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What Sequences on High-Field MR Best Depict Temporal Resolution of Experimental ICH and Edema Formation in Mice?
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Abstract. 
Background and Purpose. Pilot study to examine the use of T1-, T2-, and T2*-weighted images for evaluating hematoma size and extent of edema in mouse brain at high field. Methods. Following collagenase-induced intracerebral hemorrhage, nine mice were imaged at 4.7 T using T1-, T2-, and T2*-weighted images for hematoma and edema quantitation on days 1, 3, 10, and 21 after surgery. Values were compared with morphometric analysis of cryosections at the time of final MR imaging. Results. For hematoma quantitation, the Spearman correlation coefficient (
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				𝑃
				<
				0
				.
				0
				4
			

		
	
) compared with 
	
		
			
				𝑟
				=
				0
				.
				6
				1
			

		
	
 (
	
		
			
				𝑃
				<
				0
				.
				0
				9
			

		
	
) for T2*. The extent of perihematomal edema formation on cryosections was well reflected on T2 with 
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). Conclusions. Within the limits of our pilot study, MR imaging on 4.7 T appears to approximate the temporal changes in hematoma and edema sizes in murine ICH well, thus laying the groundwork for longitudinal studies on hematoma resorption and edema formation. 

 

1. Introduction
In humans, intracerebral hemorrhage (ICH) causes secondary damage in the brain through the induction of cerebral edema and perihematomal injury [1, 2]. Perihematomal edema with mass effect is an almost universal complication of ICH, elaborated over several days after the initial insult. Glutamate release, bioenergetic failure, inflammation, and apoptosis play a key role in the pathogenesis of secondary injury [3, 4]. In animal models of ICH, molecular and cellular studies also indicate that hemorrhage induces inflammation, apoptotic cell death, and progressive tissue destruction in perihematomal tissue [5–7].
Various knockout mice have been bred to study the gene expression of the pro-oxidants heme [8] and ferrous iron [9], proteolytic enzymes such as metalloproteinases [10], thrombin [10], and inducible nitric oxide synthase [11], as well as leucocyte adhesion molecules (CD18) [12] in the perihematomal area. Their genetic variability has turned the mouse into a key study animal for intracerebral hemorrhage despite the small size of its brain. The hematoma is either induced by stereotactic injection of collagenase or autologous blood into the basal ganglia. Longitudinal studies of hematoma kinetics in mice are sparse and generally use one modality only [13]. The purpose of our pilot study was (i) to develop T1-and T2-weighted MRI protocols for high-resolution studies of mouse brain in vivo which allow for the identification of hematoma and edema, and (ii) to perform a direct comparison of hematoma and edema volumes on MRI with morphometric studies on cryosections. Serial MR imaging would allow longitudinal studies of the temporal and spatial evolution of intracerebral hemorrhages and perihematomal injury. That would not only substantially reduce the amount of animals needed, but also better depict the time-dependent action mechanism of various pathogenetic factors.
2. Materials and Methods
2.1. Animals
C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME, USA) were maintained in the Department of Laboratory Animal Research at Harvard Medical School with access to food and water ad libitum. All experiments were performed in accordance to the National Institutes of Health guide for the care and use of laboratory animals as well as the institutional guidelines established by the Institutional Animal Care and Use Committee (IACUC) at Harvard Medical School.
2.2. Intracerebral Hemorrhage Model
The procedure of hematoma induction was previously described [14–17]. A total of 11 male adult mice, 10–12 weeks of age, with a body weight of 20–30 g, were used. Mice were anesthetized by intraperitoneal injection of 0.5 mg/g body weight of avertin (tribromoethanol, Sigma-Aldrich, St. Louis, MO, USA). To induce hemorrhage, mice were injected with 0.075U collagenase type VII-s (Sigma-Aldrich, St. Louis, MO, USA) in 500 nL saline into the left caudate putamen using the following stereotactic coordinates: 0.5 mm posterior, 3.0 mm lateral to the bregma, and 4.0 mm in depth. Collagenase was infused over 2 minutes using a stereotaxic injector (Stoelting, Wood Dale, IL, USA) and the 1 μL-syringe (Hamilton, Reno, NV) stayed in place for 10 minutes to prevent reflux.
