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Intracerebral hemorrhage (ICH) kills more

than 20,000 Americans annually and accounts

for 10% to 20% of all strokes and two thirds of

hemorrhagic strokes [1]. The major causes of ICH

are listed as follows:

Hypertension

Vascular malformations

Arteriovenous malformation (AVM)

Cavernous malformation (CM)

Aneurysm

Saccular

Mycotic

Amyloid angiopathy

Coagulopathy

Tumor

Hemorrhagic infarct

Illicit drug use

Venous occlusion

Vasculitis

Encephalitis

CT remains the diagnostic test of choice in

acute ICH because of its exquisite sensitivity to

acute hemorrhage, short examination time, low

cost, widespread availability, and the technical

ease of obtaining a scan in an acutely ill patient.

Alternatively, diagnosis of remote hemorrhage

may not be possible by CT.

MRI has traditionally been thought to be less

sensitive and specific for hyperacute hemorrhage;

however, many recent reports have demonstrated

increasing promise with sensitivities approaching

100% [2–8]. MRI is a powerful tool for the diagno-

sis of subacute and chronic hemorrhage because of

its great sensitivity and specificity to the byprod-

ucts of hemoglobin degradation and, by extension,

its ability to estimate the age of a hematoma.

In addition, MRI offers a greater potential for

identification of preexisting brain lesions [9].

The pathophysiology of ICH is not completely

understood [10]. The clinical timing of the actual

hemorrhagic event is notoriously inaccurate. The

exact time course of hematoma evolution may vary

depending on the pathophysiologic state; hence,

the staging of ICH is not only arbitrary but is also

somewhat inaccurate. To increase the confusion,

the pathologic definition of the ‘‘same’’ stage differs

from the definition based on imaging findings.

With these limitations in mind, those factors that

are intrinsic to pathophysiology of the lesion and

those known to be relevant to imaging are dis-

cussed here.

Biochemical evolution

of intracerebral hemorrhage

Hemoglobin is a tetramer of polypeptide chains,

with each polypeptide chain having a prosthetic

heme group bound within a hydrophobic cleft

[11]. Each heme group contains an iron atom in a

ferrous (Fe2þ) state. The heme iron molecule has

six bonds. In the oxyhemoglobin state, which is

the predominant state as blood leaves the lungs,

there is an oxygen molecule attached to the sixth

bond. The interaction of the six bonds with the

metal core causes six outer electrons in the five

d orbitals to pair in the electronic orbitals of

the lowest energy. Therefore, there are no unpaired

electrons in the oxyhemoglobin state. As blood
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travels through the capillaries, oxygendisassociates

from hemoglobin because of low partial oxygen

pressure in the tissues forming deoxyhemoglobin.

In this form, the sixth bond is vacant and there

are four unpaired electrons in the five d suborbitals.

This is a physiologic and reversible process.

When removed from the high oxygen environ-

ment of the circulation, the bulk of the blood

remains in the oxyhemoglobin state for an addi-

tional 2 to 3 hours. There is immediate activation

of the clotting cascade with incorporation of other

cellular elements to the red blood cells (RBCs) in

the formation of a clot. As the clot matrix forms,

soluble plasma proteins are converted to a gel

matrix, which is then concentratedmore by platelet

contraction. Evaluation of a retracted clot demon-

strates a hematocrit of approximately 90%. During

retraction, some of the serum is released to the

periphery. In the meantime, deoxyhemoglobin

forms at the periphery of the hematoma followed

by the failure of the metabolic pathways (methe-

moglobin reductase systems) that prevent oxidation

of heme iron, leading to oxidative denaturation

of hemoglobin to methemoglobin. In methemo-

globin, heme iron is in a ferric (Fe3þ) state with

five unpaired d electrons and is unable to bind

oxygen. Conversion of hemoglobin to methemo-

globin is a reversible reaction, which requires the

presence of some oxygen to take place, although

not all the factors affecting this process have been

described [12,13]. ICH leads to themost rapid tran-

sition from one stage to the other owing to the ideal

partial oxygen pressure in the brain parenchyma

(~20 mm Hg) for oxidative denaturation of hemo-
globin [14]. Higher oxygen concentrations (~40
mm Hg) in the subdural, epidural, subarachnoid,

and intraventricular compartments result in slow

progression of hemoglobin evolution.

As part of the response of brain microvascula-

ture to hematoma, sprouts of endothelial cells

begin growing on approximately the third day.

By 1 week, these form a lumen and carry circulat-

ing blood to the margins of the hematoma. With

concurrent oxidative denaturation of methemo-

globin, heme proteins are formed. These are pha-

gocytosed by macrophages and glial cells, and the

iron is stored in ferritin to be transported to the

reticuloendothelial system for recycling. Excess

iron is stored as hemosiderin.

MRI of intracerebral hemorrhage

The MRI appearance of ICH is an evolving

pattern of variable signal intensities that depends

on the various oxygenation states of hemoglobin

and hemoglobin byproducts present. This evolu-

tion is rather predictable, although variations

exist. Several other factors, including location of

the hematoma, operating field strength, mode of

image acquisition, status of the RBCs, presence

of underlying brain lesion, and coagulopathy influ-

ence the MRI appearance. Basic understanding of

the biochemical evolution of ICH and magnetic

properties of matter that affect the MRI signal is

necessary to interpret the MRI of ICH.

Magnetic properties of hemoglobin byproducts

A complete discussion of image generation in

MRI is beyond the scope of this article, and inter-

ested readers are referred to other resources [15,16].

A magnetic field is generated by a moving elec-

tric charge. The strength of the magnetic field is

determined by the size and momentum of the elec-

tric charge. Themagnetic field generated by the unit

charge is called a magnetic dipole. An electron in

an atomic orbital represents a moving charge with

orbital angular and spin angular momentum that

generates a magnetic field. Although nuclear mag-

netic interactions occur and nuclear magnetization

(primarily of protons) is the basis of the generation

of theMRI signal, themagnetic properties of tissue

are mainly determined by the electronic configura-

tion of the atoms and molecules [17]. Unpaired

electrons produce a magnetic dipole as a result of

their spin angularmomentum; the greater the num-

ber of unpaired electrons, the greater is the created

magnetic dipole. The interaction between the elec-

tronic dipole of the unpaired electrons and the

nuclear dipole of the proton is termed dipole–dipole

interaction and has a profound effect on T1 and

T2 shortening when these electronic magnetic

moments correctly orient and fluctuate at or near

the MRI signal (Larmor) frequency for protons.

