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25 Abstract

26 Magnetic Resonance Relaxometry is a quantitative MRI-based technique able to estimate tissue 

27 relaxation times T1 and T2. This approach allows increasing the MRI diagnostic accuracy mostly in 

28 case of brain neoplasia or neurodegenerative disorders in human medicine. However, few reports are 

29 available on the application of this technique in the clinical field of veterinary medicine. For this 

30 reason, in this work, we developed a relaxometry based approach on experimentally induced brain 

31 hemorrhages on rabbits. Specifically, the methodology is based on a hierarchical clustering procedure 

32 driven by the T1 relaxometry signals from a set of regions of interest selected on the T2 map. The 

33 approach is multivariate since it combines both T1 and T2 information and allows the diagnosis at 

34 the subject level by comparing “suspected” pathological regions with healthy homologous ones 

35 within the same brain.

36 To validate the proposed technique, the scanned brains underwent histopathological analyses to 

37 estimate the performance of the proposed classifier in terms of Receiver Operator Curve analyses. 

38 The results showed that, in terms of identification of the lesion and its contours, the proposed 

39 approach resulted accurate and outperformed the standard techniques based on T1w and T2w images. 

40 Finally, since the proposed protocol in terms of the adopted scanner, sequences, and analysis tools, 

41 is suitable for the clinical practice, it can be potentially validated through large-scale multi-center 

42 clinical studies.

43
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44 Introduction

45 Magnetic Resonance Imaging (MRI) is considered the gold standard imaging technique to investigate 

46 encephalic disorders in companion animals [1,2]. However, the images’ evaluation is typically 

47 qualitative since MRI provides signals only weighted on the actual tissue longitudinal (T1) and 

48 transverse (T2) relaxation times. To overcome this limitation and to obtain more objective 

49 information on the structure and function of the tissues under investigation, it has been developed a 

50 technique called MR-Relaxometry (MRR) able to provide maps of the actual T1 and T2 [3,4]. 

51 Although the intricate relationships linking the tissue microstructure to these relaxation times remain 

52 to be firmly established, their quantitative measurement can be informative of disease-related tissue 

53 change, developmental plasticity, and other biological processes. Therefore, MRR studies potentially 

54 offer a more detailed tissue characterization as compared to conventional ones [3,4].

55 In human medicine, the MRR role has been thoroughly investigated, for example in brain neoplasia, 

56 where this technique improved the lesion identification, especially when monitoring the 

57 chemotherapy response [5–9]. Many reports are also available on the application of this technique on 

58 epileptic patients, with the result of optimizing and enhancing lesion depiction [10,11,11–15]. In the 

59 case of neurodegenerative disorders, MRR resulted useful to improve the detection of early 

60 degeneration areas [16–18]. Additional examples and a general review of this technique can be found 

61 in [3,4].

62 As far as it concerns Relaxometry applications on animal models, most studies have been performed 

63 on rats, mainly on neoplasia [6,19,20]. Further, MRR has been useful in characterizing the 

64 hippocampal involvement in epileptic patients [21] and to detect spontaneous brain hemorrhages [22].

65 However, most of the animal studies lack an accurate histopathological validation and are typically 

66 performed with high field scanners characterized by a high spatial and signal-to-noise-ratio (SNR) 

67 [21]. On the one hand, this allows us to achieve a higher spatial resolution and signal-to-noise ratio 

68 (SNR). On the other hand, translating such protocols in the clinical field might not be straightforward 
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69 since nowadays, mainly low field scanners, characterized by a low spatial resolution and SNR, are 

70 available in veterinary facilities [23]. Typically, the diagnosis is based on standard T1w/T2w images 

71 and small lesions can be missed. Further, it often strongly relies on the radiologist’s experience, e.g. 

72 in case of subtle lesions, hepatic encephalopathy, distemper encephalitis, or small hemorrhages 

73 [24,25]. To overcome these limitations, in the clinical field, an advanced MRR based tool, as long as 

74 compatible with a low field scanner equipment, could be helpful, as shown in [22]. In this preliminary 

75 study, we showed the potentiality of a relaxometry protocol implemented on a 0.25 T scanner and 

76 tested on phantom and real data from a healthy dog [22]. Here, we built upon those results to focus 

77 on experimentally induced hemorrhages on rabbit brains. This model allows to work with brains 

78 whose size is similar to canine and feline species so that the developed protocol might be translated 

79 to these species. Further, smaller brain animals were excluded due to the resulting prohibitive SNR 

80 of the adopted MR scanner.

