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B-Mode Ultrasound, a Reliable Tool for Monitoring Experimental Intracerebral Hemorrhage
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Background: Magnetic resonance imaging (MRI) is currently used for the study of intracerebral hemorrhage (ICH) in animal models. However, ultrasound is an inexpensive, non-invasive and rapid technique that could facilitate the diagnosis and follow-up of ICH. This study aimed to evaluate the feasibility and reliability of B-mode ultrasound as an alternative tool for in vivo monitoring of ICH volume and brain structure displacement in an animal model.

Methods: A total of 31 male and female Sprague-Dawley rats were subjected to an ICH model using collagenase-IV in the striatum following stereotaxic references. The animals were randomly allocated into 3 groups: healthy (n = 10), sham (n = 10) and ICH (n = 11). B-mode ultrasound studies with a 13-MHz probe were performed pre-ICH and at 5 h, 48 h, 4 d and 1 mo post-ICH for the assessment of ICH volume and displacement of brain structures, considering the distance between the subarachnoid cisterns and the dura mater. The same variables were studied by MRI at 48 h and 1 mo post-ICH.

Results: Both imaging techniques showed excellent correlation in measuring ICH volume at 48 h (r = 0.905) and good at 1 mo (r = 0.656). An excellent correlation was also observed in the measured distance between the subarachnoid cisterns and the dura mater at 1 mo between B-mode ultrasound and MRI, on both the ipsilateral (r = 0.870) and contralateral (r = 0.906) sides of the lesion.

Conclusion: B-mode ultrasound imaging appears to be a reliable tool for in vivo assessment of ICH volume and displacement of brain structures in animal models.
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INTRODUCTION

Intracerebral hemorrhage (ICH) accounts for 10–15% off all strokes (1, 2) and is the most lethal form of stroke, with high morbidity and mortality (3–5). One of the most important prognostic factors is the severity of bleeding and the volume of the hematoma (5).

Due to its high sensitivity and specificity, computed tomography (CT) is the gold-standard for diagnosing ICH in patients in the acute setting (1, 3), whereas magnetic resonance imaging (MRI) is often used as a complementary method to determine the underlying causes and to add information on the evolutionary stage of the ICH (3, 6, 7). In animal models, MRI is the preferred imaging technique to study the brain in vivo, particularly in small animals, due to its sensitivity and high-resolution for small animal imaging (8–10). In rat models of ICH, MRI has only recently been employed (8). However, factors such as availability, tolerability, acquisition time, transport and clinical status can hinder the performance of this technique and should be taken into account (3, 11).

Conversely, ultrasound is a rapid, non-invasive, inexpensive, accessible and well-tolerated imaging technique that can be easier to perform (12, 13). Its versatility and ability to obtain dynamic and real-time images allow us to acquire structural and functional information with sufficient spatial and temporal resolution (14). These characteristics make this tool suitable to be used routinely in rodents. Until now, however, although ultrasound has been used to study hemodynamic changes after ICH in animal models, B-mode ultrasound has not been used to assess the brain parenchyma or the structural changes produced by the ICH (15–17).

The development of methods for rapid detection and accurate monitoring of spontaneous ICH in animals is one of the preclinical research priorities of the Hemorrhagic Stroke Academia Industry (HEADS) recommendations (18). Given the above-mentioned advantages, B-mode ultrasound images could be used to assess the structural changes resulting from ICH, helping reduce the use of MRI. Therefore, the aim of this study was to assess the usefulness of B-mode ultrasound imaging for monitoring ICH in an experimental animal model by comparing the data obtained by MRI and ultrasound.



MATERIALS AND METHODS


Animals and Intracerebral Hemorrhage Induction

A total of 33 male and female Sprague Dawley rats (8–9 weeks old, weighing 225–275 g) were employed in this study. We induced general anesthesia with 8% sevoflurane in a 1-l/min oxygen flow and maintained it with 4% sevoflurane in a 1-l/min oxygen flow with a face mask. Meloxicam (2 mg/kg) was subcutaneously administrated for analgesia induction. For ICH induction, the animals were placed in a stereotactic frame (Stoelting). We injected 0.5 U of collagenase type-IV (Sigma-Aldrich, USA) diluted in 1 μL of saline by a craniotomy performed close to the bregma with the following stereotaxic coordinates: 0.04 mm posterior, 0.35 mm lateral and 0.6 mm ventral, as previously described (19). This model is simple and has high reproducibility of striatal ICH (20).

The animals were randomly distributed in 3 experimental groups: 1, healthy group (n = 5 males and 5 females); 2, sham group (subjected to surgery without hemorrhage, n = 5 males and 5 females); 3, ICH group (subjected to hemorrhage, n = 6 males and 5 females) (Figure 1A).
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FIGURE 1. (A) Scheme of the experimental animal protocol. ICH was induced in male and female Sprague-Dawley rats by administration of collagenase type-IV in the striatum. Motor function was evaluated by the Rogers, beam walking, tapered beam walking and Rotarod tests pre-ICH and at 5 h, 48 h, 4 d and 1 mo before ICH induction. Imaging studies by MRI (48 h and 1 mo post-ICH) and B-mode ultrasound (pre-ICH and at 5 h, 48 h, 4 d and 1 m post-ICH) were performed to study the volume of hemorrhage as well as the displacement of brain structures. (B) Placement of the transducer for B-mode ultrasound studies. The coronal view positioning the transducer perpendicular to the head of the animals allows to study the maximum length “A” and the maximum width “B” of the hemorrhage volume and to analyze brain structures displacement (left image). The thickness of the hemorrhage “C” was acquired in the parasagittal view with the transducer longitudinal to the head (right image). ICH, intracerebral hemorrhage; MRI, magnetic resonance imaging.