Substances that have no intrinsic magnetic field

but shorten either T1 or T2 when placed in a mag-

netic field are termed paramagnetic. Because the T1

time of biologic substances is generally 5 to 10 times

longer than the T2 time, discernible T1 shortening

occurs at much lower concentrations of para-

magnetic substances [18]. T1 shortening results in

bright signal on T1-weighted images (T1WIs).

Three criteria need to be fulfilled for T1 short-

ening to occur: (1) a paramagnetic substance must

be present, (2) the electron spin relaxation time

must be long enough to enhance effective relaxa-

tion of water protons, and (3) the hydrogen atom

of the water molecule must be able to approach
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the paramagnetic center (heme iron) within 0.3 nm.

Despite the moderately strong paramagnetism of

deoxyhemoglobin, T1 shortening is not observed

in its presence, because dipole–dipole interac-

tions cannot take place owing to shielding of heme

iron from the close approach of water molecules.

Conversely, strongly paramagnetic methemoglo-

bin demonstrates marked T1 shortening, because

the change in themolecular conformation of hemo-

globin in the methemoglobin state allows protons

to approach the heme iron. Again, because of the

molecular conformation of methemoglobin, the

electron spin relaxation time is closer to the Larmor

frequency for water protons, resulting in more

effective relaxation [18].

For paramagnetic substances in aqueous solu-

tions, T1 shortening dominates the T2 shortening

in concentrations usually encountered. Another

paramagnetic mechanism known as magnetic sus-

ceptibility effect can selectively shorten T2 without

affecting T1, however [19]. Paramagnetic sub-

stances with unpaired electrons produce local mag-

netic nonuniformity, which leads to dephasing and

thus to T2 shortening. The greater the nonunifor-

mity, the greater is the T2 signal decrease. Because

the nonuniformity is proportional to the magnetic

field strength, the signal decrease is greater at

higher field magnets.

An additional magnetic susceptibility effect

related to a field strength–dependent phenomenon

(which accounts for the loss of T2 signal) is the

dephasing of spins caused by diffusion of water

molecules across intact RBC membranes when

intracellular deoxyhemoglobin or methemoglobin

is present. In this state, the induced magnetic field

within RBCs is greater than the nonparamagnetic

extracellular plasma such that the diffusing water

molecules experience amagnetic gradient, resulting

inT2 signal decrease.Magnetic susceptibility effects

account for a substantial portion of the observed

T2 shortening related to deoxyhemoglobin and

intracellular methemoglobin at high-field magnets.

Clark et al [20] demonstrated that polymeriza-

tion of fibrinogen to form fibrin and retraction of

fibrin clot by platelets lead to a 17% reduction in

T2 at 2.1 T. Because T2 shortening as a result of

clot retraction is not dependent on field strength,

a larger contribution to signal loss from these

effects is expected at lower magnetic field strengths.

This may lead to somewhat delayed detection of

T2 shortening in low-field magnets, particularly

in those patients who have coagulopathy. The

same authors also demonstrated that increasing

the hematocrit increases T2 shortening in a linear

fashion and that this effect increases with increas-

ing field strength.

Temporal evolution of intraparenchymal

hemorrhage defined by MRI

Most parenchymal hematomas evolve in a

predictable fashion, although variations exist

(Table 1). The exact time course of biochemical

changes may vary depending on the precipitating

pathophysiologic state. The MRI appearance is

influenced by the acquisition mode and field

strength [13]. Five stages of hemorrhage can be

identified by MRI. Although it is practical to

describe the evolution of a hematoma in these

well-defined stages, they frequently coexist. By

convention, the stage of the hematoma is defined

by the most mature form of hemoglobin present.

In this discussion, all images are acquired at 1.5 T.

Hyperacute hematoma

Freshly extravasated blood consists of intact

RBCs with oxyhemoglobin, plasma, and other cel-

lular elements. Because there is no paramagnetic

substance at this time, there can be no T1 or T2

shortening. The MRI appearance of hyperacute

Table 1

Evolution of hemoglobin byproducts

Signal intensity compared

to gray matter

Hematoma stage Time Hemoglobin state Compartment T1WI T2WI

Hyperacute 0–24 hours Oxyhemoglobin Intracellular ¼to fl ››
Acute Several hours

to 3 days

Deoxyhemoglobin Intracellular flfl flflfl

Subacute early 3–7 days Methemoglobin Intracellular ››› flflfl
Subacute late 7–14 days Methemoglobin Extracellular ››› ›››
Chronic 14þ days Hemosiderin Intracellular fl flflfl

T1WI ¼ T1-weighted image; T2WI ¼ T2-weighted image.
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hemorrhage is essentially identical to that of many

brain lesions in the first 3 hours (ie, isointense to

slightly hypointense T1 signal and hyperintense

T2 signal). Shortly after ictus, deoxyhemoglobin

starts to form at the periphery of the hematoma

as a result of favorable partial oxygen tension for

hemoglobin–oxygen disassociation in the sur-

rounding brain parenchyma. Conversion to de-

oxyhemoglobin continues in the ensuing hours.

At approximately 24 hours, deoxyhemoglobin

becomes the dominant byproduct within the

hematoma. The minimum amount of deoxyhemo-

globin needed for visible T2 signal change depends

on the field strength and imaging technique [19].

After the first few hours, a thin rim of decreased

T2 signal is observed around most hematomas,

particularly at high-field magnets (Fig. 1).

Hyperacute hemorrhage is rare in clinical prac-

tice, because at least several hours pass between

the ictus and MRI acquisition in most situations.

