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MR Detection of Hyperacute Parenchymal
Hemorrhage of the Brain

Scott W. Atlas and Keith R. Thulborn
BACKGROUND AND PURPOSE: The detection of hemorrhage in acutely ill patients is crucial
to clinical management. The MR features that allow diagnosis of intracerebral hematomas of
less than 24 hours’ duration are described and the mechanistic basis of these features is
investigated.

METHODS: The clinical MR features of seven confirmed hyperacute intracerebral hemato-
mas were compared with those of experimentally induced hematomas in a rat model in which
detailed analyses of iron metabolism and morphometry were performed.

RESULTS: In all patients and all animals, a hypointense rim on T2-weighted spin-echo
images that was less marked on T1-weighted spin-echo images was seen surrounding a central
isointense or heterogeneous region of hyperacute hematoma. Histologically, the clot showed
interdigitation of intact erythrocytes and tissue at the hematoma-tissue interface without
significant hemosiderin, ferritin, or phagocytic activity. Biochemically, the iron from the
extravasated blood was present only as heme proteins within the first 24 hours.

CONCLUSION: The hypointense rim on T2-weighted images, and to a lesser extent on
T1-weighted images, is a distinctive feature of hyperacute hematoma. This pattern is consistent
with magnetic susceptibility variations of paramagnetic deoxygenated hemoglobin within intact
erythrocytes at a microscopically irregular tissue-clot interface. The detection of hemorrhage is
important in the management of patients with acute stroke.
The original and now generally accepted model for
the appearance of intracerebral hematomas on MR
images attributes the characteristic signal intensity
patterns in evolving hemorrhage (1) to the products
of iron metabolism and the integrity of the red blood
cell. That model attributes the hypointense signal
characteristics of acute hematomas seen in the first
few days after hemorrhage on long–repetition time
(TR)/long–echo time (TE) spin-echo images at 1.5 T
to spin dephasing from water diffusing through mag-
netic field gradients generated by the magnetic sus-
ceptibility differences between diamagnetic tissue and
paramagnetic deoxyhemoglobin confined within
erythrocytes. Others have suggested that clot forma-
tion, clot retraction (2), and intracellular protein con-
centration (3) may play some role in generating the
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characteristic signal intensity pattern of acute intra-
cranial hemorrhage.

Despite the fact that the appearance and progres-
sion of evolving intracranial hemorrhage on MR im-
ages have received extensive study over the past
several years, the appearance in the immediate
posthemorrhagic state, within the first few hours after
bleeding, has rarely come to clinical attention. An
early report of a series of older hematomas included
an acute hematoma in the right putamen at 15 hours
after the event (4). However, with the introduction of
thrombolytic treatment and other interventions for
hyperacute stroke, the question of identifying early
stroke by MR imaging has immediate importance.
Although CT is the usual means for detecting hem-
orrhage in this clinical setting, it is often not sensitive
to ischemic insult in the first hours after symptom
onset. The use of both CT and MR imaging is time-
consuming and expensive. As diffusion and perfusion
MR imaging are becoming integrated into the diag-
nosis of early stroke and into the monitoring of re-
sponse to therapy, the role of MR imaging in detect-
ing hemorrhage in patients with hyperacute stroke
has assumed greater importance.

We report the MR appearance of hyperacute in-
tracranial hematomas in seven patients imaged with a
high magnetic field (1.5 T). To understand the mech-
anism underlying this appearance, a previously de-
71
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scribed rat model of cerebral hematoma was used to
investigate the biochemical form and histologic dis-
tribution of iron during this hyperacute phase of he-
matoma (5). Such information was not available from
the clinical cases, in which no invasive studies were
possible. The animal model allowed the use of blood
labeled with 59Fe hemoglobin to follow quantitatively
the biochemical pathway for the removal of iron from
extravasated blood through heme proteins to storage
products of ferritin and hemosiderin. Results for the
biochemical forms of iron from hemoglobin over the
first 24 hours are reported. These quantitative bio-
chemical results are used to confirm the qualitative
histopathologic results, in which stains for different
iron products of hemoglobin breakdown (hemosider-
in, Perls’ Prussian blue stain; ferritin, immunochemi-
cal ferritin-specific stain) were used to determine the
acute distribution of these substances in and around
the lesions.

