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Magnetization Transfer Effects in MR Imaging of in Vivo 
Intracranial Hemorrhage 

Robert L. Mitt!, Jr., John Moshe Gomori, Mitchell D. Schnall, George A. Holland, Robert I. Grossman, and Scott W. Atlas 

PURPOSE: Recent papers have hypothesized that diamagnetic effects of clotting and conforma­

tional changes in aging red blood cells immobilize the hemoglobin protein and thus are responsible 

for the marked hypointensity of acute hematomas on T2-weighted spin-echo MR images. To test 

that hypothesis, the authors evaluated 24 hemorrhagic components of intracranial hemorrhagic 

lesions using accepted criteria based on spin-echo images as the definitions of the stage of the 

hemorrhage. METHODS: As a measure of the effects of macromolecular (hemoglobin protein) 

immobility, magnetization transfer contrast was elicited using a pulsed saturation magnetization 

transfer experiment. The apparent magnetization transfer contrast (AMTC) was determined by 

comparing the signal intensities of saturated with unsaturated images and quantified for acute 

isolated hemorrhages, acute nonisolated hemorrhagic lesions, and subacute-to-chronic hemor­

rhages. RESULTS: The AMTC of isolated acute hemorrhage was significantly less than that of 

normal white matter and gray matter, indicating the lack of significant magnetization transfer and 

therefore the lack of effects of restriction of hemoglobin mobility on the signal intensity of acute 

hemorrhage. Acutely hemorrhagic tissue (nonisolated acute hemorrhage) has significantly more 

AMTC than isolated acute hemorrhage, but still not exceeding that of brain parenchyma. 

CONCLUSION: This in vivo data concurs with in vitro data and reinforces the concept that the 

marked hypointensity of acute hematomas is mainly a magnetic susceptibility effect. 

Index terms: Hematoma; Cerebral hemorrhage; Blood, coagulation; Blood, magnetic resonance; 

Magnetic resonance, tissue characterization 
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Evolving intracranial hemorrhage on magnetic 
resonance (MR) imaging follows a typical pattern 
(1). Despite the complex nature of this entity, the 
relaxation enhancement caused by the heme­
associated iron in hematomas has generally been 
accepted as the major determinant to signal in­
tensity patterns of hematomas on spin echo im­
ages ( 1-16). The magnetic susceptibility effects 
of deoxyhemoglobin in particular have been 
shown to be of critical importance to the char­
acteristic signal intensity pattern of acute hema­
tomas at 1.5 T, which is isointense to brain on 
short repetition time (TR)/short echo time (TE) 
images and markedly hypointense on long TR/ 
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long TE images. This hypointensity has been 
attributed to the T2 shortening from magnetic 
field inhomogeneity produced when deoxyhe­
moglobin is compartmentalized within red blood 
cells ( 1, 17, 18). Other factors , such as hemoglo­
bin and serum protein concentration and fibrin 
polymerization also have been investigated as 
contributors to the signal characteristics observed 
in different stages of hemorrhage ( 19-21 ). A 
recent report suggested that the significance of 
magnetic susceptibility variations to the produc­
tion of marked hypointensity on long TR/TE 
spin-echo images in acute hematomas may have 
been overestimated (22). These authors proposed 
that the immobolization of hemoglobin in hema­
tomas by clotting and conformational changes in 
the red blood cell may, in fact, compose a major 
T2 shortening mechanism (19, 20, 22). 

Magnetization transfer recently has received 
increasing attention in the literature as a poten­
tially important mechanism in MR image contrast 
(23-26) , although the concept is based on pre-
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vious work studying cross-relaxation phenomena 
(27-29). This concept refers to the observation 
of enhanced relaxation of free water protons 
caused by the exchange of magnetization from 
immobile protons of macromolecules to unbound 
water protons. The magnetization transfer from 
macromolecular-bound protons to free water pro­
tons is actually a two-step process, in that the 
transfer (probably a dipolar interaction) (30) in­
volves the macromolecular protons and a tran­
sient 'boundary layer ' pool of protons, water that 
is temporarily bound to macromolecules but rap­
idly exchanges by diffusion with the larger pool 
of free water (23). This phenomenon has been 
shown to occur in many diverse tissues (23, 24, 
26), including cerebral white matter, where the 
restricted motion of protons bound to cellular 
macromolecular structures (postulated to be re­
lated to cholesterol-containing lipid bilayers of 
myelin) significantly influences the relaxation 
rates of unbound water by this process (31 ). 
Magnetization transfer contrast (MTC) can be 
demonstrated by applying a high-power radio 
frequency pulse away from the resonance peak 
of free water protons to selectively saturate the 
broad resonance of immobile protons associated 
with macromolecules. If magnetization transfer 
occurs, partial saturation as manifested by loss 
of signal will be observed in the nonirradiated 
pool of free water spins. The extent of apparent 
magnetization transfer contrast can be quantified 
by comparing the signal intensity of saturated 
with unsaturated images. 

