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Cerebral Hemodynamics and Cerebral Blood Volume: MR Assessment Using Gadolinium 
Contrast Agents and Tl-Weighted Turbo-FLASH Imaging 

Bruce L. Dean, 1 Charles Lee,2 John E. Kirsch,2 Val M . Runge,2 Robert M . Dempsey,3 and Luther C. Pettigrew4 

Purpose: To assess the degree and regional pattern of first-pass brain enhancement using dynam ic 

MR imaging. Materials and Methods: Ultrafast MR imaging (1.06-second acquisition time per 

image) was performed in 19 healthy subjects following a bolus IV injection of a gadolinium contrast 

agent; 36 patients with suspected pathology were studied using the same protocol. Results: 

Calculated percent blood volumes were 4.9% for right cortical gray m atter , 4.8% for left cort ical 

gray matter, and 2.6% for white matter. Subtraction images were obtained that depicted the first 

pass "blood pool" pattern of enhancement (gray and white matter) which was significant. 

Conclusion: Preliminary evidence suggests utility for cerebral "blood pool" imaging, especially if 

reduced image acquisition times can be achieved. 

Index terms: Magnetic resonance, flow studies; Magnetic resonance, technique; Blood, magnetic 

resonance; Cerebral blood, flow; Cerebral blood, volume 
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Imaging of brain hemodynamics and calcula
tions of cerebral blood flow (CBF) and cerebral 
blood volume (CBV) have been assessed by many 
methods, such as, contrast computed tomogra
phy (CT) with dynamic bolus techniques (1-7) , 
stable (8-1 0) and radioactive ( 11) xenon meth
ods, rapid sequence digital subtraction angiogra
phy (12-15), positron emission tomography 
(PET) (16, 17), and single photon emission com
puted tomography (SPECT) (18, 19). There is 
high anatomic resolution with CT, but limited 
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immediate cortical enhancement following a con
trast bolus that lessens its clinical utility . Xenon 
CT and PET are not routinely available in most 
institutions, and SPECT does not have the reso
lution associated with CT or magnetic resonance 
imaging (MR). 

With the advent of "ultra-fast" MR imaging 
techniques, a dynamic assessment of intracranial 
hemodynamics is possible following an intrave
nous injection of a gadolinium agent. MR, similar 
to dynamic contrast-enhanced CT, allows high 
anatomic resolution but, additionally , a greater 
magnitude of first-pass enhancement. The first
pass enhancement reflects the initial transit of 
"contrast" through the vascular system, as op
posed to conventional enhancement which sug
gests an incomplete blood-brain barrier. 

The purpose of this study is primarily to char
acterize normal patterns and degree of immedi
ate, first-pass brain enhancement with the T1-
weighted method following a bolus of intravenous 
gadolinium agent and to calculate percent blood 
volumes of cortical gray matter and white matter. 
Secondarily, 36 patients with suspected pathol
ogy were reviewed and anecdotal examples from 
this group are presented. Subtraction techniques 
(postcontrast minus precontrast images) may be 
utilized to depict the regional cerebral "blood pool" 
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pattern approximating the volume of vascular 
distribution in a region of brain. 

Subjects and Methods 

Subjects 

Nineteen subjects ranging in age from 28 to 68 years 
(mean age 55 years) were enrolled in the study. There were 
11 men and 8 women . All patients were presumed to have 
normal CBF. Patients, in general, were scanned for noncir
culatory related diagnoses (ie, rule-out acoustic neuroma, 
headaches, etc). All patients had been scheduled for con
trast scans by their referring physicians. The Turbo-FLASH 
sequence was added as a modification to the usual proto
cols. Additionally, 36 patients with a suspicion of altered 
brain hemodynamics or mass lesions were studied by the 
same protocol to initially assess the clinical relevance of 
the study method. 