Functional Evaluation Scales

The animals were evaluated before ICH induction and at 48 h, 4 d and 1 mo post-ICH by a researcher blinded to the different experimental groups. The motor function of the animals was studied using the rotarod, beam walking, modified beam walking and modified Rogers tests. All the animals received pre-training 3 d before hemorrhage induction.

The beam walking test studies the capacity of animals to stay on a wooden beam (2.5 × 2.5 × 80 cm), assigning the following scores: 0, crosses the beam without foot slip; 1, crosses but holds on to the lateral side of the beam; 2, able to traverse the beam, but with difficulty, crawling; 3, requires >10 s to cross; 4, unable to cross; 5, unable to move the body or any limb on the beam; 6, unable to stay on the beam >10 s (21).

With the tapered walking beam test, we analyzed the hind limb functions, studying the ability of the rats to cross to another wooden beam. The left hind limb slip ratio was calculated as follows: (total slips + 0.5 × half slips)/total steps × 100% (22, 23).

In order to study the motor coordination of the animals, the rotarod test was performed. The animals were placed in a rotated cylinder that progressively increased in speed (4–40 rpm) for 2 min maximum (24).

A variant of the Rogers test was used to assign scores as follows: 0, no functional deficit; 1, lack of full extension of the forepaw; 2, decreased grip of forelimb while tail gently pulled; 3, spontaneous movement in all directions, contralateral circling if the tail is pulled; 4, circling; 5, movement only when stimulated; 6, unresponsive to stimulation with a decreased level of consciousness; 7, dead (25).



Imaging

To assess hemorrhage volume and brain structure displacement, both B-mode ultrasound imaging and MRI were performed.

Transcranial B-mode ultrasound (Xario 200G, TUS-X200, Canon) was performed using a 13-MHz lineal multi-frequency transducer (PLU-1204BT, Canon) with a mechanical index of 1.4 and optimization and constant adjustments in gain and depth throughout the experiments. Animals were anesthetized with 8% sevoflurane in a 1 l/min oxygen flow and maintained it with 4% sevoflurane in a 1 l/min oxygen flow with a face mask. Each scanning session had a maximum duration of 10 min.

B-mode ultrasound was performed within 5 h after surgery and at 48 h, 4 d and 1 mo post-ICH to analyze ICH volume. The displacement of brain structures was also measured before ICH induction (pre-ICH). To study the ICH volume, 2 ultrasound scans were performed for each animal, 1 in the coronal plane and 1 in the sagittal plane with the animals placed in a prone position. The transducer was positioned perpendicular to the head to obtain coronal images, and parasagittal images were obtained with the transducer longitudinal to the head (Figure 1B). ICH was identified with hyperechogenic appearance at 48 h and hypoechoic appearance at 1 mo. To study the displacement of the cerebral structures, the subarachnoid cisterns were used as a reference (26). For this purpose, the transducer was placed perpendicular and caudal to the head.

MRI was performed at 48 h and 1 mo post-ICH on a Bruker Pharmascan Biospect system (Bruker Medical Gmbh, Ettlingen, Germany), using T2-weighted (T2-W) spin-echo anatomical images acquired using a 7.0-T horizontal-bore superconducting magnet with a 1H circular polarized volume coil with an inner diameter of 40 mm and a Bruker gradient insert 90 mm in diameter (maximum intensity 36 G/cm), equipped with a 1H receive-only mouse brain surface coil, volume transmission coil and Bruker gradient insert 90 mm in diameter (maximum intensity 36 G/cm). Animals were anesthetized with a 2% sevoflurane-oxygen mixture in an induction chamber, and the flow of anesthetic gas was constantly regulated to maintain a breathing rate of 50 +/– 20 bpm. The physiological state of the rats was monitored using a monitoring system by SA Instruments (Stony Brook, NY) that controlled the respiratory rate and body temperature. T2 imaging lasted 20 min. Images were analyzed with the ImageJ 1.52 program (National Institutes of Health, USA), identifying the hyperintense lesion at 48 h and the heterogeneous lesion (hyper- and isointense) at 1 mo.

For both the B-mode ultrasound and MRI studies, the AxBxC/2 formula (27, 28) was employed for the ICH volume, and brain structure displacement was studied using as reference the distance between the subarachnoid cisterns and the dura mater previously identified (26). In order to identify the displacement and magnitude of this, the distance from the dura mater to the subarachnoid cisterns was measured, and the cistern displacement ratio (CDR), to normalize and refer to the contralateral side, was calculated with the following formula: cisterns to dura mater distance on the side ipsilateral to the lesion/cisterns to dura mater distance on the side contralateral to the lesion. After normalization of the distance between the subarachnoid cisterns and the dura mater, a value of 1 in the CDR indicates no displacement of brain structures, >1 an increase of the distance in the hemisphere ipsilateral to the lesion, and <1 an increase of the distance in the hemisphere contralateral to the lesion.