Immobilization of protein macromolecules in­
creases the population of restricted spins, and so 
it increases the amplitude of the broad resonance 
component. Such an increase in the population 
of restricted spins will increase the MTC. In ad­
dition, an increase in macromolecular immobility 
will shorten T2 by a separate mechanism (30). 
Importantly, the magnetization transfer phenom­
enon is not sensitive to susceptibility-induced 
relaxation, unlike T2 relaxation (32). Therefore, 
the magnetization transfer experiment is an ideal 
way to separate magnetic susceptibility effects 
from transverse relaxation due to the immobili­
zation of macromolecules. The effects of restric­
tion of hemoglobin mobility, as proposed for 
acute hematomas (19, 22), should be revealed by 
a pulse sequence sensitive to magnetization trans­
fer. Our study is also prompted by a separate 
study of hepatic lesions, in which Outwater et al 
(26) showed that liver hemangiomas, which are 
to a great extent composed of blood in vascular 
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spaces admixed with internal stroma, demon­
strate considerably more magnetization transfer 
than simple fluids, such as water and cerebrospi­
nal fluid. The purpose of our study was to inves­
tigate the effects of macromolecular immobility 
on the signal intensity of in vivo intracranial 
hematomas. 

Subjects and Methods 

Seventeen patients with intracranial hemorrhage as doc­
umented by spin-echo images were evaluated, including 
four patients with two separate lesions. Twenty-four sepa­
rate hemorrhage components were identified in 21 hem­
orrhagic lesions. All studies were performed on a 1.5-T MR 
system (Signa, GE Medical Systems, Milwaukee, WI). Spin­
echo pulse sequences were performed before the evaluation 
of magnetization transfer. Sagittal and/ or axial conven­
tional spin-echo short TR/TE (500-800/12-26) and axial 
long TR/short and long TE (2500-4000/18-30 and 80-
90) dual-echo spin-echo pulse sequences were performed 
on all patients. The long TR images in six patients were 
performed using a fast spin-echo pulse sequence previously 
described elsewhere (33, 34) rather than conventional spin­
echo imaging. We realize that this sequence is less sensitive 
to magnetic susceptibility effects than conventional spin­
echo sequences because of the inherently short interval 
between consecutive 180-degree rf pulses. Clearly, how­
ever, this would not lead to false-positive identification of 
deoxyhemoglobin , which was defined in this study as 
marked hypointensity on long TR/long TEenecuve images 
(where TEerfective refers to the echo delay at which the low 
spi'ltial frequencies , which are responsible for the contrast, 
were acquired for the fast spin-echo image). On the other 
hand, there is certainly a possibility of missing a lesion (ie 
false-negative fast spin-echo scan) containing deoxyhe­
moglobin , because of reduced prominence of the charac­
teristic hypointensity of acute hemorrhage on fast spin 
echo images. 

The stages of hemorrhage were based upon previously 
described and widely accepted signal intensity patterns on 
spin-echo images at 1.5 T (1). Acute hemorrhage was 
defined as slightly hypointense or isointense to brain on 
short TR/ short TE images and markedly hypointense on 
long TR/long TE (or long TR/long TEenecuve) images. Sub­
acute-to-chronic hemorrhage was defined as hyperintense 
on short and long TR/ TE images. 

Magnetization transfer contrast was generated by using 
a pulsed saturation technique based upon a previously 
described pulse sequence (35). which modifies the fat 
saturation pulse in a standard three-dimensional gradient 
echo sequence (GRASS; GE Medical Systems). Parameters 
included a TR of 106 msec, a TE of 5 msec, and a flip 
angle of 12 degrees. A nonsection-selective saturation pulse 
was applied 2 kHz below the resonance peak of free water 
to selectively saturate the broad resonance of the pool of 
immobile protons of macromolecules. The saturation pulse 
consisted of a 19-msec single-cycle sine pulse with an 
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average 8 1 intensity of 3 .67 X 10-6 T. The interval between 
the saturation pulse and the excitation pulse was approxi­
mately 1 msec. Without changing prescan values or slice 
selection, an unsaturated series of images was also acquired 
by using the identical pulse sequence without the saturation 
pulse. Details of this pulse sequence have been described 
elsewhere, and notwithstanding the known pulse sequence 
dependence of the quantified magnetization transfer effect, 
its reproducibility has been validated in previous studies 
(25, 26). 

