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Diffusion Measurements in Intracranial Hematomas:
Implications for MR Imaging of Acute Stroke

Scott W. Atlas, Philip DuBois, Michael B. Singer, and Dongfeng Lu

BACKGROUND AND PURPOSE: The purpose of our study was to analyze the diffusion
properties of intracranial hematomas to understand the effects of hematomas on diffusion-
weighted MR images of patients with acute stroke and to further our understanding of the
evolution of signal intensities of hematomas on conventional MR images. We hypothesized that
hematomas containing blood with intact RBC membranes (ie, early hematomas) have restricted
diffusion compared with hematomas in which RBC membranes have lysed.

METHODS: Seventeen proven intracranial hematomas were studied with conventional and
diffusion MR imaging. Hematomas were characterized using conventional images to determine
the stage of evolution and their putative biophysical composition, as described in the literature.
Apparent diffusion coefficient (ADC) measurements for each putative hematoma constituent
(intracellular oxyhemoglobin, intracellular deoxyhemoglobin, intracellular methemoglobin, and
extracellular methemoglobin) were compared with each other and with normal white matter.

RESULTS: Hematomas showing hemoglobin within intact RBCs by conventional MR criteria
(n 5 14) showed equivalent ADC values, which were reduced compared with hematomas con-
taining lysed RBCs (P 5 .0029 to .024). Compared with white matter, hematomas containing
lysed RBCs had higher ADC measurements (P 5 .003), whereas hematomas containing intact
RBCs had reduced ADC measurements (P , .0001).

CONCLUSION: Restricted diffusion is present in early intracranial hematomas in compar-
ison with both late hematomas and normal white matter. Therefore, early hematomas would
be displayed as identical to the signal intensity of acute infarction on ADC maps, despite
obvious differences on conventional MR images. These data also are consistent with the bio-
chemical composition that has been theorized in the stages of evolving intracranial hematomas
and provide further evidence that paramagnetic effects, rather than restriction of water move-
ment, are the dominant cause for their different intensity patterns on conventional MR images.

The advent of early, aggressive therapy for ische-
mic cerebral infarction has fostered a new moti-
vation for imaging of the brain (1). Before the in-
troduction of emergent treatment of acute ischemic
stroke, imaging was performed mainly to exclude
other pathologic abnormalities masquerading as in-
farction and to exclude hemorrhage. Recent ad-
vances in therapy for these patients (2) has dra-
matically changed the overall importance of
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imaging in this setting, particularly where diffusion
and perfusion MR imaging techniques are avail-
able, because these techniques are beginning to
play an important role in assessing tissue viability
and, consequently, patient management (3–7).
Moreover, the recognition of early intracranial
hemorrhage specifically on MR images has also be-
come more important, because the primary assess-
ment of patients with early stroke is moving toward
MR imaging and away from CT scanning (1, 8).

It has become generally accepted that early in-
tracranial hematomas typically change over time
(9), mainly, but not exclusively, in two important
ways that alter MR signal intensity patterns: 1) the
oxygenation state of hemoglobin changes, and 2)
initially intact RBC membranes eventually lyse. In-
tact RBCs containing relatively oxygenated hemo-
globin in the earliest hematomas (10) first deoxy-
genate. Next, the deoxygenated hemoglobin, still
within intact RBCs (11, 12), becomes oxidized
(11), forming methemoglobin (13). At that point in
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TABLE 1: Average ADC in intracranial hematomas

Stage of Hematoma
(Putative Biophysical State) Number

Mean ADCave

(1026mm2/sec) ADC Range SD

Hyperacute
(intracellular oxyhemoglobin) 2 322.67 105.33–540.00 307.36

Acute
(intracellular deoxyhemoglobin) 8 311.17 0–863.33 315.22

Early subacute
(intracellular methemoglobin) 4 410.42 134.33–1,045.67 187.76

Subacute-chronic
(extracellular methemoglobin) 3 1,015.22 997.67–1,045.67 26.47

Normal white matter 16 819.06 640.67–991.33 97.53

time, RBC membranes lyse, so that paramagnetic
methemoglobin becomes non-compartmental-
ized (9).