Acute hematoma

Approximately 1 to 3 days after the ictus, most

of the hematoma has been converted to paramag-

netic deoxyhemoglobin, which is shielded from the

nonparamagnetic extracellular environment by the

intact RBC membrane. Diffusing water molecules

across the RBC membrane experience a magnetic

gradient that results in local field nonuniformity

and T2 signal decrease. At this stage, virtually

the entire hematoma is markedly hypointense on

T2-weighted images (T2WIs) (Figs. 2–4). There is

usually a surrounding area of hyperintensity

reflecting vasogenic edema and extracted serum.

Despite the paramagnetic property of deoxy-

hemoglobin, no T1 shortening is seen in the acute

phase, because the molecular configuration of

deoxyhemoglobin does not allow water molecules

to approach the heme iron. The observed mild

hypointensity on the T1WI is a reflection of the

short T2 of deoxyhemoglobin.

It should be noted that under low-field condi-

tions, acute hematoma is essentially isointense to

brain parenchyma on conventional spin-echo

(CSE) T2WIs. Utilization of a long TR as well as

a long TEmay improve the detection of hematoma

on T2WIs. Gradient-echo (GRE) imaging is also

useful for this purpose in low-field systems [21].

Subacute hematoma

In the early subacute stage, deoxyhemoglobin is

oxidized to methemoglobin at the periphery of the

hematoma as a result of favorable oxygen tension

in the surrounding brain parenchyma. Because

methemoglobin is paramagnetic, a high-intensity

rim appears on T1WIs beginning approximately

2 to 3 days after the ictus and converges radially

inward during the following days. Hematoma con-

tinues to be markedly hypointense on T2WIs in the

early subacute phase because of the paramagnetic

methemoglobin as well as the magnetic gradient

created across the RBC membrane (Fig. 5).

Impaired cellular mechanisms lead to loss of

cellular integrity approximately 7 days after the

hemorrhage, resulting in loss of T2 shortening

effects from compartmentalized methemoglobin.

T1 signal continues to be high and dominates the

late subacute phase. T2WIs also demonstrate a

high signal hematoma despite the paramagnetic

methemoglobin (Figs. 2 and 6). This seemingly

contradictory situation results mainly from the

prominent T1 shortening and relatively high con-

centrations of proteins within the hematoma

increasing the proton density and T2 signal [22].

Chronic hematoma

The appearance of a dark rim around the hema-

toma defines the chronicity at around the day 14.

Fig. 1. (a) Acute lobar hemorrhage in a patient with

history of cocaine abuse. The only clue to the acute

hematoma on MRI is the hypointense rim on the T2-

weighted image as a result of deoxyhemoglobin for-

mation at the periphery (b), which is much better

depicted on the gradient-echo image (c). The lesion is

barely perceptible on the T1-weighted image (d).
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This is caused by ferritin and hemosiderin deposi-

tion in the macrophages and glial cells and is

apparent on T2WIs because of magnetic suscepti-

bility effect [23,24]. Although these iron storage pro-

ducts are paramagnetic at physiologic temperatures,

they are inaccessible to water molecules; thus,

no dipole–dipole interaction takes place. Because

extracellular methemoglobin is still present, how-

ever, there continues to be an increased T1 signal

in the center of the hematoma, which decreases

gradually but persists for several months after the

bleed. Occasionally, methemoglobin may remain

for years, but the presence of methemoglobin

in an area of remote hemorrhage generally sug-

gests rehemorrhage or an underlying lesion, lead-

ing to abnormal evolution [25]. The dark rim

seen on T2WIs thickens as ferritin/hemosiderin

accumulates. This area of marked hypointensity

Fig. 2. MRI studies obtained 36 hours and 10 days after the clinical event. (A,B) Acute left occipital hematoma. Note

decreased T2 (A) and T1 (B) signals in the center of the hematoma as a result of deoxyhemoglobin. A small amount of

intracellular methemoglobin has already formed at the periphery. Surrounding increased signal on a T2-weighted image

(T2WI) reflects vasogenic edema and extracted serum. In the late subacute stage, the hematoma demonstrates markedly

increased signal on both a T2WI (C) and a T1-weighted image (D) because of extracellular methemoglobin.
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remains indefinitely in most hematomas (Figs. 7

and 8).

It has been well established that MRI is quite

sensitive for the detection of subacute and chronic

ICH. It is also known that GRE sequences, partic-

ularly those with a low flip angle and long echo

time, are more sensitive than CSE and fast-SE

sequences (Figs. 9 and 10) [26,27]. GRE sequences

were found to be superior to diffusion-weighted

echoplanar images as well [28,29]. Despite the the-

oretic advantages of CSE, there is no clinically sig-

nificant difference demonstrated between CSE and

fast-SE [30]. Recently, a number of experimental

and clinical studies reported high sensitivity for

detection of hyperacute ICH [2–8]. As a reflection

of the difficulties in performing an early MRI scan

on these patients, studies included limited numbers

of patients. Nevertheless, there is convincing evi-

dence that MRI can detect ICH as early as 2.5

hours with a high sensitivity using GRE sequences.

Caution must be exercised, however, because most

Fig. 4. Small acute hematoma in the left parietal

subcortical white matter caused by aspergillus infection.

The markedly decreased signal on this T2-weighted

image is secondary to deoxyhemoglobin, which is

difficult to differentiate from hemosiderin without a

T1-weighted image. The vasogenic edema is a clue to the

acute nature of the lesion.

Fig. 5. (a) Acute hematoma on CT. On follow-up MRI,

the markedly decreased signal on the diffusion-weighted

(b) andT2-weighted (d) images and the increased signal on

the T1-weighted image (c) are secondary to intracellular

methemoglobin. Individual partition from a Magnetic

ResonanceAngiography (MRA) uncovers the underlying

arteriovenous malformation.