81 The developed approach can be summarized as follows. First, a set of regions of interest were selected 

82 based on a T2 map. Second, a hierarchical clustering, driven by the T1 relaxation patterns of the 

83 selected regions, compared the selected regions with the healthy homologous ones and classified the 

84 tissues under investigation. Finally, the performance of the proposed classifier was assessed through 

85 the comparison with histopathological examinations of the brains under investigation.

86
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87 Materials and methods

88

89 Cerebral hemorrhage model in rabbits

90 Sixteen New Zealand White male rabbits (O. Cuniculus) (3.2  0.5 kg) were included in this study, 

91 that has been carried out in strict accordance with the recommendation from national committee for 

92 animal welfare, with the procol N° 726/2019-PR; all the subjects received continuous proper care 

93 according to national guidelines under the supervision of trained personal.

94 Eight hours before the procedure, each rabbit received meloxicam (1,5 mg kg -1) (Metacam, 1,5 

95 mg/ml, Boehringer Ingelheim Div. Veter) intramuscular (IM) to obtain multimodal analgesia 

96 integrated with morphine (1 mg kg -1) (morphine chloride, 10 mg/mL, S.A.L.F. S.p.a) and midazolam 

97 (0,5 mg kg -1) (Dormicum®, 5 mg/ml, Roche Pharma, Switzerland) for IM premedication before the 

98 start of the procedure. Sixty minutes before applying auricular venous and arterial catheter (22 -24 G 

99 2,5 cm) to properly administer fluids and drugs as needed, and measure blood pressure respectively, 

100 each rabbit received topic administration of EMLA cream 5% ® (Aspen Pharma Trading Limited). 

101 Induction has been performed with alfaxalone (1-4 mg kg -1) (Alfaxan®, 10 mg/ml, Jurox, UK) 

102 intravenous (IV) and general anesthesia was maintained with isoflurane in oxygen 100% after 

103 applying a cuffed orotracheal tube (2-3-5 mm ID) under endoscopic guidance.

104 The rabbit cerebral hemorrhaged model was established by autologous blood injection method, with 

105 0.15 ml of blood extracted from the auricular vein. The rabbit was placed in sternal recumbency; a 

106 1.5 cm midline sagittal skin incision was performed with a #10 scalpel blade and the subcutaneous 

107 tissue was dissected to visualize the brain “cross stitch” intersection that was set as the starting point. 

108 A 2.0 mm bone defect was manually performed on the left calvarium with a Synthes-Colibrì 2 surgical 

109 drill using a Synthes drill bit diameter 2.0 mm. The drilling starting point was 3-5 mm to the left of 

110 the coronal suture and caudal to the sagittal suture [26] (Fig 1). The drilling was perpendicularly 

111 oriented to the parietal bone surface. A stopper was applied 4 mm below the tip of the drill bit to 
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112 avoid any potential brain damage. Then the blood was manually injected into the left hemisphere of 

113 each subject with a 1 ml syringe and a 25 G- 1.6 cm needle perpendicularly oriented to the parietal 

114 bone surface to compare the two hemispheres in the same acquisition. 

115

116 Fig 1. Technical procedure to induce hemorrhages

117 A) The brain “cross stitch” used as an anatomic landmark (black arrow).

118 B) The 2-mm diameter hole performed with a surgical drill 3-5 mm caudally and on the left of 

119 the coronal suture.

120 C) The final location to inject the autologous blood and induce the cerebral hemorrhage.

121

122 Then the rabbit was carefully moved to the MR scanner. After the MR acquisitions, each subject has 

123 been euthanized according to national guidelines, and brains were promptly fixed in 10% neutral 

124 buffered formalin for histopathological investigations (see below).

125

126 MRI acquisition and relaxometry protocol

127 Thirteen out of sixteen subjects were included in the study since three rabbits died.

128 MR data were acquired using an Esaote Vetscan Grande scanner operating at 0.25 T equipped with a 

129 Coil 4 (Esaote S.PA, Genova, Italy). The conventional data consisted of Spin Echo (SE) T1w and 

130 Fast SE T2w sequences on transverse and sagittal planes, see Table 1 for the adopted parameters. 

131

132

133

134

135

136

137
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138 Table 1. MRI acquisition parameters

139

T1w 

Transverse

T2w 

Transverse

T2w

Sagittal

TR 400 ms 2660 ms 2170 ms

TE 18 ms 100 ms 100 ms

Slice 

thickness

3 mm 3 mm 3 mm

Gap 0 mm 0 mm 0 mm

140

141 Settings for T1w -T2 w transverse and T2 w sagittal sequences.

142

143 Based on these acquired images, a single transverse brain slice was selected to perform both T1 and 

144 T2 relaxometry. This slice was selected to contain the suspected localization of the lesion in the 

145 transverse plane. When the lesion was not clearly identifiable in this plane, sagittal sequences were 

146 used to localize the lesion.