Methods
Eight patients (seven males and one female, ages 5 to 70

years) with proved early acute intracranial hematomas were
examined with MR imaging. The diagnosis of early acute he-
matoma was proved in seven patients by CT studies performed
without intravenous contrast administration. Surgical confir-
mation was obtained in three patients (including the sole pa-
tient without CT confirmation) within 24 hours after clinical
presentation. All patients presented with either seizure or an
acute change in neurologic status. All patients were imaged
within the first 10 to 24 hours after ictus. MR imaging was
performed as a part of standard clinical practice and the find-
ings were assembled retrospectively into this report in compli-
ance with the internal review boards of the authors’ institutions

In seven patients, images were obtained using conventional
spin-echo or fast spin-echo techniques at 1.5 T. Both short-TR/
short-TE and long-TR/long-TE images were generated in each
case. Short-TR/short-TE sequences had parameters of 600/11–
20, whereas long-TR/long-TE sequences had parameters of
2500–3000/80. The long-TR dual-echo spin-echo sequence at
1.5 T had a short TE (5 30) and a long TE (5 80). Fast
spin-echo images were obtained in more recent cases (acquisi-
tion parameters: 3600/84 with an echo train length of 8). In
addition, six of the patients were imaged with a gradient-
recalled echo sequence (multiplanar gradient-recalled acquisi-
tion in the steady state; acquisition parameters, 500–750/20–40
with a flip angle of 10–30°).

The rat model of cerebral hematoma was used as previously
described and complied with the institutional guidelines for
animal experimentation (5). The rats (n 5 4) were imaged
within 4 hours of hematoma formation on a 1.5-T whole-body
imaging system using a dual-echo spin-echo sequence with a
long TR (5 3000) and a first TE of 30 and a second TE of 80,
a spin-echo sequence with a short TR (5 600) and a short TE
(5 25), and a gradient-echo sequence with parameters of
250/11 and a pulse angle of 10°. The field-of-view was 16 cm,
which was the smallest available. The section thickness was 3
mm. A 3-inch round surface coil was used to optimize the
signal-to-noise ratio over the anesthetized rat, which was in a
supine position over the coil.

After imaging, the rats were sacrificed by decapitation and
the brains carefully removed into phosphate-buffered formalin
for fixation (48 hours, 3°C). Thin-section (0.01-mm) frozen
histologic sectioning was performed followed by standard stain-
ing techniques, including hematoxylin-eosin for morphology,
Perls’ Prussian blue for Fe(III) ions, and ferritin immuno-
chemical staining for ferritin protein (5).
Parallel experiments to examine iron metabolism were per-
formed with hematomas produced with iron (59Fe) radiola-
beled blood. Radiolabeled iron was incorporated into hemo-
globin by weekly intraperitoneal injections of 59Fe citrate (50–
100 mCi) over 6 to 10 weeks. The specific activity (cpm/mg Fe)
of the donor blood was determined in standard fashion by iron
assay and gamma counting. Blood from these donor animals
was used to produce hematomas in recipient animals (experi-
mental group, n 5 6) in identical fashion as for imaging. These
animals were sacrificed by decapitation under general anesthe-
sia between 1 and 24 hours after induction of the hematoma.
The brains were removed immediately, divided into right and
left hemispheres and cerebellum, rapidly weighed, and then
frozen in liquid nitrogen. The right hemispheres were counted
for 59Fe iron activity, then subjected to homogenization, and
then to 10 cycles of cold sonication, cold centrifugation, and
resuspension in cold acetate buffer (1.0 mL, 100 mM, pH 4.5).
This procedure ensured complete disruption of tissue and sol-
ubilization of all soluble iron proteins. The 59Fe activities of the
homogenate, washes, and residual pellet were determined, and
the total iron content ascertained from the specific activity. The
percentage of fractions of soluble and insoluble iron was cal-
culated for the acetate buffer solubilization conditions.

