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Using a modification of the partial saturation (PS) pulse sequence, we developed an 
MR method that permits the acquisition of highly T1- and T2-weighted images of the 
head and body in as little as 10 sec. The PS images, which were acquired at 0.6 T in a 
series of six patients with acute and subacute hemorrhage, showed a striking reduction 
in the signal intensity of hemorrhagic lesions. This effect, which is related to bulk 
magnetic susceptibility variations, was either minimal or absent on conventional T1- and 
T2-weighted spin-echo (SE) images. Our results suggest that high-field systems are not 
needed in order to image acute and subacute hemorrhage. 

It has recently been proposed that hemorrhage can be uniquely characterized 
on high-field images on the basis of magnetic susceptibility variations within the 
lesion [1]. These effects were not identified on low-field images [2-3]. If hemorrhage 
could be accurately identified only with high-field systems, this would of course 
provide a significant clinical advantage to these systems. 

We have recently developed and implemented techniques for the rapid acquisition 
of T1- and T2-weighted images (Edelman RR, Radiology, submitted; Buxton R, J 
Comput Assist Tomogr, submitted). Using modifications of the partial saturation 
sequence, one can obtain these images in as little as 10 sec. It will be shown that, 
not only can one demonstrate magnetic susceptibility effects on intermediate field 
images, but that these images can be obtained in an order of magnitude faster 
than has previously been shown with high-field systems using conventional spin
echo techniques. 

Subjects and Methods 

Sixteen subjects were studied, including six patients with hemorrhagic lesions and 10 
patients with nonhemorrhagic lesions by CT criteria. There were five patients with subacute 
hemorrhage: one patient with an angiographically occult arteriovenous malformation in the 
left pons; one patient with postpartum pituitary apoplexy imaged approximately 1 week 
postictus; one patient with a 4-week-old right parietal hemorrhage, presumed secondary to 
an underlying tumor; one patient with a 4-week-old left occipital hemorrhage, also presumed 
secondary to underlying neoplasm; and one patient status post liver transplant for cirrhosis 
with an intrahepatiC hematoma resulting from a biopsy 4 weeks before the MR study. There 
was one acute right putaminal hematoma, imaged 15 hr from the ictus. 

The 10 patients with non hemorrhagic lesions included three patients with intrahepatic 
metastases (colon and breast primaries); two patients with intrahepatic cavernous heman
gioma; two patients with non hemorrhagic intracranial infarctions (brainstem, left middle 
cerebral artery territory); and three patients with nonhemorrhagic intracerebral gliomas. 

MR was performed on a Technicare 0.6 T superconducting system. Patients were imaged 
with a variety of T1- and T2-weighted spin-echo (SE) or composite inversion-recovery spin
echo (IR) pulse sequences. T1 -weighted sequences included SE 300/14, SE 500/20, and IR 
1500/450/20. T2-weighted sequences included multiecho SE 2000/60,120, and SE 400/ 
60,120. Acquisition time for the SE and IR images ranged from 5-15 min. 
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T2-weighted partial saturation (PS) images were obtained in all 
subjects. The partial saturation sequence is similar to an SE sequence 
without a 180° radiofrequency (RF) refocusing pulse; the MR signal 
is read out as a gradient-echo, rather than a spin-echo [4). T2-
weighted images were obtained with small RF pulse angles (20°) and 
long TE (e.g., 30-120 msec). T1 -weighted PS images were also 
obtained in five subjects using a large pulse angle (120°) and short 
TE (16 msec). For both acquisitions, four excitations and a TR of 100 
msec were used (except for the TE = 120 msec acquisitions, where 
TR = 150 msec). 

Liver images were acquired using 1 .5-cm section thickness and 
one or two excitations (10 sec or 20 sec acquisition time) in conjunc
tion with suspended respiration . Head images were acquired using 
0.7-cm section thickness and four excitations (54 sec acquisition 
time). Head images were acquired on a 256 x 128 (frequency x 
phase) matrix; abdominal images were acquired on a 256 x 96 
(frequency x phase) matrix in conjunction with a 1.33 x phase
encoding gradient zoom to produce equivalent spatial resolution to 
standard 128 projection acquisitions. All images were interpolated for 
display to a 2562 matrix. 

Two types of images were reconstructed from the same PS data 
set. Conventional images were reconstructed from the magnitude 
component of the data, where 

Magnitude component 

= [(real componentf + (imaginary componentfl' /2. 