Diffusion-weighted MR imaging is highly sen-
sitive to changes in water motion (3, 14–16), be-
cause signal loss occurs with more water diffusion
when using a diffusion-sensitized pulse sequence.
The presence of intact cell membranes restricts mo-
lecular diffusion (17). The lysis of RBC mem-
branes in the evolution of hematomas might, there-
fore, change the environment regarding water
mobility (ie, there would be a change from a more
restricted environment within intact RBCs to a less
restricted environment in which RBC membranes
have lysed). As diffusion imaging becomes inte-
grated into the initial emergent evaluation of pa-
tients with acute stroke (5–7), it becomes para-
mount to understand the manifestations of
intracranial hemorrhage on diffusion MR imaging
specifically. This is particularly important because
the recognition of underlying cerebral infarction, a
potentially treatable cause of the hemorrhage, de-
pends to a great extent on separating the hemor-
rhage from the infarction. Acute treatment (ie,
thrombolysis) of a hemorrhagic infarction is gen-
erally contraindicated. If early hematomas, theo-
rized to contain hemoglobin primarily within intact
RBC membranes, are associated with restricted dif-
fusion, the potential exists for early hemorrhage to
confound the diagnosis of ischemic infarction
based on diffusion MR images.

The purpose of our study was twofold: 1) to an-
alyze the diffusion properties of various stages in
evolving intracranial hematomas to further our un-
derstanding of the normal evolution of signal in-
tensities of hematomas on conventional MR im-
ages, and 2) to understand the effects of hematomas
on diffusion-weighted MR images of patients with
acute stroke. We hypothesized that diffusion MR
images would differ among the stages of evolving
hematomas in that hematomas containing blood
with intact cell membranes would have restricted
diffusion compared with hematomas in which RBC
membranes have lysed.

Methods
Sixteen consecutive patients with 17 discrete intracranial he-

matomas proved by CT or surgery or both were studied by

conventional and diffusion MR imaging on a GE Signa Echo-
speed 1.5-T imager modified with hardware for echo-planar
imaging. By clinical criteria, none of the hematomas included
in this study were due to neoplasm, infarction, or diffuse ax-
onal injury, any of which might be expected to confound ap-
parent diffusion coefficient (ADC) data. All MR images, in-
cluding both conventional and diffusion images, were acquired
using a 5-mm section thickness with a 2.5-mm intersection gap
and a 24 3 24-cm field of view. For T1- and T2-weighted
images, a 192 3 256 matrix was used. For T1-weighted im-
ages generated from a conventional spin-echo pulse sequence,
the parameters of 600/11/1 (TR/TE/excitations) were used. For
T2-weighted images generated from a fast spin-echo sequence,
the parameters of 3600/90/1 were used. For diffusion data, we
performed multisection single-shot spin-echo diffusion imag-
ing using a diffusion sensitivity of b 5 1000 s/mm2. Diffusion
gradients were applied sequentially in three orthogonal direc-
tions to generate three sets of axial diffusion-weighted images.
From these, average ADC maps were calculated.

Hematomas were characterized using conventional T1- and
T2-weighted images to determine the stage of evolution and
their putative biophysical composition, based on the generally
accepted signal intensity patterns as described in the literature
(9, 10, 13). Regions of interest (ROI) were carefully drawn in
these areas on calculated average ADC maps, as well as in
normal-appearing white matter in all patients. The selection of
ROI was made with the help of the T2-weighted echo-planar
images of the same acquisition as the diffusion images (ie,
images generated from the diffusion sequence with diffusion
sensitivity b 5 0) to avoid errors in ROI selection due to spa-
tial distortion problems causing discrepancies between diffu-
sion images and conventional MR images. All analysis was
conducted with careful ROI placement while using the largest
ROI possible within the hematoma without volume averaging
(14 of 17 hematomas measured greater than or equal to 1 cm
in diameter; the minimum ROI measured 2 3 2). ADC mea-
surements for each type of putative hematoma constituent (in-
tracellular oxyhemoglobin, intracellular deoxyhemoglobin, in-
tracellular methemoglobin, and extracellular methemoglobin)
were compared with each other and with normal white matter
using an unpaired t test.

Results
Seventeen hematomas were identified with spe-

cific signal intensity patterns described in the lit-
erature for evolving intracranial hematomas on
conventional MR intensity patterns on T1- and T2-
weighted MR images. The following hematoma re-
gions underwent ROI analysis: intracellular oxyhe-
moglobin (n 5 2), intracellular deoxyhemoglobin (n
5 8), intracellular methemoglobin (n 5 4), and ex-
tracellular methemoglobin (n 5 3) (Table 1).
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TABLE 2: Statistical comparisons between ADC of stages of in-
tracranial hematomas

Comparison Result P Value

Hyperacute 5 acute
Hyperacute 5 early subacute
Acute 5 early subacute
Hyperacute , subacute-chronic
Acute , subacute-chronic

.964

.674

.580

.024

.005
Early subacute , subacute-chronic
Hyperacute , normal white matter
Acute , normal white matter
Early subacute , normal white matter
Subacute-chronic . normal white matter

.003
,.001
,.001
,.001

.004

FIG 1. Average ADC value versus putative biophysical state in
intracranial hematomas.

