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formed on a 4.7-tesla animal MR system to measure cyto-
toxic and vasogenic edema, hemodynamic parameters and 
blood-brain barrier permeability, respectively, at days 2 and 
7 after SAH. The neurological status was repeatedly moni-
tored with different behavioral tests   between days –1 and 7 
after SAH. Lesioned tissue – identified by edema-associated 
T2 prolongation – and unaffected tissue were outlined on 
multislice images and further characterized based on tissue 
and perfusion indices. Correlation analyses were performed 
to evaluate relationships between different MRI-based pa-
rameters and between MRI-based parameters and neurolog-
ical scores.  Results:  Similar to clinical SAH and previous stud-
ies in this experimental SAH model, mortality up to day 2 was 
high (43%). In surviving animals, neurological function was 
significantly impaired subacutely, and tissue damage (char-
acterized by T2 prolongation and diffusion reduction) and 
blood-brain barrier leakage (characterized by contrast agent 
extravasation) were apparent in ipsilateral cortical and sub-
cortical tissue as well as in contralateral cortical tissue. Nota-
bly, ipsilateral cortical areas revealed increased cerebral 
blood flow and volume. Animals that subsequently died be-
tween days 2 and 7 after SAH had markedly elevated ipsilat-
eral perfusion levels at day 2. After a week, neurological func-
tion had improved in surviving animals, and brain edema 
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 Abstract 

  Background:  The pathogenesis of delayed cerebral injury af-
ter aneurysmal subarachnoid hemorrhage (SAH) is largely 
unresolved. In particular, the progression and interplay of 
tissue and perfusion changes, which can significantly affect 
the outcome, remain unclear. Only a few studies have as-
sessed pathophysiological developments between sub-
acute and chronic time points after SAH, which may be ide-
ally studied with noninvasive methods in standardized ani-
mal models. Therefore, our objective was to characterize the 
pattern and correlation of brain perfusion and lesion status 
with serial multiparametric magnetic resonance imaging 
(MRI) from subacute to chronical after experimental SAH in 
rats.  Methods:  SAH was induced by endovascular puncture 
of the intracranial bifurcation of the right internal carotid ar-
tery in adult male Wistar rats (n = 30). Diffusion-, T2-, perfu-
sion- and contrast-enhanced T1-weighted MRI were per-
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was partially resolved, while blood-brain barrier permeabil-
ity and hyperperfusion persisted. The degree of brain dam-
age correlated significantly with the level of perfusion eleva-
tion (r = 0.78 and 0.85 at days 2 and 7, respectively; p < 0.05). 
Furthermore, chronic (day 7 after SAH) blood-brain barrier 
permeability and vasogenic edema formation were associ-
ated with subacute (day 2 after SAH) hyperperfusion (r = 0.53 
and 0.66, respectively; p < 0.05).  Conclusion:  Our imaging 
findings indicate that SAH-induced brain injury at later stag-
es is associated with progressive changes in tissue perfusion 
and that chronic hyperperfusion may contribute or point to 
delayed cerebral damage. Furthermore, multiparametric 
MRI may significantly aid in diagnosing the brain’s status af-
ter SAH.  Copyright © 2013 S. Karger AG, Basel 

 Introduction 

 Aneurysmal subarachnoid hemorrhage (SAH) is a se-
rious health problem with an incidence of 9.1 per 100,000 
person-years and with poor prognosis due to high acute 
mortality and delayed cerebral injury  [1, 2] . Pathophysi-
ological mechanisms that underlie cerebral injury after 
SAH are complex and largely unresolved. Numerous an-
imal studies, involving different experimental models, 
have been performed to elucidate pathophysiological 
processes after SAH. A frequently applied model that 
closely resembles the clinical pathology, involves perfora-
tion of the bifurcation of the internal carotid artery into 
the middle cerebral artery and anterior cerebral artery 
with an endovascular filament  [3] . The arterial rupture 
leads to immediate extravasation of intracranial blood 
and acute elevation of intracranial pressure, resulting in 
significant reduction in cerebral perfusion within the first 
minutes  [3–6] . In the following hours, intracranial pres-
sure largely recovers, and perfusion is partially restored 
 [6] . Nevertheless, cerebral blood flow (CBF) remains 
moderately lowered up to at least 6 h after the insult, 
which has been linked to persistent vessel narrowing  [6] . 
For many years, vasospasm has been considered the pri-
mary cause of delayed ischemic injury after SAH; how-
ever, this concept is under debate, and other pathophysi-
ological causes have also been suggested  [7] . 