147 T1 Relaxometry data were acquired through an ad-hoc protocol based on repeated acquisitions of SE 

148 T1w images corresponding to a variable TR, namely TR = [50 120 200 300 400 500 600 650 750 850 

149 900 950 1000] ms. This set of values has been optimized in a previous study [22]. As far as it regards 

150 T2 relaxometry data these were obtained by acquiring FSE T2w images repeatedly acquired with a 

151 variable TE, namely TE = [28 75 136] ms. 

152 To account for small head movements during the acquisition, all the acquired images were co-

153 registered to the T1w ones, through an affine transformation using a standard approach, see for 

154 example [27]. For this reason, in what follows all the acquired images and related results, such as 

155 T1/T2 maps and clustering results, will result aligned in the same subject space. 

156 The complete acquisition procedure lasted about 45 minutes on every subject.
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157 Analysis pipeline

158 The proposed approach consists of a multivariate classification procedure that combines both the 

159 information from T1 and T2 relaxation times. The analysis pipeline is schematized in S1 Fig.

160

161 Estimation of T1 and T2 maps

162 To estimate T1/T2 maps the acquired MR signals were fitted through a two-parameter model using 

163 an unconstrained minimization algorithm based on a derivative-free method [28,29]. Then, for each 

164 patient, from the obtained T2 maps a set of n voxels, representing ROIs of suspected lesions, were 

165 manually selected by an expert radiologist (S1A Fig). The value of n was variable depending on the 

166 extension of the suspected lesion. Then, based on the location of the brain midline, the algorithm, in 

167 the contralateral hemisphere, automatically extracted additional n voxels corresponding regions 

168 homologous to the ones selected (S1A Fig). The set of 2n voxels will represent the input of the 

169 classification algorithm. This allowed us to compare the selected ROIs with their homolog ones to 

170 obtain subject-specific results avoiding the normalization into an average-based brain template.

171

172 Hierarchical clustering

173 To detect the hemorrhagic vs healthy tissues a hierarchical clustering, driven by the T1 relaxometry 

174 patterns (S1B Fig), was employed (S1C Fig). Other possible clustering techniques could have been 

175 adopted, but the hierarchical clustering has the advantage, e.g. as compared to K-means clustering, 

176 that the number of classes does not need to be specified in advance and the progression of the 

177 clustering can be evaluated at different levels.

178 The basic idea is that hemorrhagic tissues will exhibit a different pattern of relaxometry as compared 

179 to healthy ones. At this stage, we decided to use the original relaxometry pattern for every voxel and 

180 not the relaxation times at the previous steps. This makes the classification more robust since it 
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181 depends on 13 points (the number of TR adopted), and not just 1 as in the case of relaxation time, 

182 thus describing more accurately the return of the MR signal to the baseline. 

183 Specifically, the hierarchical clustering was run with the Euclidean distance and an unweighted 

184 average as linkage criterion. The final output of the hierarchical clustering is a dendrogram showing 

185 the hierarchical evolution from a set of completely separated observations to the final single cluster, 

186 (S1C Fig). At this stage, to choose the optimal number of clusters, for every output, we computed the 

187 cluster silhouette [30] Of note, for all the considered rabbits in this study, we obtained the highest 

188 silhouette corresponding to two classes, i.e. a binary classification. Thus, in what follows, the cluster 

189 of voxels whose majority was in the healthy hemisphere was labeled as “healthy” (H) while the other 

190 cluster as “pathological” (P). Of note, the healthy hemisphere will always be the right one since we 

191 induced hemorrhages only in the left hemisphere. 

192 All the reported analyses were performed through in-house developed codes in MATLAB (MATLAB 

193 and Statistics Toolbox Release 2015b, The MathWorks, Inc., Natick, Massachusetts, USA).

194

195 Histopathological examination

196 Brains were cut with a small guillotine specifically prepared for the experiment (see Fig 2). Each 

197 brain has been positioned on a home-made wooden wedge to respect the same brain angle inclination 

198 measured from MRI images during the scan protocol; this aspect has been carefully considered to 

199 orient the cut parallel to the induced lesion (Fig 2).

200

201 Fig 2. Operative procedure for brain cuts 

202 A) The inclination of the brain obtained from the T2w sagittal images.

203 B) The same inclination as in A) has been reproduced with wooden wedges to be used with a 

204 small guillotine specifically prepared for the experiment.

