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Intracerebral hemorrhage (ICH) occurs in 15% to 20% of all 
stroke patients.10 In comparison with ischemic stroke, patients 
with ICH are at higher risk of death and long-term functional dis-
ability.10 Most survivors remain disabled, owing to the hematoma 
within the brain parenchyma, which can cause severe neurologic 
deficits.

Because of the rapid progression of brain damage during the 
first hours after ICH, quick recognition and diagnosis are key. 
Clinical signs are helpful for early diagnosis but are insufficient 
for the differentiation of ICH from other stroke subtypes. Brain 
imaging techniques, including CT and MRI, have helped improve 
the accuracy of diagnosis, which is necessary for the appropriate 
treatment of acute cerebrovascular accidents.5 Previously, MRI 
was considered unsuitable for detecting early-stage hemorrhage. 

However, MRI recently was shown to have high sensitivity for 
detecting hyperacute ICH, superior even to CT.21 MRI is now con-
sidered the ideal imaging modality for characterizing the tem-
poral and spatial evolution of parenchymal changes after ICH.30

The MRI characteristics of ICH vary with the duration of the 
hematoma, the type of MRI sequence, and various biologic fac-
tors.17 The several forms of hemoglobin (oxyhemoglobin, deoxy-
hemoglobin, and methemoglobin), which have different magnetic 
properties, are observed at different times points during hemor-
rhage, depending on whether they contain unpaired electrons.28 
The MR signal intensity (SI) of hemorrhage has been reported for 
various animal models, from in vitro studies, and during clinical 
observations.2,6,12,24 Reflecting the breakdown products of hemo-
globin, the MRI features of 5 distinctive stages of ICH have been 
reported in humans: hyperacute (within 24 h of hemorrhage; in-
tracellular oxyhemoglobin; long T1 and T2 values; iso- to hypoin-
tense on T1-weighted images [WI], hyperintense on T2WI); acute 
(1 to 3 d; intracellular deoxyhemoglobin; long T1, short T2 values; 
hypointense on T1WI, hypointense on T2WI); early subacute (3 to 
7 d; intracellular methemoglobin with intact erythrocyte; short T1 
and T2 values; hyperintense on T1WI, hypointense on T2WI); late 
subacute (7 to 14 d; extracellular methemoglobin with erythrocyte 
lysis; short T1, long T2 values; hyperintense on T1WI and T2WI); 
and chronic (after 14 d; ferritin and hemosiderin; long T1, short T2 
values; hypointense on T1WI and T2WI).4
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twice daily with a commercial dry food (Science Diet, Hill’s Pet 
Nutrition, Topeka, KS). Fresh water was supplied continuously 
by an automatic dispenser at our well-ventilated facility under 
controlled light–dark cycles (light on, 0800 to 2000). An indoor 
temperature range of 18 to 24 °C and a humidity level of 55% ± 
10% with 8 air changes hourly were maintained. The experiment 
was approved by the IACUC (CBNUA-591-13-01) of the Labo-
ratory Animal Research Center of Chungbuk National Univer-
sity. The approved study endpoint was 24 d after the induction 
of ICH. After completion of the imaging studies at 24 d after the 
induction of hemorrhage, all dogs were euthanized with sodium 
pentobarbital (80 mg/kg IV; Entobar Injection, Hanrim Pharm, 
Gyeonggi, South Korea).

Animal preparation, monitoring, and surgical procedure. Dogs 
were fasted for 12 h before the induction of propofol (5 mg/kg 
IV; Provive, Myungmoon Pharm, Seoul, South Korea) anesthe-
sia, oral intubation, and mechanical ventilation. Anesthesia was 
maintained with isoflurane (Terrell; Piramal Healthcare, Bethle-
hem, PA) at 2% to 3% of the inspired volume during surgery in 
a rebreathing circle system. The oxygen delivery and ventilation 
rates were monitored continuously and adjusted as needed to 
maintain heart rate and blood oxygen saturation within normal 
limits. Rectal temperature was monitored continuously and kept 
at 37 to 38 °C by using a thermostatically controlled heating pad 
(Gaymar Industries, Orchard Park, NY).

