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PURPOSE: To compare the efficacy of two nonionic T2*-shortening contrast agents, DyDTPA

BMA dysprodiamide injection and GdDTPA-BMA gadodiamide injection, as perfusion-sensitive MR 

imaging agents in normal and acutely ischemic brain. METHODS: The magnetic susceptibility 

effects of intravenous injections of 0.10-0.50 mmol/kg of each contrast agent were quantified on 

T2-weighted spin-echo images of cat brain before and after unilateral occlusion of the middle 

cerebral artery by measuring signal intensity changes in the same regions-of-interest in parietal 

cortex. RESULTS: In normal brain , DyDTPA-BMA produced a significantly greater loss of signal 

intensity than equimolar doses of GdDTPA-BMA. The magnitude of the signal intensity attenuation 

was dosage-dependent and proportional to the square of the magnetic moments of the two 

contrast agents. Restoration of baseline image signal intensi ty was observed within 30 min after 

each injection . However, injection of GdDTPA-BMA also produced a delayed, persistent hyperin

tensity on T2-weighted images, presumably due to its underlying T1-shorten ing effect. Following 

unilateral occlusion of the middle cerebral artery , unenhanced T2-weighted images failed to show 

evidence of cerebral injury for 1.5-3 hours. Administration of 0 .10-1.0 mmol/ kg DyDTPA-BMA 

shortened the time for detection of perfusion deficits (residual hyperintensity) in 22 of 36 (61 %) 

treated cats, often to within 30 min after arterial occlusion. DyDTPA-BMA enhancement also 

improved lesion conspicuity in 26 of 36 (72%) cases, and disclosed very sma ll infarcts that were 

not visible on T2-weighted precontrast images. Perfusion deficits in areas of partial ischemia were 

seen more clearly on DyDTPA-BMA-enhanced images than after equimolar injections of GdDTPA

BMA. CONCLUSIONS: Magnetic susceptibility contrast-enhanced MR imaging enables detection 

of perfusion deficits associated with acute cerebral ischemia well in advance of conventional T2-

weighted spin-echo MR imaging without contrast. DyDTPA-BMA appears to delineate regions of 

ischemic damage better than GdDTPA-BMA. 
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A principal objective of magnetic resonance 
(MR) imaging in stroke patients is the early dif
ferentiation of normal from acutely ischemic tis
sue. Within minutes of onset of severe cerebral 
hypoperfusion, there are significant alterations in 
brain phosphorus metabolite ratios, an increase 
in lactate, and a decrease in intracellular neuronal 
and glial pH (1, 2). Activated sodium ion/proton 
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exchange causes acidification of astrocytes and 
later neurons, which in turn appears to precipitate 
a loss of intracellular volume control in brain 
cells. Ultimately there is net intracellular migration 
of sodium ions and water (3). The loss of cell 
volume homeostasis is exacerbated by ischemia
induced disruption of the adenosine triphosphate
dependent sodium/potassium transmembrane 
pump (4, 5). 

Although this early "cytotoxic edema" phase 
(3) of ischemic brain injury is associated with a 
3 %-5 % elevation in cerebral tissue water (4), the 
regions of ischemic tissue damage are not reliably 
shown on the Tl- or T2-weighted images rou
tinely used in clinical practice (6, 7). Signal hy
perintensity is usually not observed on T2-
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weighted spin-echo images until 6-24 hours after 
ictus (6, 7), when blood-brain barrier breakdown 
causes extravasation of protein and accumulation 
of extravascular water. 

The delayed sensitivity of T2-weighted spin
echo MR images to ischemic injury prompted this 
study of the utility of magnetic susceptibility 
contrast-enhanced imaging of acute cerebral is
chemia. Nonionic lanthanide chelates, like dys
prosium (Dy) DTPA-BMA and gadolinium (Gd) 
DTPA-BMA, produce contrast enhancement via 
loss of signal intensity (8) . The magnitude of the 
induced hypointensity is determined by the 
magnetic moment of the ion and the dosage of 
contrast administered (8, 9). Since DyDTPA-BMA 
and GdDTPA-BMA remain in the cerebral intra
vascular compartment following intravenous in
jection, their influence on image signal intensity 
is directly related to the fractional voxel volume 
occupied by vessels containing the agent (9-11 ). 
A field gradient is induced between the capillary 
space and the surrounding perfused tissue, re
sulting in significant but transient signal loss in 
regions with normal blood flow (8-11). This 
"magnetic susceptibility" mechanism of MR con
trast enhancement yields significantly greater 
changes in signal intensity than that attributable 
to T1 shortening (8). 