Contrast Injection 

Eight mL of gadopentetate dimeglumine (Magnevist, 
Berlex, Wayne, NJ) were injected in 18 patients in approx
imately 5-10 seconds, followed by saline to clear the line 
of contrast material. One patient was administered an 
equivalent dose of gadoteridol (ProHance, Squibb, Prince
ton , NJ). Intravenous lines were placed, when possible, in 
the antecubital fossa . The contrast was injected at the port 
closest to the intravenous site. The contrast injection was 
initiated concurrently with the first scan (snap-shot image). 
The intravenous injection was accomplished by a 20-mL 
syringe "by-hand. " 

Scanning Procedure 

Scans were initiated at preselected levels of the basal 
ganglia or lateral ventricles. Each "snap-shot" image had 
an acquisition time of 1.06 seconds. There was an interim
age delay time of 1.5 seconds. Total acquisition time for 
the sequence of 20 images was 49.7 seconds. Additional 
parameters include: 8/4/1 (TR/TE/excitations), 0 = 10°, 
field of view = 250 mm, matrix = 128 X 128, 1-cm 
thickness. A heavily T1-weighted scan was acquired with 
a preparatory 180° inversion pulse (Fig. 1 ). An effective 
inversion time (TI) of 529 msec was achieved for the 
scanning sequence. Scans were obtained by a Siemens 1.5 
T system. Baseline and postcontrast images are presented 
in Figure 2. 

Measurement of Enhancement 

Regions of interest (ROis, Fig. 2) were obtained of 
cortical gray matter in each hemisphere, deep white matter, 
superior sagittal sinus (SSS), and background signal. Reli
able ROis of arterial structures could not be obtained due 
to their relatively small size. Large ROis were obtained to 
mitigate the high pixel statistical fluctuation . The mean 
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Fig. 1. Nonselective 180° inversion pulse is applied for a 
heavily T1-weighted image 8/4/1. 

number of pixels per ROI was 100 (4.0 cm2
) for right 

cortical gray matter, 110 (4.4 cm2
) for left cortical gray 

matter, 43 (1.7 cm2
) for white matter, and 245 (9.8 cm2

) 

for background signal. ROis were placed to lessen partial
volume effects with adjacent regions. The sagittal sinus 
enhancement was measured by four pixels to lessen partial
volume effects (0.16 cm2

) . The background signal was 
obtained at each signal intensity baseline measurement. 
There were small variations in the background signal inten
sities during the scan sequence. Square, rectangle, or 
circular ROis were used, as needed. Asymmetrical shaped 
or sized ROts were used in opposite hemispheres, at times, 
to lessen partial-volume effects. ROts for cortical gray 
matter were placed over the posterior frontal or anterior 
parietal areas. White matter was evaluated in the region of 
the major and minor forceps areas. Mean signal intensities 
were obtained for all twenty images. Graphs of signal 
intensities were obtained by a point-to-point method (Fig. 
3) . Percent enhancement was calculated by: 

%Enhancement (peak) 

= Sl (peak of curve) - Sl (baseline) X 
100 

Sl (baseline) - Background 

where Sl = signal intensity. 

(A) 

First-order slopes were calculated from the points of 
peak enhancement and baseline points for gray and white 
matter. Blood volumes were calculated for gray and white 
matter by the following equation: 

I

peakSI 

Sl(t)bralndt X 0.85 X 100 
baseline Sl 

%rCBV = I peakSI 

Sl(t)btooddt X DF X 0. 7 
baseline Sl 

(B) 

where 0.85 = cerebral to large vessel hematocrit correction 
factor; DF = dilution factor of blood by contrast; 0. 7 = 
SSS flow-related enhancement correction; Sl blood = 
measured over the sagittal sinus; rCBV = regional cerebral 
blood volume. 

Calculations of %CBV were performed by measuring 
the areas under the generated curves from baseline to peak 
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B 
Fig. 2. Dynamic sequence of scans following an intravenous bolus of Gd-DTPA. 
A, Baseline scan prior to the arrival of the bolus of contrast material. 
8 , Capillary/ venous phase. 
C and D, Scans depicting white matter and gray matter ROis. 

enhancement. The curves do not return to baseline after 
passage of the bolus due to recirculation and a noncom pact 
bolus, as opposed to a compact arterial bolus or central 
venous b·o,lus. This necessitates measuring from baseline 
to peak e'!hancement rather than the complete curve. 