In addition to the phase-insensitive magnitude images, phase-sensi
tive images were reconstructed from the real component of the data. 
In some cases, the echo was off-centered by a large first-order phase 
offset during reconstruction to produce "zebra-stripe" images [5). 
One pair of bright and dark stripes is equivalent to a 360° phase 
shift. 

Phantom studies were also performed to assess the differential 
sensitivity of SE and PS sequences to magnetic susceptibility effects. 
Magnetite (Fe20 3) is a superparamagnetic agent with a high magnetic 
susceptibility. By perturing local field homogeneity, it selectively short
ens T2 and T2* (the time constant for proton dephasing under the 
influence of magnetic field inhomogeneities) but has minimal effect 
on T1 [6). Sample tubes were filled with a 0.3% agar suspension 
containing 0, 33, 67 and 100 microgram/ml of albumin-coated mag
netite microspheres (MAM; courtesy of Donald J. Widder, Molecular 
Biosystems, San Diego, CAl. The tubes were imaged with an SE 
200/20 sequence with two excitations, and with a PS 200/20 se
quence with two excitations. 

Results 

In the magnetite phantom study, the PS sequence was 
markedly more sensitive to the effects of the magnetic field 
inhomogeneities induced by magnetite than was an SE se
quence acquired with the same TR and TE (Fig . 1). SE images 
showed all the tubes with at least moderate intensity. In 
contrast, only the tube containing agar without magnetite and 
the tube with the lowest MAM concentration could be seen 
on PS images. Since the echo time was the same on both 
images, the differential effect of magnetite must relate to 
shortening of T2*, rather than T2. 

The acute putaminal hemorrhage was diffusely hyperdense 
on CT images; however, there was a more focal region that 
measured 9 H higher attenuation than the remainder of the 
hemorrhage (Fig. 2A). On T1-weighted SE images, the hem-

Fig. 1.-Differential sensitivity of spin-echo and gradient-echo images to 
magnetic susceptibility effects. Four tubes from left to right containing magne
tite albumin microsphere (MAM) suspensions: agar; agar + 33 Ilg/ml MAM; 
agar + 67 Ilg/ml MAM; agar + 100 Ilg/ml MAM. Top images were acquired 
using an SE 200/20 sequence with two excitations; bottom images were 
acquired using a PS 200/20 sequence with two excitations. Note marked signal 
loss on gradient-echo acquisition in tubes containing magnetite. 

orrhage was isointense to gray matter (Fig. 28). On T2-
weighted SE images, a magnetic susceptibility effect was 
suggested by a subtle hypointense posterior border and 
mottled central hypointensity (Figs. 2C and 2D). T1-weighted 
PS images showed mild central hypointensity (Fig. 2E). These 
images showed greater signal in blood vessels, due to flow 
enhancement, than comparable T1-weighted SE images. T2-
weighted PS images showed a very pronounced hypointense 
halo as well as marked central hypointensity, consistent with 
a magnetic susceptibility effect from hemorrhage (Figs. 2F 
and 2G). 

Phase-sensitive zebra-stripe reconstructions directly 
showed the phase shifts associated with the magnetic sus
ceptibility effects (Fig. 2H). A particularly large phase shift 
was noted in the region of greatest hypointensity on magni
tude images (Fig. 2F), which corresponded with the focal area 
of increased density on CT images. This may represent a 
higher concentration of blood, perhaps at the site of origin of 
the bleeding. 

Nonacute hemorrhages showed regions of hyperintensity 
on T1-weighted SE and PS images, presumably secondary 
to paramagnetic methemoglobin (Figs. 3-5). In one case there 
was no definite evidence of a magnetic susceptibility effect 
even on heavily T2-weighted SE images (Fig. 38). However, 
PS images showed a prominent hypointense halo (Figs. 3D 
and 3E). In another case, a hypointense halo was noted on 
T2-weighted SE images, surrounding a hyperintense central 
region (Fig. 48). On T2-weighted PS images, the entire lesion 
appeared hypointense (Fig. 4C). Phase-sensitive images 
showed prominent phase shifts in the region of the lesion 



A B 

F G 
Fig. 2.-Patient with acute right putaminal hemorrhage. A, CT scan done 

shortly before MR examination shows hyperdense hemorrhage with more focal 
region (arrows) measuring 9 H higher attenuation than rest of hemorrhage. B, 
Tl-weighted SE image shows nonspecific lesion (arrow) isointense to gray 
matter. C, T2-weighted SE image (TE = 60 msec) shows hyperintense lesion. 
There is a suggestion of a low-intensity halo (arrow). Mild central hypointense 
area is similar in intensity to white matter. Findings raise possibility of hemor
rhage. D, More T2-weighted SE image (TE = 120 msec) shows similar findings 
to B. E, Tl-weighted PS image (TE = 16 msec) shows hypointensity within 
lesion, in contrast to A. Note marked degree of flow enhancement compared 