The initial objective of this study was to com
pare the cerebrovascular transit characteristics of 
DyDTPA-BMA and GdDTPA-BMA in the normal 
cat brain using spin-echo T2-weighted MR 
images. Subsequently, we evaluated the efficacy 
of DyDTPA-BMA and GdDTPA-BMA as perfu
sion-sensitive agents in acute cerebral ischemia. 

Methods 

All studies were performed using a protocol approved 
by the UCSF Committee on Animal Research. 

A General Electric CSI 2-Te unit equipped with Acustar 
S-150 self-shielded gradient coils (±20 G/cm , 15-cm bore 
size) was used with a 7.5-cm inner-diameter low-pass 
proton imaging coil. Successive multisection T2-weighted 
coronal images were obtained for up to 12 hours following 
occlusion. T 2-weighted images 2800/ 160/2 (TRI TE/exci
tations) w ith 3-mm sections and a 1-mm gap were obtained 
with a field of v iew of 80 mm, in which two excitations 
were averaged for each one of the 128 phase-encoding 
steps, resu lting in a tota l acquisition time of 12 minutes. 

In preliminary experiments designed to evaluate the 
effects of DyDTPA-BMA and GdDTPA-BMA (Omniscan, 
Salutar, lnc/ Nycom ed AS/ Sanofi-Winthrop) on signal loss 
and subsequent signal recovery on spin-echo T 2-weighted 
MR images of normal brain , four cats were injected with 
0. 10 (n = 3), 0. 15 (n = 3), 0.25 (n = 2), 0.35 (n = 3), and 
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0.50 (n =) mmol/kg intravenously of both contrast agents 
over a 27- to 45-second period between phase-encoding 
steps 54 and 62 of a 128-phase-encoding acquisition. This 
injection schedule was chosen to coincide with the period 
of peak sensitivity of the spin-echo aquisition cycle. The 
magnetic susceptibility effect was quantified over 60 min
utes by comparing signal intensity changes in five series of 
T2-weighted images using the same region of interest (ROI) 
in the parietal cortex. In both normal and middle cerebral 
artery (MCA)-occluded cats (see below), a T2-weighted 
unenhanced MR image was acquired immediately prior to 
administration of contrast agent. 

In a group of 36 young adult cats, the right MCA was 
isolated via the transorbital approach and occluded just 
proximal to the origin of the lateral striate arteries with 
bipolar electrocautery followed by complete surgical tran
section. The dural incision and orbit were covered with 
gauze moistened with saline and absorbable gelatin sponge. 
Arterial blood gases and mean arterial blood pressure were 
monitored at regular intervals following MCA occlusion 
using indwelling polyethylene catheters. 

DyDTPA-BMA and GdDTPA-BMA were tested at do
sages of 0 .10 (n = 3), 0.15 (n = 3), 0.25 (n = 8), 0.50 (n 
= 22), and 1.0 (n = 3) mmol/kg. Three of the 36 cats were 
injected with 0.25 and 0 .50 mmol/ kg dosages of DyDTPA
BMA. The contrast agents were infused intravenously over 
a 45- to 90-sec period corresponding to phase-encoding 
steps 32-60 of the 128-phase-encoding T2-weighted image 
acquisition. Injections of contrast agents were made be
tween 30-60, 90-120, and 150-180 minutes after MCA 
occlusion. ROI image analyses were carried out in the 