Fig. 3. Hypertensive lobar hemorrhage. (a) Small right

frontal hematoma with a small amount of subarachnoid

hemorrhage on CT. (b) A T2-weighted image (T2WI)

shows markedly decreased signal, reflecting deoxyhemo-

globin and thus acute hematoma. (c) Note that the

hematoma appears larger on the gradient-echo image

because of increased susceptibility effect. A small area of

increased signal on a T1-weighted image at the periphery

of the hematoma is caused by methemoglobin, which is

intracellular, because there is no corresponding high

signal on the T2WI (d).
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of the patients in the reported series had rather

large hematomas, making the diagnosis easy.

The evaluation of the peripheral brain may be

limited as a result of susceptibility artifacts aris-

ing from the skull on GRE imaging, which is the

most sensitive pulse sequence. Furthermore, the

specificity of MRI may be limited in the hyper-

acute stage [31]. Therefore, it is premature to

conclude that MRI can replace CT in the hyper-

acute stage.

CT of intracerebral hemorrhage

Acute hemorrhage is seen as increased attenua-

tion on CT. This increased attenuation is related to

the high electron density of the protein (globin)

component of the hemoglobin molecule [32]. The

CT attenuation value of whole nonclotted blood

with a hematocrit of 45% is 56 Hounsfield units

(HU), and that of the cerebral cortex is 37 to 40

HU [32,33]. A few hours after acute hemorrhage,

the hematocrit is measured at 90% as a result of

clot retraction, which continues to occur in the first

Fig. 7. Bilateral curvilinear areas of decreased signal in

the putamina reflecting remote hemorrhages in this

patient with hypertension.

Fig. 8. (a) Acute right parietal white matter hematoma

caused by an underlying arteriovenous malformation.

(b) Follow-up CT shows no sign of hemorrhage. A fluid-

filled cavity is seen on MRI with a hemosiderin rim on

the T2-weighted (d) and gradient-echo (c) images,

consistent with chronic hematoma. (c) A small amount

of methemoglobin persists on the T1-weighted image.

Fig. 6. Hypertensive lobar hemorrhage. (a) Acute

hematoma in the right frontal lobe. High signal on the

T1-weighted image (TIWI) and T2-weighted image

(T2WI) obtained 10 days later indicates extracellular

methemoglobin. A hemosiderin rim has already formed

(b) and is better seen on the diffusion-weighted image

(d). Note that hyperacute and late subacute hemorrhage

may be identical on the T2WI, emphasizing the

importance of evaluating both the T1WI and T2WI

together (compare with Fig. 1).
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days, leading to increasing attenuation values of

the hematoma up to 3 days [33]. At this time, the

attenuation of acute hematoma is 80 to 86 HU.

There is usually a halo of decreased attenuation

around the sharply demarcated acute hematoma,

reflecting a combination of edema and extracted

serum.

Relatively less increased attenuation can be

observed in acute hematomas in patients who have

coagulopathy as a result of impaired clot forma-

tion and/or retraction. Another factor that may

affect the attenuation of hematoma is the hemat-

ocrit of the patient. Hemorrhage into a preexisting

lesion may result in dilution of blood byproducts.

Presence of fluid–fluid levels in the hematoma sug-

gests an underlying coagulopathy or hemorrhage

into a preexisting cavity [34].

Independent of the etiology of hemorrhage, an

enhancing rim is observed on contrast-enhanced

scans in the subacute stage, reflecting disruption

of the blood–brain barrier and ‘‘leaky’’ neovascu-

larity [35,36].

In the following days, the attenuation of the

hematoma decreases at a rate of 1.5 HU/d [37].

In the subacute stage, a slightly hazy margin can

be observed. Approximately 3 weeks after ictus,

an intraparenchymal hematoma is similar in

attenuation to the adjacent normal brain. Resolu-

tion of mass effect generally lags behind the nor-

malization of attenuation, however (Fig. 11).

In the early chronic stage, a hematoma appears

as an ill-defined low-attenuation area. An area of

cerebrospinal fluid–like attenuation with local vol-

ume loss is seen in the chronic phase. Because there

is no blood byproduct seen on CT in the chronic

stage, the diagnosis of hemorrhage is inferential.

Fig. 10. Cavernous malformation (CM). (a) There are two lesions in the left frontal lobe and internal capsule with

hemosiderin rings, compatible with CMs on the gradient-echo image. Note that on the fast spin-echo T2-weighted image,

the smaller CM is not seen and it is impossible to identify the hemosiderin deposition associated with the larger CM.

Fig. 9. Central nervous system vasculitis. Small hemor-

rhagic lesion in the left occipital cortex/subcortical region.

Note that it is difficult to recognize the hemorrhagic

nature of the lesion on the fast spin-echo T2-weighted

image (b) without the gradient-echo image (a).

320 N. Aygun, T.J. Masaryk / Neurosurg Clin N Am 13 (2002) 313–334



Etiology of intracerebral hemorrhage

Hypertensive intracerebral hemorrhage

Seventy percent to 90% of the patients who

present with acute ICH have elevated blood pres-

sure [1,38,39]. Increased blood pressure, however,

may be secondary to increased intracranial pres-

sure and the resulting Cushing’s reflex. In one

study, only 45% of the patients with acute ICH

had a history of hypertension [40]. In another

study, 48% of the thalamic, putaminal, or poste-

rior fossa hematomas and 65% of the lobar

hematomas were associated with an underlying

structural lesion in patients who were younger

than 45 years of age and did not have preexisting

hypertension [41]. Therefore, it is important to

evaluate the patient’s age and previous history

along with imaging findings before making a

presumptive diagnosis of ‘‘hypertensive ICH’’

[40]. One must also be aware of the prognostic

implications of ICH unrelated to hypertension.

Hypertensive ICH is believed to occur as a

result of rupture of microaneurysms involving

the penetrating vessels [42]. Hematoma enlarge-

ment from continuing bleeding is associated with

clinical deterioration, and it is not uncommon

for such enlargement to occur in the first hours

after ictus [43–45]. Heavy drinking, decreased

level of consciousness at presentation, irregularly

shaped hematomas, and low level of fibrino-

gen are associated with a greater likelihood of

hematoma enlargement [45, 46]. Enlargement of

a hematoma can reliably be identified with CT

when it is greater than 12.5 cm3 or greater than

140% of its original size [47]. Increasing mass effect

is invariably associated with enlargement of a

hematoma in the first few days after ictus. There

is a second time point in the second or third week

of evolution of the hematoma when an increase in

mass effect is observed because of enlargement of

the perihematoma edema [48]. This is generally

not associated with clinical deterioration, how-

ever, and may be related to absorption pathways

of the edema fluid [49].