205
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206  Transverse serial sections of all fixed brains were also obtained and photographed. Then, formalin-

207 fixed paraffin-embedded brain sections (i.e, tissue blocks from all induced hematoma areas, as well 

208 as from ipsilateral and/or contralateral nervous tissues, particularly frontal Cerebral Cortex, Corpus 

209 Callosum, and Caudate Nucleus) were routinely processed for histology and stained with 

210 hematoxylin-eosin (H&E). The acquisition of the histological images and the evaluation of the 

211 margins of the lesions were carried out using the image analysis software LAS X Measurements 

212 (Leica microsystem).

213

214 Validation of the proposed approach with histopathological analyses

215 To validate the proposed approach, the classification results were compared to the histopathological 

216 findings as follows.

217 The classifier performance was assessed through a Receiver Operator Curve analyses where the 

218 ‘ground truth’ was represented by the histopathological results (S1D Fig) First, based on the 

219 histological analyses, the contours of the tissues involved with the hemorrhages were extracted. In 

220 what follows, we will denote this contour as the “true lesion contour”. Then, these images were 

221 manually co-registered to the anatomical MRI images by an expert radiologist. In this way, for every 

222 rabbit, we could directly compare the classification with the ground truth. This allowed to compute, 

223 for every lesion, the true positives (TP), as the number of voxels correctly classified as pathological 

224 (red voxels in the figures), i.e. voxels falling within the “true lesion contour”; the false negatives 

225 (FN), as the number of voxels classified as healthy falling inside the “true lesion contour”; the false 

226 positives (FP), as the number of voxels classified as pathological that fell outside the “true lesion 

227 contour” and the true negatives (TN) as the number of voxels classified as healthy (yellow in the 

228 figures) falling outside the “true lesion contour”. This allows computing the accuracy, true positive 

229 rate (TPR), and false-positive rate (FPR) according to the available literature [31]. Based on these 
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230 parameters, we computed the ROC and the corresponding area under the curve (AUC) that can be 

231 interpreted as follows:

232 AUC = 0.5 the test is not informative;

233 0.5 <AUC ≤0.7 the test is not accurate; 

234 0.7 <AUC ≤0.9 the test is moderately accurate;

235 0.9 <AUC <1.0 the test is highly accurate;

236 AUC = 1 perfect test [32]. 

237 ROC analyses were performed using an in-house developed code in MATLAB (MATLAB and 

238 Statistics Toolbox Release 2015b, The MathWorks, Inc., Natick, Massachusetts, USA).

239

240

241 Results

242

243 Conventional MRI vs MR Relaxometry

244 First, the conventional MR protocol was tested to identify the induced lesions. Based on T1w images, 

245 a board-certified radiologist judged the lesion as ‘not visible’ in 46% of the subjects and ‘barely 

246 visible’ in the remaining 54%. As an example, in Figs 3-5A the T1w images of three representative 

247 patients are shown. It can be noted that with that the typical settings of T1w sequences, the induced 

248 hemorrhages were not clearly identifiable in two of the reported cases (Figs 3 and 4A), while it was 

249 barely visible in the last one (Fig 5A). The visualization of the lesions improved when T2w images 

250 were considered (Fig 3-5B): the rate of lesions classified as ‘not visible’ dropped to 23% while the 

251 proportion of ‘clearly visible’ and ‘barely visible’ raised to 39% and 38%, respectively (see Figs 3-

252 5B - white arrows). As it can be seen in the reported examples, lesions were characterized by ill-

253 defined patterns whose extension varied throughout the sample. In 22% of the sample, the lesions 
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254 were localized in the left frontal lobe (Fig 4), and in the remaining 78%, the lesions were localized in 

255 the left thalamus (Figs 3 and 5). 

256 Then, the T1 and T2 maps were estimated. In this case, a further improvement was obtained in terms 

257 of lesion identification: lesions were judged as ‘clearly visible’ in most of the sample, namely 85% 

258 for T1 maps (see Figs 3-5C) and 93% for T2 maps (see Figs 3-5D). In the remaining 5% and 7% for 

259 T1 and T2 maps respectively the lesion was not clearly detectable. In general, as it can be seen in 

260 Figs 3-5CD (white arrows), hyperintense lesions were observed with punctiform, linear, or irregular 

261 shape whose size varied across subjects.

262 Eventually, hierarchical clustering was performed to classify brain tissues. As described in Section 

263 2, a set of candidate voxels were selected based on T2 maps. As an example, we report in S1 Fig (see 

264 supplementary material) voxels selected (black dots) and their homologous ones (red dots) for the 

265 data of Fig 3. Based on their T1-relaxation signals (see S1B Fig), the hierarchical clustering was run. 