  Assessment of concurrent perfusion and tissue chang-
es at later stages after SAH would give further insights 
into progression of secondary complications and could 
provide targets for therapeutic intervention. This may be 
accomplished with noninvasive imaging methods that al-
low combined measurement of cerebral injury and hemo-

dynamics  [8] . The goal of our study was to characterize 
brain perfusion status and lesion progression at subacute 
to chronic time points in the clinically relevant endovas-
cular perforation-induced SAH model in rats, based on 
serial multiparametric MRI along with repeated behav-
ioral testing.

  Methods 

 Animals 
 The Animal Experiments Committee of the University Medical 

Center Utrecht and Utrecht University approved the experiments 
conducted for this research (in accordance with the Experiments 
on Animals Act). 

  Male Wistar rats (320–350 g; Harlan, Horst, The Netherlands) 
were used (n = 30). Most animals were part of a drug treatment 
study in which animals received subcutaneous injection of either 
0.022 mg/kg interferon-β (n = 16) or vehicle (n = 14)  [9] . That 
study revealed no differences in lesion size, neurological status and 
mortality rate between treatment groups, and therefore, data were 
pooled. The current study reports original data on diffusion-
weighted MRI, perfusion MRI and regional blood-brain barrier 
leakage that were not part of the treatment study and have not been 
published previously.

  Experimental SAH 
 Animals were anesthetized by mechanical ventilation with 2% 

isoflurane in a mixture of air/oxygen (2:   1) through an endotrache-
al tube. Animals received an intramuscular injection of 5 mg/kg (10 
mg/ml) gentamicin (Centrafarm, Etten-Leur, The Netherlands) to 
prevent postoperative infection. The core temperature was main-
tained at 37.5   °   C using a temperature-controlled heating pad.

  SAH was induced by intracranial endovascular perforation, for 
which a sharpened 4.0 prolene suture was transiently advanced 
into the right internal carotid artery to perforate it at the anterior 
cerebral artery and middle cerebral artery bifurcation  [3, 10] . After 
surgery, animals received a subcutaneous injection of 0.03 mg/kg 
(0.03 mg/ml) buprenorphine (Reckitt and Colman, Kingston-up-
on-Hill, UK) for pain relief and a subcutaneous injection of 5 ml 
Ringer’s lactate (Baxter, Utrecht, The Netherlands) in case of ex-
cessive weight loss.

  Behavioral Assessment 
 Neurological deficits were measured before SAH (day –1, base-

line score) and at days 1, 2, 3 and 7 after SAH, with a modified ver-
sion of a battery of behavioral tests, described by Sugawara et al. 
 [11] . Animals were scored on spontaneous activity (score 0–3), 
activity of extremities (score 0–3), forepaw outstretching (score 
0–3), climbing reflex (score 1–3) and a forepaw placing response 
to the vibrissae touching the table side (score 1–3). The maximum 
score was 15 (absence of deficits).

  Magnetic Resonance Imaging 
 MRI experiments were conducted at days 2 and 7 after SAH on 

an Agilent (Palo Alto, Calif., USA) 4.7-tesla horizontal bore MR 
system, with use of a 9-cm Helmholtz volume coil and an induc-
tively coupled 2.5-cm surface coil. 
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  Anesthesia was maintained in the same manner as described 
above. The core temperature was maintained at 37.5   °   C. Blood ox-
ygenation, heart rate and expired CO 2  were continuously moni-
tored and kept within physiological range.