The typical locations of a hematoma caused by

hypertensive ICH are the putamen, caudate, thala-

mus, lobe of a hemisphere, cerebellum, and pons

(Fig. 12).

The putamen is the most common location for

hypertensive ICH. The hematoma may be local-

ized to the anterior, middle, or posterior putamen.

The resultant neurologic syndrome and patient’s

outcome may be different for different locations.

Expanding putaminal hematomas can involve the

anterior limb of the internal capsule, globus pal-

lidus, and caudate medially; the insular region

laterally; and the posterior limb of the internal

capsule dorsally. Intraventricular rupture is not

uncommon.

Lobar hemorrhages typically occur at the

gray–white matter junction in the subcortical

region.

Thalamic hemorrhages may involve the lateral

or medial thalamus (Fig. 13). Medially expanding

hematomas rupture into the third ventricle. The

posterior limb of the internal capsule is often

involved with lateral extension.

Pontine hemorrhages are often devastating

events. They involve the junction between the basis

pontis and tegmentum in the midpons.

Cerebellar hematomas are usually located in

the region of the dentate nucleus. Because of their

critical location, they generally require emergent

surgery.

Caudate hematomas either expand medially to

rupture in the ventricle or dissect posterolaterally

or posteroinferiorly. Caudate hematomas with

posterolateral extension may be indistinguishable

from putaminal hematomas.

Fig. 11. Lobar hemorrhage. Left occipital hematoma on

CT studies obtained 2 (a), 10 (b), 13 (c), 28 (d), and 40

(e) days after ictus. Note that despite the gradual

decrease in attenuation, mass effect persists. Peripheral

contrast enhancement is seen on the study performed on

day 17 (f).
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Clinically silent remote microbleeds and ische-

mic lesions are not infrequently observed in

patients with hypertensive ICH (Fig. 14) [50–52].

Intraventricular rupture of a parenchymal

hematoma carries a worse prognosis. Intraventric-

ular hemorrhage (IVH) in the absence of a paren-

chymal hemorrhage is rare. Etiologies of isolated

IVH include aneurysms, vascular malformations,

and coagulopathies [53,54]. The role of hyperten-

sion as the primary causative factor is not clear,

although hypertension is not uncommonly associ-

ated with isolated IVH [55,56].

Hematomas larger than 40 cm3 are associated

with a worse prognosis [57]. The hematoma vol-

ume can be accurately estimated by multiplying

the greatest dimensions of the hematoma and

dividing the result by 2 [58].

The overall mortality of ICH is the highest

among various types of stroke and approaches

60%, which has been relatively constant despite

refinements in patient care. Intraventricular rup-

ture, low Glasgow Coma Scale scores at presenta-

tion, large hematomas, and hydrocephalus are the

major predictors of poor outcome [57,59–61].

There is no standard treatment (medical or sur-

gical) for hypertensive ICH [62]. The discouraging

results of early randomized trials investigating the

efficacy of surgery have led to great variability in

treating this deadly disease [63,64]. With the recent

advances in less invasive surgical methods, there is

now a growing interest in the surgical management

of hypertensive ICH. More recent randomized

trials have demonstrated a trend for surgery to

reduce the mortality and morbidity, although

there is still need for a large randomized trial that

has the statistical power to achieve the necessary

high level of accuracy [65]. Zuccarello et al [66]

compared the 3-month outcome for urgent sur-

gical evaluation and nonsurgical management of

ICH and demonstrated that a large randomized

trial is feasible. Montes et al [67] and Miller et al

[68] reported encouraging preliminary results

regarding their experience with aspiration of ICH

under stereotactic CT guidance after thrombolysis.

There is currently a multicenter randomized trial

underway [69].

The rationale of early surgical hematoma evac-

uation is based on the concept that there is a

penumbra of functionally impaired but salvage-

able brain tissue surrounding the hematoma. Ani-

mal models of ICH have demonstrated that there

Fig. 13. Hypertensive hemorrhage. (a) Small acute

hematoma in the right thalamus. (b) A well-defined

area of decreased attenuation in the thalamus on CT

obtained 23 days after ictus is difficult to identify as

evolving hematoma without the previous study. (c)

More than a year later, T2-weighted MRI demonstrates

a linear hemosiderin deposition.
Fig. 12. Common locations of hypertensive hemor-

rhage. Left putaminal with intraventricular extension

(a), right thalamic (b), lobar (c), and cerebellar (d)

hematomata in different patients.
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is increased mass effect and edema with decreased

perfusion around the hematoma and that the

development of these can be prevented with early

hematoma evacuation [70]. Qureshi et al [71]

analyzed the injured, necrotic, and apoptotic cells

around iatrogenically created hematomas in

rabbits and demonstrated potentially salvageable

brain tissue. Siddique et al [72] showed improved

regional perfusion after hematoma evacuation in

human patients, although the role of decreased

perfusion in the pathogenesis of brain damage is

not clearly understood [73]. Using positron emis-

sion tomography, despite the presence of hypoper-

fusion, no increase in oxygen extraction fraction

was observed in the region of hypoperfusion (sug-

gesting a factor other than ischemia as the cause of

brain damage in ICH) [74]. Hall et al [75] pre-

sented evidence that oxidation of hemoglobin

may account for the development of edema and

brain damage. As the pathogenesis of brain dam-

age is being elucidated, what imaging can offer to

help in this process remains to be seen. Tissue per-

fusion can be reliably measured with positron

emission tomography, single photon emission

computed tomography, and CT, and these modal-

ities may separate the patients who are likely to

benefit from surgery from those who are not if

decreased perfusion is proved to be the causative

factor for brain injury in ICH. Unfortunately,

susceptibility-related artifacts hinder the evalua-

tion of the brain parenchyma in the vicinity of the

hematoma with powerful tools of modern neuro-

imaging, such as perfusion–diffusion MRI and

magnetic resonance spectroscopy, although some

authors have reported encouraging results [76].