Statistics

The results are expressed as mean ± standard deviation. At least 10 rats were estimated to be required for each group to obtain differences between groups for a significance level of 5% (alpha) and a power of 80% (1-beta). The rats that died before the end of the study were immediately replaced by new ones until a total of 10 rats per group was reached. The data were compared using an analysis of variance for each factor and corrected with Tukey's post hoc test when the data followed a normal distribution. If the data followed a non-normal distribution, they were compared with the Kruskal-Wallis test followed by the Mann-Whitney test. In the case of comparisons within the same experimental group, a t-test for related samples was performed in the case of normality, and the Wilcoxon signed-rank test in the case of non-normality. Pearson's (r) (parametric test) or Spearman's (ρ) (non-parametric test) correlation coefficient was used to measure the strength of the relationships between the variables (functional evaluation, hemorrhage volume and brain structure displacement). P-values < 0.05 were considered significant at a 95% confidence interval. Data were calculated using IBM SPSS 23 (Armonk, NY, USA), and the figures were obtained using GraphPad Prism 8 (San Diego, CA, USA).



Ethics Statement

The experiments were conducted according to the Stroke Therapy Academic Industry Roundtable, RIGOR and HEADS recommendations (18, 29, 30) and the Animal Research: Reporting of In vivo Experiments guidelines (31) at our Neurological Sciences and Cerebrovascular Research Laboratory, La Paz University Hospital, Madrid, Spain. Animal care and experimental procedures were designed in accordance with our medical school's Ethical Committee for the Care and Use of Animals in Research (Ref. PROEX 296/16) according to the Spanish (RD 1201/2005 and RD53/2013) and European Union (EU) (86/609/CEE, 2003/65/CE, 2010/63/EU) rules.




RESULTS


Clinical Status and Mortality

The functional status as well as the study variables in the experimental groups are shown in Table 1.


Table 1. Functional evaluation, ICH volume and CDR of the animals analyzed in the study.
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A total of 2 rats died before the end of the study: 1 from the ICH group during the surgery and 1 from the healthy group during the MRI at 48 h.



Intracerebral Hemorrhage Volume With B-Mode Ultrasound and Magnetic Resonance Imaging

A decrease in the size of the ICH was observed throughout the study. By B-mode ultrasound, the ICH volume showed a significant decrease between 4 d and 1 mo (p = 0.001). Also by MRI, a significant decrease in ICH volume was observed between 48 h and 1 mo (p = 0.001) (Table 1, Figure 2A).


[image: Figure 2]
FIGURE 2. Hemorrhage volume of the ICH group measured by B-mode ultrasound and MRI (T2 images) (A), and graphs of their correlation at 48 h and 1 mo (B). Lateral ventricles are colored in light blue and ICH in light yellow in the MRI sections. (C) Representative images of the echogenicity of the cerebral hemorrhage over time. The hyperechogenicity of the hemorrhage was decreasing from 5 h after ICH induction until 1 mo. Data are shown as mean ± SD. ***p < 0.001. ICH, intracerebral hemorrhage; MRI, magnetic resonance imaging; US, B-mode ultrasound.


The measures obtained showed an excellent correlation between both techniques at 48 h (Pearson's correlation coefficient (r) 0.905, p = 0.001). At 1 mo after ICH, there was also a good correlation (r = 0.656, p = 0.028) (Table 1, Figures 2A,B).

In addition, it has been observed that the hyperechogenicity of the ICH at 5 h decreased over time until hypoechogenic signals were observed at 1 mo (Figure 2C).



Brain Structure Displacement by Intracerebral Hemorrhage as Shown by B-Mode Ultrasound and Magnetic Resonance Imaging

By B-mode ultrasound, no differences were observed in the CDR between the healthy and sham groups pre-ICH (p = 0.422), at 5 h (p = 0.295), 48 h (p = 0.933), 4 d (p = 0.213) or 1 mo (p = 0.870) (Table 1, Figures 3A,B).
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FIGURE 3. (A) Representative images of the subarachnoid cisterns identified by B-mode ultrasound and MRI (T2) in the different experimental groups at 48 h and 1 mo after ICH induction. Yellow arrows indicate the measured distance. (B) Quantification of the subarachnoid cisterns to dura mater distance ratio (CDR) between the different experimental groups by B-mode ultrasound and MRI. (C,D) Representative graphs of the correlation between B-mode ultrasound and MRI in the subarachnoid cisterns to dura mater distance on both the contralateral (left) and ipsilateral (right) sides at 48 h and 1 mo after ICH induction. Data are shown as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001. ICH, intracerebral hemorrhage; MRI, magnetic resonance imaging; US, B-mode ultrasound.


Pre-ICH, the CDR in the ICH group showed no significant differences compared with the healthy (p = 0.352) or sham groups (p = 0.788). Also, no differences were observed at 5 h between the ICH and the healthy (p = 0.192) and sham (p = 1.00) groups. However, there was an increase in the CDR in the ICH group at 48 h compared with the healthy (p = 0.001) and sham (p = 0.004) groups. At 4 d, an increase was found only between the ICH and healthy animals (p = 0.026); only a trend was found with the sham animals (p = 0.062). These significant differences were no longer present at 1 mo between the ICH group and the healthy (p = 0.118) and sham (p = 0.139) groups (Table 1, Figures 3A,B).

By MRI, the healthy and sham groups also showed no differences in the CDR at 48 h (p = 0.480) and 1 mo (p = 0.316). However, an increase in this CDR was found at 48 h in the ICH group compared with the healthy (p = 0.002) and sham (p = 0.008) groups. However, no differences were found between ICH and the healthy (p = 0.078) and sham (p = 0.111) groups at 1 mo (Table 1, Figures 3A,B).

