Magnetic Resonance in Medicine 41:1264–1268 (1999)

Comparison of Static and Dynamic MRI Techniques for the
Measurement of Regional Cerebral Blood Volume
O. Speck,* L. Chang, L. Itti, E. Itti, and T. Ernst
Two different acquisition and processing strategies to determine the regional cerebral blood volume (rCBV) with magnetic
resonance imaging (MRI) are compared. The first method is
based on the acquisition of the signal time course during a
bolus administration of a contrast agent (dynamic method). The
second method evaluates signal changes before and after the
contrast agent injection (static method), assuming the contrast
agent remains primarily intravascular in the brain after the first
pass. Both methods were applied to the same data sets,
acquired with either echoplanar imaging (EPI, n ⴝ 18) or fast
low-angle shot (FLASH, n ⴝ 28) techniques. A voxel-by-voxel
correlation between the static and dynamic method yielded a
correlation coefficient of 0.76 ⴞ 0.06 for the EPI and 0.71 ⴞ 0.10
for the FLASH measurements. The static method was less
sensitive and showed higher standard deviations for rCBV than
the dynamic method. With the development of truly intravascular contrast agents, the static perfusion MRI method, which can
be performed with higher signal-to-noise ratio and higher spatial resolution, may become an alternative to ultra-fast MRI for
measuring rCBV. Magn Reson Med 41:1264–1268, 1999. r 1999
Wiley-Liss, Inc.
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This study evaluates whether the rCBV can be determined by the static signal changes caused by the contrast
agent after its distribution within the vascular system and
the inner organs and muscles (12,13). This would allow the
use of slower imaging methods with better imaging properties, higher spatial resolution, and higher signal-to-noise
ratios.
If the blood-brain barrier (BBB) is intact, the contrast
agent should remain intravascular even after the first pass
through the brain. Thus, the blood volume in a given voxel
is proportional to the concentration of the contrast agent. If
the exploited contrast mechanism is the T2* effect of the
contrast agent, its concentration cbrain can be calculated as
cbrain ⬃ ln SN ⫺ ln SC

with SN and SC being the signal intensities before and after
the administration of the contrast agent. By normalizing
this to the concentration cblood in a large vessel, the rCBV
can be determined as:
rCBV ⫽