Analysis of the images was performed by consensus by 
two neuroradiologists who inspected the spin-echo images 
to identify the stage of blood in each lesion and in different 
portions of each lesion . The stage of blood evaluated was 
defined by well-described criteria observed for evolving 
hematomas at 1.5 T (1). Regions of interest (ROis) were 
subsequently defined on the corresponding portions of the 
magnetization transfer images in homogeneous areas 
where confident identification of blood components could 
be made and where volume averaging effects could be 
avoided. Extreme care was taken to avoid partial volume 
effects when selecting ROis in the regions of hemorrhage 
by selecting ROts in lesions that were also demonstrated 
on sections immediately above and below the section from 
which measurements were taken. Two to four separate 
ROts were selected for each component of the hemor­
rhages, and these values were averaged. Identical ROts 
were selected on the saturated and unsaturated MT images. 
The magnitude of signal intensity with the saturation pulse 
on and the magnitude of signal intensity with the saturation 
pulse turned off were used to determine the degree of 
magnetization transfer. An apparent MTC (AMTC) was 
obtained with this equation: 

signal intensity (unsat) - signal intensity (sat) 
AMTC = . 

signal intensity (unsat) 
(1) 

We chose to measure the AMTC rather than the mag­
netization transfer rate (MTR) because there are significant 
constraints to accurately measuring the MTR. First, it is 
necessary to employ the continuous wave saturation 
method (24), which uses continuous saturation with incre­
mental increases in saturation time (duration), to accurately 
measure the MTR. This method, although potentially ac­
curate for determining the MTR, is limited by power ab­
sorption limitations on 8 1 and radiofrequency pulse bleed­
over (ie inadvertant saturation of the free water resonance 
by the saturation pulse). Second, when using our pulsed 
saturation method, there is a limit to the achievable satu­
ration of the immobile macromolecular protons. Impor­
tantly , it should be noted as well that the AMTC is highly 
dependent upon the T1 relaxation time, such that 

AMTC = T1 sat · MTR, (2) 

where T 1 sat represents the T 1 relaxation time of free water 
protons under conditions of magnetization transfer assum­
ing complete saturation of the immobile protons and no 
radiofrequency pulse bleed-over. 
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AMTC values were obtained in all patients for cerebro­
spinal fluid and for normal appearing white matter and 
normal appearing gray matter (putamen) to serve as intra­
patient controls. The Student t test (unpaired two-tail) was 
used for statistical analysis, and a P value less than 0.05 
was considered statistically significant. 

Results 

AMTC values for cerebrospinal fluid, normal­
appearing white matter, and normal-appearing 
deep gray matter (putamen) were obtained in all 
patients. The mean AMTC for cerebrospinal fluid 
was 0.006 (SD = 0.019) with a range from 
-0.040 to 0.028. The AMTC values for cerebro­
spinal fluid in ideal conditions should equal zero. 
The nonzero values for cerebrospinal fluid in our 
study (as in previous investigations using this 
technique) reflect a minimal radio frequency 
bleed-over from the off-resonance saturation 
pulse onto the resonance of free water protons 
(26). The mean AMTC for normal-appearing 
white matter was 0.412 (SD = 0.023). These 
values are very similar to the values for AMTC 
of normal-appearing white matter previously re­
ported for healthy volunteers that were obtained 
using the same pulse sequence used in this study 
(25). The mean AMTC of normal-appearing gray 
matter was 0.360 (SD = 0.026). The difference 
between the AMTC between normal-appearing 
white matter and gray matter was statistically 
significant (P = 0.0001). We note that the AMTC 
values for gray matter and white matter differ 
somewhat from those reported in our in vitro 
investigation (36), which can be ascribed to the 
slight difference in flip angle used in the two 
studies. 

Twenty-four separate hemorrhagic compo­
nents in 21 hemorrhagic lesions were studied in 
17 patients (note that some lesions had more 
than one type of hemorrhagic component). Table 
1 lists the age and sex of each patient as well as 
the nature of each hemorrhagic lesion (see Table 
2 for statistical comparisons). The mean AMTC 
for subacute-to-chronic hemorrhage with extra­
cellular methemoglobin (as defined by regions of 
high intensity on short TR/TE and long TR/TE 
spin-echo images) measured in 12 lesions was 
0.073 (SD = 0.038) with a range from 0.036 to 
0.134. The mean AMTC for acute hemorrhage 
with intracellular deoxyhemoglobin (as defined 
by regions of isointensity or slight hypointensity 
on short TR/TE and marked hypointensity on 
long TR/TE spin-echo images) measured in 9 
lesions was 0.266 (SD = 0.096) with a range from 
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TABLE 1: Apparent magnetization transfer contrast for intracranial hemorrhagic lesions 