2.3. MRI Setup
This study was performed in 2 parts. In part 1, two mice underwent MR imaging 2, 8, and 24 hours after collagenase injection to define the best early time points for MR imaging. In part 2, nine mice were subjected to an imaging schedule from days 1 (
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) based on the different phases of edema (hyperacute, acute, subacute, chronic) that bear their own pathophysiology. Animals were evaluated using a modified 28-point neurological scoring system before isoflurane anesthesia for the MR [14]. The test included body symmetry, gait, climbing, circling behaviours, front limb asymmetry, and compulsory circling. Each point was graded from 0 to 4, establishing a maximum deficit score of 24. MR imaging was performed with a high-field 4.7 Tesla MR scanner (Biospin, Bruker, Germany) at the Center for Basic MR Research at Beth Israel Deaconess Medical Center. Anesthesia was induced with 2% isoflurane and maintained with 1.6% isoflurane in 100% O2 via an MR-compatible nose cone apparatus to minimize motion artifacts. Mice were positioned headfirst and prone inside a plexiglass “cradle” with respiratory monitoring and a constant flow of isoflurane delivered directly to the nose of the mouse. This method bypasses intubation of the vulnerable trachea. The magnet compatible apparatus allows a precise and reproducible fixation of the head at the center of the Bruker linear birdcage radiofrequency coil with an inner diameter of 22 mm. After the isoflurane administration was discontinued, mice were monitored until awake from anesthesia.
2.4. MRI Parameters
T1- and T2-weighted images were acquired at a 256 × 256 matrix and a 2.56 × 2.56 cm² field of view. A relaxation enhancement (RARE) sequence was used for both T1-weighted (echo time/relaxation time [TE/TR] = 12/500, RARE factor = 1) and T2-weighted (TE/TR = 75/2000, RARE factor = 12) imaging. T2*-weighted imaging parameters were TE  = 14 ms, TR  = 1500 ms, FOV = 2.56 × 2.56 cm², and FA  = 30°, matrix 128 × 128. In all acquisitions, 9 axial slices with 1 mm thickness were obtained. Hematoma size was determined from T1 and T2* images, and T2 images were used for edema quantification. The measurements were performed by an examiner blinded to the exam date using a computer-assisted image analysis program (ImageJ, NIH, available at website http://rsb.info.nih.gov/ij/). The values for hematoma and edema volumes were compared with those determined from cryosections.
2.5. Histology
Following final MR imaging, brains were removed, placed in 4% paraformaldehyde and cryoprotected in 30% sucrose for 3 days at 4°C before they were frozen. Coronal sections of 20 μm-thickness were taken at 300 μm intervals over the rostral-caudal extent of the lesion. Sections were stained with Luxol Fast Blue and cresyl violet according to previously published protocols [15, 17, 18]. Hematoma and edema volumes were measured by digitally analyzing stained sections with ImageJ. Lesion volumes (mm³) were computed as running sums of lesion area multiplied by the thickness of each section (300 μm) over the extent of the lesion expressed as an orthogonal projection [19].
2.6. Statistical Analysis
Given the small sample size at different examination dates, the correlation coefficient (Spearman coefficient) for non-parametric correlations and two-tailed p values at a confidence interval CI = 95% were analyzed using one-way ANOVA.
3. Results
3.1. MR Appearance of Hematoma and Edema
In two animals, MR imaging was performed as early as 2 hours after hematoma induction, and the hematoma was observed as a focal hypointensity on T1-, T2-, and T2*-weighted images. The hematoma remained stable without any evidence of expansion when scanned again 8 hours and 24 hours following collagenase injection (Figure 1).























	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


Figure 1: MR tomographic images on 4.7 T using T2*- (a, d, and g), T2- (b, e, and h), and T1-weighted images (c, f, and i) in a mouse 2 (a–c), 8 (d–f), and 24 hours (g–i) after stereotactic collagenase injection. The hematoma appears hypointense on T1 as early as 2 hours after collagenase injection and does not change in signal intensity and homogeneity over the first 24 hours. The blooming effect of T2*-weighted sequences makes the hematoma appear larger and needs referencing with T1- and T2-weighted images. T2-weighted images reveal a rim of hyperintensity surrounding the hypointense core as early as 8 hours. There is no evidence of hematoma enlargement over the first 24 hours.