The regional cerebral blood volume (rCBV) is a parameter
commonly used in dynamic susceptibility contrast MRI to
identify abnormalities in cerebral hemodynamics. For instance, abnormal rCBV has been reported in patients with
stroke (1–4), Alzheimer’s disease (5,6), human immunodeficiency virus (HIV) dementia (7,8), or cocaine abuse (9).
The measurement of the rCBV by means of MR imaging is
typically based on the acquisition of the signal time course
after the bolus administration of a contrast agent (10,11).
rCBV can be determined as the area under the concentration time curve, either by numerical integration or by
fitting a model function (gamma-variate function) to the
data. Because of the short duration of the bolus passage of
the contrast agent (on the order of 10 sec), the signal time
course has to be determined with high temporal resolution.
Only ultra-fast imaging techniques are able to scan the
whole brain with sufficient temporal resolution. The technique most commonly used for this application is echoplanar imaging (EPI). However, EPI has a relatively low spatial
resolution and is sensitive to geometric distortions due to
inhomogeneities of the magnetic field.
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Most of the published signal time courses show a signal
decrease with a reduced baseline after the passage of the
bolus (14–18). However, this effect is usually neglected,
since only the time points during the first pass are included
in the rCBV calculation. In studies that use simulated time
courses (to test processing algorithms), the recirculation
effects and the resultant lower post-contrast baseline are
usually not included (19–21). The goal of this study is to
compare the rCBV determined by the dynamic method (the
first pass of a contrast agent bolus) and the static method
(signal change before and after the contrast agent administration) within the same data sets.
MATERIALS AND METHODS
All measurements were performed on a 1.5 T whole body
scanner (GE SIGNA 5.6, Milwaukee) equipped with a fast
gradient set (SR 120). For the perfusion measurement, 39
repetitive scans of 13 slices were acquired with EPI: TE 30
msec, TR 2500 msec, matrix size 64 ⫻ 64, field of view
(FOV) 20 cm, slice thickness 7 mm. In addition, previous
single slice measurements using turbo FLASH imaging (TE
19 msec, TR 38 msec, matrix size 256 ⫻ 64 (half-Fourier),
FOV 34 ⫻ 17 cm, slice thickness 8 mm, 40 scans) were
included in the study. After 12 baseline scans, 20 ml of low
molecular weight gadolinium-based contrast agent [gadolinium-diethylene triamine pentaacetic acid (Gd-DTPA)]
(Prohance; Squibb, Princeton, NJ) were manually injected
into the antecubital vein of one arm, with a bolus duration
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of approximately 4–8 sec. The scans of 45 normal subjects
(17 with EPI, 28 with FLASH) were included in this study.
All scans were performed after obtaining written consent
from the subjects. The protocol was approved by the
Institutional Review Board at Harbor-UCLA Research and
Education Institute.
All data sets were processed with both the dynamic and
the static method. To evaluate the first pass effect of the
contrast agent, a gamma-variate function was fitted directly
to the signal-time course of each pixel (20). The static effect
was calculated from the 10 first and 10 last time points of
each time course using Eq. [1]. Although the contrast agent
concentration in the blood might not have completely
reached a steady state, the last 10 time points were
considered to be the best compromise within the available
time window, both to minimize the washout of the contrast
agent and to avoid the recirculation region. For both
methods, rCBV values were determined for all voxels that
exceeded a threshold of 5% of the maximum signal intensity of the entire data set. The results of the two methods
were compared by means of a correlation analysis, using
the rCBV values of all voxels. Prior to the correlation
analysis, a median filter (3 ⫻ 3 kernel size) was applied to
the rCBV maps. In addition, the rCBV values of manually
drawn regions of cortical gray matter, white matter and
deep gray matter (including putamen, globus pallidus,
caudate, and thalamus) in the brain were determined and
compared between the methods. The regions of interest
(ROIs) were drawn on the high-resolution MRI scans
following the exact anatomy of the brain structures and
averaged across all the slices. The high resolution MRIs
were coregistered to the rCBV maps using a surface matching registration method developed in our laboratory (22).
During this coregistration, geometric distortions of the EPI
datasets are corrected using a full affine transformation
that also accounts for possible scaling or shearing in phase
direction (23). The rCBV values from the ROIs were
referenced using three different approaches: 1) relative to
the highest rCBV value within a large vessel (typically the
sagittal sinus); 2) relative to the mean of the whole brain
rCBV (for EPI) or the mean of the whole slice rCBV (for
FLASH), which were determined using coregistered perfusion maps and the automatically segmented brain from the
high-resolution anatomical scans; and 3) for the EPI scans,
relative to the rCBV values of manually drawn ROIs in the
cerebellum. All processing was performed using the IDL
(Research Systems, Boulder, CO) and the AVS (Application
Visualization System, Waltham, MA) software packages,
extended with customized modules written in the Clanguage.

RESULTS
Figure 1 shows the average signal time course of all voxels
in the brain of a normal subject. The considerable drop of
the MRI signal during the first pass of the contrast agent
bolus is well recognizable, as well as the decreased signal
intensity after the bio-distribution of the contrast agent.
The signal change during the first bolus passage was
approximately 3–4 times as large as the static effect. Figure
2 demonstrates that rCBV maps generated with the dynamic and the static approach appear very similar. The
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FIG. 1. Average signal time course of all voxels within the brain
(circles) and a gamma-variate fit to the data (open diamonds) for an
EPI data set from one subject. Compared with the initial baseline, the
lower signal intensity after the bolus passage is clearly visible. On
average, the maximum signal change during the bolus phase is 3–4
times larger than that during the subsequent pseudo-steady state.
The time periods used for the calculation of the dynamic (bolus at
⬃30–55 sec) and the static (last 10 time points) effects are shaded in
gray.