Fig. 1. On T2-weighted images acquired 45 sec after contrast 
administration, intravenous injection of 0.5 mmol/kg DyDTPA
BMA produced a maximum measured signal intensity loss in 
cortical gray matter 70% below precontrast baseline values. Signal 
intensity changes in white matter (internal capsule) were smaller, 
consistent with the higher cerebral blood volume fraction in gray 
matter . The same dose of GdDTPA-BMA produced a maximum 
signal loss 42% below baseline levels. Restoration of precontrast 
signal intensity was observed within 32.5 min following injection 
of either contrast agent. 
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Fig. 2. Injection of 0.25 mmol/kg DyDTPA-BMA produced a 
maximum 57% reduction in signal intensity. The resulting T2-
weighted image (acquired at 0.5 min) had excellent gray matter
white matter differentiation. In the corresponding GdDTPA-BMA
enhanced image there was a maximum 24% reduction in signal 
intensity. Note that the GdDTP A-BMA-enhanced images acquired 
at 32.5 and 56.5 min after contrast injection were hyperintense 
relative to the baseline precontrast image. 

Fig . 3 . At 0 .15 mmol/ kg, DyDTPA-BMA injection induced a 
peak loss of signal intensity of 35%, whereas the same dose of 
GdDTPA-BMA produced an 18% reduction in T2-weighted image 
signal intensity compared with the precontrast image. GdDTPA
BMA administration was associated with a delayed persistent 
hyperintensity observed in the images acquired 32.5 and 56.5 
min after contrast injection. 

ischemic inferior parietal gyrus, caudate/putamen, and 
internal capsule, and compared with the corresponding 
uninjured contralateral regions. A signal intensity ratio was 
calculated as the ROI image intensity ratio of an abnormal, 
ischemic region over that of the normal , contralateral side. 
Results are expressed as the mean percentage change ± 
standard error of the mean. 

At the conclusion of the MR protocol , 15 ml/ kg of a 
2% solution of 2,3,5-triphenyl tetrazolium chloride (TTC) 
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was infused transcardially. T he brain was removed from 
the cranium after 10-20 minutes, immersed in a 2% TTC 
solution for another 10-20 minutes, and then stored over
night in 10% buffered formalin in a light-shielded container. 
Twenty-four to 36 hours later the brain was sectioned 
coronally at 2-3 mm and immediately examined for his
tologic evidence of ischemic damage (5, 12, 13) and 
photographed. 

Results 

Perfusion Imaging of Normal Brain 

Results comparing changes in signal intensity 
following injection of 0.10-0.50 mmol/kg Dy
DTPA-BMA and GdDTPA-BMA are shown in 
Figures 1-4. DyDTPA-BMA produced a 35%-
70% dosage-dependent signal attenuation, com
pared to an 18%-45% signal reduction for equi
molar dosages of GdDTPA-BMA. The magnitude 
of the induced hypointensity was proportional to 
the ratio of the squares of the magnetic moments 
for the two contrast agents. 

DyDTPA-BMA and GdDTPA-BMA had similar 
washout profiles. Restoration of the baseline sig
nal intensity followed a parallel time course, and 
was essentially complete within 30-35 minutes. 
The signal intensity following DyDTPA-BMA in
jections never exceeded the precontrast value. 
After injection of GdDTPA-BMA, however, a per
sistent hyperintensity was observed on the T2-
weighted images acquired 32.5 and 56.5 minutes 
after contrast injection. 

Assessment of Tissue Perfusion Deficits with 
DyDTPA-BMA 

T2-weighted spin-echo images without con
trast did not show any significant changes in 
signal intensity for 1.5-3 hours following MCA 
occlusion. Following DyDTPA-BMA administra
tion, perfusion deficits caused by occlusion of the 
MCA were detected on T2-weighted images as 
regions of relative signal hyperintensity compared 
to the normally perfused areas in the contralateral 
hemisphere (Fig. 5). DyDTPA-BMA injections 
shortened the time of detection of perfusion def
icits in 61 % of the cases, usually to within 30 
minutes after vascular occlusion (Table 1), which 
was the shortest time that images were obtained 
following occlusion. In 13 of 19 animals tested 
with 0.5 mmol/kg DyDTPA-BMA, a perfusion 
deficit was evident in the first postocclusion 
image that was completed 24 minutes after MCA 
occlusion. DyDTPA-BMA also improved the con-
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A 
Fig. 4. A , The transposed dose-response curves for 0.25 

mmol/ kg GdDTPA-BMA and 0.15 mmol/ kg DyDTPA-BMA have 
nearly overlapping profiles for the first 30 m in after contrast 
injection, which illustrates the significantly greater in vivo 
magnetic susceptibility influence of DyDTPA-BMA. Note, how
ever, the emergence of the Tl relaxation influence exerted by 
GdDTPA-BMA seen on the images acquired at 32.5 and 56.5 
min after contrast injection, a feature that is not observed on the 
DyDTPA-BMA-enhanced images. 