266 The final classification of healthy (H-yellow) and pathological (P-red) voxels is reported in Figs 3-

267 5E overlaid on the T2 map (grayscale). Interestingly, in all reported cases, within the initially selected 

268 area, the hierarchical clustering identified a subset of ‘pathological’ voxels. Theoretically, since 

269 lesions were induced only in the left hemisphere, members of the P class were not expected in the 

270 right hemisphere. This applied to the reported cases of Figs 3-5. 

271

272 Fig 3. Standard vs MRR analyses and histopathological validation. Example 1. 

273 A) T1w transverse image of the brain; the lesion has been classified as ‘not visible’.

274 B) T2w transverse image of the brain; the lesion appears ill-defined, hyperintense, and linearly 

275 shaped in the left thalamus (white arrow).

276        C-D) T1 and T2 maps, respectively. A hyperintense linearly shaped area is visible in both maps 

277 (white arrow).

278 E) The output of the hierarchical cluster overlaid on the T2 map. Voxels classified as 

279 “pathological” and “healthy” parenchyma are reported in red and yellow, respectively.
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280 F) The results of gross anatomy. From the photograph of the brain section, the contour of the 

281 hemorrhagic lesion characterized by a linear shape that mainly involves the left thalamus (white 

282 arrow) has been delineated (white dotted line).

283 G) Histopathology results. The overall brain section obtained from the microscope with the 

284 hemorrhagic lesion shown in greater detail superimposed on the overall section.

285 H) The MRR classification compared to both gross anatomy and histopathology: voxels 

286 classified as pathological (red) fall inside the estimated true lesion contour. 

287

288 Fig 4. Standard vs MRR analyses and histopathological validation. Example 2. 

289 A) T1w transverse image of the brain; the lesion has been judged ‘not visible’ by a board 

290 certified.

291 B) T2w transverse image of the brain. Also in this case the lesion appears ill-defined, 

292 hyperintense and linearly shaped in the left thalamus (white arrow)

293        C-D) T1 and T2 maps, respectively. A hyperintense linear-shaped area is visible in both maps 

294 (white arrow).

295 E) The output of the hierarchical cluster overlaid on the T2 map. Voxels classified as 

296 “pathological” and “healthy” parenchyma are reported in red and yellow, respectively.

297 F) The results of gross anatomy. From the photograph of the brain section, the contour of the 

298 hemorrhagic lesion characterized by a linear shape that involves the left frontal lobe (white 

299 arrow) has been delineated (white dotted line).

300 G) Histopathology results. The overall brain section obtained from the microscope with the 

301 hemorrhagic lesion shown in greater detail superimposed on the overall section is reported.

302 H) A good agreement can be noted between the MRR classification and the lesion contour 

303 estimated from both gross anatomy and histopathology.

304

305

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 12, 2021. ; https://doi.org/10.1101/2021.01.12.426333doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.12.426333
http://creativecommons.org/licenses/by/4.0/


14

306

307 Fig 5. Standard vs MRR analyses and histopathological validation. Example 3. 

308 A) T1w transverse image of the brain; the lesion appears ill defined, hypointense, and irregular 

309 in the left thalamus (white arrow).

310 B) T2w transverse image of the brain. As in T1w, the lesion in the left thalamus appears ill-

311 defined, irregular but hyperintense (white arrow).

312        C-D) T1 and T2 maps, respectively. A hyperintense and irregularly shaped area is visible in both 

313 maps (white arrow).

314 E) The output of the hierarchical cluster overlaid on the T2 map. Voxels classified as 

315 “pathological” and “healthy” parenchyma are reported in red and yellow, respectively.

316 F) The results of gross anatomy. From the photograph of the brain section, the contour of the 

317 hemorrhagic lesion that appears irregular in shape and involves the left thalamus (white arrow) 

318 has been delineated (white dotted line).

319 G) Histopathology results. The overall brain section obtained from the microscope with the 

320 hemorrhagic lesion shown in greater detail superimposed on the overall section.

321 H) The hemorrhagic lesion found by the MRR approach (red voxels) is in agreement with the 

322 gross anatomy: voxels classified as pathological fall inside the true lesion contour. It can be noted 

323 that in panel F) the hemorrhagic area appears more extended than the lesion histologically evident 

324 (G). However, this can be due to postmortem blood spread in the space between the left 

325 hemisphere and the ipsilateral thalamus. The contour of the hyperintense area in both T1 and T2 

326 maps is in very good agreement with the hemorrhagic area evident from the histopathological 

327 results where the blood spread disappeared after the formalin fixation.