rCBV in the cortical gray and the deep gray matter was
higher than in the white matter, and the highest values
were reached within the larger vessels.
Voxel-by-Voxel Correlation
The average number of voxels analyzed per data set was
12,627 ⫾ 1644 with EPI and 7438 ⫾ 1713 with FLASH. The
correlation coefficients were r ⫽ 0.67 ⫾ 0.18 for the EPI and
r ⫽ 0.57 ⫾ 0.27 for the FLASH measurements. The
correlation coefficients were frequently lower in the inferior slices. In addition, motion during the scans yielded
stronger artifacts in the rCBV maps calculated with the
static method. When the analysis was restricted to data sets
without detectable motion and to pixels within the brain
only, the correlation coefficients were improved (r ⫽
0.76⫾0.06 for EPI, and r ⫽ 0.71⫾0.10 for FLASH). An
example of the correlation between the rCBV values in one
subject is shown in Fig. 3.
ROI Analyses
Figure 4 shows the mean rCBV values of cortical gray
matter, deep gray matter, and white matter, normalized to
the whole brain (EPI) or the whole slice (FLASH). In the
gray and deep gray matter regions of the EPI scans, the
static method resulted in slightly lower rCBV values.
However, two-tailed paired t-tests showed that the mean
values of the two processing methods were not significantly different for any of the regions tested in the EPI or
the FLASH data. (A P value of less than 0.05 after Bonferroni correction for multiple testing was considered significant.) The interindividual standard deviations in the relative rCBV values were smallest when the data were
normalized to the whole brain or the whole slice, intermediate when normalized to the cortical gray matter or the
cerebellum, and largest when normalized to the maximum
intensity within the data set. The mean values for the ratios
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FIG. 2. rCBV maps calculated with the static (left) and the dynamic (middle) methods from one of the EPI scans, as well as a coregistered
anatomical scan. The rCBV is higher in the cortical gray and the deep gray matter (caudate) and reaches the highest values in larger vessels.
Qualitatively, the two maps are very similar. See Results section for the quantitative analyses.

of all regions are shown in Table 1. The standard errors are
generally smaller for the dynamic method.
When the individual rCBV values were referenced to the
highest value found within a major vessel (absolute quantitation), we obtained gray matter rCBV values of 0.056 ⫾
0.02 (dynamic) and 0.014 ⫾ 0.006 (static) from the EPI data
and 0.081 (dynamic) and 0.039 (static) from the FLASH
measurements.

tion that the contrast agent in the brain is essentially
intravascular even after the first pass. However, an improved correlation was achieved when the perfusion data
were restricted to the segmented brain derived from coreg-

DISCUSSION
Our study demonstrates that rCBV can be determined
reliably using the MRI signal changes both during and after
the first pass of a bolus of contrast agent. The good
correlation between the two methods justifies the assump-

FIG. 3. 2D histogram (density plot) and regression line between the
rCBV determined by the dynamic method (gamma-variate fit) and by
the static method (pre-Gd versus post-Gd). In this subject, the
correlation coefficient was r ⫽ 0.82. Although the data seem to
suggest an underestimation of the higher values for the dynamic
method, a second order regression did not improve the residual error.
This may be due to the very high density in the center range of the
histogram.

FIG. 4. The rCBV values and standard errors for the different
acquisition and processing methods normalized to the mean rCBV
values from the whole slice (FLASH) or from the whole brain (EPI).
The values for the dynamic and the static methods did not differ
significantly in any of the regions tested.

Comparison of Static and Dynamic rCBV Measurements
Table 1
Relative rCBV Values of Several Regions Using the Different
Acquisition and Processing Schemes (mean ⫾ SE)
FLASH
Region

Dynamic
method

Static
method

EPI
Dynamic
method

Static
method

White vs. gray 0.52 ⫾ 0.02 0.57 ⫾ 0.03 0.50 ⫾ 0.04 0.54 ⫾ 0.04
Deep gray vs.
gray
0.70 ⫾ 0.07 0.72 ⫾ 0.11 0.86 ⫾ 0.04 0.90 ⫾ 0.05
Deep gray vs.
white
1.38 ⫾ 0.16 1.24 ⫾ 0.19 1.77 ⫾ 0.07 1.71 ⫾ 0.8