Calibration of SSS Flow-Related Enhancement 

Calcula~ion of SSS flow-related enhancement was de
rived from a signal intensity versus velocity plot. SSS flow 
was simulated by placing a 9-mm (inner diameter) tubing 
longitudinally through the scanner. Outdated blood (2.5 L) 
with 1 mmoi/L concentration of Gd-DTPA was pumped 
over a range of velocities by a Sarns cardiovascular pump 
(Ann Arbor, Ml). There was a mild pulsatile component to 
the flow that was dampened by the 20 meters of tubing. 
Five data points were obtained for each velocity. Our 
standard T1-weighted Turbo-FLASH sequence was used to 
evaluate the signal intensity for each velocity . The central 

D 

four pixels were measured to simulate the central flow in 
the SSS. The central pixels were chosen to lessen laminar 
flow effects near the walls. The SSS flow-related enhance
ment factor was calculated by dividing the signal intensity 
(SI) of stationary blood by the Sl of flowing blood at the 
physiologic velocities of the SSS (Fig. 4) . 

Correction Factor SSS Flow-Related Enhancement 

Slstatlonary blood 
(C) 

Slblood at 20-40 em/sec 

These calculations are valid only for this sequence and its 
corresponding parameters (ie, TR and slice thickness). 

Results 

First-pass enhancement of cortical gray mat
ter, white matter, and sagittal sinus are tabulated 
in Table 1. Average enhancements were: 1) right 
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CORTICAL GRAY MATTER ENHANCEMENT 
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Fig. 3. Point-to-point graph of right and left cortical gray 
matter enhancement for patient 5 . 
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Fig. 4. Plot of the flow-related enhancement of the SSS. The 
response of signal intensity to velocity is depicted from 0 to 70 
em/sec for whole blood with 1 mmoi/L of Gd-DTPA. 

gray matter: 12.4 Sl units (67.1 %) SD 14.7%; 2) 
left gray matter: 12.5 Sl units (79.1 %) SD 11.7%; 
3) white matter: 7.4 SI units (11.2%) SD 2.9%; 
and 4) sagittal sinus: 282 SI units (1380%) SD 
991 %. Inclusion of cortical veins within the ROI 
of cortical gray matter spuriously increased mea
sured enhancement. ROts that were not purely 
white or gray matter also altered the measure
ment. Partial-volume effects at gray-white inter
faces decreased measured first-pass enhance
ment of gray matter and increased measured 
white matter enhancement. 

The times from baseline to peak enhancement 
were symmetrical for gray matter from side-to
side in each patient. First-order slopes (rise time) 
of cortical gray matter from baseline to peak 
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were calculated and were symmetrical between 
hemispheres: 1) tight cortical gray matter, 1.35 
Sl units/sec; 2) left cortical gray matter, 1.34 Sl 
units/sec; 3) white matter, 0.95 Sl units/sec. 
There was a high variance of first-order slope 
values particularly with white matter since iden
tification of baseline and peak points were diffi
cult. 

The ratio of mean signal intensity-time curve 
of gray matter divided by mean white matter 
signal intensity-time curve was 1.9. This ratio 
should reflect the ratio of blood volume in gray 
matter compared to white matter. This compares 
well to relative cerebral blood volume ratios of 
gray matter compared to white matter measured 
by alternative methods (20). 

Gray and white matter %CBVs may be calcu
lated (Table 2). The hemodilution factor of 8 mL 
of contrast material was considered to be negli
gible: 

Right cortical gray matter= 4.9%, SD = 1.2% 
Left cortical gray matter= 4.8%, SD = 1.4% 

White matter= 2.6%, SD = 1.1 % 

These values compare favorably with blood vol
umes measured by alternative methods (20). 
There were known sources of error for measure
ment of cortical gray matter. Partial-volume ef
fects of adjacent cortical veins within ROis of 
gray matter elevate calculated %CBV. Likewise, 
partial-volume effects of the sagittal sinus with 
adjacent brain tissue lowers measured sagittal 
sinus enhancement and increases calculated 
%CBV. Volume averaging of cortical veins was 
felt to be the most significant source of error 
during the study. Calculated %CBV of white mat
ter was also adversely affected by volume-aver
age errors of the sagittal sinus. 