Slight Low Sl on lsointense on 

High Sl on Short TR/ Short TR/TE Short TR/TE and 

TE and Long TR/TE and Marked Low Slight High Sl on 
Patient Age/Sex Lesion(s) 

Images (Extracellular Sl on Long TR/TE Long TR/ TE lm-

MetHgb) Images (Intra cellu- ages (Hyperacute 

lar DeoxyHgb) Hematoma) 

CB 65/F Sinus thrombosis with a 0.338 

hemorrhagic infarct 

HC 56/M Hemorrhagic metas-

tases 

Lt parietal 0.053 0.115' 

Parasagittal 0.250 

JC 75/M Occipital hemorrhage, 0.094 

probably due to HTN 

MC 45/M Hemorrhagic A V M 0.155' 0.186 

NC 80/F Subdural hematoma 0.074 

JE 50/M Probable OCVMs: 

Left temporal 0.038 

Cerebellar 0.058 

AF 47/M Left basal ganglia hem- 0.108 

orrhage, probably 

due to HTN 

DG 74/F Hemorrhagic thalamic 0.341 

metastasis 

GG 66/F Hemorrhagic cerebellar 0.054 0.376 

metastasis 

VG 23/F Hemorrhagic temporal 0.134 

OCVM 

HH 48/ M Hemorrhagic metas-

lases: 

Rt parietal 0.285 

Lt parietal 0.084 

MM 37/M Subdural hematoma 0.110 

JR 72/M Left temporal hemor- 0.038 

rhage, HTN 

JS 47/F Left temporal hemor- 0.357 

rhage, ?Etiology 

ss 82/ M Rt parieta l hemorrhage, 0.115 

probably amyloid an-

giopathy 

NT 73/ F Cerebellar hemorrhage 0.036 

Subdural hematoma 0.019 

GW 32/ F Hemorrhagic tecta! 0.180' 
OCVM 

Mean 0.073 0.266 0.1 86 

so 0.038 0.096 

' Debris-fluid level present within lesion indicating isolated blood into cystic cavity. 

TABLE 2: Comparison of AMTC values versus AMTC of acute hemorrhage 

(mean) P value versus P value versus 
AMTC AMTCtsoleted ecute hemorrhage

11 AM TCnonlsolated &cute hemorrhage 
. 

Hyperacute heme 0.186 0.442 0.0428 
Isolated acute heme 0.150 N/ A 0.0001 
Nonisolated acute heme 0.325 0.0001 N/ A 
Subacute-chronic heme 0.073 0.0034 0.0001 
Normal white matter 0.412 0.0001 0.0001 
Normal gray matter 0.360 0.0001 0.0264 
Cerebrospinal fluid 0.006 0.0001 0.0001 

' P value for two-tailed, unpaired t test using raw data for each case. 
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0.115 to 0.376. Comparison of these mean values 
demonstrated a statistically significant difference 
(P < 0.001). 

Three of the lesions containing deoxyhemoglo­
bin as defined by spin-echo intensities demon­
strated debris-fluid levels on spin-echo images 

A 

B 
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(indicated by superscript letters in Table 1 ), doc­
umenting that blood in these lesions was isolated 
within a cystic cavity (Fig. 1). Two of these lesions 
were hemorrhages associated with vascular mal­
formations and one was a hemorrhage associated 
with metastases. The deoxyhemoglobin in these 

Fig. 1. Acute isolated hemorrhage. 
A , Short TR/ short TE (Tl-weighted) image. 
B, Long TR/ short TE (proton density-weighted) image. 
C, Long TR/ Iong TE (T2-weighted) image. 
Note dependent debris-fluid level in tecta! lesion (A-C), with 

acute hemorrhage consistent with intracellular deoxyhemoglobin 
in dependent portion (arrow) . The presence of such a level allows 
separation of blood component from any other tissue. The second 
cavernous hemangioma is present in left frontal lobe (Band C). 
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cases (what we termed isolated deoxyhemoglo­
bin) had the three lowest AMTC values among 
the group of hemorrhagic lesions containing 
deoxyhemoglobin, with a mean AMTC of 0.150 
(SD = 0.033). The other six deoxyhemoglobin­
containing lesions did not demonstrate debris­
fluid levels, so the blood could not be separated 
from underlying solid tissue in these cases (Fig. 
2). This group of six nonisolated hemorrhagic 
tissue cases included four acute hemorrhages due 
to metastases and two nonneoplastic parenchy­
mal hemorrhages. The mean AMTC for deoxy­
hemoglobin admixed with underlying tissue (non­
isolated deoxyhemoglobin) equaled 0 .325 (SD = 
0.047). There was a statistically significant differ­
ence between the AMTC of the two subgroups 
of deoxyhemoglobin-containing lesions (P < 
0.001). The AMTC of isolated deoxyhemoglobin 
was significantly less than the AMTC of normal­
appearing white matter (P = 0.0001) and gray 
matter (P = 0.0001). The AMTC of noniso/ated 
deoxyhemoglobin was not significantly different 
from the mean AMTCs of normal-appearing 
white matter (P = 0.412) and gray matter (P = 
0 .360) (see Table 2). 