After analyzing brain structure displacement, the correlation of this variable between the 2 imaging techniques was studied. At 48 h, a correlation of r = 0.296 (p = 0.376) was observed between B-mode ultrasound and MRI in the distance between the cisterns and dura mater on the side contralateral to the hemorrhage. The correlation that was found in the distance between B-mode ultrasound and MRI on the ipsilateral side was r = 0.529 (p = 0.094). Conversely, at 1 mo, the distance measured by both imaging techniques showed a correlation of r = 0.906 (p = 0.001) on the contralateral side and of r = 0.870 (p = 0.001) on the ipsilateral side (Table 1, Figure 3C).




DISCUSSION

In this study, we demonstrated the feasibility and accuracy of B-mode ultrasound imaging in the assessment of ICH in an experimental animal rat model, showing results that are equivalent to MRI in measuring ICH volume and secondary displacement of brain structures.

Although CT is the preferred tool for ICH diagnosis in patients with acute stroke (3, 32–34), MRI is typically used to monitor ICH in animal models (8). The ICH volume measured by the ABC/2 formula in T2* MRI scans is closely associated with that measured in cryosections of mice (35). A good correlation between MRI and histopathological studies has also been demonstrated in an ICH model in rats (36). Concretely in rats, the signal of the hemorrhage by MRI (in T2) is hypointense, with isointense foci after a few hours (0–12 h) (36–39), corresponding to edematous areas (38). This hypointensity switches to hyperintensity after 24–72 h due to erythrocyte degeneration and cellular debris and is surrounded by a hypointense ring corresponding to neutrophils and macrophages (36–38). In agreement with these studies, we also observed the lesion as a hyperintense signal at 48 h, although the hypointense ring was not as clear in many of the images. This was probably due to the fact that the aggregation of neutrophils is maximal at 48 h; thereafter, the neutrophils disperse toward the center of the lesion to be replaced by macrophages, resulting in a less defined ring (38). The lesion remains hyper/isointense due to cellular debris and fluid-filled spaces with a hypointense ring of macrophages at 7 d (36–38). At 2–3 weeks and up to 28 d, the hematoma site consists of a fluid-filled cavity with an iso/hyperintense signal surrounded by a hypointense ring (macrophages) with dark areas corresponding to areas of necrosis and cavitations (36, 38, 40) equivalent to our images at 1 mo.

To our knowledge, the 1981 study performed by Enzmann DR et al. was the first study evaluating ICH with ultrasound in an animal model (41). By introducing a hematoma into the parietal lobe by craniotomy in dogs, they were able to identify a highly echogenic hemorrhagic lesion in acute ICH. This signal became hypoechoic with echogenic borders at 3–4 d due to the loss of erythrocyte integrity (41). Between days 9 and 13, the formation of a network of collagen and macrophages has been described in the animal model, which would give rise to a hypodense ring around the hematoma that later narrows due to the increase in the connective tissue capsule (42). This data highlights the lack of recent preclinical scientific articles on ultrasound in ICH. Previously, it had been shown that ultrasound does not induce additional damage when applied to the ICH. In particular, Stroick et al. had demonstrated that the effects of diagnostic ultrasound with microbubbles did not cause more brain damage in ICH rats (43). Also, Ke et al. used high-frequency transcranial Doppler ultrasound to study blood flow velocity after ICH in rats (17). Apart from these studies, to our knowledge, there are few studies that have examined ICH using ultrasound. Therefore, the present study would be one of the first to study ICH and monitor it by means of ultrasound in an animal model. Here, we were able to identify a hyperechogenic mass in the brain parenchyma of animals at 48 h that was less defined at 1 mo due to its transformation into a more hypoechoic signal, correlating with images obtained in patients (12, 42).

We have also demonstrated that B-mode ultrasound and MRI detect a very similar ICH volume in early states, with a significant correlation between both techniques. At late stages, we continued to observe a significant correlation in the measurement of ICH volume by both techniques but lower than that obtained at 48 h after ICH. The decrease over time of ICH volume (44, 45), attenuation and resolution of the hematoma as a fluid-filled or slit-like cavity (45, 46), the narrowing of the echo-dense seam shown at the last stage on ultrasound (42) and the heterogeneity in the MRI signal could hinder visualization and measurement, thus explaining this lower correlation at the late stage. The clinical application of ultrasound had already been demonstrated for the diagnosis of ICH in 1 or a maximum of 35 patients (42, 47–50). However, further studies are needed to establish the diagnostic value of ultrasound and its accuracy to guide therapeutic decisions in ICH (12). The small number of participants, short study times and the lack of preclinical experimentation highlight the need to continue studying this technique to be able to implement it with MRI or CT assisting in the monitoring of ICH.

In parallel with the study of ICH volume, we also analyzed the possible displacement of brain structures as a consequence of ICH. ICH causes displacement of adjacent structures due to mass effect in the acute phase (51). In later phases, brain atrophy occurs with atrophy of the caudate and enlargement of the ipsilateral ventricle (52, 53). In a previous study, we had demonstrated the ability of B-mode ultrasound imaging to identify fluid-filled cavities and to differentiate them from brain tissue in rats (26). We have also identified the subarachnoid cisterns as the main structures that can be observed. These cisterns are filled with cerebrospinal fluid and connect the ventricular system and the subarachnoid space (26, 54). In this study, we observed a displacement of these cisterns, specifically on the ipsilateral side, with relation to the dura mater that could be explained as a late consequence of mass effect. In addition, we observed a high correlation in the measurement of the subarachnoid cisterns distance between B-mode ultrasound and MRI, emphasizing again the similarity in measurements between the 2 techniques.