Subtraction images were obtained of postcon
trast scans by subtracting a precontrast baseline 
scan yielding a first-pass "blood pool" image. The 
signal intensities of the image approach linearity 
at concentrations below 1 mmoi/L and are closely 
related to rCBV (Fig. 5). The relative rCBVs are 
displayed of cortical gray matter and white mat
ter. There is also high signal noted within the 
lateral ventricles depicting the subependymal and 
ventricular veins and choroidal blood volumes. 
Peak enhancement of blood was noted at a gad
olinium concentration of 1.8 mmoi/L (Fig. 6) for 
our sequence. The peak enhancement concentra
tion is sequence related. Different degrees of T1 
and T2 weighting will cause minor shifts in the 
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TABLE 1: Absolute and percentile enhancement 

Patient 
Sex Age 

No. R Gray 
Matter 

1 EC M 61 16.3" 77 .0b 

2EW M 56 10.2 72.0 
3 ME F 39 17.9 80.3 
4 MJ F 53 10.9 6 1.0 
5 BD M 28 15.6 74.1 
6 CY F 49 12.6 56.6 
7 SJ M 48 8.6 43.8 
8 DJ M 52 6.8 47.3 
9 MD M 34 11.0 58.9 

10 TN F 54 11.3 72.3 
11 BA F 62 10.651.1 
12SW M 66 12.2 92.6 
13 LL M 62 11.1 60.6 
14CW M 48 12.0 48.5 
15 HB M 58 9.2 54.5 
16 FF F 68 16.9 77.5 
17 MJ M 43 17. 1 96.9 
18 DB F 64 14.8 73.4 
19 MT F 68 10.0 76.7 

Mean 55 12.4 67.1 
3. 1 14.7 

Note.-R, right; L, left. 
• Absolute enhancement. 
b Percent enhancement. 
c Background signal. 

TABLE 2: Percent blood vo lumes 

R L 
White 

Patient Gray Gray 
Matter 

Matter Matter 

1 EC 3.6 3.8 1.6 

2 EW 5.0 4.1 2.2 

3 ME 5.6 4.5 1.8 

4 MJ 6.3 6.2 3.3 

5 BD 4.2 4.8 4.4 

6 CY 3.5 4.6 1.7 

7 SJ 4.5 5.3 2.2 

8 DJ 3.3 3.5 4.6 

9 MD 6.5 5.4 4.0 

10 TN 6.1 5.5 2.1 

11 BA 5.8 8.5 4.4 

12SW 5.9 6.1 2.3 

13 LL 3.8 4.4 1.8 

14 CW 3.9 3.4 1.6 

15 HB 5.0 2.7 4.2 

16 FF 7.1 5.4 2.5 

17 MJ 3.5 2.5 1.6 

18 DB 6.2 5.6 1.6 

19 MT 3.3 5.8 2.1 

Mean 4.9 4.8 2.6 

1.2 1.4 1.1 

Note:- R, right; L, left. 
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Peak Change Sl (%) 

L Gray White 
Dural Sinus 

Matter Matter 
Background 

17.8" 92.2b 10.9" 15.0b 448" 881 b 4.8< 

9.8 80.9 9.2 13.4 273 429 5.1 
15.6 71.6 7.1 9.7 322 909 4.8 
11.4 70.9 5.9 8.2 347 9139 5.0 
15.1 75.6 9.0 12.7 196 555 4.9 
15.4 72.4 6.7 9.9 362 1038 5.0 
10.3 59.0 5.4 9.1 156 281 5.1 
7.1 56.5 8.4 11.3 229 3485 4.8 