  For lesion detection, we applied diffusion-weighted MRI [spin 
echo eight-shot echo planar imaging; repetition time (TR) = 3,000 
ms; echo time (TE) = 38.5 ms; b = 0 and 1,428 s/mm 2 ; 6 diffusion-
weighting directions; field-of-view (FOV) = 32 × 32 × 19 mm 3 ; 
matrix size = 128 × 128 × 19; number of acquisitions (NA) = 2] and 
T2-weighted MRI (multiple spin echo; TR = 3,600 ms; TE = 15–
180 ms; FOV = 32 × 32 × 19 mm 3 ; matrix size = 256 × 128 × 19; 
NA = 8). Diffusion- and T2-weighted MRI data were monoexpo-
nentially fitted to calculate maps of apparent diffusion coefficient 
(ADC) and T2, respectively.

  For perfusion imaging, we conducted dynamic susceptibility 
contrast-enhanced MRI [gradient-echo echo planar imaging; 
TR = 330 ms; TE = 25 ms; flip angle = 35°; FOV = 32 × 32 × 9 mm 3 ; 
matrix size = 64 × 64 × 5 (1-mm interslice gap); NA = 1; number 
of repetitions = 400], in combination with an intravenous injection 
of 0.35 mmol/kg gadobutrol (Gadovist ® , Schering, Kenilworth, 
N.J., USA). Maps of the hemodynamic parameters, cerebral blood 
volume (CBV), CBF index (CBF i ), and mean transit time (MTT) 
were calculated by block-circulant-based deconvolution of voxel-
based tissue signal responses with an arterial input function mea-
sured in a contralateral region of the circle of Willis (2–3 voxels) 
 [12] .

  Blood-brain barrier leakage was measured with T1-weighted 
MRI (gradient echo; TR = 160 ms; TE = 4 ms; FOV = 32 × 32 × 19 
mm 3 ; matrix size = 256 × 128 × 19; NA = 8) acquired before and 
22 min after contrast agent injection. Maps of contrast agent ex-
travasation were calculated as relative contrast agent-induced 
change in T1-weighted MR signal intensity (rΔT1) on a voxel-by-
voxel basis. 

  For all MRI-based maps, brain tissue was masked out and 
coregistered to a T2-weighted rat brain template. Lesioned tissue, 
characterized by signal hyperintensity, was manually outlined on 
multi-slice T2 maps. Rats without an ipsilateral lesion in the cor-
tical MCA territory were excluded from further analysis (n = 2). 
Lesion outlines were combined to create a lesion incidence map. 
To select the primary lesion, we outlined tissue with a lesion in-
cidence of  ≥ 65%. This region of interest (ROI) was located in the 
ipsilateral somatosensory cortex (CXil). An ipsilateral region 
with a lesion incidence of 0%, which was located in the thalamus 
(THil), was also outlined. Homologous contralateral ROIs (i.e. 
CXcl and THcl) were automatically selected by mirroring across 
midline.

  Statistics 
 Statistical analysis of time-dependent changes in tissue and 

perfusion status was done with repeated-measures ANOVA and 
post hoc Dunnett’s testing. A Friedman test, with Dunn’s post hoc 
analysis, was used to compare neurological scores over time. Com-
parison between values from animals that died and those that sur-
vived was done with Student’s t test. Pearson’s correlation testing 
was performed to evaluate relationships between different MRI-
based parameters. Correlation analysis between MRI-based pa-
rameters and neurological scores was done using Spearman’s rank 
correlation test. Values are presented as the mean ± standard de-
viation, unless otherwise mentioned. p < 0.05 was considered sig-
nificant.

  Results 

 Mortality and Neurological Deficits 
 Seventeen animals (57% of total) survived at least until 

the MRI session at 2 days after SAH, and 13 animals (43% 
of total) survived up to the final MRI session after 7 days. 

  The neurological score was significantly reduced at 
day 1 (9.8 ± 3.6) as compared to baseline (15.0 ± 0.0; p < 
0.05) and (partially) recovered thereafter (13.7 ± 1.6 at 
day 7;  fig. 1 ).

  Brain Tissue and Perfusion Damage 
  Figure 2 a shows representative maps of the T2, ADC ,  

rΔT1 and CBF i  of a rat brain slice at 2 and 7 days after 
SAH. Clear T2 prolongation, ADC reduction, rΔT1 in-
crease and CBF i  elevation were apparent at day 2 after 
SAH. After a week, CBF i  and rΔT1 were still elevated, 
while T2 prolongation was less obvious and ADC values 
were variable. 