The soluble fraction was characterized further by ion ex-
change carboxymethyl cellulose chromatography using a mod-
ification of a standard protocol described elsewhere for frac-
tionation of soluble iron-containing proteins (6). The soluble
fraction (0.2 mL) was loaded onto the columns in loading
buffer (sodium citrate, 10 mM, pH 4.5, 8 mL) and eluted
stepwise with the following buffers: sodium citrate (10 mM, pH
4.7, 8 mL), sodium citrate (50 mM, pH 5.5, 8 mL), sodium
citrate (50 mM, 0.3 M NaCl, pH 5.7, 8 mL), and sodium
hydroxide (0.1 M, 8 mL). Eluant fractions were counted for
59Fe activity. Adequate separation of heme proteins and fer-
ritin was verified using standard solutions of hemoglobin and
ferritin eluted under identical conditions to those of the soluble
brain fraction.

The insoluble fraction was characterized by solubility criteria
using standard procedures for obtaining hemosiderin (7).

Results

Human Studies
All CT studies showed the typical imaging charac-

teristics of acute hematomas: discrete high-attenua-
tion mass lesions with low-attenuation edema in sur-
rounding brain parenchyma.

The MR appearance of the hematomas was strik-
ingly similar in all cases (Figs 1 to 3). On short-TR/
short-TE T1-weighted images, the lesion was hetero-
geneous, nearly isointense with cortical gray matter
(Figs 1A, 2A, and 3A), with a thin, slightly hypoin-
tense rim (Figs 1A, 2A, and 3A). Methemoglobin was
not present, as indicated by the absence of hyperin-
tensity on such images. The long-TR/long-TE T2-
weighted images showed a heterogeneously hyperin-
tense mass lesion (Figs 1B, 2B, and 3B) with a mild
degree of perilesional high intensity, consistent with
edema in adjacent brain, with or without an interven-
ing region of fluidlike intensity between the hema-
toma and the edema (Figs 1B, 2B, and 3B). A thin rim
of marked hypointensity and variable thickness was
consistently identifiable on long-TR/long-TE images
immediately surrounding the hematoma at its periph-
ery, inside the region of fluidlike intensity (Figs 1B,
2B, and 3B). This rim of hypointensity was less easily
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FIG 1. Case 1.
A, Axial short-TR/short-TE image (600/20/1).
B, Axial long-TR/long-TE image (3000/80/1).
C, Axial gradient-echo image (750/50/1; 10° flip angle).
The right temporoparietal lobe hematoma is isointense on the short-TR/short-TE image (A, oblique arrow) and shows heterogeneous

hyperintensity on the long-TR/long-TE image (B, oblique arrow). On the long-TR/long-TE image, there is a rim of marked hypointensity
surrounding the hematoma at this very early stage of hemorrhage (B, vertical arrow). The gradient-echo image (C ) shows more marked
signal loss around the lesion. Edema is present around the lesion on the long-TR/long-TE image (B, horizontal arrow).
FIG 2. Case 2.
A, Axial short-TR/short-TE image (600/20/1).
B, Axial long-TR/long-TE image (2500/80/1).
C, Axial gradient-echo image (750/50/1; 10° flip angle).
The right temporal lobe hematoma is isointense on the short-TR/short-TE image (A, oblique arrow) and shows heterogeneous

hyperintensity on the long-TR/long-TE image (B, oblique arrow). On the long-TR/long-TE image (B, vertical arrow), there is a rim of
marked hypointensity surrounding the hematoma at this very early stage of hemorrhage. Edema is present around the lesion on the
long-TR/long-TE image (B, horizontal arrow). The gradient-echo image (C, oblique arrow) shows marked signal loss throughout the bulk
of the lesion. A debris-fluid level is present in a cavity in the anterior aspect of this lesion.
discernible on short-TR/short-TE images. The gradi-
ent-echo images showed more diffuse signal loss
throughout the lesions with differences probably re-
flecting different times of imaging after the initial
event (Figs 1C and 2C). These patterns were compa-
rable to those reported for a hemorrhage at 15 hours
after the event (4).