10.6 75.1 6.7 12.3 267 1922 4.8 
9.6 79. 1 6.4 10.1 154 795 4.9 

12.9 66.8 6.4 11.3 268 2216 5.2 
12.2 79.4 7.3 11.0 322 1947 5.5 
12.9 67.4 7.6 11 .5 27 1 492 4.9 
11.0 47.1 5.6 7.5 328 506 5.2 
8.7 50.6 7.1 12.0 225 648 4.7 

16.9 80.7 8.1 10.8 254 698 4.8 
16.2 84.3 11.518.0 374 3150 4.9 
13.6 68.0 5.8 9.9 301 1148 5.3 
10.6 88.2 5.5 9. 1 264 1975 4.9 

12.5 79. 1 7.4 11.2 282 1380 5.0 

2.9 11.8 1.7 2.9 72.5 991 .2 

peak enhancement versus concentration curve 
(21). 

Discussion 

Our results indicate that dynamic MR images 
obtained by new ultra-fast imaging techniques 
(Turbo-FLASH, Siemens, Iselin , NJ), in conjunc
tion with a bolus of intravenous gadolinium, al
lows an assessment of the first-pass brain "blood 
pool." The regional distribution of the immediate, 
first-pass enhancement correlates with the re
gional blood pool or volume. Additionally, an 
evaluation of vascular hemodynamics may be 
made. In contrast to echo-planar techniques, 
Turbo-FLASH requires no "hardware" modifica
tion and is available on "general production" scan
ners. 

A heavily T1-weighted image is utilized to 
maximize relaxivity effects of contrast material. 
This is obtained by a preparatory nonselective 
180° inversion pulse . To achieve maximum con
trast enhancement, selection of scan parameters 
center the central phase encodes in the region of 
the null point of the targeted tissue. The central 
phase encoding steps are predominantly respon-
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Fig. 5. First-pass blood pool subtraction image depicting the 
normal pattern of enhancement. There is high signal within the 
ventricles reflecting the blood volume of the subependymal and 
ventricular veins and choroid plexus (arrow). 
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Fig. 6. Graph of MR signal intensity as a function of In 
concentration of Gd-DTPA. The peak signal intensity occurs at In 
concentration of 0.59 which is 1.8 mmoi/ L of Gd-DTPA (arrow) . 

sible for image contrast by this method. A par
tially T2-weighted sequence will diminish the 
peak enhancement and shift the concentration 
point where maximum enhancement is realized 
(21). Percent enhancement and the associated 
standard deviation are relative values and are 
quite dependent on the baseline measurement of 
the signal intensity of the targeted tissue. The 
absolute change in signal intensity is a more 
representative figure of enhancement. 

The calculated value of percent enhancement 
is surprisingly dependent on the Sl(baseline) in the 
denominator of equation A. As this value ap-
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preaches the background signal measurement, 
very high calculated percent enhancements may 
be derived. This is somewhat misleading since 
the change in signal intensity (SI) (SI peak enhancement 
- Sibaseline) may be minimal. This is equivalent to 
measuring the tissue signal intensities near the 
null point of the targeted tissue . 

The significant data are actually represented 
by the magnitude of change of signal of the 
various tissues relative to each other, rather than 
percent enhancement which can be altered by 
changing the pulse sequence to place the signal 
intensity of the targeted tissue near the null point 
of the inversion recovery sequence. Baseline val
ues of signal intensity for the SSS are, at times, 
close to the measured background signal. Low 
baseline signal intensities or baseline values close 
to the background signal cause large changes in 
the calculated percent enhancement and the 
standard deviations, with small fluctuations of the 
measured baseline signal intensity. This mathe
matical manipulation is exemplified by the SSS 
data in Table 1 (Change SI = 282 ± 72.5 versus 
%enhancement= 1380% ± 991 %). Percent en
hancement is directly calculated from the change 
in SI , yet there are large differences in the mag
nitude of percent enhancement and, particularly, 
the relative standard deviations. This is caused 
by the low baseline signal intensity that, at times, 
only slightly exceeds the background signal. 
Hence, the denominator in equation C approaches 
zero, and the calculated value increases dramati
cally. This is also germane for calculation of the 
percent enhancement for gray matter, but is less 
of a factor for our MR scan sequence . 