istered anatomical MRI. Without this segmentation, the
extracranial structures (e.g., facial muscles), which accumulated the contrast agent after the first pass, showed higher
rCBV values in the static method compared with the
dynamic method since the assumption that the contrast
agent remains intravascular is violated in these areas.
The static method was more sensitive to motion artifacts
than the dynamic method. Motion typically caused strong
signal changes in areas of steep gradients of the signal
intensity, such as at the edges of the brain. A motion
correction algorithm that is not based on intensity differences but on brain structures may improve the results of
the static method. Another possible source of discrepancies between the two methods is the large difference in
contrast agent concentration during the time periods analyzed. During the bolus phase of the dynamic method, the
assumed linearity between Gd concentration and relaxivity may become invalid, especially in and around large
vessels. This may lead to an underestimation of rCBV in
the larger vessels with the dynamic method (24).
In our study, the FLASH measurements showed smaller
signal changes than the EPI data due to the shorter echo
time. In addition, the signal-to-noise ratio in FLASH (SNR
75) was decreased compared with EPI (SNR 145) due to the
lower flip angle and the higher spatial resolution. As a
result, the FLASH data showed a considerably lower
effect-to-noise ratio than the EPI data, which reduced the
pointwise correlation between the static and the dynamic
method for the FLASH data.
In the ROI analysis, the main difference between the
FLASH and the EPI data is the relatively lower rCBV in the
deep gray matter structures determined by the FLASH
measurements (Table 1). The main reason for this discrepancy is probably the different number of slices. Unlike the
multi-slice EPI scans, the FLASH data are single slice only,
and the rCBV values cannot be interpolated in the slice
direction during coregistration with the high-resolution
anatomical scan. In addition, since only a small part of the
deep gray matter structures is covered by the FLASH
images, the rCBV in this area may be systematically
different from the rCBV in the whole deep gray matter
complex covered by the EPI technique. The larger slice
thickness of the FLASH scans also causes more volume
averaging with the surrounding lower white matter rCBV
values. Overall, the gray-to-white and gray-to-deep gray
matter rCBV ratios are in agreement with previously published data (24–26).
FLASH showed a better agreement between the static
and dynamic ROI values than EPI. With EPI, the rCBV
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values in the deep gray and the gray matter were slightly
lower with the static method than with the dynamic
method, while FLASH showed no differences between the
two processing methods (Fig. 4). These lower deep gray
and gray matter values for the static method with the EPI
data suggest a non-linear relationship between the two
methods. This effect may occur because our EPI measurements had a longer echo time and thus larger signal
changes compared with FLASH. However, compared with
a linear regression, a second order regression analysis did
not significantly improve the regression results or the sum
of the squares of the difference between the data points and
the regression values. This may be due to the very high
density of data points in the region of the gray and white
matter values, dominating the regression results (Fig. 3).
An additional source of differences between the FLASH
data and the EPI data may be the change in T1 that is
induced by the contrast agent. However, a change in T1
would most strongly affect the FLASH results, causing an
underestimation of the higher rCBV values.
Another possible disparity between the static and dynamic rCBV data may be due to the use of a tracer that is
not truly intravascular. The pharmacokinetics of lowmolecular-weight Gd contrast agents typically show a fast
initial decay (time constant ⬃7 min) of the blood concentration due to the bio-distribution into the inner organs and
muscles. During the later phase, a slower decay (time
constant ⬃90 min) is observed that corresponds to the
washout through the kidney (27). Therefore, the effect-tonoise ratio of the static method can be expected to decay
rapidly during the first few minutes after contrast agent
administration. The concentration changes, however, are
small during the acquisition of one time point (2.5 sec), and
the washout should affect all voxels in the brain equally if
the BBB is intact. The sensitivity of the two methods is
essentially determined by the amount of signal change,
which in turn reflects the concentration of the contrast
agent in the blood, and the acquisition time. Because of the
higher concentration during the first pass, the dynamic
method should be more sensitive than the static method.
However, the development of true intravascular tracers
(12,13,28–32) will make it possible to maintain a high
blood concentration for a sustained period and thus will
enable the measurement of high-resolution rCBV maps
with the static method. The static rCBV maps may be
acquired during a steady contrast agent concentration and
thus may avoid the acquisition during the first recirculations. In addition, other contrast mechanisms, such as the
change in T1 relaxivity, may be exploited; these mechanisms currently suffer from low signal changes (24,33,34).
Both the static and dynamic methods used in this study
can be optimized further. The reproducibility and sensitivity of the dynamic method might be even higher if an
automatic injector with a higher injection rate is used. The
static method could be improved further by the use of an
intravascular tracer. Thus, the static method in the current
study is only an approximation of the effects of a true
intravascular tracer with a steady concentration. However,
the results obtained using both methods on the same data
sets indicate that it is possible to obtain comparable rCBV
maps with either method.
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Our study suggests that the effect-to-noise ratio of dynamic rCBV measurements may be improved by combining
the static and dynamic methods. Such an approach may model
the entire signal time course, including the dynamic bolus
phase and the signal decrease in the later phase, to obtain
rCBV maps with higher effect-to-noise ratios.
CONCLUSIONS
Our study demonstrates that it is possible to obtain rCBV
maps of the entire brain, without the necessity for ultra-fast
imaging, by utilizing the signal changes before and after
contrast agent administration. The results of the static and
the dynamic methods are in good agreement. With the
development and clinical introduction of true intravascular tracers, it will be possible to generate high-resolution
rCBV maps using the static effect.

Speck et al.

13.

14.

15.

16.

17.

18.

ACKNOWLEDGMENTS

19.

