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In this review of the pathophysiology of acute intracerebral and subarachnoid hem­
orrhage, information from several disciplines is assembled to describe the bleeding 
process, hemostasis and coagulation, fibrinolysis, erythrocyte lysis, phagocytosis, and 
changes in the state of hemoglobin. The impact of these pathophysiologic processes 
upon MR imaging, CT, and angiography is noted. 

There are significant gaps in knowledge and unresolved controversies concerning 
the physical and biochemical changes that occur in intracranial hemorrhage. Prior 
to the advent of MR imaging, there was little need for this information . This article 
is designed primarily to assemble information concerning the pathophysiology of 
acute (0-1 0 days) intracerebral and subarachnoid hemorrhage in an attempt to 
unify theories, focus research efforts, and assist in the interpretation of clinical 
images. 

Because a recent review has chronicled the sequential MR imaging changes in 
intracranial hemorrhage [1], only brief reference will be made here to current MR 
imaging theories. Instead, attention will be focused on the bleeding process, 
hemostasis and coagulation, including clot matrix formation and changes in he­
matocrit, cell lysis, phagocytosis, fibrinolysis , and the state of the hemoglobin 
molecule. Many of these changes have not been evaluated quantitatively so their 
relative effects on MR cannot be assessed. Further, some pathophysiologic 
changes have beeri included that may have as yet undiscovered significant MR 
properties. The article is divided into two sections: intracerebral and subarachnoid 
hemorrhage, respectively. 

Intracerebral Hemorrhage 

Origin and Duration of Bleeding 

Cerebral angiography has demonstrated that intracerebral hemorrhage usually 
originates from a single artery or arterialized vein. It may continue for many hours 
or days. In one study of hypertensive arterial hemorrhage, bleeding could be 
demonstrated angiographically in almost one-half (five of 12) of the patients 
examined within 5 hr of the onset of symptoms [2] . Less vigorous bleeding would 
be occult arteriographically, but is probably a common and significant event 
nonetheless. 

Serial histologic sections of intracerebral hematomas demonstrate that hemor­
rhage occurs not only at the primary angiographically detected arterial site(s) but 
also from torn arterioles at the margin of the expanding hematoma [3] (Fig. 1 A) . 
These are secondary bleeding sites and are created as blood dissects along white 
matter fiber tracts . They have been identified angiographically at the periphery of 
intracerebral hematomas as late as 16 and 20 days after clinical onset [4] . It is 
clear, therefore, that intracerebral hematomas are typically heterogeneous , slowly 
expanding collections of blood . 
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When the brain can no longer compensate for expanding 
hematoma, neurologic symptoms evolve. Assumptions that 
bleeding begins at the onset of these clinical symptoms and 
that bleeding ceases prior to an MR imaging examination are 
unfounded. It is unfortunate that these assumptions are often 
inherent in the conclusions reached in many clinical MR series 
evaluating acute intracranial bleeding. This may be one of the 
reasons why MR imaging patterns show considerable varia­
tion among clinically similar subjects. 

Hemostasis and Coagulation 

Erythrocyte aggregation begins within seconds after blood 
extravasates into the brain [5] . The MR properties associated 
with the membrane-membrane interactions that are respon­
sible for erythrocyte aggregation are unknown. This subject 
requires investigation. 

Within minutes after normal blood has extravasated into 
tissue, two important concomitant clotting processes begin. 
The first establishes hemostasis by forming a platelet plug(s) 
at the bleeding point(s). The second process is a sequential , 
highly ordered and complex series of plasma-protein interac­
tions that employ the intrinsic and extrinsic clotting pathways 
[6]. Thrombin formation converts fibrinogen to fibrin , which 
subsequently assembles into a highly ordered , polymeric, 
unretracted fibrin clot. Initially, this clot is held together by 
electrostatic interactions between neighboring fibrin mono­
mers. Stabilization of the clot is achieved eventually by co­
valent cross-linkages between adjacent fibrin molecules [6]. 
In our laboratory, we have noted that the formation of this 
unretracted clot in vitro causes a mild T2 shortening on MR 
images [Hayman LA, Taber KH , Ford JJ . Role of clot formation 
in MR of blood (in preparation)]. Subsequent clot retraction 

Fig. 1.-A, Coronal schematic of microscopi­
cally studied putamina! hemorrhage. Enlarged 
drawing of hemorrhage demonstrates RBC mass 
(inset), fibrin globes (one large and three small 
round black areas within inset), and disrupted 
arterioles (horizontal black bars within inset). 
Note similarity to CT images of the actively 
bleeding hypertensive hematoma shown in Fig. 
3. Vent. =ventricles, T =thalamus, C = caudate, 
GP = globus pallidus, P = putamen. 