One early acute hemorrhagic lesion proved by 
computed tomography (CT) associated with an 
arteriovenous malformation had an isointense sig­
nal with W M on short TR/ short TE images and 
was slightly hyperintense on long TR/long TE 
images. This lesion matched descriptions of "hy­
peracute" hemorrhage (10, 16) by its spin-echo 
signal intensity pattern. This single case had an 
AMTC value of 0.186. The AMTC of this hyper­
acute hematoma was not significantly different 
from the AMTC of isolated deoxyhemoglobin. 

Fig. 2. Acute nonisolated hemorrhagic 
lesion. 

A , Short T R/ short TE (T l-weighted) 
image. 

B, Long TR/ Iong TE (T2-weighted) 
image. 

Acute right thalamic hemorrhage shows 
no definable debris-fluid level and is there­
fore not clearl y separable from underl y ing 
(interm ixed) brain tissue. 
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Discussion 

The appearance of intracranial hemorrhage on 
MR imaging is complex, and as a result it has 
been the subject of numerous investigations. As 
in the case of all lesions depicted by MR imaging, 
the concentration of water (spin density) and the 
relaxation characteristics of the water determine 
the signal intensity of hemorrhage. Many physi­
ologic factors inherent to the specific 
hemorrhage, such as the oxygenation state of 
hemoglobin, hematocrit, and the presence of cer­
tain underlying lesions, are well known to influ­
ence the MR appearance. Operator-dependent 
variables, such as the magnetic field strength of 
the scanner, specific pulse sequence parameters 
(eg TR, TE, and interecho time) , and mechanism 
of signal acquisition used (radio frequency pulse­
induced spin echo versus gradient recalled echo) 
also influence the observed MR signal intensities 
to a considerable degree (1-16, 37). 

The signal intensities observed in acute hema­
tomas at high field are determined mostly by 
compartmentalization of deoxygenated hemoglo­
bin within intact red blood cells (1, 14, 17, 18). 
The compartmentalization of the paramagnetic 
ferrous iron of deoxyhemoglobin creates regions 
of inhomogeneous magnetic susceptibility 
through which diffusing water protons traverse. 
These local magnetic field inhomogeneities ex­
perienced by water protons shorten the apparent 
T2 leading to hypointensity on long TR/long TE 
images, particularly at high-field strengths, long 
TE, and long interecho time (18). Notwithstand­
ing the uncertainty regarding the precise localiza­
tion of the magnetic susceptibility gradients in 
acute hematomas (ie transcellular, intercellular, 

B 
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and/or intracellular) (38) , it has been shown that 
lysis of red blood cells is associated with disap­
pearance of the T2 shortening ( 17, 18). It is 
presumed that the quarternary structure of de­
oxyhemoglobin isolates the iron atom and pre­
vents dipole-dipole interactions between it and 
free water protons, so no T1 shortening is ob­
served. Subsequent conformational changes pro­
duced by conversion (ie oxidation) to methemo­
globin in subacute hematomas make iron atoms 
more accessible to water protons. This allows 
dipole-dipole interactions between water protons 
and the paramagnetic ferric iron of methemoglo­
bin, and thus high intensity is seen on short TR/ 
short TE images of these lesions. 

Many processes occur during clot formation 
in addition to deoxygenation , including fibrin 
polymerization, clot retraction, and hemoconcen­
tration. Clark et a! (14) investigated the relative 
effects of these processes on T2 shortening in 
acute hematomas. In spite of their methodologic 
design of using very short interecho times, which 
minimized the effects of magnetic susceptibility­
induced T2 shortening, they still found that deox­
ygenation was the most important determinant 
of T2 shortening, followed to a lesser extent by 
increased hematocrit. The effect of fibrin-clot 
formation was minimal at the high-field strengths 
examined. Other investigators have postulated 
that nonparamagnetic protein effects may be 
highly significant in generating the marked, selec­
tive hypointensity on long TR/long TE spin-echo 
images (19, 20, 22). These authors have stated 
that conformational changes in red blood cell 
morphology, intracellular water concentration, 
and restriction of protein (hemoglobin) mobility 
in the absence of paramagnetic iron effects are 
responsible for the intensity pattern of acute 
hematomas. 

