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Iron-Induced Susceptibility Effect at the Globus
Pallidus Causes Underestimation of Flow and

Volume on Dynamic Susceptibility
Contrast-Enhanced MR Perfusion Images

Kei Yamada, R. Gilberto Gonzalez, Leif Østergaard, Suzanne Komili, Robert M. Weisskoff,
Bruce R. Rosen, Walter J. Koroshetz, Tsunehiko Nishimura, and A. Gregory Sorensen

BACKGROUND AND PURPOSE: Age-related iron accumulation in extrapyramidal nuclei
causes T2 shortening, which may result in decreased signal intensity in these areas on MR images.
Because the dynamic susceptibility contrast-enhanced technique uses heavily T2*- or T2-weighted
images, the iron-induced susceptibility may have direct impact on perfusion imaging. The purpose
of this study was to assess the effect of iron-induced susceptibility on the calculated perfusion
parameters. The difference of this effect between gradient-echo and spin-echo sequences was also
assessed.

METHODS: Dynamic susceptibility contrast-enhanced MR perfusion imaging data of 12
patients were used for this study. Perfusion images were obtained using a single shot spin-echo
echo-planar imaging sequence in seven patients and a gradient-echo echo-planar imaging
sequence in five patients. Region of interest measurements of relative cerebral blood flow,
relative cerebral blood volume, and mean transit time were obtained at various parts of the gray
matter, including the globus pallidus, putamen, caudate nucleus, thalamus, and cerebral cortex
of temporal, frontal, and occipital lobes. The baseline signal intensity on the source images and
the magnitude of signal change (�R2* or �R2) were also assessed.

RESULTS: The globus pallidus had statistically significantly lower values of relative cerebral
blood flow, relative cerebral blood volume, baseline signal intensity, and magnitude of signal change
compared with other parts of the gray matter for both gradient-echo and spin-echo sequences (P <
.05). Underestimations of these values were more prominent for the gradient-echo than for the
spin-echo sequence. Little variance in the measured mean transit time was noted.

CONCLUSION: Iron-induced susceptibility effect may lead to underestimation of relative
cerebral blood flow and relative cerebral blood volume in the basal ganglia.

MR perfusion imaging using IV administered con-
trast material has been shown to provide useful infor-
mation about cerebral hemodynamics (1–7). While

passing through the cerebral vasculature, a short bo-
lus of contrast material produces local magnetic field
inhomogeneities that lead to reduction in the trans-
verse relaxation time of the tissue. This susceptibility
effect can be recorded by a series of T2*- or T2-
weighted images, using gradient-echo and spin-echo
sequences, respectively. The recorded signal intensity
time curves can be converted into concentration time
curves from which the perfusion parameters are cal-
culated (8). The method is known as dynamic suscep-
tibility contrast-enhanced MR perfusion imaging.
The gradient-echo sequences have gained popularity
for clinical practice because of the superior sensitivity
of this sequence in depicting the signal change by the
passage of contrast material. However, the drawback
of gradient-echo imaging sequences is their higher
sensitivity not only to the microvasculature of the
brain but also to the macrovasculature, including the
large arteries and veins at the brain surface (9).
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Susceptibility effect occurs not only by the passage
of IV administered contrast material but also by other
means, such as age-related iron accumulation in the
extrapyramidal nuclei (10, 11). We hypothesized that
preexisting susceptibility effects in brain tissue may
influence the degree of transient signal drop caused
by the bolus of contrast material, leading to error in
estimated perfusion at these locations. This may be-
come a potential pitfall in the interpretation or mea-
surement of MR perfusion images. Thus, our goal
was to elucidate the effect of susceptibility artifacts in
the extrapyramidal nuclei on dynamic susceptibility
contrast-enhanced MR perfusion images. The differ-
ences of this effect between the gradient-echo and
spin-echo sequences were also assessed.

Methods

Institutional review board approval and informed consent
were obtained for our study.

Patients
The study population included 12 patients who underwent

dynamic susceptibility contrast-enhanced MR perfusion imag-
ing for evaluation of acute cerebral infarction. All patients
underwent follow-up imaging studies, either MR imaging or
CT, which allowed the determination of the final territory of
infarction. Patient age ranged from 33 to 80 years (mean age,
65.3 years).