Cerebral amyloid angiopathy

Cerebral amyloid angiopathy (CAA) is charac-

terized by deposition of amyloid in the cortical and

leptomeningeal vessels and is a major cause of

ICH, particularly in the normotensive elderly

[77]. The apolipoprotein E e2 and e4 alleles are
associated with CAA, earlier age at first hemor-

rhage, and increased risk of recurrent hemorrhage,

but they are neither specific nor sensitive for CAA

[78,79]. The specificity and sensitivity of brain

biopsy are not high because of the frequent pres-

ence of CAA in healthy individuals and patchy

involvement of the brain with CAA [80,81]. The

clinical hallmark is recurrent lobar hemorrhages,

but CAA may present with recurrent transient

neurologic symptoms and progressive dementia

[82]. The first hemorrhage may be indistinguish-

able from hypertensive ICH on imaging studies.

Demonstration of previous hemorrhages in a lobar

location has been proven to be helpful in the clin-

ical diagnosis of CAA (Fig. 15). GRE MRI is best

suited for this purpose [83]. Approximately 50% of

patients develop recurrent hemorrhage in 1.5 years

after the first hemorrhage. GRE MRI is a useful

tool for assessment of progression.

Arteriovenous malformations

AVMs are congenital vascular abnormalities

that develop as a result of failure of regression of

Fig. 14. Hypertensive microhemorrhage. Punctate areas

of decreased signal on the T2-weighted image in the

putamina bilaterally, left thalamus, and left cerebellum,

reflecting remote microhemorrhages in this hypertensive

patient.
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the primitive direct communications between the

arterial and venous systems, which leads to an

arteriovenous connection through a nest of ab-

normal vessels supplanting the normal capillary

bed. The clinical presentation of AVMs is pre-

dominantly through intracranial hemorrhage,

incapacitating headaches, seizures, and pro-

gressive neurologic deficits related to adjacent

brain ischemia [84–87]. Larger AVMs are more

likely to present with seizures and/or ischemia,

whereas smaller AVMs more often hemor-

rhage [88].

The natural history of untreated AVMs is asso-

ciated with an annual rate of hemorrhage esti-

mated to be 2% to 4% [88–94]. In addition, the

mortality from an unruptured AVM is approxi-

mately 1% per year, and the mortality associa-

ted with the first hemorrhage is approximately

10%. AVM characteristics that predispose to

future hemorrhage include central venous drain-

age, periventricular location, and intranidal

aneurysm.

Identification of enhancing serpentine struc-

tures on CT and flow voids on MRI in association

with ICH makes the diagnosis of AVM relatively

easy. On rare occasions, enlarged internal cerebral

veins or the vein of Galen may be the only clue to a

small AVM. Imaging evidence of remote hemor-

rhage is not uncommon even when there is no

clinical history of prior hemorrhage.

Cavernous malformations

CMs appear as well-circumscribed multilobu-

lated masses filled with blood on gross inspection

and consist of abnormal thin-walled vascular cav-

erns with no intervening brain parenchyma on

histopathologic examination.A variably thick zone

of gliotic and hemosiderin-stained brain tissue

surrounds the CM. Calcification or ossification is

common. The prevalence of CMs has apparently

increased with the liberal use of MRI and ranges

between 0.45% and 0.90% [95]. A pattern of fami-

lial clustering and frequency of multiple lesions in

the familial cases have been recognized [96].

Recently, a founder mutation on chromosome 7q

(CCM1 gene) and several other point mutations

have been demonstrated to be responsible for the

development of CMs [97–99]. The mutations

predicted truncation of the Krit1 mRNA encoded

by CCM1, supporting the contention that a

CM results from loss of Krit1 protein function

and the possibility that this protein acts as a tumor

suppressor [100,101].

The presence of immature or new blood vessels

and expression of vascular endothelial growth fac-

tor within CMs demonstrated by immunohisto-

chemical studies support the hypothesis that

CMs develop de novo and that angiogenic prolif-

eration may be responsible for the CM growth

[102–104]. A number of studies attempted to deter-

mine the natural course of CM utilizing serial MRI

scans and demonstrated that they change in size,

number, and imaging features, suggesting repeated

hemorrhages over time [105–107].

A large number of CMs are asymptomatic and

first noted on MRI or CT scans performed for

unrelated reasons. Focal seizure activity is the

most common symptom associated with CMs, fol-

lowed by focal neurologic symptoms, which are

likely the result of local irritative effects of hemo-

siderin, gliosis, and intralesional or extralesional

hemorrhage. Chronic headache is a less common

presenting symptom. Acute headache caused by

overt hemorrhage does occur but is rare.

CMs are the most common ‘‘angiographically

occult’’ vascular malformation of the brain. They

occur throughout the brain but are more common

in the subcortical white matter in the supratento-

rial compartment and in the pons in the infratento-

rial compartment. Rare cases of leptomeningeal or

dural CMs as well as giant cystic CMs have been

reported [108].

On unenhanced CT, a rounded isoattenuating

to hyperattenuating mass is seen. Calcification is

Fig. 15. Amyloid angiopathy. Lobar hemorrhages of

different ages in the frontal lobes. (a) High signal on the

T1-weighted image because of persistent methemoglo-

bin in the right frontal chronic hematoma 8 months after

the event. (d,e) The dark hemosiderin rim around the

encephalomalacia in the left frontal lobe is the only

evidence of prior hemorrhage. (c,e) Note that hemo-

siderin is better demonstrated on the gradient-echo

images.

324 N. Aygun, T.J. Masaryk / Neurosurg Clin N Am 13 (2002) 313–334



common. A slight mass effect may be present.

Enhancement is variable.