B, T2-weighted images enhanced with different dosages of 
GdDTPA-BMA and DyDTPA-BMA. Each of the pairs of images 
were acquired at the peak of the magnetic susceptibility effect 
0.5 min after contrast administration . DyDTPA-BMA induced 
greater signal intensity loss than GdDTPA-BMA. 

C, Dose-response curves for DyDTPA-BMA and GdDTPA
BMA attenuation of signal intensity on T2-weighted MR images 
of parieta l cortex in normal cat brains. Values shown are means 
+ standard error of the mean. Numbers of injections at each 
dosage of contrast agent are indicated. 

spicuity of small developing infarcts that were 
not visible or were ambiguous on T2-weighted 
images without contrast (Fig. 6) (Table 2). 

The maximum anatomic extent of perfusion 
deficiency was observed within the first 3 hours 
following vascular occlusion (Fig. 7). During this 
period, T2-weighted images demonstrated in
creasing signal intensity (edema) throughout the 
MCA territory. The onset of T2-weighted hyper
intensity was typically preceded by evidence of 
mass effect (effacement of the cortical sulci). The 
distribution of increased signal intensity on pre
contrast images was correlated anatomically with 
regions of perfusion deficiency demonstrated 
with DyDTPA-BMA-enhanced MR imaging. In 
subsequent TTC-stained coronal sections (Fig. 8) , 
these areas were found to exhibit characteristics 
typical of ischemic tissue injury, such as pallor of 
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staining, coagulation necrosis, and glial prolifer
ation (12- 14). 

Efficacy of DyDTPA-BMA vs GdDTPA-BMA 

Ischemic lesion conspicuity was optimally de
picted at dosages of 0.50 mmol/kg of GdDTPA
BMA and 0.25 mmol/kg of DyDTPA-BMA. When 
tested at equimolar dosages during the first 3 
hours following MCA occlusion , DyDTPA-BMA 
consistently enabled better visualization of per
fusion deficits than GdDTPA-BMA did. Perfusion 
deficits in areas of partial ischemia were also seen 
more clearly on DyDTPA-BMA-enhanced T2-
weighted images than on corresponding Gd
DTPA-BMA-enhanced images (Fig. 6). In is
chemic lesions less than 4-6 hours old, the wash
out (restoration of precontrast signal intensity) of 
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Fig. 5. T2-weighted 2800/ 160 (TR/ TE) spin-echo images at 
two coronal levels of the same cat brain before (top panels) and 
after (bottom panels) intravenous administration of 0.5 mmol/ kg 
DyDTPA-BMA. The contrast-enhanced images acquired 60 min 
after unilateral MCA occlusion show a clear perfusion defi cit 
(hyperintensity) (arrows) in the ipsilateral MCA vascular territory. 
By comparison, ischemic tissue injury is poorly defined on the 
precontrast T2-weighted images that were collected 12 min 
earlier. 

TABLE 1: Effect of DyDTPA-BMA administration on the time of 

detection of cerebral ischemic damage 

Detection of Ischemic Lesion 

Dose DyDTPA-BMA No. Cats Relative to Onset of T 2 

(mmol/kg) Tested Signal Hyperintensity 

Earlier Same Time Later 

0.10 3 0 3 0 

0.15 3 2 1 0 

0.25 8 6 2 0 

0.50 19 13 6 0 

1.0 3 3 0 0 

Note.-Contrast agent was injected a maximum of three t imes in any 

single animal, between 30-60, 90-120, and 150-180 minutes after MCA 

occlusion , and was preceded by a control unenhanced image. 

both contrast agents was effectively complete 
within 30 minutes following injection. 