MR Imaging Technique
Images were obtained with a 1.5-T whole body imager ret-

rofitted for echo-planar imaging capabilities. The perfusion
images were obtained using single shot echo-planar imaging
sequences as a part of our standard stroke protocol (1). The
echo-planar imaging sequences were 1500/50, 75 (TR/gradient
TE, spin TE) with a flip angle of 90 degrees. The bandwidth of
each sequence was set to nearly identical values with only 0.1%
difference. The spin-echo echo-planar imaging sequence was
used for seven patients (mean age, 63.7 years), and the gradi-
ent-echo echo-planar imaging sequence was used for five pa-
tients (mean age, 68.2 years). Forty-six serial images were
obtained in each of the 11 sections. Section thickness and
intersection gaps were 6 and 1 mm, respectively. A 256 � 128
acquisition matrix was used with a 40 � 20 cm field of view,
leading to a voxel size of 1.6 � 1.6 � 6.0 mm. Gadopentetate
dimeglumine (Magnevist; Berlex Laboratories, Princeton, NJ)
was injected (0.2 mmol/kg of body weight). Contrast material
was injected 10 s after the start of imaging, at a rate of 5 mL/s,
with the use of an MR imaging–compatible power injector
(Medrad, Pittsburgh, PA). A similar volume of normal saline
was injected immediately after the bolus of contrast material,
also at a rate of 5 mL/s.

Calculation of Perfusion Maps
The empirically determined relationship between magnitude

of signal change (�R2 ) and tissue concentration of contrast
material is characterized by the following relationship (8):

conc. � � ln�Si/S0�/TE � �R2,

where conc. is the local tissue concentration of the contrast
material, Si /S0 is the fractional signal intensity change from the
baseline signal, and TE is the echo time of the pulse sequence.
This formula was used to convert the recorded signal intensity

time curve to a concentration time curve. The relative cerebral
blood flow (rCBF) images were obtained by deconvolution by
using singular value decomposition (12, 13). The arterial input
functions were chosen from the pixels adjacent to contralateral
middle cerebral artery. The relative cerebral blood volume
(rCBV) was calculated from the area under the curve of the
concentration-time trajectory. The mean transit time (MTT)
was calculated from the ratio of the rCBV and rCBF (MTT �
rCBV/rCBF).

Measurements of Perfusion Parameters
The rCBF, rCBV, and MTT of the following areas of gray

matter were assessed: globus pallidus, caudate nucleus, puta-
men, thalamus, and the cerebral cortex of insula, frontal, tem-
poral, and occipital lobes (Fig 1). Each perfusion parameter
was estimated from the region of interest measurements of the
signal intensity on the perfusion maps. Gray matter-white mat-
ter ratios were calculated using the signal intensity at the white
matter of the temporal lobe on the ipsilateral hemisphere. The
source images of the dynamic susceptibility contrast-enhanced
MR perfusion images were also evaluated. The baseline signal
intensity and the maximum amount of signal change (�R2* and
�R2 for gradient-echo and spin-echo sequences, respectively)
were calculated from the source images at each region of
interest. Data regarding gradient-echo and spin-echo se-
quences were evaluated separately and were compared to elu-
cidate the differences between the sequences.

Statistical Analysis
The differences of the measured values between the gradi-

ent-echo and spin-echo sequences and the values of each gray
matter region were assessed using the unpaired t test. P � .05
was considered significant.

Results

Analysis of the Perfusion Parameters
The measured values of rCBF, rCBV, and MTT at

each region of interest are shown in Figure 2. These
values are the gray matter-white matter ratios calcu-
lated with the white matter of the ipsilateral temporal
lobe as the denominator.

The gray matter-white matter ratios of rCBF and
rCBV at the globus pallidus were statistically signifi-
cantly lower (P � .05) than at the other parts of the
gray matter for both gradient-echo and spin-echo
sequences (Fig 2A–D). Despite the significantly lower
measures of rCBF and rCBV at the globus pallidus,
the MTT showed less significant variance relative to
the other parts of the gray matter (Fig 2E and F).

For the gradient-echo sequence, the rCBF and
rCBV of the cortical gray matter were higher relative
to the putamen, caudate nucleus, and thalamus (Fig
2A and C). This trend between the cortical and cen-
tral gray matter was not apparent for the spin-echo
sequence (Fig 2B and D).