H 
with SE image. F, Moderately T2-weighted PS image (TE = 30 msec) shows 
definite low-intensity halo (arrow) ; also seen is a focal area of marked hypoin
tensity (arrowhead) that corresponds to area of increased density in A. G, 
More T2-weighted PS image (TE = 50 msec) shows pronounced hYPointense 
halo as well as a markedly hYPointense area that is much lower in intensity 
than white matter. Diagnosis of hemorrhage is unequivocal. H, Phase-sensitive 
zebra-stripe reconstruction shows marked phase shifts in halo due to magnetic 
susceptibility gradient at junction of hemorrhage arid brain . Also note focally 
increased phase shift (arrow) in region of focal hypointensity seen in E. 
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Fig. 3.-Patient with 4-week-old right parietal hemorrhage. A , T1-weighted 
IR image shows hyperintense ring (arrow) , presumably due to paramagnetic 
methemoglobin. e, Heavily T2-weighted SE image (TE = 120 msec) shows no 
definite evidence of a magnetic susceptibility effect. C, T1-weighted PS image 
(TE = 16 msec) shows marked hyperintensity of lesion. Again note prominent 

(Fig. 40) Also noted were phase shifts at the air-soft tissue 
interfaces between sphenoid sinus and normal brain. Pituitary 
hemorrhage appeared hyperintense on T1- and T2-weighted 
SE images, but hYPointense on T2-weighted PS images (Fig. 
5). A liver hematoma was also markedly hypointense on T2-
weighted PS images. 

Nonhemorrhagic lesions had similar appearances on SE 
and PS images. None of the lesions showed any evidence of 
central hypointensity or low-intensity halo to suggest a mag
netic susceptibility effect (Fig. 6). 

Discussion 

Magnetic susceptibility effects in acute and nonacute hem
orrhages are easily detected on intermediate-field MR images. 
This has been demonstrated by a new method that permits 
T1- and T2-weighted images to be obtained in as little as 10 
sec. 

The diagnosis of nonacute hemorrhage is generally not 
difficult on lower-field images because of the striking hyper
intensity on T1 -weighted images. However, this finding , which 

E 

flow enhancement. D, T2-weighted PS image (TE = 50 msec) shows moderately 
thick halo of very low intensity due to magnetic susceptibility gradient between 
hemorrhage and normal bJain. E, More T2-weighted PS image (TE = 120 msec) 
shows still more prominent halo. 

is thought to be due to methemoglobin formation, is not seen 
in acute hemorrhage. High-field MR images have been shown 
to be sensitive to magnetic susceptibility changes that are 
present in acute hemorrhage [1]. In acute hematomas, these 
changes have been attributed to the presence of paramag
netic deoxyhemoglobin, and in nonacute hematomas to the 
presence of hemosiderin. 

It has been suggested that images obtained at lower field 
strengths are insensitive to these magnetic susceptibility ef
fects, and therefore cannot be used to detect acute hemor
rhage [2]. In fact, the failure of previous investigators to 
observe these effects at intermediate and low fields is likely 
due to the use of an inappropriate technique. The spin-echo 
pulse sequence is designed to eliminate the effects of mag
netic field inhomogeneities [7]. Because of this insensitivity, 
the quality of SE images is generally superior to PS images; 
however, SE images are also less sensitive to inhomogenei
ties due to magnetic susceptibility variations. 

Variations in magnetic susceptibility due to the presence of 
paramagnetic material leads to changes in the local magnetic 
field within and immediately surrounding the hemorrhage. 
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Fig. 4.-Patient with pontine arteriovenous mal
formation occult to angiography. A, T1-weighted IR 
image shows speckled hyperintensity (arrow) within 
lesion, consistent with methemoglobin. B, T2-
weighted SE image (TE = 120 msec) shows hyper
intense central region; hypointense halo (arrow) is 
consistent with magnetic susceptibility effect. C, 
T2-weighted PS image (TE = 50 msec) shows 
marked hypointensity of entire lesion (arrow) . D, 
Phase-sensitive zebra-stripe reconstruction shows 
marked phase shifts in region of partially throm
bosed AVM (arrow) . Phase shifts are noted at air
soft tissue interfaces between sphenoid sinus (as
terisk) and brain. 