328

329 However, there have been cases where classification partially failed and labeled as pathological also 

330 voxels in the healthy hemisphere, see for example Fig 6. 

331
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332

333 Fig 6. Misclassification results

334 A, D) The results of MRR classification do not show a clear distinction between the two groups of 

335 pathological vs healthy parenchyma, since pathological tissue was found in the healthy hemisphere.

336 B, E) The hemorrhagic lesion contour (white dashed line) estimated from the gross anatomy. 

337 C-F) The comparison between the MRR classification and the true lesion contour shows that in these 

338 two cases the performance of the classifier is poor since both healthy (yellow) and pathological (red) 

339 voxels fall inside the lesion contour.

340

341

342

343 This aspect may be justified due to blood heparinization that may have led to a lack of a clear division 

344 between the hemorrhage and the brain parenchyma, see Discussion.

345 These findings show that it is fundamental to validate accurately the proposed approach. To this aim, 

346 we assessed the classification performance by comparing these results with the histopathological 

347 assessment.

348

349 Histopathology assessment

350 The induced hemorrhages varied in size and shape, and a superficial, subdural, or subarachnoid 

351 collection of blood was also usually observed. Most frequently affected areas were represented by 

352 the frontal cerebral cortex (gray and white matter), cingulate gyrus, and caudate nucleus. 

353 Histologic evaluation was performed to identify the pattern of hemorrhage and perihaemorrhage 

354 tissue changes. Serial sections allowed to observe the extension of the hemorrhagic area caused by 

355 the needle-induced direct trauma and the aspect of perilesional tissues, not affected by the blood 

356 accumulation. In all the brains, a hemorrhagic lesion was detected with a pattern characterized by a 

357 moderate variation of intensity from case to case (Fig 7). The injected blood caused disruption of the 
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358 surrounding neural tissue, termed mass effect (Fig 7A, B) Fragmented nuclear debris was observed 

359 in damaged perihematomal tissue, in association with the presence of perihematomal edema, 

360 frequently characterized by gray matter vacuolization, neuronal perinuclear halos (Fig. 7C black 

361 arrow; 7D black arrow), and multifocal, mild dilation of perivascular (Virchow-Robin) spaces. Red 

362 blood cells within the wall of small vessels (intramural erythrocytes) and scattered swollen 

363 endothelial cells were also seen (Fig 7D white arrow). Also, multifocal cell shrinkage, with the 

364 presence of scattered hypoxic-ischemic neurons was detected in almost all cases (Fig 7D arrowhead; 

365 7E arrow). For comparison, neural tissues distant from the hematoma in the same section, as well as 

366 the corresponding contralateral areas in the unaffected cerebral hemisphere were examined, and no 

367 significant alterations were recorded, thus allowing to exclude the occurrence of histologic artifacts 

368 due to brain fixation or manipulation (Fig 7F). 

369

370 Fig 7. Histopathological sections

371 A-B) Low (A) and high (B) magnification of brain sections passing through the needle path, showing 

372 a linear hemorrhagic area.

373  C-D) Histological images of peri-hemorrhage neural tissue, showing variably intense, (C) gray 

374 (perinuclear halos; arrow) and (D) white matter edema (black arrow) and multifocal neuronal 

375 shrinkage (arrowhead). Red blood cells within the wall of a small vessel are also visible (white arrow).

376 E) Higher magnification of multifocal neuronal shrinkage (arrows) in peri-hemorrhagic tissue.

377 F) Histologically normal neurons in the contralateral area of the unaffected cerebral hemisphere. 

378

379 The above aspects evidence the structural difference between the brain hemisphere with induced 

380 hemorrhage and the healthy one, thus confirming that the hyperintense areas on T1 and T2 maps were 

381 not artifactual in nature and correspond to real lesions.

382

383
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384

385

386 Validation of the proposed approach

387 To validate the proposed approach, we compared, through a ROC analysis, the MRR results with the 

388 histopathological ones described above. For every patient, the lesion contours were manually 

389 delineated from both gross anatomy and histopathological images. In Figs 3-5F, we show the lesion 

390 contour (dashed line) extracted from a photograph of the section of the brain immediately after the 

391 extraction, typically within 10-15 minutes after the end of the MRI session. This section was selected 

392 as explained in Section 2, to match the MRI transverse plane where the relaxometry study was 

393 performed. Furthermore, the lesion contour was also obtained from the gross anatomy sections and 

394 microscopic analyses performed at 48 hours after the brain was kept in formalin. The macroscopic 