Analysis of the Source Data
The measured baseline signal intensity at each re-

gion of interest is shown in Figure 3. The baseline
signal intensity measured at the globus pallidus and
putamen were lower than that of the cerebral cortices
for both gradient-echo and spin-echo sequences. This
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result was anticipated, considering the visually appar-
ent hypointense signal at these locations on the
source images. The trend of lower baseline signal
intensity was more prominent for the gradient-echo
sequence (Fig 4).

The gray matter-white matter ratios of �R2* (for
the gradient-echo sequence) and �R2 (for the spin-
echo sequence) at each region of interest are shown
in Figure 4C and D, respectively. These values were
significantly lower at the globus pallidus as compared
with the other parts of the gray matter for both gradient-
echo and spin-echo sequences. In addition, the �R2*
of the putamen, caudate nucleus, and thalamus were
lower relative to the cortical gray matter for the gra-
dient-echo sequence (Fig 4C). This trend was not
apparent for the spin-echo sequence (Fig 4D).

Discussion
The gray matter-white matter ratios in our study

ranged from approximately 3.0 to 4.0 and from ap-
proximately 2.0 to 3.0 for rCBF and rCBV, respec-
tively. Although these values are slightly higher rela-
tive to the published values from positron emission
tomography (PET) studies (14–16), they are in good
agreement with those of the previous MR perfusion
imaging studies (17–19). Slightly lower values for the
PET studies are well documented and are attributed

to various technical factors that involve both MR
imaging and PET methodologies, with partial volume
averaging with the white matter one of the major
causes for underestimation in the PET studies (19,
20). All the measured values in our study fell within
the previously published range of gray matter-white
matter ratios derived from the MR perfusion imaging
studies, with only one distinct exception, which was
the globus pallidus, where there were significantly
lower measures of rCBF and rCBV as compared with
the other parts of the gray matter. A search through
the MR perfusion literature revealed one article that
recorded a similar trend of lower measurement at the
globus pallidus (21). That article, however, did not
assess or comment on this fact, and our study is thus
the first, to the best of our knowledge, that undertook
a deeper inspection into this observation.

The question arises regarding whether this is a
modality-dependent phenomenon. The best way to
assess that question may be to review the previous
brain perfusion studies by PET and single photon
emission CT. Largely because of the limited spatial
resolution of the PET and single photon emission CT
studies, however, blood flow and volume assessments
have been typically limited to measurement of the
entire lentiform nucleus or putamen alone (22–26)
rather than the globus pallidus separately from the
putamen. Only a limited number of published func-

FIG 1. Representative case with region
of interest on globus pallidus (arrow).

A, Conventional T2-weighted image (T2-
WI).

B, Source image obtained by gradient-
echo echo-planar imaging sequence. Note
the hypointensity at the globus pallidus and
putamen. Also note the susceptibility effect
at the frontal skull base near the air-tissue
interface.

C , Source image shows region of inter-
est (ROI) (arrow). Anatomic boundary of
the region of interest was determined
based on the imaging findings.

D, Perfusion map shows rCBF.
E, Perfusion map shows rCBV.
F, Perfusion map shows MTT.
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tional brain mapping studies have been reported that
have used PET to perform flow measurement at the
globus pallidus separately from the putamen, and
none of those studies revealed significantly lower flow
at the globus pallidus compared with the other parts
of the gray matter (27–30). Therefore, we think that
the lower measure of rCBF and rCBV at the globus
pallidus on the dynamic susceptibility contrast-en-
hanced MR perfusion images is a modality-depen-
dent phenomenon.