Animal Studies
Imaging.—Figure 4 shows representative long-TR/
long-TE spin-echo images, long-TR/short-TE spin-
echo images, short-TR/short-TE spin-echo images,
and gradient-echo images of hematomas in the rat
model at less than 4 hours after induction. These
images revealed significant signal loss in the periph-
ery of the lesion on the long-TR/long-TE images,
the long-TR/short-TE images, and the short-TR/
short-TE images. This hypointense boundary was
more extensive than that observed on the clinical
images, most likely reflecting the partial volume ef-
fects of a small lesion relative to the 3-mm-thick
image in the rat model. The center of the lesion was
isointense relative to the cortex. High signal sur-
rounded the area of signal loss on the long-TR/
long-TE images. No bright signal was present on the
short-TR/short-TE images. On the gradient-echo im-
ages, signal loss occurred throughout the lesion.
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FIG 3. Case 3.
A, Sagittal short-TR/short-TE image

(600/20/1).
B, Long-TR/long-TE image (3000/80/1).
The left frontoparietal hematoma is

isointense on the short-TR/short-TE im-
age (A, oblique arrow) and hyperintense
on the long-TR/long-TE image (B, oblique
arrow), consistent with a diamagnetic
mass. A peripheral rim of marked hypoin-
tensity surrounds the hematoma (A and
B, vertical arrow and small black arrows).
Perihematoma edema is seen outside the
hypointense peripheral rim of the hema-
toma (B, horizontal arrow).
FIG 4. An experimentally induced hema-
toma in the anesthetized rat brain, imaged
within 4 hours after induction.

A, Long-TR/short-TE image (3000/30/
1).

B, Long-TR/long-TE image (3000/80/1).
C, Short-TR/short-TE image (600/25/1).
D, Gradient-echo image (250/11/1; 10°

flip angle).
The intraparenchymal hematoma has

an isointense central region (long arrow)
with a hypointense rim (short arrow) on
spin-echo images (A, B, and C ), whereas
the entire lesion is hypointense (both ar-
rows) on the gradient-echo image (D ).
These signal characteristics mimic those of the clini-
cal cases, making the model appropriate for more
detailed invasive methods not possible in humans.
The gradient in signal intensity from the inferior to
superior aspect of the brain is attributable to the use
of the surface coil for excitation and reception.

Histology.—The hematoma contained intact eryth-
rocytes with little inflammatory repair response at this
early stage. The clots, when preserved, showed uni-
form distribution of intact erythrocytes without re-
traction from the tissue-clot interface. Clot retraction
was not identified explicitly, but since not all clot-
tissue interfaces were preserved on every histologic
preparation, those regions not preserved may have
been areas of clot retraction. The boundary between
hematoma and surrounding tissue showed interdigi-
tation of erythrocytes and parenchymal tissue (Fig 5).
The Perls’ stain and ferritin immunochemical stain
showed no evidence of staining in hematomas 1 day
or younger in age. The histologic sections and MR
images could not be compared directly owing to dif-
ferences in thickness between the MR image (3 mm)
and the histologic section (0.01 mm).

Biochemistry.—As no differences were found in the
analyses of hematomas at 1 and 24 hours, the results
were pooled for presentation. The iron injected as
blood into the brains of living rats (n 5 6) was sepa-
rated into soluble (hemoglobin, methemoglobin, fer-
ritin) and insoluble (hemosiderin, denatured protein)
fractions. Essentially all the injected iron was in the
soluble protein fraction for hyperacute hematomas,
which was shown to be heme proteins (hemoglobin)
by ion exchange chromatography. No indication of
ferritin was found. The insoluble fraction was charac-
terized by further solubility criteria as corresponding
to denatured protein (being soluble in urea solutions)
resulting from the initial homogenization procedure.
No hemosiderin was present.