  Lesion incidence maps ( fig. 2 b) demonstrated that tis-
sue damage developed primarily in the ipsilateral senso-
rimotor cortex and caudate putamen. In most animals, 
the contralateral sensorimotor cortex was also affected. 
No tissue damage was observed in the ipsi- or contralat-
eral thalamus. T2-based lesion volumes were 166 ± 139 
and 73 ± 84 mm 3  at days 2 and 7, respectively, in animals 
that survived the entire protocol. Animals that died after 
the first MRI session at day 2 had significantly larger le-
sion volumes (374 ± 79 mm 3 ; p < 0.05). Neurological out-
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  Fig. 1.  Progression of neurological function after experimental 
SAH in rats. Box plot shows neurological score at baseline (day –1) 
and at days 1, 2, 3 and 7 after SAH in animals that completed the 
study protocol.  *  p < 0.05 versus baseline.  
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  Fig. 2.  Progression of tissue and perfusion changes after experi-
mental SAH in rats.  a  Typical examples of parametric maps of T2, 
ADC, rΔT1 and CBF i  in a coronal rat brain slice at 2 and 7 days 
after SAH.  b  Coronal slices from a T2-weighted rat brain template 
overlaid by lesion incidence map (0–100%) and ROIs, i.e. CXil 

(red), CXcl (blue), THil (yellow) and THcl (green). The colors re-
fer to the online version of the figure.  c  MRI parameter values 
(mean ± SD) in CXil, CXcl, THil and THcl at days 2 and 7 after 
SAH. CBF i  and CBV are expressed as percentage of values in THcl. 
 *  p < 0.05 versus THcl.  
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come correlated negatively with brain lesion volume at 
day 7 (r = –0.80; p < 0.05). 

  Values of MRI-based tissue and perfusion parameters 
in the different ROIs (displayed in  fig. 2 b) at days 2 and 7 
after SAH are shown in  figure 2 c. T2 prolongation was 
significant at both time points in CXil and CXcl (there 
were no significant differences between treatment groups; 
data not shown). A significant reduction in ADC was ob-
served in CXil at day 2, while a mixture of cortical areas 
with reduced and elevated ADC values at day 7 resulted 
in a pseudonormal overall ADC. Extravasation of con-
trast agent was evident from significant rΔT1 in CXil at 
days 2 and 7. ADC and rΔT1 were not significantly al-
tered in CXcl. In THil and THcl, T2, ADC and rΔT1 val-
ues remained unchanged at both time points. 

  At day 2, both CBF i  and CBV were significantly elevat-
ed in CXil, while MTT was significantly shortened ( fig. 2 c). 
Significant CBF i  increase and MTT decrease at day 2 were 
also detected in CXcl. CBF i  in CXil remained significant-
ly increased at day 7. There were no significant differenc-
es between treatment groups (e.g., relative CBF i , expressed 
as percentage of level in THcl, in CXil was 201 ± 37 and 
226 ± 76% at day 2 and 166 ± 73 and 189 ± 126% at day 7 
in interferon-β- and vehicle-treated animals, respective-
ly). Animals that died between 2 and 7 days after SAH had 
significantly higher relative CBF i  in THil (154 ± 9%) and 
relative CBV in THil (144 ± 11%) and CXil (241 ± 115%) 
at day 2, as compared to surviving animals (relative CBF i  
in THil: 114 ± 24%; relative CBV in THil: 113 ± 20%; rel-
ative CBV in CXil: 160 ± 46%; p < 0.05).

  Correlation analysis of tissue and perfusion parame-
ters for all ROIs revealed that an increase in CBF i  corre-
lated significantly with increased T2 and rΔT1 values at 
both time points ( table 1 ). Positive correlations were also 
found for subacute CBF i  at day 2 versus chronic T2 and 
rΔT1 at day 7. Significant negative and positive correla-
tions were found between CBF i  and ADC at days 2 and 7, 
respectively.