Although there may be multiple possible causes for
the flow volume underestimation at the globus palli-
dus, one of the most conceivable sources of this phe-
nomenon may be iron-induced T2 shortening at the
extrapyramidal nuclei. The majority of the nonheme
iron in the brain is accumulated in a form of ferritin,
an iron-storage protein, which has been shown to
exert a strong magnetic effect that results in marked
T2 shortening in vivo and in vitro (31). The sites of
preferential accumulation of ferric iron seen with

FIG 2. Graphs show measured values of rCBF, rCBV, and MTT at each region of interest. Error bars indicate SD � 1. Measured values
were normalized with the temporal white matter (WM), and values on the y axis thus represent gray matter-white matter ratios. Dashed
horizontal lines intersect at a gray matter-white matter ratio of 1. Statistically significant differences in the mean values between various
locations are indicated (*, P � .05; **, P � .005; ***, P � .0005; unpaired t test). Columns with statistically significant differences between
gradient-echo (GRE) and spin-echo (SE) sequences are marked (†, statistically significant difference between gradient-echo and
spin-echo with P � .05; ‡, statistically significant difference between gradient-echo and spin-echo with P � .005). Columns marked by
these symbols represent those with higher values.

A, Measurements of the rCBF by gradient-echo echo-planar imaging.
B, Measurements of the rCBF by spin-echo echo-planar imaging.
C, Measurements of the rCBV by gradient-echo echo-planar imaging.
D, Measurements of the rCBV by spin-echo echo-planar imaging.
E, Measurements of the MTT by gradient-echo echo-planar imaging.
F, Measurements of the MTT by spin-echo echo-planar imaging.
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FIG 3. Signal intensity time curves of gradi-
ent-echo (GRE) and spin-echo (SE) echo-pla-
nar imaging sequences. Region of interest
measurements were obtained from three rep-
resentative locations: globus pallidus, cau-
date head, and thalamus. The y axes for both
gradient-echo and spin-echo sequences are
scaled to the same range of signal intensity
(400–1600 A.U.). Note that the signal change
is more prominent on the gradient-echo se-
quence than on the spin-echo sequence. The
signal intensity difference between the thala-
mus and globus pallidus is also more promi-
nent for the gradient-echo sequence.

FIG 4. Trend of lower baseline signal intensity was more prominent for gradient-echo (GRE) sequence. Error bars indicate SD � 1.
Measured values were normalized with temporal white matter (WM), and y axis thus represents gray matter:white matter ratio (*, P �
.05; **, P � .005; unpaired t test). Columns with statistically significant differences between gradient-echo and spin-echo (SE) sequences
are marked (†, statistically significant difference between gradient-echo and spin-echo sequences with P � .05). Columns marked by
these symbols represent those with higher values.

A, Measurements of the baseline signal intensity by gradient-echo echo-planar imaging.
B, Measurements of the baseline signal intensity by spin-echo echo-planar imaging.
C, Measurements of maximum magnitude of signal change by gradient-echo echo-planar imaging.
D, Measurements of maximum magnitude of signal change by spin-echo echo-planar imaging.
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Perls staining on postmortem brains are the globus
pallidus, reticular substantia nigra, red nucleus, and
dentate nucleus, whereas significantly lower concen-
trations are found in the striatum, thalamus, and
cerebral gray and white matter (32, 33). The pallidal
iron deposits that are absent on the MR images of
infants and children appear in young adults and reach
their asymptotic concentration during the 3rd decade
of life (10, 34) . This iron-induced hypointensity on
T2-weighted images is considered an imaging charac-
teristic of normal aging (10, 33, 35) .

Heavily T2*- or T2-weighted images are used as the
source data for dynamic susceptibility contrast-en-
hanced MR perfusion imaging, and these images will
be directly influenced by the iron-induced T2 short-
ening. As expected, the measured signal intensity of
the source data of perfusion imaging at the globus
pallidus and putamen was approximately 10% to 30%
lower relative to the other parts of the gray matter in
our series of patients (Fig 4A and B). This hypoin-
tensity, however, is not directly responsible for the
underestimation of the flow and volume, because
the perfusion parameters are calculated from the
magnitude of signal change (�R2* or �R2 � – ln
(Si/S0 )/TE) rather than the baseline signal intensity
(S0). In other words, the degree of iron accumulation
will not affect the estimated perfusion unless it exerts
some effect on the magnitude of signal change induced
by the bolus of contrast material.