All hematoma regions consistent with compart-
mentalized blood components (ie, intact RBCs) by
conventional MR imaging criteria (n 5 14), re-
gardless of whether that was intracellular deoxy-
hemoglobin, intracellular methemoglobin, or intra-
cellular oxyhemoglobin, showed no statistically
significant differences among their average ADC
values (Table 2, Fig 1). All hematoma regions con-
taining these intracellular components also showed
significantly reduced diffusion compared with he-
matomas containing lysed RBCs (intracellular oxy-
hemoglobin versus extracellular methemoglobin, P
5 .024; intracellular deoxyhemoglobin versus ex-
tracellular methemoglobin, P 5 .0046; intracellular
methemoglobin versus extracellular methemoglo-
bin, P 5 .0029). Hematomas containing lysed
RBCs had significantly more diffusion (higher
ADC measurements) than did white matter (P 5
.003), whereas hematomas containing intact RBCs
had significantly reduced diffusion as compared
with normal white matter (P , .0001).

Discussion
The MR appearance of evolving intracranial

hemorrhage and its underlying biophysical basis

are somewhat complex, even on conventional MR
images. It has been proposed that the earliest stage
of intracranial hematoma, ‘‘hyperacute’’ hemato-
ma, is recognized on conventional T2-weighted im-
ages by its overall hyperintensity accompanied by
marked peripheral hypointensity (10). This pattern
has been attributed to relatively oxygenated he-
moglobin forming the bulk of the hematoma with
early deoxygenation found at the periphery (10,
18). Evolution into ‘‘acute’’ hematomas is identi-
fied as marked hypointensity throughout the lesion
on T2-weighted images (9) with isointense signal
on T1-weighted images. Although multifactorial, it
has been generally accepted that the basis of this
signal loss on T2-weighted images is mainly the
intrinsic heterogeneity of magnetic field gradients
due to compartmentalized paramagnetic deoxygen-
ated blood (9, 12, 19, 20). Similarly, ‘‘early sub-
acute’’ hematomas are hyperintense on T1-weight-
ed images and markedly hypointense on
T2-weighted images. This infrequently seen, tran-
sient stage in hematoma evolution is attributed to
the presence of methemoglobin, which is compart-
mentalized within intact RBCs (9). Based on nu-
merous clinical, animal, and in vitro studies in the
literature (21), it has been generally recognized that
two of the most important factors in generating
these signal intensity patterns in the evolution of
intracranial hemorrhage are the oxygenation state
of the hemoglobin with its accompanying paramag-
netic iron and the presence of intact cells to com-
partmentalize the paramagnetic material.

In this study, we hypothesized that diffusion MR
data would differ among the stages of evolving he-
matomas in that hematomas containing blood with
intact cell membranes would have restricted diffu-
sion compared with those hematomas in which
RBC membranes have lysed. This hypothesis was
based on several facts. First, the presence of intact
cell membranes restricts molecular diffusion (17).
For instance, increased ADC values have been re-
ported in cases of intratumoral necrosis (22–24), a
pathologic environment defined by a lack of intact
cell membranes. Second, an important requisite for
the diffusion restriction observed in association
with early ischemic infarction is the presence of
intact cells, because the early reduction in diffusion
is related to shifts of water from extracellular space
to intracellular space (3, 15, 25). Once cells have
lysed in the subsequent evolution of subacute to
chronic infarction, measured diffusion increases
(26, 27).