The dogs were placed in a stereotactic apparatus (model 1504, 
David Kopf Instruments, Tujunga, CA), and a burr hole was cre-
ated. A 20-gauge needle (BD PrecisionGlide; Becton Dickinson 
Medical, Singapore, Singapore) was implanted into the right  
parietal lobe. ICH was induced by injecting 500 U of bacterial 
collagenase from Clostridium histolyticum (type XI, Sigma Chemi-
cal, St Louis, MO) in 50 µL of sterile saline and 50 µL of heparin 
(20,000 U/mL). The solution was delivered over 5 min by using 
a microinfusion pump (KDS 100; KD Scientific, Holliston, MA). 
After an additional 5 min, the needle was removed slowly to 
avoid backflow. The hole was sealed with bone wax (AnyTemp 
NE; Mdclus, Cheongju, South Korea), and the incision site was 
sutured.

Postsurgical management. After surgery, the dogs were awak-
ened from anesthesia and then returned to the cages in the animal 
recovery room. A recirculating warm-water blanket was placed 
beneath a portion of each cage. The dogs were observed continu-
ously until they had fully recovered (approximately 8 h). The next 
day, the dogs were transported to the holding area and monitored 
periodically until euthanasia. Ampicillin (20 mg/kg PO every 12 
h; Ampi10, UniBiotech, Chungchongnam-Do, South Korea) was 
administered to the dogs for 1 wk to prevent bacterial infection. 
The incision site was examined and cleaned on follow-up until 
healed. To control pain, butorphanol (0.4 mg/kg IM; Butophan, 
Myungmoon Pharm, Seoul, South Korea) was given as needed, 
usually twice daily for the first 3 to 5 d after surgery.

Neurologic evaluation. Neurologic deficits were assessed at 
several time points (12 h and 3, 5, 10, and 24 d after surgery) 
as described previously.14 An experienced observer performed 
scored motor function (1, no deficit; 2, hemiparetic but able to 
walk; 3, stands only with assistance; 4, hemiplegic and unable to 
stand; 5, comatose or dead, cannot be determined), consciousness 
(1, normal; 2, mildly reduced; 3, severely reduced; 4, comatose or 
dead), head turning (0, absent; 1, posturing and turns toward the 
side of the hematoma; 2, unable to lift head, comatose, or dead), 

So far, very few clinical studies have assessed the time-de-
pendent evaluation of MRI patterns beyond 24 h in dogs.23 The 
clinical setting presents several difficulties to the study of ICH. 
Because ICH patients are often critically ill, requiring physiologic 
support, most patients with ICH are unsuitable for MRI due to 
their medical instability.15 In dogs, it is frequently impossible to 
ascertain the precise interval between hemorrhage and MRI scan-
ning. An animal model offers several advantages for studying 
ICH: histologic analysis in survivors of ICH, the initial testing of 
novel interventions, homogeneous experimental groups, and a 
predictable onset of ICH.27

An experimental animal model used in human medicine 
should exhibit certain characteristics, such as ease of standard-
ization and reproducibility, and representation of the principal 
mechanisms associated with the particular condition in humans.8 
Small-animal (for example, mice, rats, gerbils) and large-animal 
(for example, cats, dogs, pigs, sheep, monkeys) models that dem-
onstrate these characteristics have been developed. Although 
small animals are often more cost-effective and allow for rela-
tively simpler genetic manipulation and management, the use 
of large-animal models is important in preclinical studies of ICH 
because these animals have gyrencephalic brains with well-devel-
oped white matter that are structurally and functionally similar 
to human brains.16 Notably, numerous experimental treatment 
strategies have been evaluated successfully in rodent models and 
in vitro, but the vast majority of such modalities subsequently 
have failed in clinical trials.18 For all of these reasons, the Stroke 
Therapy Academic Industry Roundtable strongly recommends 
the use of appropriate large-animal models of stroke.19 Among 
large animals, dogs are readily and economically available, easy 
to care for, and have predictable intercurrent diseases.

Presently, MRI of the brain is extremely useful in confirming 
stroke, determining the extent of the lesion, and distinguishing 
between ischemic and hemorrhagic stroke. However, MRI find-
ings of canine ICH are largely based on results from human stud-
ies, given the paucity of relevant canine studies. A previous study 
demonstrated that the time course of ICH stages is much faster in 
rats than in humans.3 Therefore, we hypothesized that the tem-
poral MRI characteristics of evolving stages of canine ICH differ 
from those of ICH in humans.