The MRI appearance is characteristic and con-

sists of a central area of increased signal with

mottled areas of low signal on the T1WI and

T2WI (extracellular methemoglobin and calcifica-

tion) and a variably thick rim of markedly

decreased signal (hemosiderin and ferritin), which

is better seen on T2WIs and GRE images (Figs. 16

and 17). Unless there has been a recent hemor-

rhage, there is no edema or significant mass effect

in the surrounding brain (Fig. 18). Observation

of acute or subacute blood byproducts outside

the hemosiderin rim suggests recent hemorrhage.

Traditionally, CMs are thought to be angiog-

raphically occult, but a mild capillary blush or

venous pooling may be demonstrated on angiogra-

phy in a small group of patients [109].

Brain tumors

Some type of bleeding is associated with 10% of

metastatic and 5% of primary brain tumors. Hem-

orrhage is responsible for the initial clinical presen-

tation in one third of these patients [85,110–112].

Bronchogenic carcinoma metastases are the most

commonly encountered hemorrhagic tumors, al-

though metastases from choriocarcinoma, mela-

noma, and renal cell carcinoma have a higher

intrinsic tendency to bleed [113]. Glioblastoma

multiforme is the most common primary neoplasm

associated with hemorrhage [112]. Intratumoral

hemorrhage occurs because of structural abnor-

malities of the vessels, resulting from either

immature neovascularization of the tumor, direct

infiltration of the blood vessel by the neoplastic

cells, or necrosis of the vessel wall by tumor com-

pression [112–114]. The coagulopathy not infre-

quently seen in this patient population may

predispose or aggravate bleeding.

The pattern of hemorrhage in association with

the underlying brain tumor is often slightly differ-

ent from the more common causes of spontaneous

ICH and can be readily identified on CT and MRI

[115]. Typically, hematoma occupies a portion of

the tumor, and careful evaluation of the pre- and

postcontrast images reveals an eccentric enhancing

rim or nodular mass (Figs. 19 and 20). Surround-

ing edema demonstrates a typical, finger-like,

vasogenic edema pattern in most hemorrhagic

tumors, whereas halo-like edema is more com-

monly seen in acute hematomas. Tumor-related

hemorrhage shows much more heterogeneity than

in other ICH caused by a nonhemorrhagic tumor.

In addition, MRI offers a unique advantage in

identifying blood byproducts of different ages,

which, when present, suggest repeated hemorrhage

into an underlying lesion. Atlas et al [116] reported

Fig. 16. Typical appearance of cavernous malformation on T2-weighted (A) and T1-weighted (B) images.
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that the hypointense rim seen on T2WIs in non-

tumoral bleeds was irregular or absent in intra-

tumoral hemorrhages.

Rarely, when hemorrhage fills the entire tumor

cavity, identification of the underlying tumor may

be impossible on the initial imaging studies. This

emphasizes the need and importance of follow-

up MRI examinations. Resolving hematoma may

unmask the tumor on follow-up studies. Differ-

ences in the temporal evolution of hemorrhage

may be a clue to a preexisting lesion. Intratumoral

hemorrhage evolves more slowly than nontumoral

ICH [116].

Occasionally, a CM with acute hemorrhage

may mimic intratumoral hemorrhage. The pres-

ence of a regularly thick hemosiderin rim,

additional hemorrhagic lesions with chronic

blood byproducts, and lack of enhancement

are helpful findings in differentiating CM from

tumor.

Fig. 17. Cavernous malformation in the pontine tegmentum. (A) T1-weighted image. (B) T2-weighted image.

Fig. 18. (A,B) Multiple cavernous malformations (CMs). (B) Increased signal surrounding the left mesial parietal CM

reflects recent hemorrhage.
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Pituitary apoplexy is a clinical syndrome char-

acterized by sudden-onset headache, vomiting, vis-

ual impairment, and meningismus caused by rapid

enlargement of a pituitary adenoma as a result of

hemorrhagic infarction of the tumor. Identifica-

tion of blood byproducts and infarction within a

pituitary adenoma is not uncommon on imaging

studies and in pathology specimens, but this

should not be termed apoplexy if the clinical symp-

toms are lacking. Headache is almost invariably

present, and some degree of visual impairment is

common. Hematoma is usually confined to the

adenoma, which typically extends to the supra-

sellar cistern (Fig. 21). Rupture into the subarach-

noid space is rare. Hypertension seems to be an

important predisposing factor [117,118]. Early sur-

gery provides complete restoration of the visual

acuity in most patients. Some patients may require

long-term hormone supplementation.

CT demonstrates a hyperdense mass in the

sella and suprasellar cistern, but its sensitivity is

around 20%. MRI is approximately 90% sensitive

for the detection of this condition. Depending on

the time of the imaging, MRI demonstrates either

decreased T2 signal (first few days) or increased T1

signal (after 3 days) within the mass (Fig. 22).

Hemosiderin deposition is not seen around the

old hematomas, probably because of an absent

blood–brain barrier and effective iron turnover.

Intracerebral hemorrhage associated

with coagulopathy

Coagulation is regulated by several integrated

complex biochemical mechanisms, and abnormal-

ities induced by a variety of factors can cause or

aggravate ICH. In the era of aggressive medical

management of variety of disorders, including

Fig. 20. Prostate carcinoma metastasis. Hemorrhagic

extra-axial metastasis from prostate carcinoma. Note the

relatively low-attenuation mass and high-attenuation

acute bleed in the mesial aspect of the mass.

Fig. 21. Pituitary apoplexy. Acute hemorrhage into a

macroadenoma, which fills the suprasellar cistern.

Fig. 19. Hemorrhagic metastasis. (a) Contrast-enhanced

CT shows a prominently enhancing mass with a cystic

component in the right frontal lobe. Three days later, the

patient presented with headache and lethargy. Unen-

hanced CT demonstrates acute hemorrhage into the

existing metastasis. The relatively decreased attenuation

at the periphery of the hematoma is caused by dilution

of blood byproducts with cyst contents.
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cerebral and myocardial infarction, ICH caused by

anticoagulant, antiplatelet, and thrombolytic use

is increasing [119].