We have shown in this study that the magnitude of
signal change at the globus pallidus is lower relative
to the other parts of the gray matter. The linear
relationship of the magnitude of signal change with
the tissue concentration of contrast material is the
essential assumption for MR perfusion studies; our
results may indicate that this linearity is not preserved
in extreme conditions such as heavy iron accumula-
tion in the tissue. A nonlinear relationship has been
predicted by Boxerman et al (9) at high concentra-
tions of contrast material, and their results may be
extrapolated to the extreme condition that was exam-
ined in our study. Both tissue iron and contrast ma-
terial may cause local magnetic field perturbation.
However, susceptibility effect due to tissue iron con-
tent is far more complex than the intravascular para-
magnetic contrast material; the tissue iron produces
superparamagnetism or ferromagnetism that may be
dependent on various factors, including crystal size,
distribution, and magnetic field strength (31). Assess-
ment of the relationship between tissue iron and mag-
nitude of signal change requires further investigation.

The effects of noise in the data should also be
considered as a source of underestimation. As the
baseline signal intensities of the source data approach
zero, the signal-to-noise ratio of the �R2* and �R2
decreases. However, if noise is a significant cause of
the underestimation, a larger SD of the data at the
globus pallidus would also be expected. This in-
creased variance was not observed, and we thus con-
clude that the noise contamination is of minor effect,
if any, on the underestimation of the flow and volume
at the globus pallidus. The effect of noise, however,

may vary depending on the magnetic field and imag-
ing technique, and thus, it should be always consid-
ered as a possible source of error in perfusion calcu-
lation.

It is noteworthy that MTT was less significantly
affected by the iron-induced T2 shortening. The MTT
in our study was calculated from the ratio of rCBF
and rCBV (MTT � rCBV/rCBF) (36, 37), whereas
the rCBF and rCBV were estimated directly from the
concentration time curves, using deconvolution of the
concentration time curve by an arterial input function
for rCBF (12, 13) and calculation of the area under
the curve for rCBV. Thus, the relatively high resis-
tance of MTT against the iron-induced T2 shortening
may indicate that both rCBF and rCBV had degrees
of underestimation that were within the same range.
This unique property of the MTT may be advanta-
geous when the MR perfusion study is aimed to assess
a pathologic condition involving the globus pallidus.

The results of our study show two major notable
differences between the gradient-echo and spin-echo
echo-planar imaging sequences. First, the underesti-
mations of the flow, volume, and magnitudes of signal
change (�R2* or �R2) at the globus pallidus were
more pronounced with the gradient-echo than with
the spin-echo sequence. These differences between
the two sequences may be explained by the well-
known higher sensitivity of the gradient-echo se-
quence to susceptibility effects. Lack of 180-degree
refocusing pulses on the gradient-echo sequences
make them more susceptible to field heterogeneity
and thus more vulnerable to the tissue iron in the
extrapyramidal nuclei. This may have led to more
pronounced underestimation of �R2* for the gradi-
ent-echo sequence and thus may have resulted in the
lower estimations of rCBF and rCBV.

The second point of discrepancy between the gra-
dient-echo and spin-echo sequences is the higher
rCBF and rCBV at the cerebral cortex on gradient-
echo images relative to the central gray matter. This
bimodal trend was not apparent for the spin-echo
sequence (Fig 2A–D). This phenomenon can be ex-
plained by the difference in the sensitivity to micro-
and macrovasculatures. As described by Boxerman et
al (9), there is considerably greater effect from the
macrovasculature when using the gradient-echo se-
quence, whereas the spin-echo sequence is relatively
independent of macrovascular volume fraction. The
higher sensitivity to the macrovasculatures of the gra-
dient-echo sequence may have led to an overestima-
tion of the flow and volume at the cortex, where the
effect from the adjacent large cortical vessels cannot
be ignored. This effect from the macrovasculature
may be insignificant at the central gray matter, where
a less prominent large vessel effect is expected.

In addition to the physiological accumulation of iron
at the extrapyramidal nuclei, there are other pathologic
conditions that may result in deposition of paramagnetic
substances in brain tissue. For instance, pathologic T2
shortening at the basal ganglia has been reported in
association with conditions including multiple sclerosis
(38), Parkinson’s disease (39), Huntington’s disease
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(39), Hallervorden-Spatz disease (40), and Down syn-
drome (41) and in children with cerebral infarctions (42,
43). Errors in blood flow and volume estimation may
occur in these settings if the concentration of the accu-
mulated paramagnetic substance is high enough to
cause significant T2 shortening. It is important to note,
however, that the degree of iron accumulation seems to
have a certain threshold below which the underestima-
tion does not occur. The putamen, for example, had
rCBF, rCBV, and signal change magnitudes that were
significantly higher than those of the globus pallidus,
even though there was some hypointensity on the source
images. Although we advocate the evaluation of the
source data of perfusion images whenever there is a
question of pathologic iron accumulation, the existence
of such a threshold may prevent this from ruling in the
underestimation of flow and volume as a possible cause.