Discussion 

Proton MR imaging is sensitive to changes in 
brain water concentration and proton mobility 
that occur with cerebral ischemia. Disruption of 
oxygen transport to cerebral tissues rapidly 
causes an isoosmotic shift of extracellular fluid 
into neurons and glial cells (4, 5). Cellular (cyto
toxic) edema may actually represent a translo
cation of water between the extracellular and 
intracellular compartments rather than a signifi
cant de novo increase in brain water (3) . It has 
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Fig. 6. Contrast injection sign ifican tly improved the vis ibi lity 
of a small cortical ischemic lesion. Lesion conspicuity was greater 
after DyDTPA-BMA (0.50 mmol/ kg) injection than an equimolar 
dosage of GdDTPA-BMA (arrows). 

TABLE 2: Effect of DyDTPA-BMA administration on ischemic les ion 

conspicuity 

Dose DyDTPA-BMA No. Cats Lesion Conspicuity 

(mmol/kg) Tested Increased Same Decreased 

0. 10 3 0 3 0 

0.15 3 1 2 0 

0.25 8 5 3 0 

0.50 19 17 2 0 

1.00 3 3 0 0 

Note.-Lesion conspicuity was evaluated by comparing the signal 

intensity ratio of ischemic tissue with the corresponding region of the 

contra latera l hemisphere in contrast-enhanced and unenhanced T 2-

weighted images. 

Fig. 7. Evolution of signal intensity changes on DyDTPA-BMA
enhanced (0.5 mmol/ kg) and precontrast T2-weighted images of 
ca t brain fo r 6 hours following unilateral MCA occlusion. 
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Fig. 8. Five hours after MCA occlusion , tissue edema can be 
seen throughout the MCA vascular territory on the precontrast 
T 2-weighted image. The region of perfusion deficit demarcated 
in the image enhanced with 0.5 mmol/ kg DyDTPA-BMA corre
sponds closely to the postmortem histologic section. 

been suggested that the 3 %-4% increase in total 
regional water content may, however, be suffi
cient to account for the visibility of ischemic 
lesions within 10-45 minutes of arterial occlusion 
on diffusion-weighted MR images ( 15-17). Recent 
studies in stroke patients have shown that vas
cular abnormalities and morphologic changes 
may be observed on T1-weighted images as early 
as 2 hours after ictus without concomitant signal 
changes on T1- or T2-weighted images (18) . 

Breakdown of the blood-brain barrier results in 
seepage of protein-rich water into the extracellu
lar compartment of the ischemic tissues. The 
onset of vasogenic edema increases tissue pres
sure and further reduces tissue perfusion. At this 
stage of ischemia 3 hours to 2 days after vascular 
occlusion , the MR image is hyperintense on T2-
weighting, and adjacent sulci are often effaced 
due to mass effect (6 , 7, 13). 

Paramagnetic T 1-shortening contrast agents , 
such as gadopentatate dimeglumine (Gd-DTPA), 
until recently had limited utility in the MR assess
ment of acute cerebral ischemia because signal 
intensity changes appear to be dependent on 
blood-brain barrier breakdown (19, 20), which is 
a relatively delayed ischemic event ( 4-7). In re
cent studies, stroke patients who underwent Gd
DTPA-enhanced imaging were found to have 
enhancement of vessels supplying the infarct 
within 24 hours of ictus , which preceded the 
development of classic parenchymal enhance
ment 7-14 days after infarction (21-25) . The 
mechanisms of arterial or parenchymal enhance-
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ment observed following Gd-DTP A administra
tion, or its exact pathophysiologic significance, 
are at present uncertain . 

The results of the present investigation confirm 
and extend our preliminary observations ( 1 0) that 
magnetic susceptibility contrast agents provide a 
sensitive imaging method for assessing changes 
in blood volume and tissue perfusion associated 
with ischemia. In the brain, nonionic lanthanide 
chelates like DyDTPA-BMA and GdDTPA-BMA 
are confined to the intravascular space. The field 
gradient induced at the interface of the capillary 
space and surrounding tissue results in transient 
alterations in signal intensity during intravascular 
passage of contrast through the normally per
fused capillary bed (8, 9, 11). The magnitude and 
duration of the signal attenuation depend on the 
local dynamic concentration of contrast, the 
magnetic moment of the metal ion, local vascular 
geometry, and the rate of delivery of the contrast 
( 11 ). 