In mice with serial MR imaging up to 72 hours, 10 and 21 days, the predominantly low-signal hematoma within the left caudate/putamen in T1-, T2-, and T2*-weighted images were consistent with deoxyhemoglobin and intracellular methemoglobin after 24 hours. The signal converted to predominantly high intensity at 72 hours to 10 days on T2-weighted RARE spin-echo images, consistent with extracellular methemoglobin (Figure 2). The initially hypointense hematoma on T1-weighted images became hyperintense on days 3 and 10. Even on T2*-weighted images, the signal of the hematoma core became hyperintense at 10 days. On day 21, a low-signal streak was left at the site of the former space-occupying hematoma on T1-, T2-, and T2*-weighted images (Figures 3 and 4).
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Figure 2: T1- (a), T2- (b), and T2*- (c) weighted images in a mouse 24 hours after hematoma induction reveal a hypointensity that matched well with the hematoma size found on frozen section (d) and cryostat section stained with Luxol Fast Blue and cresyl violet [×10] (e). Again, T2*-weighted images need referencing with T1- and T2-weighted images for hematoma quantitation. Of note is an artefact on the left to midventral surface (c).

























	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


Figure 3: Temporal evolution of hematoma and edema after day 1 (a, b, and c), day 3 (d, e, and f), and day 10 (g, h, and i). On T1-weighted images, the hyperintense hematoma on day 1 (a) gradually changes to a hyperintense core over 10 days (c). On T2-weighted images, the core of the hematoma becomes hyperintense within 3 days (e) and develops a hypointense ring on day 10 (h) representing cavitation. The latter could also be discerned on T2*-weighted images on day 10 (i).
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Figure 4: T2-weighted RARE spin-echo images at 24 hours (a) show predominantly low-signal hematoma within the left caudate/putamen, consistent with deoxyhemoglobin and intracellular methemoglobin. At 72 hours (b), there is conversion to predominantly high-signal, consistent with extracellular methemoglobin. In the course of hematoma resorption, the core hyperintensity (c) subsequently transforms to a hypointense gliotic scar at 21 days (d). The cryostat section stained with Luxol Fast Blue and cresyl violet [×10] (e) also well delineates the gliotic scar.


3.2. Quantification of Hematoma and Edema Volumes
Table 1 illustrates the mean hematoma sizes on T1- and T2*-weighted images and the mean edema sizes on T2 on day 1 for nine mice, on day 3 for seven mice, on day 10 for four mice, and for the remainder (
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) on day 21. After final imaging, the equivalent hematoma and edema volumes were compared with the hematoma and edema areas on histology as also shown in Table 1. The Spearman correlation coefficient between hematoma volume on T2*-weighted images and histology was 
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) over all times points, thus not reaching statistical significance. The Spearman correlation coefficient between hematoma volume on T1 and histology, however, was statistically significant 
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). So was the coefficient for edema volume on T2 and histology on all examination dates with 
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Table 1: MR volumetry and histology.
	

	Study dates	Mean hematoma size ± SD on T1 in mm3	Mean hematoma size ± SD on T2* in mm3	Mean edema size ± SD on T2 in mm3	Mean edema size ± SD on T2 in mm3 for euthanized mice	Mean edema size ± SD on histology in mm3 for euthanized mice	Median neurological score (0–24)
	

	Day 1	
	
		
			