B, Schematic of the larger (5-mm) "fibrin 
globe" (seen in the enlargement in A) identified 
microscopically within an intracerebral hemor­
rhage. A = ruptured artery; RBC = mass of red 
blood cells within and around the fibrin globes 
(F); P = platelet mass. (Both schematics re­
printed with permission from [3].) 

occurs if platelets are functioning normally. In vitro, this pro­
cess is nearly complete within 4 hr and has a significant T2 
shortening effect. In general, clot retraction produces an 
inhomogeneous packing of the blood cells interspersed with 
macroscopic zones of fibrin . This appearance can be dem­
onstrated in the in vitro acute blood clot shown in Figure 2. 

Microscopic examination of an in vivo clot demonstrates an 
internal architecture around the point(s) of hemorrhage. Mul­
tiple fibrin strands form concentric, three-dimensional shells, 
which surround the bleeding site. These have been termed 
"fibrin globes," "bleeding globes" [3] , or "pseudoaneurysms" 
[7] (Fig. 1 B). Within each is a fine fibrin mesh that contains 
zones of tightly packed erythrocytes interspersed with small 
platelet clumps. These globes appear to confine successive 
waves of extravasated blood. On contrast-enhanced CT 
scans of established acute hematoma, the contrast-laden, 
freshly extravasated blood is seen to accumulate within this 
fibrin network (Fig. 3). 

The formation of a stable retracted clot packs the cells to 
a hematocrit of approximately 70-90% [Hayman (in prepara­
tion) and 8] . Much of the serum is retained to a great extent 
within the clot matrix. Some of it forms a thin band of 
"acellular, proteinaceous liquid" surrounding acute (1-3 days) 
intracerebral hematomas [9 , 1 0]. 

The fibrinolytic system, driven by the conversion of plas­
minogen to plasmin, may be operative even in this early 
period. It is responsible for removing the fibrin globes and 
meshwork that originally formed in the clot [6]. The MR effects 
of this process are unknown. 

A wide variety of commonly encountered diseases and 
medications are known to alter the scenario of blood clot 
formation described above. For example, high blood alcohol 
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Fig. 2.-Serial 5-~<m sections of an in vitro 
blood clot demonstrate the inhomogeneous 
clumping of red cells and a large zone of fibrin 
(arrowheads). Multiple smaller strands of fibrin 
separate the densely packed, deformed eryth­
rocytes. At higher magnification, these small 
strands can be seen as they pass in and out of 
the plane of section. 

levels, often found in association with traumatic intracerebral 
hemorrhage, will enhance the development of intracranial 
hematoma by disturbing the function of platelets, coagulation, 
and membrane-bound enzymes [11). Chronic liver disease 
can alter blood coagulation. Bleeding disorders, which affect 
the ability of platelets to seal leaking vessels, can be caused 
by chemotherapy or aspirin, which alters the number andjor 
function of platelets. Any of these conditions may, therefore, 
alter the MR appearance of hemorrhage. Failure to include 
information relative to the bleeding or clotting conditions in 
the analysis of clinical MR imaging studies of intracerebral 
hemorrhage may, therefore, preclude accurate interpretation 
of the data. 

Changes in Cellular Morphology and Distribution 

After hemorrhage occurs, erythrocytes within the hema­
toma retain their normal biconcave configuration for a while. 
However, by day 4, in an experimental model of hemorrhage, 
they become amorphous and, as a result, more tightly packed 
[9). Initial red cell lysis occurs at the center of the hematoma. 
It can be seen after 4-8 days in the canine hemorrhage model 
[9] and after 5-1 0 days in a human autopsy series of pre­
mature infant and adult brains [12]. Minimal peripheral red cell 
lysis may be seen in this period [12). This finding contradicts 
the current theory that attributes MR signal changes in the 
periphery of subacute hematoma to initial peripheral , not 
central , cell lysis [8). 

Changes in Hemoglobin Oxygen State 

Initially, densely packed intact erythrocytes within a hema­
toma contain a mixture of oxyhemoglobin (02Hb), deoxyhe­
moglobin (Hb), and methemoglobin (MHb), which is usually 
identical to that of arterial blood. As the concentration of 
paramagnetic Hb and MHb within the hematoma changes, 
the MR signal pattern should change [13). The rate of change 
and the number of factors responsible for these changes in 
hemoglobin oxygenation are unknown. Some of the factors 
that may be responsible are discussed below. 

Erythrocyte metabolism depends on the availability of glu­
cose from the surrounding plasma. The erythrocyte has no 

glycogen stores. If the cells become glucose-deprived, there 
will be a corresponding decrease in, and ultimate failure of, 
normal erythrocyte metabolic function , membrane integrity, 
and activity of the enzyme systems, which prevent the con­
version of 0 2Hb to Hb and MHb [14] . 