This study was supported in part by the NIH (Scientist
Development Award for Clinicians DA 00280, to L.C.), the
State of California Universitywide AIDS Research Program
to UCLA Care Center (CC97 LA 175), and the French
Association for Cancer Research (for E.I.).

20.

REFERENCES
1. Rordorf G, Koroshetz WF, Copen WA, Cramer SC, Schaefer PW, Budzik
RF, Schwamm LH, Buonanno F, Sorensen AG, Gonzalez G. Regional
ischemia and ischemic injury in patients with acute middle cerebral
artery stroke as defined by early diffusion-weighted and perfusionweighted MRI. Stroke 1987;29:939–943.
2. Wu RH, Bruening R, Berchtenbreiter C, Weber J, Steiger HJ, Peller M,
Penzkofer H, Reiser M. MRI assessment of cerebral blood volume in
patients with brain infarcts. Neuroradiology 1998;40:496–502.
3. Hamberg LM, Boccalini P, Stranjalis G, Hunter GJ, Huang Z, Halpern E,
Weisskoff RM, Moskowitz MA. Continuous assessment of relative
cerebral blood volume in transient ischemia using steady state susceptibility-contrast MRI. Magn Reson Med 1996;35:168–173.
4. Rother J, Guckel F, Neff W, Schwartz A, Hennerici M. Assessment of
regional cerebral blood volume in acute human stroke by use of
single-slice dynamic susceptibility contrast-enhanced magnetic resonance imaging. Stroke 1996;27:1088–1093.
5. Harris G, Lewis R, Satlin A, English C, Scott T, Yurgelun-Todd D,
Renshaw P. Dynamic susceptibility contrast MRI of regional cerebral blood
volume in Alzheimer’s disease. Am J Psychiatry 1996;153:721–724.
6. Maas L, Harris G, Satlin A, English CD, Lewis RF, Renshaw PF. Regional
cerebral blood volume measured by dynamic susceptibility contrast
MR imaging in Alzheimer’s disease: a principal component analysis. J
Magn Reson Imaging 1997;7:215–219.
7. Tracey I, Hamberg LM, Guimaraes AR, Hunter G, Chang I, Navia BA,
Gonzales RG. Increased cerebral blood volume in HIV-positive patients
detected by functional MRI. Neurology 1998;50:1821–1826.
8. Ernst T, Chang L, Witt MD, Aronow HA, Cornford ME, Walot I, Goldberg
MA. Cerebral toxoplasmosis and lymphoma in AIDS: perfusion MR
imaging experience in 13 patients. Radiology 1998;208:663–669.
9. Kaufman KJ, Levin JM, Maas LC, Rose SL, Lukas SE, Mendelson JH,
Cohen BM, Renshow PF. Cocaine decreases relative cerebral blood
volume in humans: a dynamic susceptibility contrast magnetic resonance imaging study. Psychopharmacology 1998;138:76–81.
10. Belliveau J, Rosen B, Kantor H, Rzedzian R, Kennedy D, McKinstry R,
Vevea J, Cohen M, Pykett I, Brady T. Functional cerebral imaging by
susceptibility contrast NMR. Magn Reson Med 1990;14:538–546.
11. Rosen B, Belliveau J, Aronen H, Kennedy D, Buchbinder B, Fischman
A, Gruber M, Glas J, Weisskoff R, Cohen M, et al. Susceptibility contrast
imaging of cerebral blood volume: human experience. Magn Reson Med
1991;22:293–299.
12. Demsar F, Roberts TPL, Schwickert HC, Shames DM, van Dijke CF,
Mann JS, Saeed M, Brasch RC. A MRI spatial mapping technique for

21.

