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  Abstract   Magnetic resonance imaging (MRI) has been 
widely used in intracerebral hemorrhage (ICH) animal mod-
els and patients. In the current study, we examined whether 
MRI can predict at-risk brain tissue during the acute phase 
and long-term brain tissue loss after ICH. Male Sprague–
Dawley rats had an intracaudate injection of autologous 
whole blood (10, 50 or 100  m L). MRI (T2 and T2*) sequences 
were performed at days 1, 3, 7, 14, and 28. The volume of 
brain tissue at risk was calculated as the difference between 
T2 and T2* lesion volumes. Dopamine- and cAMP-regulated 
phosphoprotein, Mr 32 kDa (DARPP-32) was used as a neu-
ronal marker in the basal ganglia. Brain swelling at day 3 and 
brain tissue loss at day 28 after ICH were also measured. We 
found that the difference in lesion volumes between T2 and 
T2* measured by MRI coincided well with the difference 
between the volume of the DARPP-32-negative area and that 
of the hematoma measured in brain sections. Volumes of 
brain tissue at risk at day 3 correlated with the brain swelling 

at day 3 ( p  < 0.01) as well as the  fi nal brain tissue loss at 
day 28 ( n  = 9,  p  < 0.05). The results suggest that the differ-
ence between T2 lesions and T2* lesions could be an indica-
tor of at-risk brain tissue and it could be used as a predictor 
of neuronal loss in ICH patients.  
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   Introduction 

 Intracerebral hemorrhage (ICH) accounts for 10–15 % of all 
strokes and is associated with higher mortality and more 
severe neurological de fi cits than other stroke subtypes  [  3,   13  ] . 
Perihematomal brain edema develops immediately after ICH 
and peaks several days later  [  12  ] . There is a close temporal 
relationship between brain edema and neurological de fi cits 
 [  6  ] . Brain atrophy was found in a rat ICH model  [  4  ] . 

 Magnetic resonance imaging (MRI) is an ideal method 
for characterizing the temporal and spatial evolution of 
parenchymal alterations following ICH with high sensitivity 
 [  1  ] . T2* gradient-echo imaging has been used in ICH models 
and patients to evaluate the hematoma size and iron deposi-
tion  [  2,   10  ] . We hypothesized that a simple MRI examination 
at an early stage could provide more precise information for 
predicting brain atrophy. DARPP-32 is a speci fi c marker of 
GABAergic neurons and is only expressed in the neuronal 
cell bodies and dendrites in the striatum  [  9,   15  ] . The 
 fl uorescence-negative area of DARPP-32 can be used as an 
indicator of damaged brain tissue. 

 This study examined whether or not early T2- and T2*-
weighted MRI imaging can predict at-risk brain tissue dur-
ing the acute phase and brain tissue loss during the late phase 
in ICH rats.  
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   Materials and Methods 

   Animal Preparation and Intracerebral Infusion 

 Animal use protocols were approved by the University of 
Michigan Committee on the Use and Care of Animals. 
A total 39 male Sprague–Dawley rats (Charles River 
Laboratories, Portage, MI, USA), weighing 250–350 g, were 
used in this study. Rats were anesthetized with pentobarbital 
(50 mg/kg, i.p.). The right femoral artery was catheterized 
for continuous blood pressure monitoring and blood sam-
pling. Blood was obtained from the catheter for analysis of 
blood pH, PaO 

2
 , PaCO 

2
 , hematocrit, and blood glucose. Core 

temperature was maintained at 37 °C. Rats were positioned 
in a stereotactic frame (Kopf Instruments), and a cranial burr 
hole (1 mm) was drilled on the right coronal suture 3.5 mm 
lateral to the midline. A 26-gauge needle was inserted ste-
reotactically into the right basal ganglia (0.2 mm anterior, 
5.5 mm ventral, 3.5 mm lateral to the bregma). Autologous 
whole blood at a volume of 10  m L ( n  = 4), 50  m L ( n  = 5), and 
100  m L ( n  = 30) was injected using a microinfusion pump 
 [  11  ] . The rats that had 100  m L of blood injected were eutha-
nized at days 1, 3, 7, 14, and 28 ( n  = 6 each time point) and 
the others were euthanized at day 28 after ICH.  