AJNR: 19, September 1998
Discussion
The identification of acute and hyperacute intra-

cranial hemorrhage is critical to the determination of
appropriate patient management, especially in the
setting of stroke. Although few imaging studies have
been obtained during the hyperacute event, owing to
standard triage procedures, our experience indicates
that this is changing. Hence, findings in this clinically
important stage should be added to the model of the
MR appearance of intracranial hemorrhage (8–10).
The conceptual framework for understanding the MR
appearance of cerebral hematoma has been summa-
rized in numerous reviews (11–17) based on in vitro
studies, animal models, and clinical observations (1, 4,
10, 11, 13, 18–28). The original model (1) emphasized
the roles of iron associated with hemoglobin, edema,
and gross structural changes in the hematoma in de-
termining relaxation mechanisms underlying the vari-
able MR patterns. Other pathophysiological pro-
cesses, such as changes in integrity of the blood-brain
barrier, nonparamagnetic protein concentration, and
the presence of an underlying lesion, are also thought
to contribute to signal intensity patterns on these
images.

FIG 5. Histologic section of the tissue-clot interface of an ex-
perimentally induced hyperacute hematoma in rat brain shows
interdigitation of blood clot and intact tissue (arrows). This inter-
digitation increases the tissue-clot surface area to promote de-
oxygenation of the clot periphery by the adjacent compressed
tissue. The periodicity is such that water diffusion through the
resultant magnetic susceptibility gradients results in MR signal
loss.
The rim of marked hypointensity seen in the hy-
peracute hematomas described above has been re-
ported previously in studies using long-TR/long-TE
MR sequences (4, 27, 28). The difference in magnetic
susceptibility between hematoma and tissue was pro-
posed on the basis of phase changes at the interface in
a single hematoma at 15 hours (4). An in vitro inves-
tigation by Clark and colleagues (2) attempted to
quantify the separate effects of deoxygenation, pro-
tein (hematocrit), clot formation, and clot retraction
in generating signal intensity changes in acute clot.
Their study indicated that the contributions of fibrin
clot formation and clot retraction to T2 shortening
were minimal (less than 2% combined). Further con-
firmation of the lack of significant relaxation en-
hancement in acute hemorrhage generated by protein
macromolecules has been presented by others in stud-
ies of magnetization transfer (29). While there is still
some controversy regarding the precise localization of
the field gradients causing T2 effects in acute hema-
tomas (18), magnetic susceptibility differences arising
from intracellular deoxyhemoglobin are thought to
represent the source of the signal loss during the
acute phase (first several days) of intracranial hem-
orrhage.

Our results confirm the presence of a feature on
MR images that allows clear identification of the
earliest stage of intracranial hematoma; that is, the
hyperacute hematoma. We believe that this initial
stage represents a transition from a fully oxygenated
hematoma to a fully deoxygenated hematoma, in
which deoxygenation occurs initially at the periphery
of the lesion. This peripheral deoxygenation gener-
ates T2-related signal loss that extends inward
throughout the hematoma, as it is the low partial
pressure of dissolved oxygen in the compressed un-
derperfused surrounding tissue that provides the driv-
ing force for dissociation of molecular oxygen from
hemoglobin. This mechanism is supported by the
findings on gradient-echo images, in which signal loss
occurs throughout the hematoma. The distinct rim of
marked hypointensity at the periphery of the lesion
on long-TR/long-TE images must reflect not just de-
oxygenation of hemoglobin in erythrocytes but also a
property of the clot-tissue interface. A similar periph-
eral hypointense rim around hematomas as early as
3 hours after the event has also been reported us-
ing phase maps to demonstrate phase shifts in this
region (30).

As intravoxel dephasing, not present on spin-echo
images, sensitizes gradient-echo images to deoxygen-
ation, these observations suggest that the tissue inter-
face of the hematoma has properties that are differ-
ent from the center of the clot.