Although ultrasound allows us to observe the mass effect derived from ICH, it does not identify important components of the lesion, such as edema (18); it also has the disadvantage of being operator dependent and has limitations in image acquisition due to bone or gas-filled structures (14). However, its advantages and the results presented in this study demonstrate its ability to be successfully employed in rats.

In conclusion, we have shown an excellent correlation between the 2 imaging techniques that shows B-mode ultrasound to be a tool as accurate as MRI in the assessment of ICH lesion volume and displacement of brain structures. B-mode ultrasound's ability to measure the volume of hemorrhage and the displacement of brain structures provides a novel approach for the monitoring of ICH in animal models. Despite the need for further studies, these findings support the use of B-mode ultrasound for monitoring ICH in future preclinical and clinical studies.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Neurological Sciences and Cerebrovascular Research Laboratory, La Paz University Hospital, Madrid, Spain. Animal care and experimental procedures were designed in accordance with our medical school's Ethical Committee for the Care and Use of Animals in Research (Ref. PROEX 296/16) according to the Spanish (RD 1201/2005 and RD53/2013) and European Union (EU) (86/609/CEE, 2003/65/CE, 2010/63/EU) rules.



AUTHOR CONTRIBUTIONS

MG-dF, GR-A, and MG-F: manuscript writing. MG-dF, IG-S, and FL-G: methodology and investigation. MG-dF, IG-S, FL-G, LD, LO-O, MAdL, BF, MG-F, ED-T, and GR-A: manuscript revision, reading, and approval of the final manuscript. ED-T, GR-A, and MG-F: funding acquisition, supervision, and project administration. All authors contributed to the article and approved the submitted version.



FUNDING

This work had grant support from the Spanish Ministry of Health—Carlos III Health Institute (ISCIII) and the European Regional Development Fund (FEDER Funding) with PI16/01052 project, the INVICTUS PLUS network grant (RD16/0019/0005), Miguel Servet (CP15/00069, CPII20/00002 to MG-F; CP20/00024 to LO-O), a predoctoral fellowship (FI17/00188 to MG-dF; FI18/00026 to FL-G).



ACKNOWLEDGMENTS

We appreciate the support for editing assistance of Morote Traducciones S.L.



REFERENCES

 1. WHO. Neurological Disorders: A Public Health Approach. Neurol Disord Public Heal Challenges. Genève: WHO (2014), 111–75.

 2. Zheng H, Chen C, Zhang J, Hu Z. Mechanism and therapy of brain edema after intracerebral hemorrhage. Cerebrovasc Dis. (2016) 42:155–69. doi: 10.1159/000445170

 3. Dastur CK, Yu W. Current management of spontaneous intracerebral haemorrhage. Stroke Vasc Neurol. (2017) 2:21–9. doi: 10.1136/svn-2016-000047

 4. Hostettler IC, Seiffge DJ, Werring DJ. Intracerebral hemorrhage: an update on diagnosis and treatment. Expert Rev Neurother. (2019) 19:679–94. doi: 10.1080/14737175.2019.1623671

 5. Ariesen MJ, Claus SP, Rinkel GJE, Algra A. Risk factors for intracerebral hemorrhage in the general population a systematic review. Stroke. (2003) 34:2060–5. doi: 10.1161/01.STR.0000080678.09344.8D

 6. Tatlisumak T, Cucchiara B, Kuroda S, Kasner SE, Putaala J. Nontraumatic intracerebral haemorrhage in young adults. Nat Rev Neurol. (2018) 14:237–50. doi: 10.1038/nrneurol.2018.17

 7. Aguilar MI, Brott TG. Update in intracerebral hemorrhage. Neurohospitalist. (2011) 1:148–59. doi: 10.1177/1941875211409050

 8. Denic A, Macura SI, Mishra P, Gamez JD, Rodriguez M, Pirko I. MRI in rodent models of brain disorders. Neurotherapeutics. (2011) 8:3–18. doi: 10.1007/s13311-010-0002-4

 9. Welniak-Kaminska M, Fiedorowicz M, Orzel J, Bogorodzki P, Modlinska K, Stryjek R, et al. Volumes of brain structures in captive wild-type and laboratory rats: 7T magnetic resonance in vivo automatic atlas-based study. PLoS ONE. (2019) 14:1–18. doi: 10.1371/journal.pone.0215348

 10. Weber R, Ramos-Cabrer P, Hoehn M. Present status of magnetic resonance imaging and spectroscopy in animal stroke models. J Cereb Blood Flow Metab. (2006) 26:591–604. doi: 10.1038/sj.jcbfm.9600241

 11. Hemphill JC 3rd, Greenberg SM, Anderson CS, Becker K, Bendok BR, Cushman M, et al. Guidelines for the management of spontaneous intracerebral hemorrhage: a guideline for healthcare professionals from the American heart association/American stroke association. Stroke. (2015) 46:2032–60. doi: 10.1161/STR.0000000000000069

 12. Meyer-Wiethe K, Sallustio F, Kern R. Diagnosis of intracerebral hemorrhage with transcranial ultrasound. Cerebrovasc Dis. (2009) 27:40–7. doi: 10.1159/000203125

 13. Greco A, Mancini M, Gargiulo S, Gramanzini M, Claudio PP, Brunetti A, et al. Ultrasound biomicroscopy in small animal research: Applications in molecular and preclinical imaging. J Biomed Biotechnol. (2012) 2012:519238. doi: 10.1155/2012/519238