Magnetization transfer has received attention 
recently as an important contrast mechanism in 
MR imaging (23, 24). This involves the exchange 
of magnetization between two separate popula­
tions of protons-free water protons and the 
immobile hydrogen protons covalently bound to 
biologic macromolecules and membranes in 
tissues. Experimentally, the presence of mag­
netization transfer can be investigated by the 
saturation transfer technique (23), in which the 
selective saturation of macromolecular protons 
are achieved via rf irradiation distant from the 
narrow water resonance but encompassing the 
broad resonance of these bound protons. Subse­
quent to such selective irradiation, one can detect 
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partial suppression (via saturation) of free water 
signal. In addition to the observed reduction in 
signal intensity of the free water pool with satu­
ration of the restricted proton pool , there is also 
a decrease in the observed T 1 of the free water 
spins. In the absence of inadvertant rf irradiation 
of the free water resonance, the resultant de­
crease in free water signal implies transfer of the 
saturation, that is , magnetization transfer (23, 24). 
The exchange of energy between the two spin 
populations is thought to be a dipole-dipole inter­
action rather than a chemical exchange from 
observations made using other isotopes of water 
(eg tritium) (30). This technique is a sensitive 
method of detecting the effects of immobile mac­
romolecules on water relaxation. Clearly, if essen­
tially no free water is present , then no magneti­
zation transfer could occur. Relaxation induced 
by magnetization transfer appears to generate 
contrast separate from conventional determi­
nants of T1 and T2 relaxation rates. In fact, 
several investigators have suggested that the con­
trast generated via such magnetization transfer 
may be useful in clinical brain imaging, both for 
improving gray-white discrimination (39) and in 
parenchymal disease (40) . 

The magnitude of the signal decrease of free 
water protons is related to the rate of magneti­
zation transfer and to the spin lattice (T1) relax­
ation time of free water under conditions of 
steady state saturation of the immobile pool (24), 
expressed in the following equation: 

MTR · T1 sat = MTC. 

In distinction to the influence of T1 on MTC 
measurements, it should be noted that the meas­
urement of MTC is not affected by magnetic 
susceptibility differences , unlike T2 measure­
ments (32). These unique characteristics of the 
magnetization transfer experiment (its lack of 
influence by magnetic susceptibility-induced re­
laxation) coupled with its sensitivity to the effects 
of restricted macromolecular motion makes this 
method well suited to investigate hemorrhage. 

In our study, we have chosen to express the 
MTC as an apparent MTC, because the MTC will 
vary with the specific technique used for the 
magnetization transfer experiment, including the 
duration and strength of the off-resonance 8 1 
field used for saturation (24) and the effects of 
bleed-over (inadvertant saturation of the free 
water resonance). We know that AMTC images, 
representing ratios of saturated and unsaturated 
data , will not accurately represent the quantita-
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tive magnetization transfer effect, because the T1 
times of the free and immobile spin populations 
(ie the T1 sat) is not taken into account by the 
AMTC. Despite these shortcomings of AMTC and 
the fact that some investigators have successfully 
produced "magnetization transfer rate maps" 
from MTR and T1 data (24), we agree with their 
caveats that the time and power deposition lia­
bilities may limit the practicality of quantifying 
MTR. Although an AMTR measurement can be 
obtained (36), clinical time constraints may limit 
its routine use in ill patients. Therefore, we chose 
to evaluate AMTC in our study. 

Almost no magnetization transfer is observed 
in simple fluids such as water and CSF, which 
contain little or no macromolecules, no tissue 
structure, and have relatively small T1/T2 ratios. 
Our results agreed with this principle, as almost 
no magnetization transfer was noted for CSF in 
our patients (AMTCcsF = 0.006) or in other simple 
fluids in previous reports using the same tech­
nique (26). Tissues such as brain parenchyma 
differ from simple fluids and from solutions of 
similar protein concentrations in their T 1 /T2 ra­
tio, because macromolecular cellular structures 
in tissues decrease T2 more than T1 (41, 42), 
giving tissues a higher T1/T2 ratio. In tissues, the 
higher the T1/T2 ratio, the more the magnetiza­
tion transfer effect (43). Previously reported work 
using MnCb solution phantoms constructed to 
approximate tissue T1/T2 ratios (26) showed that 
the AMTC did not increase to the expected val­
ues. These data indicate that solutions do not 
equate with tissues, even in the presence of 
similar T 1 /T2 ratios, a concept reinforced by our 
in vitro work (36) demonstrating that in vitro 
compact-retracted blood clots behave like protein 
solutions rather than tissues in this regard. We 
also note low AMTC of the in vivo entity analo­
gous to the in vitro packed clot (the hyperacute 
hematoma examined in our study). 