Advanced MRI techniques may enable clarification of mecha-
nisms that mediate injury after ICH. Diffusion-weighted imaging 
(DWI) has already proven useful in the diagnosis and investi-
gation of the natural history of ischemic stroke.7 However, the 
usefulness of those techniques to assess mechanisms of neuronal 
injury after ICH remains a topic of debate, both in humans and in 
dogs. Therefore, the purpose of the current study was to evaluate 
the utility of advanced MRI techniques, including DWI, in the 
diagnosis of canine ICH, by monitoring the temporal changes in 
MR images relative to the stage of hematoma in affected dogs.

Materials and Methods
Animals and ethical statements. This study population com-

prised 5 healthy laboratory beagles (3 male and 2 female; age, 3 
to 5 y; weight, 12 to 14 kg; Harlan Interfauna, Huntingdon, Cam-
bridgeshire, UK). None of the dogs had signs of neurologic prob-
lems on physical examination. They were screened for metabolic 
disease by means of CBC and serum chemistry analysis and ac-
climated to the facility for a minimum of 1 wk prior to being used 
in the present study. The dogs were housed individually and fed 
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gradient-echo (GRE) sequences, and DWI and measurement of 
the apparent diffusion coefficient (ADC; Table 1).

Image analysis. MIPAV software (Biomedical Imaging Research 
Services Section, National Institutes of Health, Bethesda, MD) 
was used to trace hemorrhagic lesions (hypo- or hyperintense 
areas) on GRE images. For quantitative analysis, regions of inter-
est (ROI) were placed on determined hemorrhagic lesions with 
different SI, for comparison with normal contralateral regions at 
each time point (12 h and 3, 5, 10, and 24 d after surgery; Figure 1). 
In addition, from the GRE images obtained before surgery, ROI 
outlining the right side of the parietal lobes were created because 
of the absence of hematoma. Established ROI were moved to the 
corresponding area of other MRI images (T1, T2, FLAIR, DWI, 
and ADC), and then SI was measured in each ROI and in homolo-
gous regions of the contralesional hemisphere. The SI ratio (SIR) 
was obtained by normalizing the SI of the hemorrhagic lesion  
to the SI of the corresponding contralateral region. Statistical 

circling (0, absent; 1, present; 2, unable to walk, or dead), and 
hemianopsia (0, absent; 1, present; 2, unable to test because of re-
duced consciousness or death). According to this scoring system, 
a completely normal dog would have a total score of 2, whereas a 
dog with the most severe deficits (comatose or dead) would have 
a total score of 15.

Imaging protocol. The MRI examinations were performed by 
using a 3-T MR system (Achieva 3.0 TTX, Philips Medical System, 
Best, The Netherlands). The scans were performed serially at 6 
time points: before (baseline) and 12 h (hyperacute), 3 d (acute), 
5 d (early subacute), 10 d (late subacute), and 24 d (chronic) after 
induction of ICH. All images were acquired with the dogs in ster-
nal recumbency under general anesthesia, which was induced 
with medetomidine (20 µg/kg IM; Domitor, Pfizer, Seoul, South 
Korea) and maintained with tiletamine–zolazepam (8 mg/kg IV; 
Zoletil, Virvac, Carros, France). The MRI protocol included T1WI, 
T2WI, fluid-attenuated inversion recovery (FLAIR) sequences, 

Table 1. Summary of scan parameters

Parameters T1 T2 FLAIR GRE DWI

Repetition time (ms) 500 4000 10000 677 4164
Echo time (ms) 20 80 125 16 107
Flip angle (degrees) 90 90 90 18 90
Number of slices 28 28 28 28 28
Slice thickness (mm) 3 3 3 3 3
Interslice gap (mm) 0 0 0 0 0
Number of averages 1 2 2 2 2
Field of view (mm) 130 × 130 130 × 130 130 × 130 130 × 130 150 × 150
Acquisition matrix 304 × 250 304 × 294 304 × 220 304 × 356 140 × 140
Measured voxel size (mm) 0.43 × 0.52 0.43 × 0.43 0.43 × 0.51 0.43 × 0.37 1.10 × 1.08
Acquisition time (min:s) 4:14 5:52 7:00 8:05 1:28