22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

microvascular permeability and tissue blood volume based on macromolecular contrast agent distribution. Magn Reson Med 1997;37:236–242.
Berry I, Benderbous S, Ranjeva J-P, Gracia-Meavilla D, Manelfe C, Le
Bihan D. Contribution of Sinerem used as blood-pool contrast agent:
detection of cerebral blood volume changes during apnea in the rabbit.
Magn Reson Med 1996;36:415–419.
Lev M, Kulke S, Sorensen A, Boxerman J, Brady T, Rosen B, Buchbinder
B, Weisskoff R. Contrast-to-noise ratio in functional MRI of relative
cerebral blood volume with Sprodiamide injection. J Magn Reson
Imaging 1997;7:523–527.
Boxerman J, Rosen B, Weisskoff R. Signal-to-noise analysis of cerebral
blood volume maps from dynamic NMR imaging studies. J Magn Reson
Imaging 1997;5:528–537.
Rudin M, Beckmann N, Sauter A. Analysis of tracer transit in rat brain
after carotid artery and femoral vein administrations using linear
system theory. Magn Reson Imaging 1997;15:551–558.
Rosen B, Belliveau J, Buchbinder B, McKinstry R, Porkka L, Neuder M,
Fisel C, Aronen H, Kwong K, et al. Contrast agents and cerebral
hemodynamics. Magn Reson Med 1991;19:185–292.
Fritz-Hansen T, Rostrup E, Larsson HBW, Sondergaard L, Ring P,
Henriksen O. Measurement of the arterial concentration of Gd-FDTPA
using MRI: a step toward quantitative perfusion imaging. Magn Reson
Med 1996;36:225–231.
Brenner T, Heiland S, Erb G, Forsting M, Sartor K. Accuracy of
gamma-variate fits to concentration-time curves from dynamic susceptibility-contrast enhanced MRI: influence of time resolution, maximal
signal drop and signal-to-noise. Magn Reson Imaging 1997;15:307–317.
Bahn MM. A single-step method for estimation of local cerebral blood
volume from susceptibility contrast MRI images. Magn Reson Med
1995;33:309–317.
Weisskoff RM, Chesler D, Boxerman JL, Rosen BR. Pitfalls in MR
measurement of tissue blood flow with intravascular tracers: which
mean transit time? Magn Reson Med 1993;29:553–559.
Itti L, Chang L, Mangin JF, Darcourt J, Ernst T. Robust multimodality
registration for brain mapping. Hum Brain Map 1997;5:3–17.
Ernst T, Speck O, Itti L, Chang L. Simultaneous correction for interscan
patient motion and geometric distortions in echo planar imaging. Magn
Reson Med (in press).
Kennan R, Zhong J, Gore J. Intravascular susceptibility contrast mechanisms in tissues. Magn Reson Med 1994;31:9–21.
Kuppusamy K, Lin W, Cizek G, Haacke E. In vivo regional cerebral
blood volume: quantitative assessment with 3D T1-weighted pre- and
postcontrast MR imaging. Radiology 1996;21:106–112.
Wenz F, Rempp K, Brix G, Knopp M, Guckel F, Hess T, van Kaick G. Age
dependency of the regional blood volume (rCBV) measured with
dynamic susceptibility contrast MR imaging (DSC). Magn Reson Imaging 1996;14:157–162.
Rostrup E, Larsson H, Toft P, Garde K, Ring P, Henriksen O. Susceptibility contrast imaging of CO2-induced changes in the blood volume of the
human brain. Acta Radiol 1996;37:813–822.
Weinmann H, Laniado M, Mutzel W. Pharmacokinetics of GdDTPA/
dimeglumine after intravenous injection into healthy volunteers. Physiol
Chem Phys Med NMR 1984;16:167–172.
Mandeville J, Marota J, Kosofsky B, Keltner J, Weissleder R, Rosen B,
Weisskoff R. Dynamic functional imaging of relative cerebral blood volume
during rat forepaw stimulation. Magn Reson Med 1998;39:615–624.
Anzai Y, Prince M, Chenevert T, Maki J, Londy F, London M, McLachlan
S. MR angiography with an ultrasmall superparamagnetic iron oxide
blood pool agent. J Magn Reson Imaging 1997;7:209–214.
Parmelee D, Walovitch R, Ouellet H, Lauffer R. Preclinical evaluation of
the pharmacokinetics, biodistribution, and elimination of MS-325, a
blood pool agent for magnetic resonance imaging. Invest Radiol 1997;32:
741–747.
Knollmann F, Sorge R, Muhler A, Maurer J, Muschick P, Bock J, Felix R.
Hemodynamic tolerance of intravascular contrast agents for magnetic
resonance imaging. Invest Radiol 1997;32:755–762.
Reimer P, Schuierer G, Balzer T, Peters PE. Application of a superparamagnetic iron oxide (Resovist) for MR imaging of human cerebral blood
volume. Magn Reson Med 1995;34:694–697.
Hacklander T, Reichenbach J, Modder U. Comparison of cerebral blood
volume measurements using the T1 and T2* methods in normal human
brains and brain tumors. J Comput Assist Tomogr 1997;21:857–866.
Lin W, Paczynski R, Kuppusamy K, Hsu C, Haacke E. Quantitative
measurements of regional cerebral blood volume using MRI in rats:
effects of arterial carbon dioxide tension and manitol. Magn Reson Med
1997;38:420–428.