The findings reported herein should be viewed in
the context of several methodologic limitations. First,
the study is founded on an assumption that the flow
volume at globus pallidus is not significantly different
from that at the other parts of the central gray matter.
This is based on previous PET studies that have
measured the flow in the globus pallidus (27–30).
Because the aims of these studies were not to mea-
sure the flow at the basal ganglia but to assess the
functional aspect of the brain, the provided data may
not be strong enough to support our assumption. An
extensive literature search revealed one rat study that
described lower flow at the globus pallidus as com-
pared with the other parts of the central gray matter
(44), which may be a plausible cause for the lower
flow at the globus pallidus on MR perfusion images.
However, not all the animal data can be directly extrap-
olated to humans, and we hold our perspective of this
study based on the previous PET data (27–30). Rapidly
improving spatial resolution of PET images may be able
to provide more accurate knowledge of the regional
blood flow volume in the near future. An apparently
different trend of the flow volume at globus pallidus
between spin-echo and gradient-echo sequences may at
least in part support our hypothesis that the hypoperfu-
sion at globus pallidus shown on dynamic susceptibility
contrast-enhanced MR perfusion-weighted images is a
modality-dependent phenomenon. Second, even with
the relatively high spatial resolution of this MR imaging
technique compared with the PET and single photon
emission CT studies, the effect of partial volume aver-
aging may not be completely negligible when measuring
small structures like the globus pallidus. The voxel size
of our MR imaging technique is 1.6 � 1.6 � 6.0 mm,
and thus the spatial resolution along the z axis is some-
what limited. These anisotropic voxels may make the
measurement vulnerable to partial volume effect, espe-
cially at the edges of the target volumes. MR perfusion
studies with volumetric acquisition (45) may improve
the spatial resolution along the z axis, and this may allow
for more accurate estimation of blood flow and volume.
Third, absolute quantification of the perfusion parame-
ters was not attempted and only the relative values were
assessed in this study, namely the gray matter-white
matter ratios. Direct quantification of the perfusion will

allow for the correlation of the results with the PET and
single photon emission CT studies, and this undoubtedly
would be beneficial for the verification of the data and
for future extension of the technique to various patho-
logic conditions. A method that may allow for absolute
quantification is currently under investigation. Fourth,
the patient population of this study included those who
underwent MR perfusion imaging for evaluation of
acute infarcts. Although the unaffected hemispheres
were used for measurements, the remote effect from the
infarcted hemispheres cannot be completely excluded.
This effect is called transhemispheric diaschisis (46, 47),
which represents the remote depression of function in
the contralateral hemisphere via the transcallosal con-
necting fibers. However, this effect has been shown to
be delayed by several days after stroke onset (46), and
others have shown the metabolism to be normal in the
unaffected hemisphere during the acute stage (47, 48).
Therefore, the transhemispheric diaschisis can be ne-
glected in our patient population because our patients
underwent imaging within a day of symptom onset.

Conclusion

Iron-induced T2 shortening may result in underesti-
mation of the measured blood flow and volume based
on dynamic susceptibility contrast-enhanced MR perfu-
sion imaging, which may become a potential pitfall of
this technique. Differences between the gradient-echo
and spin-echo sequences are highlighted by higher sen-
sitivity of the gradient-echo sequence to iron at the
globus pallidus and the macrovasculature along the ce-
rebral cortex. The spin-echo technique is less vulnerable
to these effects and may show more precise perfusion
estimation. When one is looking for perfusion abnor-
malities at the areas where there is heavy iron accumu-
lation, MTT may be the parameter of choice because it
is most resistant to iron-induced T2 shortening.

Acknowledgment
The authors thank David A. Shrier for reviewing the manu-

script.