A 

A 

c 

B 
Fig. 5.-Patient imaged with postpartum pituitary apoplexy imaged 1 week 

following ictus. A, T1-weighted sagittallR image shows hyperintensity consist
ent with methemoglobin formation (arrowheads). B, T2-weighted coronal SE 

These magnetic field variations have two consequences. First, 
diffusion of protons through regions otvarying magnetic field 
during the NMR experiment will act to diminish spin-echo 
signal intensity; refocusing of signal during spin-echoes as
sumes each proton sees a constant (time-invariant) magnetic 
field . Because variations in the field are proportional to the 
magnetic field strength, this effect is more pronounced at 

B 

o 

c 
image (TE = 60 msec) shows moderate hyperintensity (arrowheads). C, T2-
weighted sagittal PS image (TE = 30 msec) shows marked hypointensity of 
lesion (arrowheads) . 

higher magnetic fields and accounts for the changes seen on 
conventional SE images. However, since water does not 
diffuse very far during a single TE period, most protons see 
a relatively constant magnetic field, even if their neighbors 
see a slightly different field , and thus signal changes on SE 
images can be subtle, especially for short TE and lower field 
strengths. Variations in magnetic field within a hemorrhage 
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A 
will have a more direct effect on signal intensity if gradient
refocused , PS pulse sequences are used. In essence, signal 
decay is governed by the field variations or line width within 
each voxel , and is thus characterized by the time constant 
T2*, which is sensitive to the effects of magnetic field inhom
ogeneities, rather than by T2 . In this case, even stationary 
protons will be dephased relative to their neighbors since no 
spin-echo is used. This effect will be, in general, larger than 
diffusion-related phenomena. In our data, the much greater 
signal loss on PS vs SE images at similar TE times indicates 
that this is indeed the case. 

Although magnetic susceptibility effects in hemorrhage will 
be detected more sensitively at higher fields , these effects 
should be detectable at lower fields by using longer TE. In 
several of our cases the presence of hemorrhage could be 
suggested by the presence of areas of hypointensity on T2-
weighted SE images acquired with TE of 120 msec (Figs. 2 
and 4). This finding has also been described by other inves
tigators working with an intermediate-field system [9]. How
ever, worsening signal noise eventually limits the maximum 
TE that can be used. We have overcome the limited sensitivity 
of the SE sequence by using gradient-echoes, which, as 
illustrated in Figure 1, are far more sensitive to magnetic 
susceptibility effects than are spin-echoes. In all cases of 
hemorrhage we were able to show striking hypointensity 
within and around the lesions. The sensitivity of PS images 
to these effects can be increased simply by increasing TE, 
until a pOint is reached at which the increased T2* effects at 
longer TE are balanced by worsening signal noise. In our 
study, even PS 150/120 images showed adequate signal 
noise (Fig. 3), as well as striking magnetic susceptibility 
effects. 

All hemorrhages in our study showed a prominent halo of 
marked hypointensity on T2-weighted PS images. Although 
this halo has been related to the presence of hemosiderin 
[1] , our results suggest that it can represent a boundary effect 
between two regions of differing magnetic susceptibility (hem
orrhage vs normal brain), and does not always imply the 
presence of hemosiderin. 

Conventional magnitude images are insensitive to the in
tervoxel phase-shifts associated with hemorrhage-induced 
field variations. Phase-sensitive reconstructions can be used 
to detect these phase shifts directly, so as to further enhance 
the sensitivity of our technique to the presence of bulk mag-

Fig. 6.-Patient with nonhemorrhagic pontine 
infarct. A, T2-weighted SE image (TE = 120 msec) 
shows hyperintense infarct (arrow) . B, T2-weighted 
PS image (TE = 50 msec) again shows hyperin
tense lesion (arrow) . There is no evidence of any 
magnetic susceptibility effect within or around the 
infarct. 

netic susceptibility effects. Another potential application of 
this technique would be for mapping iron distribution in the 
brain, which has hitherto only been feasible on high-field 
systems [10]. 

Our method should be still more powerful on a high-field 
system. Using this method, one should be able to detect far 
smaller quantities of iron at an earlier stage in disease proc
esses than has been possible using conventional SE tech
niques. However, the inability to characterize hemorrhage on 
lower-field systems has been a major argument in favor of 
high-field systems. Our results suggest that, by use of the 
appropriate imaging technique, hemorrhage can be charac
terized as well or better at intermediate fields than has hitherto 
been demonstrated on high-field systems. 
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