Table 2. Neurologic scores (mean ± 1 SD) of 5 dogs after hematoma induction

12 h 3 d 5 d 10 d 24 d

Motor function 1.00 ± 0 1.00 ± 0 1.00 ± 0 1.00 ± 0 1.00 ± 0
Consciousness 1.60 ± 0.55 1.00 ± 0 1.00 ± 0 1.00 ± 0 1.00 ± 0
Head turning 0.40 ± 0.55 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Circling 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Hemianopsia 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Overall 3.00 ± 1.00 2.00 ± 0 2.00 ± 0 2.00 ± 0 2.00 ± 0

Figure 1. Representative GRE images showing the ROI (dotted lines) placed on hemorrhagic lesions at different stages of ICH.
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Figure 2. Representative (A) T1WI, (B) T2WI, (C) FLAIR, (D) GRE, (E) DWI, and (F) ADC maps illustrating the temporal evolution of hemorrhagic 
lesions according to the evolving stages. Hematomas in the right side of the parietal lobe underwent rapid and reversible changes in signal intensity, 
which varied with the pulse sequence.
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tomas were induced in the right side of the parietal lobe after 
injection of bacterial collagenase, but there were no physiologic 
and neurobehavioral abnormalities except for mildly reduced 
consciousness (3 dogs) and head turning (2 dogs) at 12 h after 
surgery. These neurologic deficits disappeared by 3 d after hema-
toma induction (Table 2). (Figure 2) shows representative T1WI, 
T2WI, FLAIR, GRE, DWI, and ADC maps, to illustrate the tempo-
ral evolution of hemorrhagic lesions.

Image analysis. The MRI characteristics of the induced hemor-
rhagic lesions are summarized in (Table 3).

T1WI. Hemorrhagic lesions on T1WI were apparent as hypoin-
tensities during the hyperacute and acute stages, hyperintensities 
at the early and late subacute stages, and mixed intensities (hypo- 
to isointensity) at the chronic stage (Figure 2 A). Compared with 
that at baseline, the SIR of hemorrhagic lesions were significantly 
decreased at the hyperacute (that is, 12 h; P < 0.01) and acute (day 
3, P < 0.05) stages, whereas they were significantly increased at 
the early (day 10, P < 0.01) and late (day 24, P < 0.05) subacute 
stages (Figure 3 A).

T2WI and FLAIR images. Hemorrhagic lesions at early and 
late subacute stage were characteristically hyperintense on both 
T2 (Figure 2 B) and FLAIR (Figure 2 C) images. In contrast, hy-
peracute, acute, and chronic hemotomas had mixed intensities 
(hypo- and hyperintensity; Figure 2 B and C). The T2 and FLAIR 
SIR were increased at early subacute stage (baseline compared 
with day 5, P < 0.01 for both comparisons), whereas decreased 
SIR was present on T2WI during the chronic stage only (day 24,  
P < 0.05; Figure 3 B and C).

GRE imaging. GRE scanning revealed hypointensities in he-
matomas at the hyperacute, acute, and chronic stages but hyper-
intensities at the early and late subacute stages (Figure 2 D). The 
GRE SIR were significantly decreased at hyperacute, acute, and 
chronic stage (baseline compared with 12 h, day 3, and day 24, 
respectively; P < 0.01 for all comparisons). However, the changes 
in the SIR at early and late subacute stages did not reach statistical 
significance (Figure 3 D).

DWI. Hyperacute, acute, and chronic hematomas were hypoin-
tense on DWI, whereas early and late subacute hematomas were 
hyperintense (Figure 2 E). Measurement of DWI SIR yielded an 
increased value at the early subacute stage (baseline compared 

comparison of the SIR obtained before and after surgery ensured 
that the MRI characteristics of hematoma were graded objectively 
as hyper- and hypointensity at each stage: hyperintensity was de-
fined as a significant increase of the SIR compared with the value 
obtained before surgery, whereas hypointensity was a significant 
decrease of the SIR. When objective analysis did not reveal a sig-
nificant difference between the SIR before and after surgery, MR 
images were reviewed subjectively, and the hemorrhagic lesions 
were graded as hyper-, iso-, and hypointense. For quantitative 
measurements of the evolution of vasogenic and cytotoxic edema, 
T2 and ADC values were measured from created ROI overlaid 
onto corresponding T2 and ADC maps.