   Magnetic Resonance Imaging 

 Serial MRI, T2-weighted, and T2* gradient-echo imaging 
(GRE) were performed with a 7.0 T 183 cm Horizontal Bore 
(Unity Inova, Varian Inc.) imaging spectrometer at days 1, 3, 
7, 14, and 28 after ICH. Fifteen 0.5-mm-thick slices were 
scanned (FOV = 35 × 35mm 2 , matrix = 256 × 256, slice gap = 0, 
 fl ip angle = 25, TR/TE = 4,000 ms/60 ms and 200 ms/5 ms 
for T2 and T2* imaging respectively). Images were analyzed 
using NIH Image J. The entire lesion volume was measured 
on the T2-weighted images and the hematoma volume was 
measured on the T2*-weighted images. The measurements 
were as follows:

    1.    At-risk brain tissue: lesion areas on T2 and T2* weighted 
images were combined separately and multiplied by sec-
tion thickness (0.5 mm). At-risk brain tissue volume was 
obtained by the difference between T2 and T2* lesion 
volume  [  8  ] .  

    2.    Brain tissue loss volume: bilateral hemispheres were 
outlined separately and the areas were measured 

excluding bilateral ventricle areas on T2-weighted 
images at day 28 after ICH. Bilateral brain tissue vol-
ume was obtained by combining the outlined areas over 
all slices. Brain tissue loss volume was obtained by the 
difference in volume between the contralateral and the 
ipsilateral hemisphere.  

    3.    Brain swelling volume: bilateral hemispheres exclud-
ing bilateral ventricles were outlined and measured on 
T2-weighted images on day 3 after ICH. Brain swell-
ing volume was acquired using the difference in vol-
ume between the ipsilateral and the contralateral 
hemisphere.      

   Immuno fl uorescent Staining 

 Immuno fl uorescent staining was performed as described pre-
viously  [  14  ] . The primary antibody was anti-dopamine-and 
cAMP-regulated phosphoprotein of 32-kDa (DARPP-32) 
antibody (Cell Signaling Technology, 1:800 dilution). Alexa 
Fluro 488-conjugated donkey anti-rabbit antibodies 
(Invitrogen, 1:500 dilution) were used as the secondary 
antibody.   

   Results 

 DARPP-32, a speci fi c marker of GABAergic neurons in 
basal ganglia  [  15  ]  was expressed in the neuronal cell bodies 
and dendrites. At-risk brain tissue area was obtained by two 
measurements: the difference between the DARPP-32 nega-
tive area (Fig.  1a ) and the hematoma area (H&E, Fig.  1b ), 
and the difference between T2 (Fig.  1c ) and T2* (Fig.  1d ) 
lesions. On day 1 and day 3 after ICH, the difference between 
T2 and T2* lesion areas on the MRI images was 5.5 ± 1.9 
mm 2  on day 1 and 6.7 ± 0.7 mm 2  on day 3 after a 100- m L 
blood injection. These correlated well with the difference 
between the DARPP-32-negative area and the hematoma 
area (4.6 ± 1.0 mm 2  on day 1, and 6.0 ± 0.8 mm 2  on day 3) 
measured in the brain sections with DARPP-32 
immuno fl uorescent staining. The results indicate that at-risk 
brain tissue areas measured by MRI re fl ect the histological 
measurements (Fig.  1e ).  

 The volume of brain swelling measured on MR images 
on day 3 (39.7 ± 10.7 mm 3 ) after rats had a 100- m L blood 
injection was signi fi cantly increased compared with other 
time points (20.4 ± 7.9 mm 3  on day 1 and 8.4 ± 3.3 mm 3  
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on day 7,  p  < 0.01). Volumes of at-risk brain tissue calcu-
lated as (T2–T2*) lesion volumes were signi fi cantly 
higher on day 3 (42.5 ± 8.2 mm 3 ) after ICH compared 
with other time points (26.9 ± 4.9 mm 3  at day 1 and 
6.6 ± 2.8 mm 3  at day 7,  p  < 0.01). Brain swelling volumes 
on day 3 in rats that had different volumes (10, 50, and 
100  m L) of blood injection coincided well with the  volume 