The pattern of hemorrhage caused by coagulo-

pathy is generally different than the pattern seen

with more common causes of ICH. Coagulo-

pathy-related ICH results in larger hematomas

and is more commonly lobar in location [119–

122]. There is less edema around the coagulo-

pathy-related ICH [120]. Involvement of different

intracranial compartments at the same time,

unusual location of the hematoma, and multiple

hematomas should prompt an investigation for an

underlying coagulopathy. The presence of blood–

fluid levels in the hematoma is a fairly specific sign

of underlying coagulopathy (Fig. 23) [34].

Hemorrhagic transformation of an embolic

bland infarct is a common occurrence and is

usually not associated with neurologic deteriora-

tion (Fig. 24). Parenchymal hemorrhage into an

infarcted area, however, is generally recognized

as a worsening in the neurologic status of the

patient (Fig. 25). The risk of parenchymal hema-

toma is greater with intra-arterial or intravenous

administration of thrombolytics [123,124].

Drug abuse

Illicit drug use has become a major etiologic

factor for ICH, particularly in young populations

in recent decades [125,126]. Cocaine is one of the

most popular abused drugs and is clearly associ-

ated with increased risk of ICH. Acting as a post-

synaptic reuptake inhibitor, cocaine prolongs the

effects of norepinephrine and possibly serotonin,

which are potent sympathomimetic agents. More

than 90% of the cocaine-induced ICH and/or sub-

arachnoid hemorrhage (SAH) occurs during or a

few hours after its use [127,128]. A sudden and

sharp increase in blood pressure is probably the

most important mechanism by which cocaine

induces ICH. Up to 50% of cocaine-related ICH

denotes an underlying lesion, such as an aneurysm

or AVM [125,127,128]. The location of ICH asso-

ciated with cocaine use but without underlying

vascular abnormalities resembles that of hyperten-

sive ICH. Because of the high incidence of under-

lying vascular abnormalities, a cerebral angiogram

should be a part of the evaluation in these patients

when the location of the hematoma is unusual for

hypertensive ICH or when there is SAH.

Cocaine-induced vasculitis is a controversial

issue [129,130]. Autopsy studies demonstrate that

Fig. 23. Large left hemispheric hematoma involving the

deep gray matter nuclei and white matter with intra-

ventricular extension. The patient was on coumadin

because of atrial fibrillation. (a) Relatively decreased

attenuation of the hematoma is likely secondary to lack

of clot formation. (b) Large lobar hematoma in a patient

who received thrombolytic therapy because of myocar-

dial infarction. Intraparenchymal, subdural, and sub-

arachnoid hemorrhage with a blood–fluid level in a

heparinized patient. (c) The blood–fluid level and

involvement of different compartments are highly sug-

gestive of underlying coagulopathy.

Fig. 22. Pituitary apoplexy. T1-weighted image ob-

tained 4 days after the acute clinical presentation shows

increased signal within a pituitary mass indicating

subacute hemorrhage.
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vasculitis is rare among the patients who died of

cocaine-related ICH. Recently, animal studies

showed that chronic exposure to cocaine increases

the endothelial permeability, monocyte migration

across the blood–brain barrier, and expression of

cellular adhesion molecules and inflammatory

cytokines, suggesting a potential pathophysiologic

mechanism for the development of vasculitis

[131,132]. It is not clear to what extent vasculitis

plays a role in the development of ICH.

Hemorrhagic infarcts and unreported trauma

are the other causes of cocaine-related ICH.

Other illicit drugs associated with ICH include

amphetamines, phenylpropanolamine, phen-

cyclidine, ephedrine, and pseudoephedrine. The

primary mechanism of ICH is hypertensive bleed-

ing, although amphetamines, ephedrine, and phe-

nylpropanolamine have been known to produce

vasculitis [120,133,134].

Miscellaneous

Cerebral venous occlusive disease may result in

ICH, which is usually lobar in location, predomi-

nantly involving the subcortical white matter.

The temporal lobe is the most common site

(Fig. 26). The severity of parenchymal changes

correlates well with the degree of venous sinus

obstruction [135]. The presence of hematoma

indicates markedly elevated venous pressure,

which is invariably associated with diffuse cerebral

swelling and T2-weighted signal abnormalities in

the subcortical white matter [136].

ICH caused by rupture of infectious aneurysms

(IAs) is generally a devastating event. Most of

these aneurysms develop in the setting of bacterial

endocarditis. Multiple foci of hemorrhage are

common. Contrast-enhanced imaging studies may

demonstrate small round areas of abnormal

parenchymal enhancement remote from the hem-

orrhage, presumably representing the paren-

chymal reaction to additional IAs. Intra-arterial

digital subtraction angiography remains the diag-

nostic test of choice mainly because of the peri-

pheral location of these usually small aneurysms,

which makes magnetic resonance angiography

ineffective. It is not practical to obtain digital sub-

traction angiography on every patient with bacte-

rial endocarditis, because 95% of these patients do

not develop aneurysms. Therefore, a low index of

suspicion is important in the diagnosis of IA.

Intravenous antibiotic therapy is the cornerstone

of the treatment. Early surgical/endovascular

treatment may be life saving [137].

Fig. 25. Hemorrhagic infarct. (a) Right middle cerebral

artery (MCA) territory acute infarct. (b) Putaminal

hemorrhage identified on the next day was associated

with neurologic deterioration. (d) In another patient

with a clinical left MCA territory infarct, CT showed a

left putaminal hematoma but no sign of an infarct.

Follow-up study shows a frontoparietal infarct.

Fig. 24. Hemorrhagic transformation. Left fronto-

parietal acute infarct with follow-up study showing

hemorrhagic transformation. No neurologic decline

caused by hemorrhage was noted.
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Moyamoya disease is a rare cause of ICH. Pro-

gressive occlusion of the anterior circulation vessels

produces small collateral channels that are subject

to abnormal hemodynamic stress and prone to

micropseudoaneurysmformationandhemorrhage.

A variety of infectious and granulomatous dis-

eases of the meninges and brain can be associated

with ICH [138]. Immune and nonimmune vascu-

litides may present with SAH or ICH.
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