  Discussion 

 In this study, we applied serial MRI to characterize and 
correlate patterns of tissue damage and perfusion chang-
es at subacute and chronic stages after experimental SAH 
induced by rupture of the internal carotid artery at its in-
tracranial bifurcation in rats. In line with earlier studies 
that employed this endovascular perforation model  [3–
5] , we observed high acute mortality (43%) that matches 
mortality rates of about 40% after clinical aneurysmal 

SAH  [13, 14] . Previous studies with this model have pri-
marily focused on the first 24 h after SAH  [5] . The current 
longitudinal imaging study demonstrates that surviving 
animals suffer from ipsi- and contralateral brain lesions 
with subacute cytotoxic edema (i.e. ADC reduction), 
blood-brain barrier disruption (i.e. contrast agent extrav-
asation) and vasogenic edema (i.e. T2 prolongation) that 
last during the chronic phase. Subacute mortality was as-
sociated with extensive lesion size and raised ipsilateral 
perfusion levels. Lesioned areas exhibited blood-brain 
barrier leakage; however, the most striking finding was 
that hyperperfusion occurred in the area of brain injury 
at subacute as well as chronic stages after SAH. The ele-
vated CBF i  correlated significantly with edema and blood-
brain barrier permeability.

  Despite the occurrence of initial ischemia, our MRI 
data show that significantly elevated CBF and CBV in le-
sioned tissue are evident at later stages. While pial vaso-
constrictions – e.g., as a consequence of direct contact to 
subarachnoid blood – may persist  [15] , the observed rise 
in intraparenchymal blood flow seems to refute enduring 
local hypoperfusion as cause of delayed ischemic injury. 
Although ADC and T2 (partially) normalized, lesioned 
ipsilateral cortical regions displayed increased perfusion 
together with blood-brain barrier injury and edema up to 
day 7. Furthermore, subacutely elevated CBF i  was predic-
tive of chronic tissue edema, which could indicate isch-
emia-reperfusion injury, i.e. exacerbation of tissue dam-
age following restoration of blood flow in previously isch-
emic areas  [16] . This post-SAH hyperperfusion may be 
reflective of a dysfunctional vasculature with impaired 
autoregulation and/or endothelial disruption. Our find-
ings of subacute blood-brain barrier leakage – persisting 
up to day 7 – which colocalized with the area with elevat-
ed CBF, suggest that post-SAH hyperperfusion may have 
contributed to the initiation or exacerbation of blood-

Table 1.  Correlations between perfusion and tissue indices at days 
2 and 7 after experimental SAH in rats

CBFi Day 2  Day 7

T2 ADC rΔT1 T2 ADC rΔT1

Day 2 < < <
r 0.78 –0.75 0.87 0.66 0.26 0.53
p <0.05 <0.05 <0.05 <0.05 0.09 <0.05

Day 7 < <
r 0.85 0.63 0.74
p <0.05 <0.05 <0.05
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brain barrier disruption and subsequent vasogenic ede-
ma. On the other hand, we cannot exclude that post-SAH 
hyperperfusion may also have contributed to the preven-
tion or reduction of delayed cerebral ischemia.

  Although chronic hyperperfusion has not been previ-
ously described for the current rat SAH model, it is not a 
model-specific phenomenon, as posthemorrhagic hyper-
emia after 2 days has previously been reported in a pri-
mate study  [17] . Moreover, hyperperfusion  [18, 19]  as 
well as postischemic flow recovery  [20]  have also been 
observed in aneurysmal SAH patients in chronic phases.

  In conclusion, our imaging study suggests that SAH-
induced brain injury at later stages is associated with pro-
gressive changes in tissue perfusion. Moreover, hyperper-
fusion in brain lesions may seriously worsen the outcome 
and could explain, for instance, why triple-H therapy – the 

combination of induced hypertension, hypervolemia and 
hemodilution – for delayed cerebral ischemia in SAH pa-
tients is not always successful and can even be detrimental 
 [21] . Multiparametric MRI may significantly aid in diag-
nosing the brain status after SAH; however, further re-
search is required to establish if and to what extent elevat-
ed CBF after SAH contributes to progression of cerebral 
injury or reflects a pathophysiological epiphenomenon. 
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