The hemorrhagic areas determined on the GRE images were 
multiplied by the section thickness and summed to produce the 
total hematoma volume.

Histopathology. After imaging studies were completed, the 
brains were removed and dissected into coronal 2-mm sections. 
Brain slices were placed in 10% paraformaldehyde in PBS. Trans-
verse sections (4 μm) of paraffin-embedded tissue were used for 
hematoxylin and eosin staining to assess neuronal damage and 
macrophage infiltration. Macrophages were identified by their 
morphologic features, including ovoid or indented nucleus and 
abundant cytoplasm with numerous small vacuoles. Macro-
phages were counted at 3 hemorrhagic sites under 400× magni-
fication, and an average was taken as the absolute macrophage 
count. Prussian blue staining was used to demonstrate ferric iron 
in tissue sections.

Statistical analysis. Data are presented as mean ± 1 SD. One-
way repeated-measures ANOVA with the Bonferroni posthoc test 
was used to evaluate sequential changes of the SIR, T2, and ADC 
values of hematomas. Pearson correlation was used to investigate 
the relationship between the SIR of hemorrhagic lesions on DWI 
and those estimated on T2, GRE, and ADC images. Statistical sig-
nificance was set as a P value less than 0.05. Statistical analysis 
was performed by using the SPSS package (version 12.0; IBM, 
Chicago, IL).

Results
All 5 dogs survived the surgical procedure and participated 

in all measurements performed before and after surgery. Hema-

Table 3. MRI characteristics of hematomas according to the evolving stages

T1 T2 FLAIR GRE DWI ADC

Hyperacute hypointensity hypointensity and 
hyperintensity

hypointensity and 
hyperintensity

hypointensity hypointensity hypointensity, 
isointensity, and 
hyperintensity

Acute hypointensity hypointensity and 
hyperintensity

hypointensity and 
hyperintensity

hypointensity hypointensity hypointensity, 
isointensity, and 
hyperintensity

Early subacute hyperintensity hyperintensity hyperintensity hyperintensity hyperintensity hyperintensity

Late subacute hyperintensity hyperintensity hyperintensity hyperintensity hyperintensity hypointensity, 
isointensity, and 
hyperintensity

Chronic hypointensity 
to isointensity

hypointensity hypointensity and 
hyperintensity

hypointensity hypointensity hypointensity
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respectively), late subacute (day 10, r = 0.95 [P < 0.05] and r = 0.89  
[P < 0.05], respectively), and chronic (day 24, r = 0.92 [P < 0.05] 
and r = 0.91 [P < 0.05], respectively) stages. However, the DWI 
and ADC SIR were not correlated significantly at any measure-
ment time.

Measurements of T2 and ADC values. Similar to the change in 
SIR, T2 values were increased at early subacute stage (day 5, P < 
0.05; Figure 4 A), whereas increased ADC values were present at 
both the early subacute and chronic stages (days 5 and 24, P < 0.05 
for both comparisons; Figure 4 B).

Hematoma volume. The largest mean hematoma volume on 
the GRE images occurred at 3 d after surgery and gradually de-
creased thereafter until the end of study period (Table 5).

with day 5, P < 0.05) but decreased values at the acute (day 3, P < 
0.05) and chronic (day 24, P < 0.01) stages (Figure 3 E).

ADC mapping. Most hemorrhagic lesions on ADC maps were 
mixed in intensity (hypo-, iso-, and hyperintense), except for hy-
perintensity at the early subacute stage (Figure 2 F). The ADC SIR 
were increased at early subacute stage (baseline compared with 
day 5, P < 0.01) and decreased at chronic stage (day 24, P < 0.05; 
Figure 3 F).