Our data indicate that hematomas composed of
any and all of the evolutionary stages theorized to
contain hemoglobin within intact RBCs (ie, hyper-
acute, acute, and early subacute hematomas) show
significantly reduced ADC values compared with
the single hematoma state theorized to be com-
prised of lysed RBCs (ie, ‘‘free’’ methemoglobin
in subacute-to-chronic hematomas). Our data also
show that the ADC measurements in all of the in-
tracellular hemoglobin states (intracellular oxyhe-
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FIG 2. ADC map in case of hyperacute intracranial hematoma.
A, T1-weighted images (600/11/1). Left subinsular hematoma is isointense to brain.
B, T2-weighted images (3600/90/1). Left subinsular hematoma is hyperintense to brain, with thin, peripheral rim of marked

hypointensity.
C, T2*-weighted gradient-echo images (500/30/1). Left subinsular hematoma is more prominent.
D, Diffusion-weighted images show central high intensity.
E, Calculated ADC maps show marked hypointensity indicating restricted diffusion.

moglobin, intracellular deoxyhemoglobin, and in-
tracellular methemoglobin) were statistically
equivalent. These diffusion data support the theo-
rized biophysical states of hemoglobin and the
RBC put forth in the literature on evolving intra-
cranial hematomas.

Further analysis of our data indicated that the
ADC measurements of all early hematomas (in-
cluding hyperacute, acute, and even early subacute)
were significantly reduced compared with normal
brain tissue. This restriction of diffusion is similar
to the phenomenon observed in cases of early is-
chemic infarction, in which it is well documented
that within minutes and for the first several days,
the ADC value decreases and is therefore depicted
as marked hypointensity on ADC maps (3–5, 27).
The precise biophysical explanation for the ob-
served restriction of diffusion in early stages of in-
tracranial hematomas is uncertain. Potential causes
include, but are not limited to: 1) a shrinkage of
extracellular space with clot retraction (25); 2) a
change in the osmotic environment once blood be-
comes extravascular, which alters the shape of the
RBC (28)—a phenomenon related to the formation
of the fibrin network associated with clot (29); 3)
a conformational change of the hemoglobin mac-
romolecule within the RBC (30); and the less likely
possibility of 4) contraction of intact RBCs (there-
by decreasing intracellular space) (31). Any of
these processes might alter the potential mobility
of intracellular water protons. Regardless of the
precise explanation for restricted diffusion in early
hematomas, our study indicates that the measured
restriction of diffusion (reduced ADC value) in the
hematoma itself would generate similar hypoin-
tensity on ADC maps (Fig 2) and, if anatomically
appropriate, might confound the diagnosis and the
quantification of regions of acute infarction in the
clinical setting.

The diffusion data presented in this study are im-
portant for several reasons. First, in this era of
acute stroke treatment, management decisions de-
pend to a great extent on imaging findings, and
they are beginning to depend particularly on dif-

fusion imaging (1). Restriction of diffusion, even
in the appropriate clinical setting of acute stroke by
clinical assessment, should not necessarily be taken
as specific for acute ischemic infarction. Second,
several studies quantify regions of acute infarction
on the basis of restricted diffusion on ADC maps.
Our data indicate a potential pitfall to that quanti-
tative assessment in that early hematomas might
mask or mimic regions of acute infarction. This
suggests that ADC maps should always be inter-
preted with conventional MR images for compari-
son. Third, this study confirms the key features of
the putative evolutionary stages in intracranial he-
matomas. Our data showing equivalence of diffu-
sion among hyperacute, acute, and early subacute
hematomas despite their marked differences in sig-
nal intensity patterns on conventional MR images
provide further evidence that paramagnetic effects,
rather than restriction of water movement and clot
retraction, account for the dominant features seen
on conventional MR images of these lesions. Not-
withstanding certain limitations of our study, in-
cluding the relatively large SD of our ADC mea-
surements and the small number of cases in some
of our representative hematoma states, statistical
significance was achieved in all relevant compari-
sons to support our hypothesis.

Conclusion
Diffusion of water is significantly restricted in

intracranial hematomas that show MR signal inten-
sity patterns consistent with intracellular oxyhe-
moglobin, intracellular deoxyhemoglobin, and in-
tracellular methemoglobin. This restricted diffusion
in hyperacute and acute hematomas is in compari-
son with both extracellular methemoglobin in sub-
acute chronic hematomas and is relative to normal
brain parenchyma. Therefore, early hematomas
would be displayed as identical to the signal inten-
sity of acute infarction on ADC maps, despite their
clear differentiation on conventional MR images.
This suggests that ADC maps should always be in-
terpreted with conventional MR images for com-
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parison. These data also are consistent with the bio-
chemical composition that has been theorized in the
various stages of evolving hematomas in nonneo-
plastic brain hemorrhage and provide further evi-
dence that paramagnetic effects, rather than restric-
tion of water movement, account for the dominant
features seen on conventional MR images of these
lesions.
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