The animal model allowed further analysis of the
origin of these signal characteristics. The MR signal
loss on long-TR/long-TE images (Fig 4A) and long-
TR/short-TE images (Fig 4B) was greatest at the
periphery and was seen even at the earliest time at
which the animals were imaged (1 hour). The signal
loss was also evident on the short-TR/short-TE im-
ages (Fig 4C), consistent with the frequently noted
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hypointensity of very short T2 substances, even on
“short”-TE images; that is, the TE is still long enough
to allow the rapid T2-related relaxation to occur. As
the TE was longer for the animals as compared with
the human patients (25 milliseconds as compared
with 11–20 milliseconds), this signal loss was more
evident on the animal images. Differences in extent of
peripheral signal loss from the clinical cases presum-
ably reflect significant partial volume effects for such
small lesions (2-mm diameter) and relatively low
through-plane resolution (3 mm) in the animal
model. No hyperintense signal was evident on short-
TR/short-TE images (Fig 4C), excluding the presence
of free iron or methemoglobin. The entire lesion was
hypointense on gradient-echo images (Fig 4D) as
seen in the human subjects (Figs 1C and 2C). Also,
the rate of deoxygenation may be somewhat higher in
rats, given their higher metabolic rate and the rela-
tively greater mass effect with resultant underperfu-
sion as compared with humans. The high signal on
long-TR/long-TE images around the peripheral rim
of hypointensity is consistent with either serum ex-
travasated from the clot or edema in adjacent brain
parenchyma. Since the peripheral rim of signal loss
was associated with an enhanced transverse relax-
ation rate, clearly evidenced by the greater signal
losses observed on the long-TR/long-TE spin-echo
and gradient-echo images, mechanisms involving
magnetic susceptibility–induced signal loss must be
invoked.

The only paramagnetic source of significance in
hemorrhage is iron from hemoglobin. Biochemically,
this can be present as deoxy- (ferrous) or met- (ferric)
heme proteins in erythrocytes or as iron (ferric) stor-
age forms of ferritin and hemosiderin in phagocytes,
such as glial cells and macrophages. The histologic
and biochemical studies were used to distinguish be-
tween these sources of susceptibility effects.

We therefore propose that the peripheral rim of
hypointensity in hematomas arises from rapid deoxy-
genation of hemoglobin within erythrocytes at the
periphery of the lesion. Several factors may contrib-
ute to this effect. First, the surrounding tissue, com-
pressed by the mass effect of the hematoma, is un-
derperfused, and this oxygen deprivation leads to
deoxygenation of adjacent blood. It is well docu-
mented that even as early as 1 minute after intracra-
nial hemorrhage there is a decrease in cerebral blood
flow as well as metabolic disturbance in the region
surrounding the hematoma (31). Second, rapid acid-
ification of this underperfused tissue causes the Bohr
effect to promote local oxygen dissociation from he-
moglobin. The interdigitation of clot and tissue gen-
erates a geometry of varying magnetic susceptibility
that favors steep susceptibility-induced field gradients
that are incompletely sampled by diffusing water pro-
tons. This diffusion through field gradients results in
reduced signal as TE is extended and TR is long
enough to avoid substantial T1 saturation effects. The
pattern of signal changes suggests that deoxygenation
occurs from the edge of the hematoma and
progresses inwardly. As time evolves, severe deoxy-
genation extends throughout the hematoma, produc-
ing an MR appearance characteristically described
for acute hematomas, the appearance of which is by
far the most frequently encountered MR feature of
early hemorrhage.

Conclusion
Our series of eight clinical cases extends the infor-

mation provided in the previous isolated reports of
hyperacute hemorrhage to suggest that the common
pattern of a rim of hypointensity on long-TR/long-TE
MR images is a characteristic transitional manifesta-
tion of early intracranial hematoma. We suggest that
this feature of hyperacute hematoma, along with
isointensity relative to white matter on short-TR/
short-TE images and hypointensity on gradient-echo
images, could be of practical use for detecting hem-
orrhage in stroke patients when diffusion-weighted
MR imaging is being used to confirm the diagnosis of
hyperacute stroke immediately before the initiation
of therapy. The need for CT to detect hemorrhage in
this setting may be obviated.
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