Correlations between DWI SIR and T2, GRE, and ADC SIR. 
The correlations between the DWI SIR and T2, GRE, and ADC 
SIR of hemorrhagic lesions are shown in (Table 4). The DWI 
SIR was positively correlated with the T2 and GRE SIR at the 
early subacute (day 5, r = 0.97 [P < 0.01] and r = 0.99 [P < 0.01],  

Figure 3. Temporal evolution of the SIR measured from (A) T1WI, (B) T2WI, (C) FLAIR, (D) GRE, (E) DWI, and (F) ADC maps according to the evolv-
ing stages. Value significantly (*, P < 0.05; †, P < 0.01; one-way repeated-measures ANOVA with Bonferroni posthoc test) different from baseline SIR.
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In clinical studies of human ICH, precisely ascertaining the 
interval between hemorrhage and MR imaging is frequently im-
possible and thus hampers efforts to investigate the processes in 
hemorrhagic stroke and develop possible treatments. Evaluating 
the underlying mechanisms of ICH-induced neuronal injury is 
similarly difficult in veterinary medicine. In addition, homoge-
nous experimental groups of survivors of ICH for well-organized 
analysis, including histology, cannot be created during clinical 
studies. To overcome these limitations, we used an experimental 
model of ICH in dogs.

Currently, 3 modes of injection are used to induce ICH in ani-
mal models: balloon inflation, blood injection, and bacterial col-
lagenase injection.16 Among these, collagenase injection is the 
preferred method because it mimics the physiologic conditions 
of hematoma expansion observed in clinical patients with ICH.16 
In the present study, the MR features of hematomas varied little 
among the study dogs. This finding demonstrates the appropri-
ateness of collagenase injection for obtaining reproducible results 
in the study of canine ICH.

The MRI characteristics of hemorrhage vary depending on 
both the chemical state and the integrity of the RBC membrane.11 
The electrons of outer orbital determine the magnetic properties  

Histopathology. The prominent hemorrhagic lesions were in-
dicated by cavitary lesions containing numerous macrophages 
and extravasated erythrocytes in the white matter of the pari-
etal lobe (Figure 5 A). The mean number of macrophages was 
307 ± 48, and the values for individual experimented dogs are 
summarized in Table 5. Because macrophages phagocyte and de-
grade extravasated erythrocytes in hemorrhagic areas, these cells 
frequently contained hemosiderin. In this study, Prussian blue 
staining demonstrated hemosiderin-containing macrophages in 
discrete lesions of the white matter (Figure 5 B), but the cortex did 
not appear to be affected.

Discussion
The present study showed that the MRI characteristics of ICH 

in dogs vary over time. The temporal changes in the T1, T2, and 
GRE SI corresponded well with the human data,4 with the excep-
tion of T2 and GRE hyperintensity at the early subacute stage in 
dogs. In addition, the ADC value of the hemorrhagic lesions in 
dogs was increased at the same stage. The DWI SIR was posi-
tively correlated with the T2 and GRE SIR at the early subacute, 
late subacute, and chronic stages in dogs.

Table 4. Correlations between DWI-SIR and T2-, GRE-, and ADC-SIR of hemorrhagic lesions

Hyperacute Acute Early subacute Late subacute Chronic

r P r P r P r P r P

DWI-T2 0.54 0.35 0.44 0.45 0.97 0.006 0.95 0.02 0.92 0.03
DWI-GRE 0.25 0.69 0.37 0.54 0.99 0.002 0.89 0.04 0.91 0.03
DWI-ADC −0.43 0.47 −0.35 0.57 −0.23 0.97 0.69 0.20 0.75 0.14

Figure 4. Temporal evolution of T2 and ADC values measured from corresponding (A) T2 and (B) ADC maps according to the evolving stages. *, Value 
significantly (P < 0.05; one-way repeated measures ANOVA with Bonferroni posthoc test) different from baseline.