The present study demonstrates that in the 
normal cat brain, regional variations in signal 
intensity following magnetic susceptibility con
trast administration provide excellent anatomic 
definition of gray and white matter. The magni
tude of the signal loss over a wide range of 
dosages was related to the magnetic moment of 
the individual contrast agent. DyDTPA-BMA, 
which has a magnetic moment of 10.6 Bohr 
magnetons (BM), produced an approximately 
twofold greater loss of signal intensity than did 
GdDTPA-BMA, which has a magnetic moment 
of 7.9 BM (26). This result is in close agreement 
with the expected difference in signal intensity, 
which is (Dy/Gd) ,2 or 1.80 times greater for Dy 
than Gd (8, 9, 26). 

The results of this study indicate further that 
magnetic susceptibility contrast enhancement 
facilitates the early differentiation of ischemic 
from normally perfused brain tissue. DyDTPA
BMA administration advanced the time of detec
tion of cerebral ischemic insults to less than 30 
minutes after occlusion, which was the earliest 
time at which postocclusion-enhanced images 
were obtained. Unenhanced T2-weighted spin
echo images, by comparison, did not demon
strate hyperintensity until 1-3 hours later. Small 
infarcts that were missed on T2-weighted images 
without contrast could be clearly seen after ad
ministration of DyDTPA-BMA. Perfusion deficits 
in areas of partial ischemia were also generally 
better visualized on DyDTPA-BMA-enhanced T2-
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weighted images than on corresponding Gd
DTPA-BMA-enhanced images. 

In ischemic lesions less than 4-6 hours old, the 
restoration of precontrast signal intensity was 
usually achieved within 30 minutes after admin
istration of either agent. However, GdDTPA-BMA 
also consistently produced a delayed T1-short
ening related hyperintensity on T2-weighted 
images acquired 30-60 minutes after injection. 
This aspect of GdDTPA-BMA enhancement may 
be ascribable to an erosion of the magnetic sus
ceptibility influence of the contrast agent before 
its more persistent T1-shortening effect. We pos
tulate that this may be due to a small residual 
intravascular concentration of GdDTPA-BMA. In 
any case, the delayed and persistent T1-short
ening effect associated with this contrast agent 
complicates the interpretation of images in which 
multiple injections of GdDTPA-BMA enhance
ment was the absence of concurrent T1-short
ening effects. This observation suggests that in
jections of DyDTPA-BMA can be repeated with
out compromising diagnostic efficacy. 

Cerebral blood flow was not directly measured 
in the present study, but the contrast-enhanced 
images showed considerable regional heteroge
neity in perfusion throughout the ischemic MCA 
territory . Postcontrast signal hyperintensity was 
observed earlier in the basal ganglia than in the 
neocortex. This finding is in agreement with pre
vious studies (1 0) in which nonanastomosing end
arterial tissues, such as the caudate and putamen, 
were found to be most susceptible to ischemia. 
By comparison, in collaterally perfused areas 
such as neocortex, tissue injury may be mitigated 
somewhat by continued blood flow in the partially 
ischemic watershed regions (14). These data sug
gest that magnetic susceptibility-enhanced MR 
imaging may be useful in evaluating the topog
raphy of regional alterations in focal vascular 
occlusion, and thereby in differentiating perma
nently damaged tissue in the ischemic core from 
the reversibly injured ischemic penumbra. 

Another important feature of magnetic suscep
tibility imaging is that it can be employed in 
conjunction with "ultrafast" MR techniques, like 
echo-planar imaging, to yield "real-time" images 
of the cerebral microcirculation (8, 11, 16, 27). 
By resolving the passage of intravascular contrast 
material through the capillary bed , kinetic mod
eling of regional blood flow and volume can be 
achieved (8, 11, 28, 29). In recent preliminary 
studies using contrast-enhanced gradient-recalled 
echo-planar MR imaging ( 16, 17), DyDTPA-BMA 
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administration significantly decreased the t ime 
for detection of ischemic brain injury and clearly 
defined the regions of perfusion deficits. 
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