 14. Coatney RW. Ultrasound imaging: principles and applications in rodent research. ILAR J. (2001) 42:233–47. doi: 10.1093/ilar.42.3.233

 15. Fan CH, Liu HL, Huang CY, Ma YJ, Yen TC, Yeh CK. Detection of intracerebral hemorrhage and transient blood-supply shortage in focused-ultrasound-induced blood-brain barrier disruption by ultrasound imaging. Ultrasound Med Biol. (2012) 38:1372–82. doi: 10.1016/j.ultrasmedbio.2012.03.013

 16. O'Reilly MA, Huang Y, Hynynen K. Impact of standing wave effects on transcranial focused ultrasound disruption of the blood-brain barrier in a rat model meaghan. Phys Med Biol. (2010) 55:5251–67. doi: 10.1088/0031-9155/55/18/001

 17. Ke Z, Ying M, Li L, Zhang S, Tong KY, Ke Z, et al. Evaluation of transcranial doppler flow velocity changes in intracerebral hemorrhage rats using ultrasonography. J Neurosci Methods. (2012) 210:272–80. doi: 10.1016/j.jneumeth.2012.07.024

 18. Participants Hsai (HEADS) R. Basic and translational research in intracerebral hemorrhage: limitations, priorities, and recommendations. Stroke. (2018) 49:1308–14. doi: 10.1161/STROKEAHA.117.019539

 19. Otero L, Zurita M, Bonilla C, Aguayo C, Vela A, Rico MA, et al. Late transplantation of allogeneic bone marrow stromal cells improves neurologic deficits subsequent to intracerebral hemorrhage. Cytotherapy. (2011) 13:562–71. doi: 10.3109/14653249.2010.544720

 20. Bai Q, Sheng Z, Liu Y, Zhang R, Yong VW, Xue M. Intracerebral haemorrhage: from clinical settings to animal models. Stroke Vasc Neurol. (2020) 5:388–95. doi: 10.1136/svn-2020-000334

 21. Britton GL, Kim H, Kee PH, Aronowski J, Holland CK, McPherson DD, et al. In Vivo therapeutic gas delivery for neuroprotection with echogenic liposomes. Circulation. (2010) 122:1578–87. doi: 10.1161/CIRCULATIONAHA.109.879338

 22. Boltze J, Lukomska B, Jolkkonen J, Irbi M. Mesenchymal stromal cells in stroke : improvement of motor recovery or functional compensation? J Cereb Blood Flow Metab. (2014) 34:1420–1. doi: 10.1038/jcbfm.2014.94

 23. Schallert T, Woodlee M, Fleming S. Disentangling multiple types of recovery from brain injury. Pharmacol Cereb Ischemia. (2002) 2002:201–16. Available Online at: https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.320.2956&rep=rep1&type=pdf.

 24. Gutiérrez-Fernández M, Rodríguez-Frutos B, Ramos-Cejudo J, Vallejo-Cremades MT, Fuentes B, Cerdán S, et al. Effects of intravenous administration of allogenic bone marrow- and adipose tissue-derived mesenchymal stem cells on functional recovery and brain repair markers in experimental ischemic stroke. Stem Cell Res Ther. (2013) 4:11. doi: 10.1186/scrt159

 25. Rogers DC, Campbell CA, Stretton JL, Mackay KB. Correlation between motor impairment and infarct volume after permanent and transient middle cerebral artery occlusion in the rat. Stroke. (1997) 28:2060–6. doi: 10.1161/01.STR.28.10.2060

 26. Gómez-de Frutos MC, García-Suárez I, Laso-García F, Diekhorst L, Otero-Ortega L, Alonso-López E, et al. Identification of brain structures and blood vessels by conventional ultrasound in rats. J Neurosci Methods. (2020) 346:108935. doi: 10.1016/j.jneumeth.2020.108935

 27. Kothari RU, Brott T, Broderick JP, Barsan WG, Sauerbeck LR, Zuccarello M, et al. The ABCs of measuring intracerebral hemorrhage volumes. Stroke. (1996) 27:1304–5. doi: 10.1161/01.STR.27.8.1304

 28. Zhang ZL, Song Y, Li F, Huang QB. Bimodal distribution of nuclear factor-κB activation and expression of subunits in experimental models of intracerebral hemorrhage In Vivo. J Stroke Cerebrovasc Dis. (2019) 28:821–29. doi: 10.1016/j.jstrokecerebrovasdis.2018.11.028

 29. Fisher M, Feuerstein G, Howells DW, Hurn PD, Kent TA, Savitz SI, et al. Update of the stroke therapy academic industry roundtable preclinical recommendations. Stroke. (2009) 40:2244–50. doi: 10.1161/STROKEAHA.108.541128

 30. Lapchak PA, Zhang JH, Noble-Haeusslein LJ. Rigor guidelines: escalating stair and steps for effective translational research. Transl Stroke Res. (2013) 4:279–85. doi: 10.1007/s12975-012-0209-2

 31. Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG, National National Centre for the Replacement R R of A in R. Animal research: reporting in vivo experiments–the arrive guidelines. J Cereb Blood Flow Metab. (2011) 31:991–3. doi: 10.1038/jcbfm.2010.220

 32. Schellinger PD, Jansen O, Fiebach JB, Hacke W, Sartor K. A standardized MRI stroke protocol: comparison with CT in hyperacute intracerebral hemorrhage. Stroke. (1999) 30:765–8. doi: 10.1161/01.STR.30.4.765