Our data demonstrate only minimal magneti­
zation transfer in subacute-to-chronic hemato­
mas (ie extracellular methemoglobin) (mean 
AMTC = 0.073). This finding likely reflects two 
separate features of the biophysical changes that 
occur in subacute-to-chronic hemorrhagic le­
sions. Importantly, it is clear that in the presence 
of the short T1 (estimated at 740 msec) (6) of 
subacute-chronic hematomas at 1.5 T , from 
Equation (2) we note that the AMTC will be 
reduced. Conceptually, T1 relaxation and relax­
ation due to saturation transfer can be thought 
of as competing processes. The effects of satu-
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ration transfer (ie the signal decrease) are opposed 
by T1 relaxation. A high T1 relaxation rate will 
result in a lower steady state saturation of the 
free water protons, resulting in a lower AMTC 
measurement. It should be noted that the re­
ported T1 values for subacute-to-chronic hema­
tomas are similar to white matter (6, 44), but 
subacute-to-chronic hemorrhage has a much 
smaller T1/T2 ratio (approximately half) than that 
of white matter (6). Tissue structure is obviously 
lacking in these hematomas, reflected clearly by 
the AMTC of WM being significantly greater than 
subacute-to-chronic hemorrhage. In an in vitro 
study (36), the AMTR was quantified in methe­
moglobin within and after lysis of packed red 
blood cells and compared to AMTR in deoxyhe­
moglobin and carbonmonoxyhemoglobin. The in 
vitro data indicate that there was no significant 
difference in the AMTRs caused by the presence 
of paramagnetic methemoglobin or deoxyhemo­
globin. Our data are consistent with these con­
cepts. Second, in subacute-to-chronic methe­
moglobin-containing hematomas, red blood cells 
lyse, fibrin and methemoglobin are broken down, 
and the remaining methemoglobin is markedly 
diluted (45). The result is a high spin-density 
lesion (ie, high free water concentration, low pro­
tein concentration) (6). Relatively minimal trans­
fer would be expected in lesions in which mac­
romolecules have been diluted and degraded. In 
fact, one may postulate that the AMTC is to 
some extent falsely elevated because of rf bleed­
over, which would lead to overestimation of the 
effect of magnetization transfer. 

We identified two discrete subgroups of lesions 
containing deoxyhemoglobin, even though they 
showed identical spin-echo signal intensities. Iso­
lated acute hemorrhage into cystic cavities, as 
documented by the presence of dependent de­
bris-fluid levels, had a mean AMTC of 0.150. This 
is similar to the in vitro values for deoxyhemoglo­
bin in samples of clotted packed red blood cells 
(36), even though these entities are inarguably 
not equivalent. The mean AMTC of the in vivo 
acute isolated hemorrhages were significantly less 
than that of normal white matter and normal gray 
matter (see Table 2). The AMTC of the in vivo 
acute isolated hemorrhages was equivalent to the 
AMTC of the hyperacute hematoma, a lesion 
which is actually hyperintense to brain on long 
TR/Iong TE images. Similarly, the in vitro data 
(36) indicates that the AMTR of diamagnetic 
packed red blood cells was not significantly dif­
ferent from the AMTR of paramagnetic methe-
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moglobin or deoxyhemoglobin . Our in vivo data 
clearly demonstrate the Jack of significant mag­
netization transfer in acute isolated intracranial 
hemorrhage. These findings indicate that the 
marked hypointensity on long TR/Iong TE im­
ages in acute hematomas is not due to restricted 
mobility of the hemoglobin protein and in fact 
concur with prior investigations (14, 18, 46) and 
our in vitro study (36) in that the magnetic sus­
ceptibility effects of paramagnetic deoxyhemo­
globin dominate its spin-echo MR appearance. 