Current theories, evoked to explain the MR appearance of 
blood, postulate that, within 24-72 hr of hemorrhage, intra­
cerebral hematomas contain intact erythrocytes with high 
concentrations of intracellular Hb [8] . To confirm this, it will 
be necessary to analyze erythrocyte integrity as well as 0 2Hb, 
Hb, MHb, glucose, and other parameters in samples obtained 
intraoperatively from human hematomas. 

Subarachnoid Hemorrhage 

Immediately after hemorrhage, the subarachnoid space is 
filled with erythrocytes suspended in the CSF. These eryth­
rocytes may follow one of several pathways. Some will be 
trapped within the clot that forms at the bleeding site. The 
majority will be trapped within the arachnoid villi and trabec­
ulae [15]. These are rapidly cleared from the CSF into the 
vascular system. Fifty percent of the trapped cells will be 
removed by day 1 and 90% within 1 week [16). 

Red cells are also removed from the subarachnoid space 
by phagocytosis [15). This process begins within 24 hr after 
hemorrhage. CSF macrophages, which arise from the arach­
noid mesothelial cells or enter the subarachnoid space via the 
meningeal vessels, may directly ingest erythrocytes sus­
pended in CSF or those within a blood clot. These become 
hemosiderin-laden macrophages and are eventually removed. 
If chronic, recurrent subarachnoid hemorrhages occur, they 
may accumulate in the leptomeninges, subpial tissue andjor 
the surface of the spinal cord, cranial nerves, or ventricular 
ependyma. 

Lysis of the suspended erythrocytes is another mechanism 
that can remove blood cells from the CSF. It begins within 
hours after subarachnoid hemorrhage and peaks 5-7 days 
later [16). Lysis releases 0 2Hb and smaller amounts of Hb, 
iron, heme pigments, and MHb into the CSF. The 0 2Hb is 
degraded to bilirubin and other metabolic by-products by the 
enzyme heme-oxygenase, which is present in mesothelial 
arachnoid lining cells, choroid plexus, and circulating CSF 
macrophages [16]. Heme-oxygenase activity in the CSF in-
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Fig. 3.-A and 8, Precontrast CT scans of acute hypertensive hematoma (upper row). Companion CT scans obtained immediately after contrast 
enhancement (lower row) show extravasation of contrast medium at multiple bleeding sites. (Some of these are indicated by arrows.) Note that fibrin 
network forms sharply defined margins, which compartmentalize the freshly extravasated contrast-laden blood. Arrowheads mark surface of hyperdense, 
settled blood cells at a lenticulostriate bleeding point. 

C and D, Selective left lateral carotid angiograms done immediately after CT show extravasation of contrast medium (arrows) in arterial and late venous 
phases, respectively. 

creases rapidly after hemorrhage, peaks within 2-3 days, and 
then gradually declines. The earliest activity of this enzyme 
produces early peak CSF bilirubin levels, which slowly de­
crease over a period of 1-2 weeks. As the activity of heme­
oxygenase declines, a gradual elevation of extracellular 0 2Hb 
occurs. A very small amount of this 0 2Hb is converted into 
extracellular MHb [17]. The highest reported CSF MHb level 
that we have been able to identify in the clinical literature was 
negligible at days 0-7 and less than 75 mg/1 00 ml CSF at 11 
days after clinical onset [17] . The latter was noted in a case 

of massive subarachnoid hemorrhage that cleared from the 
CSF very slowly. These extremely low levels of MHb raise 
some doubts that the reported T1 shortening observed in 
clinically subacute, subarachnoid hemorrhage is due to these 
minute changes in the CSF concentration of MHb [18]. 

Lysis of the fibrin structure in a subarachnoid blood clot is 
presumably accelerated because of the fibrinolytic nature of 
the CSF. (This has been a point of contention in the literature.) 
However, it has been shown that fibrinolytic activators are 
present in small meningeal and cerebral arteries and in the 



AJNR:10, May/June 1989 PATHOPHYSIOLOGY OF ACUTE ICH AND SAH 461 

choroid plexus [19] . The activity of these agents is thought 
to explain why so few cisternal subarachnoid clots lead to 
obstructive hydrocephalus. 

In summary, a large body of knowledge regarding the 
morphologic and biochemical features of acute intracerebral 
and subarachnoid hemorrhage has been reviewed. The many 
gaps in our knowledge of these subjects have been noted, 
and the effects that these pathophysiologic features have on 
CT and current MR imaging theories have been discussed. 
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