of at risk tissue ( n  = 15,  r  = 0.857,  p  < 0.01, Fig.  2a ). 
Volume of at-risk brain on day 3 after a 10- or 50- m L 
blood injection also correlated with the  fi nal brain tissue 
loss measured on day 28 ( n  = 9,  r  = 0.678,  p  < 0.05, 
Fig.  2b ). At-risk brain tissue volume measured on MRI 
images on day 3 could be a desired indicator for  predicting 
long-term brain atrophy (Fig.  3 ).    
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  Fig. 1    ( a ) DARPP-32-negative 
area showing acute neuronal 
death in the basal ganglia. 
( b ) Hematoxylin and eosin stain 
showing hematoma size. Scale 
bar = 2 mm; ( c ,  d ) T2 and T2* 
MR images on day 3 after 
intracerebral hemorrhage (ICH). 
( e ) At-risk brain tissue volumes 1 
and 3 days after ICH were 
determined by the difference 
between the DARPP-32-negative 
area and clot size and that 
between T2 lesions and T2* 
lesions       
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  Fig. 2    At-risk tissue volumes correlated well with brain swelling 
 volumes on day 3 ( a ) and with brain tissue loss on day 28 ( b ) after 10, 
50 or 100  m L of blood injected into the right caudate of rats.  Triangles  

refer to animals with a 10- m L autologous blood injection,  circles  to 
50  m L, and  small squares  to 100  m L       
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  Fig. 3    MRI measurement showing that brain tissue at-risk on day 3 after ICH is a predictor of long-term brain tissue loss       
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   Conclusion 

 The major  fi ndings in this study are:  fi rst, at-risk brain tissue 
areas measured on MRI images correlated well with lesions 
showing as DARPP-32 immunoreactivity loss during the 
 fi rst several days after ICH; second, at-risk tissue volumes 
measured at day 3 after ICH correlated not only with the 
brain swelling volumes on day 3, but also with brain tissue 
loss measured on day 28. 

 DARPP-32, a speci fi c marker of GABAergic neurons, is 
located in the basal ganglia, and was used to con fi rm brain 
injury morphologically. T2- and T2*-weighted MR images 
are non-invasive measurements that can provide important 
information regarding hematoma, brain edema, as well as 
brain tissue damage. T2 relaxation times are considered to 
relate to the dynamic state of water at microscopic tissue lev-
els and are sensitive to water binding  [  7  ] . We consider it to be 
the whole extent of at-risk tissue. T2* sequences are usually 
obtained to detect small areas of heme deposition. Recent 
research also demonstrated that it likely represents ferric iron 
deposition within the brain parenchyma  [  10  ] . In this study, 
T2*-weighted images were used to con fi rm the existence and 
evaluate hematoma size during the early phase of ICH  [  8  ] . 
Through the comparison of T2/T2* lesions with DARPP-32 
negative/hematoma areas, we found that at-risk tissue areas 
determined on MR images correlated well with that shown in 
histological sections at different time points after ICH. This 
indicates that at-risk brain tissue areas can be determined by 
the T2/T2* MR images. 

 It is important to develop a measurement that can be used to 
estimate acute brain injury. The measurement can then be used 
to predict ICH patient brain tissue loss and assess the effective-
ness of therapies. Brain atrophy after ICH develops gradually 
and peaks between 1 and 2 months in rats  [  5  ] . Our current 
results showed that at-risk brain tissue volumes measured on 
day 3 after ICH correlated well with brain tissue loss on day 28. 
At-risk brain tissue volumes measured by MRI could be an 
indicator for predicting long-term brain atrophy. In addition, 
the fact that at-risk brain tissue areas induced by 100  m L of 
autologous whole blood were much larger than those induced 
by a 50- or 10- m L blood injection indicates that the key factor 
affecting ICH outcome is hemorrhagic volume  [  13  ] . 

 Our previous studies found a correlation between acute 
edema formation and ICH-induced neurological de fi cits dur-
ing the acute phase  [  6  ] . It is not clear whether or not there is 
connection between edema and the brain tissue at risk mea-
sured on MR images. According to the current study, the 
degree of brain swelling on day 3 after ICH did correlate 
with volume of at-risk brain tissue on day 3 measured on 
T2/T2* images. 

 In summary, the present study shows for the  fi rst time to 
our knowledge the utility of using MRI (T2, T2*) as a tool in 
evaluating early brain injury and predicting long-term brain 
tissue loss after ICH.      
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