Our data also reveal a second group of deoxy­
hemoglobin-containing lesions. These hemor­
rhagic lesions did not demonstrate dependent 
debris-fluid levels, indicating that blood was in­
separable from and intermixed with underlying 
tissue (eg infarcted brain parenchyma or neoplas­
tic tissue). The deoxyhemoglobin in these cases 
of nonisolated acute hemorrhage demonstrated a 
significantly higher mean AMTC of 0.325 (P < 
0.001), as compared with isolated pure deoxy­
hemoglobin. This degree of magnetization trans­
fer in nonisolated acute hemorrhage is also much 
greater than that reported in vitro using packed 
deoxygenated red blood cells with a similar tech­
nique (36). In fact, the AMTC of nonisolated acute 
hemorrhages was similar to (but still less than) 
AMTC of gray matter and white matter (Table 2) 
in our study and in previous investigations using 
our specific pulsed saturation experiment (25). 
We hypothesize that unavoidable inclusion (par­
tial volume averaging) of brain or diseased tissue 
intermixed with deoxyhemoglobin, despite being 
invisible on inspection of spin echo images ele­
vated the observed AMTC in these cases. 

This data has possible implications regarding 
the distinction of hemorrhagic lesions with un­
derlying pathologic tissue from simple, isolated 
hematomas. Since our data suggest that isolated 
("pure") deoxyhemoglobin demonstrates less 
magnetization transfer than solid lesions contain­
ing deoxyhemoglobin, the magnetization transfer 
experiment may be useful in assessing the extent 
of tissue comprising a hemorrhagic lesion. We 
hypothesize that hemorrhagic lesions which tend 
to create a cavity and result in simple hematomas 
could potentially be distinguished from other 
etiologies of hemorrhage that tend to contain 

lood breakdown products admixed with tissue 
ranging from hemorrhagic infarctions to hemor­
rhagic tumors. This is analogous to the applica­
Lion of magnetization transfer to the distinction 
.Jf benign from malignant liver lesions reported 
·ecently (26). One obvious pitfall is the fact that 
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hemorrhagic neoplasms commonly produce cav­
ities (cystic necrosis) with debris-fluid levels on 
MR (37) . Further investigation is needed to deter­
mine whether the magnetization transfer tech­
nique would be useful in suggesting the etiology 
of unexplained acute intracranial hemorrhage. 

Our observations may also have implications 
for the appearance of intracranial hemorrhage on 
low field strength imaging systems. Although 
susceptibility effects on spin-echo MR are pro­
portional to the square of the magnetic field 
strength (17, 18), hypointensity has been ob­
served on long TR/Iong TE images at field 
strengths as low as 0.17 T (47). This fact has 
raised the possibility that nonparamagnetic pro­
tein effects may be more important determinants 
of T2 shortening on low field strength systems, 
simply because of the insensitivity of low field 
imaging to magnetic susceptibility effects. Clark 
et al (14) , while demonstrating that deoxygena­
tion was the major determinant of T2 shortening 
in acute hematomas at 2.1 T and 9.4 T, also 
proposed that nonparamagnetic protein effects 
may be more important at lower field strengths 
based on the trends in their data. Despite their 
methodologic design, which overestimated non­
paramagnetic contributions of to T2 shortening, 
they found that hemoglobin concentration was a 
more important nonparamagnetic effect than fi­
brin cross-linking. The lack of importance of 
fibrin clot formation and retraction are in accord­
ance with the in vitro investigations of magneti­
zation transfer by Gomori et al (36), which dem­
onstrate that fibrin clot polymerization and 
marked increases in protein concentration do not 
have the AMTR of brain parenchyma. Aside from 
magnetic susceptibility effects (although dimin­
ished as compared to high field) , transverse relax­
ation related to macromolecular immobility from 
admixed pathologic tissue (as in our nonisolated 
hematomas) could lower signal intensity. Clearly, 
macromolecular immobility alone, however, 
would certainly not result in more hypointensity 
than normal brain. At low field, the appearance 
of acute hemorrhage is strongly influenced by the 
relaxation behavior of admixed brain (or lesion) 
tissue and to a lesser extent hemoglobin concen­
tration , but susceptibility effects are less evident 
than at high field . 

Conclusions 

We evaluated 24 hemorrhagic components of 
intracranial hemorrhagic lesions using accepted 
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criteria based on spin-echo images as the defini­
tions of the stage of the hemorrhage. As a meas­
ure of the effects of macromolecular (hemoglo­
bin) immobility, magnetization transfer contrast 
was elicited generated by a pulsed saturation 
magnetization transfer experiment and quantified 
using the AMTC for acute isolated hemorrhages, 
acute nonisolated hemorrhagic lesions, and sub­
acute-to-chronic hemorrhages. The AMTC of iso­
lated acute hemorrhage was significantly less 
than that of normal white matter and gray matter, 
indicating the lack of significant magnetization 
transfer and, therefore, the lack of effects of 
restriction of hemoglobin mobility, on the signal 
intensity of acute hemorrhage. This in vivo data 
concurs with in vitro data and reinforces the 
concept that the marked hypointensity of acute 
hematomas is mainly a magnetic susceptibility 
effect. 
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