper-intense signal of some loops and HRI (star) were observed (F). At 4 h, a PI (arrowhead) (G) with a larger amount of peritoneal fluid appeared and a mild mesenteric engorgement (star) became evident beyond a hyper-intense signal of intestinal wall in many loops (H).
Table 1 Magnetic resonance imaging findings

	Group I: MRI findings 

	 
	 
	1- h
	2-h
	4 h
	8 h

	Rat 1
	Free fluid
	1
	1
	1
	1

	
	Free gas
	0
	0
	0
	0

	
	HRI
	0
	1
	1
	1

	
	PI
	0
	0
	1
	1

	
	Bowel wall thinning
	0
	1
	1
	1

	
	Bowel wall thickening
	0
	0
	0
	0

	
	Wall signal (T2-W sequences)
	0
	0
	1
	1

	
	Wall pneumatosis
	0
	0
	0
	0

	Rat 2
	Free fluid
	1
	1
	1
	Rat dead

	
	Free gas
	0
	0
	0
	

	
	HRI
	0
	1
	1
	

	
	PI
	0
	0
	1
	

	
	Bowel wall thinning
	0
	1
	1
	

	
	Bowel wall thickening
	0
	0
	0
	

	
	Wall signal (T2-W sequences)
	0
	0
	1
	

	
	Wall pneumatosis
	0
	0
	0
	

	Rat 3
	Free fluid
	1
	1
	Rat dead

	
	Free gas
	0
	0
	

	
	HRI
	0
	1
	

	
	PI
	0
	0
	

	
	Bowel wall thinning
	0
	1
	

	
	Bowel wall thickening
	0
	0
	

	
	Wall signal (T2-W sequences)
	0
	0
	

	
	Wall pneumatosis
	0
	0
	

	Rat 4
	Free fluid
	1
	Rat dead

	
	Free gas
	0
	

	
	HRI
	0
	

	
	PI
	0
	

	
	Bowel wall thinning
	0
	

	
	Bowel wall thickening
	0
	

	
	Wall signal (T2-W sequences)
	0
	

	
	Wall pneumatosis
	0
	


	Group II: MRI findings

	Rat 5
	Free fluid
	1
	1
	1
	1

	
	Free gas
	0
	0
	0
	0

	
	HRI
	0
	1
	1
	1

	
	PI
	0
	0
	1
	1

	
	Bowel wall thinning
	0
	0
	0
	0

	
	Bowel wall thickening
	0
	1
	1
	1

	
	Wall signal (T2-W sequences)
	1
	1
	1
	1

	
	Wall pneumatosis
	0
	0
	0
	0

	Rat 6
	Free fluid
	1
	1
	1
	Rat dead

	
	Free gas
	0
	0
	0
	

	
	HRI
	0
	1
	1
	

	
	PI
	0
	0
	1
	

	
	Bowel wall thinning
	0
	0
	0
	

	
	Bowel wall thickening
	0
	1
	1
	

	
	Wall signal (T2-W sequences)
	1
	1
	1
	

	
	Wall pneumatosis
	0
	0
	0
	

	Rat 7
	Free fluid
	1
	1
	Rat dead

	
	Free gas
	0
	0
	

	
	HRI
	0
	1
	

	
	PI
	0
	0
	

	
	Bowel wall thinning
	0
	0
	

	
	Bowel wall thickening
	0
	1
	

	
	Wall signal (T2-W sequences)
	1
	1
	

	
	Wall pneumatosis
	0
	0
	

	Rat 8
	Free fluid
	1
	Rat dead

	
	Free gas
	0
	

	
	HRI
	0
	

	
	PI
	0
	

	
	Bowel wall thinning
	0
	

	
	Bowel wall thickening
	0
	

	
	Wall signal (T2-W sequences)
	1
	

	
	Wall pneumatosis
	0
	


HRI: Hypotonic reflex ileus; PI: Paralytic ileus.
Table 2 Magnetic resonance imaging results and differences between the two groups

	Magnetic resonance imaging results and differences between the two groups

	Time
	 
	1-h
	2-h
	4-h
	8-h

	Group I percentages
	Free fluid
	100%
	100%
	100%
	100%

	
	Free gas
	0%
	0%
	0%
	0%

	
	HRI
	0%
	100%
	100%
	100%

	
	PI
	0%
	0%
	100%
	100%

	
	Bowel wall thinning
	0%
	100%
	100%
	100%

	
	Bowel wall thickening
	0%
	0%
	0%
	0%

	
	Wall signal (T2-W sequences)
	0%
	0%
	100%
	100%

	
	Wall pneumatosis
	0%
	0%
	0%
	0%

	Group II percentages
	Free fluid
	100%
	100%
	100%
	100%

	
	Free gas
	0%
	0%
	0%
	0%

	
	HRI
	0%
	100%
	100%
	100%

	
	PI
	0%
	0%
	100%
	100%

	
	Bowel wall thinning
	0%
	0%
	0%
	0%

	
	Bowel wall thickening
	0%
	100%
	100%
	100%

	
	Wall signal (T2-W sequences)
	100%
	100%
	100%
	100%

	
	Wall pneumatosis
	0%
	0%
	0%
	0%

	Differences between the two groups 
	Free fluid
	No
	No
	No
	No

	
	FRee gas
	No
	No
	No
	No

	
	HRI
	No
	No
	No
	No

	
	PI
	No
	No
	No
	No

	
	Bowel wall thinning
	No
	Yes
	Yes
	Yes

	
	Bowel wall thickening
	No
	Yes
	Yes
	Yes

	
	Wall signal (T2-W sequences)
	Yes
	Yes
	No
	No

	
	Wall pneumatosis
	No
	No
	No
	No


HRI: Hypotonic reflex ileus; PI: Paralytic ileus.