395 image of the brain section with an inset from the microscopic analyses of the hemorrhages is reported 

396 in Figs 3-5G. As it can be noted in Figs 3-5H, where the classification and anatomy results are 

397 superimposed, a good agreement between the gross anatomy (dashed) and MRR classified voxels 

398 (red) was obtained. However, as far as it regards the cases shown in Fig 6, the classification seems to 

399 match only the initial part of the lesion (see Fig 6C) or half of it (Fig 6F). Now, to quantitatively 

400 validate the MRR approach, (see Section 2) the TPR and FPR for each lesion were computed. The 

401 results reported in Table 2 seem promising since the mean TPR was 0.76, the mean FPR was 0.13 

402 leading to an overall accuracy of 0.83. 

403

404

405

406

407

408

409
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410

411

412 Table 2. ROC analyses.

RABBIT TRUE 

POSITIVE 

RATE (TPR)

FALSE 

POSITIVE 

RATE (FPR)

ACCURACY

1 0.87 0.34 0.77

2 0.62 0.18 0.74

3 1 0 1

4 0.7 0.3 0.7

5 0.67 0.05 0.89

6 0.67 0.2 0.74

7 1 0.15 0.92

8 0.34 0 0.67

9 1 0 1

10 0.95 0.17 0.88

11 1 0 1

12 0.3 0 0.65

13 0.91 0 0.96

MEAN 0.76 0.12 0.83

413

414 TPR, FPR, and accuracy are reported for each rabbit.

415

416 In Fig 8 the ROC curve is reported (the point 1 and 0 are reported only for clarity purpose to show to 

417 reference bisecting line). As it can be noted, the classification performance is well beyond the chance 
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418 (0.5, dashed line) level, being the area under the curve AUC = 0.87. This value, compared to the 

419 thresholds reported in Section 2, places the performance of the classification close to the edge of 

420 “highly accurate” level (AUC = 0.9).

421  

422

423 Fig 8. ROC analysis

424 The ROC curve shows that the classifier performance (black line) is beyond the chance level (red 

425 line). The area under the curve (AUC=0.87) compared to the thresholds reported in Section 2, places 

426 the performance of the classification close to the “highly accurate” level (AUC = 0.9). 

427

428

429 Discussion

430

431 In this study, we proposed a multivariate MRR approach to identify subtle brain hemorrhages on a 

432 rabbit model. The developed technique, which supports a diagnosis at the subject level, has been 

433 compared to conventional MRI and validated through histopathological examinations. The proposed 

434 approach, being optimized for a low field scanner, routinely available in the veterinary facilities, has 

435 the advantage of a potential direct translation into the clinical practice. 

436 In general, the MRI sensitivity for detecting subtle lesions such as edema or hemorrhages increases 

437 with the magnetic field. Thus, with low field scanners typically used in veterinary practice, these 

438 hemorrhagic diseases are likely to be underdiagnosed [25]. For this reason, we tested our approach 

439 on induced hemorrhagic lesions obtained by injecting a minimal amount of blood to create a 

440 reproducible and lateralized lesion. This allowed to compare the injured and healthy parenchyma 

441 within a single MR scan. This approach is in line with previous works in the literature, for example 

442 in [33] the authors injected autologous blood in the right hemisphere of rat brains to evaluate the 
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443 effects of experimental intracerebral hemorrhage on brain tissue injury and recovery. They reported 

444 that MR relaxometry can be promising to observe the lesion progression. Our choice to focus on T1 

445 and T2 Relaxometry, instead of T2*, shown also reliable in visualizing hemorrhage [34], is also in 

446 line with previous MRR studies on this kind of lesions [22,26,33]. In fact, to setup T2* relaxometry 

447 protocols can be very challenging with a low field clinical scanner, and thus T1/T2 MRR has the 

448 advantage of being more easily implemented in the future by veterinary practitioners on a large scale. 

449 The proposed approach is multivariate, i.e. it combined both T1 and T2 information: the highest 

450 contrast in the T2 map was exploited to select the initial ROIs, while the hierarchical clustering was 

451 driven by the T1-based signal recovery. In fact, in terms of qualitative evaluation, in our data, the 

452 lesions resulted always more evident in T2 maps than in T1 ones. Moreover, the adoption of the T1 

453 signal to drive the classification is in line with the literature where T1 relaxometry has been proved 

454 to be useful to assess brain parenchyma even with low filed scanners [22,35]. Nevertheless, this 

455 choice leads to a higher acquisition time, which is one of the main drawbacks of the proposed 

456 approach. Previous works showed that at higher magnetic fields (>0.25 T) T2* MRR can alleviate 

457 this aspect and reliably identify brain hemorrhages, see for example [34].  