Table 5. Hematoma volume and estimated number of macrophages in 5 dogs

Dog

Hematoma volume (mL)

No. of macrophages12 h 3 d 5 d 10 d 24 d

1 0.34 0.22 0.29 0.08 0.03 315
2 3.93 4.50 3.46 2.91 0.76 385
3 2.21 2.34 2.14 1.30 0.44 295
4 3.48 4.66 3.04 2.51 1.18 277
5 0.86 1.11 0.27 0.37 0.25 263

Mean ± 1 SD 2.16 ± 1.57 2.56 ± 1.99 1.84 ± 1.50 1.44 ± 1.26 0.53 ± 0.45 307 ± 48
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(diamagnetic or paramagnetic) of the iron in hemoglobin. Un-
paired electrons alter the T1 and T2 relaxation times of water 
protons through magnetic dipole–dipole interactions and sus-
ceptibility effects. Dipole–dipole interactions shorten both the T1 
and T2 relaxation times, but the effect is pronounced on T1WI. 
Compartmentalization of iron within the RBC membrane causes 
inhomogeneity in the magnetic field (the ‘magnetic susceptibil-
ity effect’) and thus shortens T2 without affecting T1. When the 
RBC membrane degrades, the susceptibility effect disappears, 
the T2 relaxation process is lost, and the signal on T2WI bright-
ens.4 In the present study, the T1 SI in dogs was similar to that in 
humans and reflected the evolution of ICH. This similarity was 
maintained for the T2 and GRE sequences, except for the early 
subacute stage (humans, hypointense; dogs, hyperintense). Be-
cause homogeneously distributed iron (loss of susceptibility ef-
fect) after RBC lysis induces signal hyperintensity on T2 and GRE 
sequences, degradation of the RBC membranes in canine ICH 
may begin to occur at early subacute stage, at least 5 d after the 
induction of hemorrhage, instead of late the subacute stage, as in 
humans. In comparison, the time course of ICH stages is much 
faster in rats—hyperacute at 0 to 6 h after induction, acute and 
early subacute stages at 24 to 72 h, and chronic stage at 7 d—than 
in humans and dogs:.3 Together, these findings suggest that the 
rate of RBC degradation may differ between species.

In animal models of ICH, perihematomal edema peaks approx-
imately 3 or 4 d after hemorrhage and then decreases slowly over 
time.9,25,29,30 Among the several phases of edema formation after 
ICH, the late phase is associated with RBC lysis and hemoglobin 
toxicity.26 The disruption of the blood–brain barrier contributes 
to the formation of posthemorrhage edema as well.30 Therefore, 
both vasogenic edema as well as erythrocyte degradation may 
influence the T2 hyperintensity observed during the early sub-
acute stage.

DWI measures the restricted motion of water molecules from 
the intracellular space in brain.13 ADC trace maps are calculated 
from DWI images and are more sensitive to water diffusion in 
brain tissue than is DWI.13 A previous human study showed that 
early hematomas containing intact RBC membranes yielded low 

ADC values, which increased after RBC lysis.1 Because the hema-
tomas in dogs instead had increased ADC measurements at the 
early subacute stage, RBC lysis might occur during this period. 
This finding supports the suspected relationship between the hy-
perintensities on T2 and GRE imaging and RBC lysis during the 
early subacute stage of canine ICH.

In addition to the restriction of diffusion, the T2 SI level may 
play an important role in the DWI SI.20 The term ‘T2 shine-
through’ describes the substantial contribution of T2 hyperin-
tensity observed on DWI. In contrast, the correlation between 
T2 and DWI hypointensity is known as the ‘T2 blackout effect.’ 
First studied in ischemic stroke, this effect has since been inves-
tigated in a wide range of brain diseases.22 T2 and DWI SI show 
strong correlation in human hematomas.20 Similarly, DWI SI was 
positively correlated with T2 and GRE SI in dogs. In addition, T2 
and DWI both yielded hyperintensities during the early subacute 
stage and hypointensities during the chronic stage. Therefore, T2 
shine-through occurred at the early subacute stage, whereas the 
T2 blackout effect was noted at the chronic stage in canine ICH.

In conclusion, MRI is an ideal method for characterizing the tem-
poral evolution of parenchymal alterations after ICH in dogs as 
well as in humans. Unlike in the theoretical MRI appearance of 
ICH, early subacute hemorrhagic lesions were hyperintense on 
T2WI and GRE images. DWI-SI was positively correlated with T2- 
and GRE-SI from the early subacute stage on. The present data 
might be useful for differentiating the clinical stages of ICH in dogs.
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