 33. Kidwell CS, Chalela JA, Saver JL, Starkman S, Hill MD, Demchuk AM, et al. Comparison of MRI and CT for detection of acute intracerebral hemorrhage. JAMA. (2004) 292:1823–30. doi: 10.1001/jama.292.15.1823

 34. Siddiqui FM, Bekker S V., Qureshi AI. Neuroimaging of hemorrhage and vascular defects. Neurotherapeutics. (2011) 8:28–38. doi: 10.1007/s13311-010-0009-x

 35. Illanes S, Zhou W, Heiland S, Markus Z, Veltkamp R. Kinetics of hematoma expansion in murine warfarin-associated intracerebral hemorrhage. Brain Res. (2010) 1320:135–42. doi: 10.1016/j.brainres.2010.01.015

 36. Knight RA, Han Y, Nagaraja TN, Whitton P, Ding J, Chopp M, et al. Temporal MRI assessment of intracerebral hemorrhage in rats. Stroke. (2014) 39:2596–602. doi: 10.1161/STROKEAHA.107.506683

 37. Belayev L, Obenaus A, Zhao W, Saul I, Busto R, Wu C, et al. Experimental intracerebral hematoma in the rat: characterization by sequential magnetic resonance imaging, behavior, and histopathology. Effect of albumin therapy. Brain Res. (2007) 1157:146–55. doi: 10.1016/j.brainres.2007.04.077

 38. Del Bigio MR, Yan H-J, Buist R, Peeling J. Experimental intracerebral hemorrhage in rats. Stroke. (1996) 27:2312–20. doi: 10.1161/01.STR.27.12.2312

 39. Wang M, Hong X, Chang CF, Li Q, Ma B, Zhang H, et al. Simultaneous detection and separation of hyperacute intracerebral hemorrhage and cerebral ischemia using amide proton transfer (APT) MRI. Magn Reson Med. (2015) 74:42–50. doi: 10.1002/mrm.25690

 40. Liu Y, Yang S, Cai E, Lin L, Zeng P, Nie B, et al. Functions of lactate in the brain of rat with intracerebral hemorrhage evaluated with MRI/MRS and in vitro approaches. CNS Neurosci Ther. (2020) 26:1031–44. doi: 10.1111/cns.13399

 41. Enzmann DR, Britt RH, Lyons BE, Buxton JL, Wilson DA. Natural history of experimental intracerebral hemorrhage: sonography, computed tomography and neuropathology. AJNR Am J Neuroradiol. (1981) 2:517–26.

 42. Seidel G, Kaps M, Dorndorf W. Transcranial color-coded duplex sonography of intracerebral hematomas in adults. Stroke. (1993) 24:1519–27. doi: 10.1161/01.STR.24.10.1519

 43. Stroick M, Alonso A, Fatar M, Griebe M, Kreisel S, Kern R, et al. Effects of simultaneous application of ultrasound and microbubbles on intracerebral hemorrhage in an animal model. Ultrasound Med Biol. (2006) 32:1377–82. doi: 10.1016/j.ultrasmedbio.2006.05.027

 44. Zhou Y, Wang Y, Wang J, Anne Stetler R, Yang QW. Inflammation in intracerebral hemorrhage: from mechanisms to clinical translation. Prog Neurobiol. (2014) 115:25–44. doi: 10.1016/j.pneurobio.2013.11.003

 45. Keep RF, Hua Y, Xi G. Intracerebral haemorrhage: mechanisms of injury and therapeutic targets. Lancet Neurol. (2012) 11:720–31. doi: 10.1016/S1474-4422(12)70104-7

 46. Smith EE, Rosand J, Greenberg SM. Hemorrhagic stroke. Neuroimag Clin N Am. (2005) 15:259–72. doi: 10.1016/j.nic.2005.05.003

 47. Kern R, Kablau M, Sallustio F, Fatar M, Stroick M, Hennerici MG, et al. Improved detection of intracerebral hemorrhage with transcranial ultrasound perfusion imaging. Cerebrovasc Dis. (2008) 26:277–83. doi: 10.1159/000147456

 48. Blanco P, Do Pico JL, Matteoda M. Intracranial hematoma and midline shift detected by transcranial color-coded duplex sonography. Am J Emerg Med. (2015) 33:1715.e5–1715.e7. doi: 10.1016/j.ajem.2015.03.040

 49. Pérez ES, Delgado-Mederos R, Rubiera M, Delgado P, Ribó M, Maisterra O, et al. Transcranial duplex sonography for monitoring hyperacute intracerebral hemorrhage. Stroke. (2009) 40:987–90. doi: 10.1161/STROKEAHA.108.524249

 50. Camps-Renom P, Méndez J, Granell E, Casoni F, Prats-Sánchez L, Martínez-Domeño A, et al. Transcranial duplex sonography predicts outcome following an intracerebral hemorrhage. AJNR Am J Neuroradiol. (2017) 38:1543–9. doi: 10.3174/ajnr.A5248

 51. Mittal MK, LacKamp A. Intracerebral hemorrhage: perihemorrhagic edema and secondary hematoma expansion: from bench work to ongoing controversies. Front Neurol. (2016) 7:1–12. doi: 10.3389/fneur.2016.00210