458 The adoption of hierarchical clustering in this study, is supported by the fact that this approach has 

459 been previously applied in the histopathological field to distinguish different tissue features, see for 

460 example [36–38] and lesions characterized by different patterns [39–41]. In the case of subtle lesions, 

461 such identification with standard MRI techniques can be very and any advanced analysis tool must 

462 be validated. To this aim, here, the classification performance was directly addressed through the 

463 comparison with histopathological analyses. 

464 As far as it strictly concerns the histopathology findings, in acute human spontaneous intracerebral 

465 hemorrhages, as well as in those induced by injecting blood in different animal models (42), primary 

466 tissue damage is followed by secondary pathological lesions, in which cellular and 

467 neuroinflammatory changes are poorly defined. Most of the studies published on this topic refer to 

468 24/48 hours postmortem histological changes [43,44], especially focusing on the time and mass effect 
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469 of the lesion, cerebral edema, and ischemic cell changes affecting the adjacent neural tissue. 

470 Consistently, in all our cases the histopathological examination on fixed tissue, one hour after 

471 suppression, showed initial alterations such as peri-hemorrhage edema as well as mild vascular and 

472 neuronal degeneration. The findings were crucial to confirm our MR tissue classification. In fact, the 

473 lesion contours extracted using the gross anatomy and histopathological images showed a good 

474 performance of the MRR classification.

475 However, in some cases, the adopted approach partially failed to identify the lesion. This could be to 

476 a small amount of blood that, because of heparinization, slightly infiltrated the neural tissues around 

477 the line of needle insertion during the injection. Such a small blood infiltration in the surrounding 

478 healthy parenchyma could make the MRR clustering unable to distinguish the boundary real 

479 hemorrhage-healthy tissues that instead appears evident from the histopathology after the brain 

480 fixation. This hypothesis related to heparinization is supported by the work of Dai et al. (2018), where 

481 authors, contrary to what has been herein described, used autologous nonheparinized blood into 

482 cerebral parenchyma for their experiment and observed in their results a clear distinction between 

483 hemorrhagic tissue and parenchyma [42].

484 In general, caution must be taken in comparing the histopathological and MRI analyses, for several 

485 reasons, e.g different slice thickness on MRI images and gross anatomy, potential misalignment, the 

486 effect of formalin fixation. Specifically, it has been reported that there is a reduction in tissue volume 

487 of approximately 33% after formalin fixation and paraffin embedding [45]. This may have influenced 

488 the data comparison, since after tissue fixation the size of the original lesion investigated with 

489 relaxometry may have changed, thus relying on a possible bias during results data co-registration and 

490 agreement quantification. Nevertheless, the obtained sensitivity and specificity place the classifier at 

491 the edge between moderate and highly accurate. 

492 The current results pave the way for future Artificial Intelligence (AI) based techniques which are 

493 being developed to assist physicians in improving their diagnosis [46]. In this scenario, after being 

494 trained, a classification algorithm automatically maps the observations to a set of classes. Our work 
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495 can be considered seminal for future AI applications validating a combined T1/T2 MRR hierarchical 

496 clustering for the classification step [47,48]. At the current stage, in our approach, the training is 

497 missing, and the proposed procedure is semi-automatic relying on a manual selection of candidate 

498 ROIs. However, the algorithm training requires datasets whose size is larger than our current sample. 

499 Therefore, it represents a future development of this technique where part of the data will train the 

500 classifier, and the remaining will be automatically classified [49,50].

501 To conclude, to the best of our knowledge, this is the first report on an advanced MRR classification 

502 tested on a routinely low field scanner showing that MRI diagnostic potential could be improved 

503 especially in animal brain disorders causing subtle lesions (such as e.g distemper encephalitis or 

504 hepatic encephalopathy).

505

506

507
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653 Supporting Information

654 S1 Fig Analysis pipeline

655 A) The voxels manually selected on the suspected lesion (black dots) are automatically extracted 

656 on the contralateral hemisphere (red dots) based on the brain midline. This step is based on 

657 the T2 map.

658 B) T1 based signals are extracted from the selected set of voxels. These patterns will be input to 

659 the hierarchical classification.

660 C)  The final dendrogram for the data is pointed, and it can be seen that the cluster silhouette 

661 suggested that optimal separation corresponded to two clusters respectively healthy and 

662 hemorrhagic tissue.

663 D) The classifier is validated through the histopathological results. The validation is based on 

664 the true lesion contour and quantified employing ROC parameters such as TPR, FPR, and 

665 accuracy.
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