References
1. Sorensen AG, Buonanno FS, Gonzalez RG, et al. Hyperacute

stroke: evaluation with combined multisection diffusion-weighted
and hemodynamically weighted echo-planar MR imaging. Radiol-
ogy 1996;199:391–401

2. Rosen BR, Belliveau JW, Vevea JM, Brady TJ. Perfusion imaging
with NMR contrast agents. Magn Reson Med 1990;14:249–265

3. Sorensen AG, Copen WA, Østergaard L, et al. Hyperacute stroke:
simultaneous measurement of relative cerebral blood volume, rel-
ative cerebral blood flow, and mean tissue transit time. Radiology
1999;210:519–527

4. Nighoghossian N, Berthezene Y, Philippon B, Adeleine P, Froment
JC, Trouillas P. Hemodynamic parameter assessment with dynamic
susceptibility contrast magnetic resonance imaging in unilateral
symptomatic internal carotid artery occlusion. Stroke 1996;27:474–
479

5. Belliveau JW, Rosen BR, Kantor HL, et al. Functional cerebral
imaging by susceptibility-contrast NMR. Magn Reson Med 1990;14:
538– 546

6. Rordorf G, Koroshetz WJ, Copen WA, et al. Diffusion- and per-
fusion-weighted imaging in vasospasm after subarachnoid hemor-

1028 YAMADA AJNR: 23, June/July 2002



rhage. Stroke 1999;30:599–605
7. Warach S, Dashe JF, Edelman RR. Clinical outcome in ischemic

stroke predicted by early diffusion-weighted and perfusion mag-
netic resonance imaging: a preliminary analysis. J Cereb Blood
Flow Metab 1996;16:53– 59

8. Rosen BR, Belliveau J, Chien D. Perfusion imaging by nuclear
magnetic resonance. Magn Reson Q 1989;5:263– 281

9. Boxerman JL, Hamberg LM, Rosen BR, Weisskoff RM. MR con-
trast due to intravascular magnetic susceptibility perturbations.
Magn Reson Med 1995;34:555–566

10. Schenker C, Meier D, Wichman W, Boesiger P, Valvanis A. Age
distribution and iron dependency of the T2 relaxation time in the
globus pallidus and putamen. Neuroradiology 1993;35:119–1 24

11. Milton WJ, Atlas SW, Lexa FJ, Mozley PD, Gur RE. Deep gray
matter hypointensity patterns with aging in healthy adults: MR
imaging at 1.5 T. Radiology 1991;181:715– 719

12. Østergaard L, Weisskoff RM, Chesler DA, Glydensted C, Rosen
RB. High resolution measurement of cerebral blood flow using
tracer bolus passages: part I. mathematical approach and statis-
tical analysis. Magn Reson Med 1996;36:715–725

13. Østergaard L, Sorensen AG, Kwong KK, et al. High resolution
measurement of cerebral blood flow using tracer bolus passages:
part II. experimental comparison and preliminary results. Magn
Reson Med 1996;36:726–736

14. Yamaguchi T, Kino I, Uemura K , et al. Reduction in regional
cerebral metabolic rate of oxygen during human aging. Stroke
1986;17:1220–1228

15. Leenders KL, Perani D, Lammertsma AA, et al. Cerebral blood
flow, blood volume and oxygen utilization: normal values and effect
of age. Brain 1990;113:27–47

16. Hatazawa J, Fujita H, Kanno I, et al. Regional cerebral blood flow,
blood volume, oxygen extraction fraction, and oxygen utilization
rate in normal volunteers measured by the autoradiographic tech-
nique and the single breath inhalation method. Ann Nucl Med
1995;9:15–21

17. Nighoghossian N, Berthezene Y, Philippon B, Adeleine P, Froment
JC, Trouillas P. Hemodynamic parameter assessment with dynamic
susceptibility contrast magnetic resonance imaging in unilateral
symptomatic internal carotid artery occlusion. Stroke 1996;27:474–
479

18. Liu HL, Pu Y, Liu Y, et al. Cerebral blood flow measurement by
dynamic contrast MRI using singular value decomposition with an
adaptive threshold. Magn Reson Med 1999;42:167–172

19. Ellinger R, Kremser C, Schocke MF, et al. The impact of peak
saturation of the arterial input function on quantitative evaluation
of dynamic susceptibility contrast-enhanced MR studies. J Comput
Assist Tomogr 2000;24:942–948
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