				1
				4
				.
				0
				±
				3
				.
				4
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				3
				.
				4
				±
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				4
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	4
	Day 3	
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				±
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	Day 10	
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	Day 21	
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4. Discussion
Ongoing research in intracerebral hemorrhage and the prospects of therapy have raised the need for a noninvasive method to investigate ICH in rodent models. The quantification of hematoma volume is currently based on spectrophotometry assays [8, 20], histomorphometry on stained brain slices [15], or computer-assisted outlining of brain slices [20], thus excluding follow-up measurements during the disease progression and for the evaluation of novel therapeutic interventions. The same accounts for edema volumetry that uses brain water content measurements [11, 16, 17], blood-brain barrier permeability for Evans blue dye on histology [11], or hemispheric enlargement [8] for quantitation. Among the biological imaging techniques, magnetic resonance imaging (MRI) constitutes an excellent tool for neuroimaging in rats [21] and pigs [22, 23]. Owing to the variety of knockout genotypes in mice, repeated studies of the same animal are important research tools to study hematoma and edema evolution in a longitudinal fashion. Previous MRI studies of the mouse brain have either been postmortem imaging of excised specimen with a near-microscopic spatial resolution [24, 25] or in vivo studies with a high in-plane resolution at the expense of a much poorer section thickness [26].
At high magnetic fields, the ratio between surface and volume in the head is important because of the presence of high susceptibility effects and poor magnetic field homogeneity in the whole head. Even with optimization of the shimming procedure and a reduction in TR, it was not possible to suppress this artifact completely. For T1-weighted sequence, the echo time was minimized to remove any T2 weighting and minimize susceptibility artifacts at air/tissue interfaces. In T2-weighted sequence, a RARE factor of 12 increased the effective echo time and reduced the scan time. The echo time in T2* sequence was optimized to provide adequate signal-to-noise ratio while maximizing the contrast for measurement of hematoma.
A review of the literature revealed only two reports [13, 27] with murine experimental ICH and quantitation of hematoma size on T2* [13] alone or T2-weighted images [27]. Given these extremely limited data on the changes in signal intensities in the course of hematoma resorption and the lack of data for edema formation, we undertook this study to describe the signal characteristics of hematoma resorption and edema evolution in mice over time.
In our pilot study, we show for the first time that intracerebral hemorrhages appear hypointense on T1 at high field strength as early as 2 hours after the ictus. Although less well demarcated compared to T2* images, the hematoma remained discernable on T1 in the course of hematoma resorption. Hematoma volumes on T1 correlated well with those on histology (
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). T2 images approximated edema size well in the acute to chronic phase of edema formation in mice when compared with histology (
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				3
			

		
	
). Van der Weerd et al. [28] had found T2-weighted images useful for quantitation of lesion volume 24 hours after stroke in a MCAO model. As our results indicate, T2* changes do not correlate with hematoma volumes on histology. That might be due to blooming artifacts that render the suitability of T2* images for quantification of hematoma at this field strength questionable [13]. Knight et al. [29] assessed the evolution of intracerebral hemorrhage in rats by MRI estimates of T2 relaxation time and hematoma-induced changes in cerebral blood flow and blood-brain barrier permeability over 14 days using a 7-Tesla, 20-cm bore magnet. The lesion core and adjacent rim were identified by windowing of T2 values and changed in a consistent manner over time. The MRI and histological estimates of tissue loss were well correlated.
Despite the novel approach for following the temporal and spatial resolutions of intracerebral hemorrhages in mice by high field MR imaging, our pilot study has several limitations. The small number of animals at different examination dates precludes subgroup analysis. The high costs for experimental MR imaging at high field are a major drawback to large study groups. The reproducibility of the murine ICH model used in our study that was pioneered by Clark et al. [14] made it one of the principal models of murine ICH [11, 12, 15–17, 30]. It mimics the pathogenetic mechanism of vessel wall rupture leading to intracerebral hemorrhage. Theoretical concerns that bacterial collagenase might induce an inflammatory response, independent of that elicited by parenchymal blood, have not been confirmed for the activation of microglia in cell cultures after the addition of collagenase at various concentrations [16]. Whether the morphological substrate of what we depict as hyperintensity on T2-weighted images exclusively represents edema, remains questionable. Alternate techniques imply the injection of autologous blood into the striatum [8, 10], but lack the pathophysiologic event of vessel rupture.
5. Conclusions
Repetitive multimodal MRI scanning at 4.7 T in mice with collagenase-induced ICH allows studying the individual kinetics of signal intensities underlying hematoma resolution and edema formation in a noninvasive manner. That would allow studying a wide range of therapeutic treatments in a longitudinal fashion in mice.
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