 52. Felberg RA, Grotta JC, Shirzadi AL, Strong R, Narayana P, Hill-Felberg SJ, et al. Cell death in experimental intracerebral hemorrhage: the “black hole” model of hemorrhagic damage. Ann Neurol. (2002) 51:517–24. doi: 10.1002/ana.10160

 53. Xi G, Strahle J, Hua Y, Keep RF. Progress in translational research on intracerebral hemorrhage: is there an end in sight? Prog Neurobiol. (2014) 115:45–63. doi: 10.1016/j.pneurobio.2013.09.007

 54. Bedussi B, Van Der Wel NN, de Vos J, Van Veen H, Siebes M, VanBavel E, et al. Paravascular channels, cisterns, and the subarachnoid space in the rat brain: a single compartment with preferential pathways. J Cereb Blood Flow Metab. (2017) 37:1374–85. doi: 10.1177/0271678X16655550

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Gómez-de Frutos, García-Suárez, Laso-García, Diekhorst, Otero-Ortega, Alonso de Leciñana, Fuentes, Gutiérrez-Fernández, Díez-Tejedor and Ruíz-Ares. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-12-771402-g003.gif





OPS/images/fneur-12-771402-t001.jpg
Time Healthy Sham ICH P-value

(n=10) (=10 (n=11)
Functional evaluation Rogers Pre-ICH 0.00 & 0.00 0.30 + 095 0.00 % 0.00 0.350
[points (mean = SDJ] 48h 0.60 % 126 0,60 126 354093 0.001
4d 0.30 + 095 110+ 1.45 3.64 4081 0.001
1mo 0.60 % 126 080 132 2.09 %181 0.065
Beam walking Pre-ICH 0.00 & 0.00 010032 0.18 % 0.40 0.383
[oints (mean = SD)] 48h 0.00 & 0.00 0.00 % 0.00 464112 0.001
4d 0.20 063 0.00 % 0.00 3.45 % 1.51 0.001
1mo 0.00 + 0.00 0.00 % 0.00 218+ 183 0.001
Tapered beam walking Pre-ICH 21.65 + 6.68 20.16 + 9.90 27.38 + 13.88 0376
[% (mean = SD)] 48h 2008 + 6.91 23.70 & 10.21 98.89 & 1657 0.001
4d 20,04 £ 9.42 1601 + 8.27 85.61 +21.70 0.001
1mo 16.60 £ 8.27 17.16 £ 7.31 68.53 & 23.24 0.001
Rotarod Pre-ICH 99.07 + 3386 97.73 + 2955 113.76 + 9.79 0613
s (mean + SD)] 48h 91.63 £ 46.73 107.00 # 27.01 51.82 +27.79 0.004
4d 98.00 + 40.74 10757 & 17.97 68.88 & 31.37 0.010
1 mo 91.47 + 4459 89.57 + 36.93 69.82 & 29.60 0223
ICH volume us 5h - - 58.92 & 24.70 -
(mm? [mean + SDJ) 48h - - 66.22 + 23.19 -
4d - - 65.07 & 27.62 -
1mo - - 17.36 £ 9.97 -
MRI 48h - - 71.86 & 24.75 -
[mm?® (mean  SD)] 1mo - = 21494974 -
CDR us Pre-ICH 0.99 002 101 £0.05 1.00 % 0.00 0587
(mean = SD) 5h 0.99 %002 101+ 005 0.99 004 0.401
48h 0.99 4002 0.99 004 1.06 004 0.002
4d 0.99 %002 1.00 + 0.01 1.06 + 0.04 0.033
1mo 0.99 002 0.99 003 1.06  0.06 0201
MRI 48h 0.98 002 0.99 003 1.06 + 004 0.001
(mean D) 1mo 098 %001 1.00 £ 0.03 1.05 007 0.096
Cisterns-dura mater Contralateral side distance US 48h - - 8.75 %030 -
distance {mm (mean = SD)) 1mo = = 3.44 029 -
Contralateral side distance MRI 48h - - 384023 -
[mm (mean + SD)} 1mo - - 3.49 £ 0.26 -
Ipsiateral side distance US 48h - - 3.84 & 0.41 -
{mm (mean = SD)) 1mo - = 8.64 % 0.46 -
Ipsiateral side distance MRI 48h - - 4.09 %030 -
[mm (mean = SD)) 1mo - = 3.67 045 -

CDR, cistern displecement ratio; ICH, intracerebral hemorhage; MRI, magnetic resonance imaging; US, B-mode ultrasound. Date were compared with Kruskal-Walls test. Stetisticelly
significant values (o < 0.05) are in bold.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		B-Mode Ultrasound, a Reliable Tool for Monitoring Experimental Intracerebral Hemorrhage



		Introduction



		Materials and Methods



		Animals and Intracerebral Hemorrhage Induction



		Functional Evaluation Scales



		Imaging



		Statistics



		Ethics Statement







		Results



		Clinical Status and Mortality



		Intracerebral Hemorrhage Volume With B-Mode Ultrasound and Magnetic Resonance Imaging



		Brain Structure Displacement by Intracerebral Hemorrhage as Shown by B-Mode Ultrasound and Magnetic Resonance Imaging







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

B-Mode Ultrasound, a Reliable Tool
for Monitoring Experimental
Intracerebral Hemorrhage





OPS/images/fneur-12-771402-g001.gif
LT ! I
oL e

S i Moo S
(bem LI A ) s
.

Coronal plane Parasagittal plane

1cH volume

Brain structoros
dispiacomont






OPS/images/fneur-12-771402-g002.gif
Colored MR

vt s iU 1ne










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