Hence, relying on percent enhancement only 
may be misleading. Comparing ~Sis for gray 
matter, white matter, and SSS is a more accurate 
assessment of the regional concentrations of gad
olinium contrast agents and rCBV. We have at
tempted to emphasize ~Sis in this manuscript 
rather than percent enhancement, since percent 
enhancement may be misleading. 

Enhancement with paramagnetic materials (ie, 
transitional and lanthanide metal ions) exert their 
effects predominantly by dipole-dipole interac
tions (22). They are nondiffuseable indicators that 
are normally confined to the intravascular space 
in the brain. These factors indicate that enhance
ment is confined to the intravascular space in the 
brain with little or no enhancement of interstitial 
or intracellular tissues. The observed enhance
ment within brain tissue is dependent on contrast 
material residing within capillaries, venules, and 
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veins. This volume comprises only approximately 
2%-5% of the volume of brain tissue. This 
method measures both the microcirculation (cap
illaries and small venules) and macrocirculation 
(predominantly veins and, to a lesser degree, 
arteries), and the results should be compared to 
data obtained by similar methods of measure
ment. 

The change in T 1 relaxation time and SI as a 
function of concentration of the paramagnetic 
agent are considered to be linear in the peripheral 
circulation (23). The blood-brain barrier does not 
modify this relationship. We, similarly, obtained 
nearly linear responses of T1 relaxation time and 
signal intensity versus concentration of contrast 
material in the brain up to a concentration of 1 
mmoi/L (Fig. 7). Thus, absolute calculations are 
not possible unless the first-pass bolus concentra
tion of gadolinium in blood is below this level. 
Standard solutions of gadolinium may be placed 
within the subject field of view for calibration of 
SSS concentrations. While there are changes in 
T1 and T2 relaxivity and magnetic susceptibility 
with contrast materials, their dipole-dipole inter
actions or T1 relaxivity effects are accentuated 
at these concentration levels, and with this heav
ily T1-weighted sequence. 

With new contrast agents there is the potential 
to use higher doses of paramagnetic agents when 
they become available for use. Faster rates of 
injection of contrast material by more centrally 
placed catheters followed by a saline bolus should 
provide a more compact bolus; however, large 
boluses appear to be self-defeating for the T1-
weighted method. Higher concentrations of con-

Signal Intensity vs Concentration 

3~--~--~----~--~--~----~--~ 
- 6 - 5 - 4 - 3 - 2 - 1 

Ln Concentration 

Fig. 7. Graph of In signal intensity versus In concentration of 
Gd-DTPA. There is a nearly linear relationship of concentration 
versus signal intensity, up to 1 mmoi/L. The relationship is no 
longer linear after 1 mmoi/L. 
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trast (ie, greater than 1.8 mmoi/L) may actually 
cause a decline in signal intensity by the first
pass method (Fig. 6). These concentration levels 
are quickly reached even with small amounts of 
gadolinium agents by central lines or by a com
pact bolus. A compact bolus gives a better signal 
intensity versus time profile or compact curve, 
but smaller quantities of gadolinium agents must 
be used in order that the 1-2 mmoi/L concentra
tion limit is not exceeded. A signal intensity curve 
generated by a compact bolus of gadolinium by 
a minimally invasive technique would be pre
ferred as a screening technique in a busy MR 
imaging center. Thus, the magnitude of enhance
ment with T1-weighted sequences will also be 
limited by T2 effects at high concentrations (Fig. 
6). 

Approximations of CBF which have been de
scribed for CT can also be applied to bolus 
dynamic MR scans (2 , 3). These methods are 
derived from the central volume principle (24) 
that is derived for nondiffusible indicators such 
as iodinated contrast and gadolinium contrast 
agents. 

CBV 
CBF = -

MTT 
(D) 

This equation assumes a constant volume of 
cerebral blood. The MTT describes the mean 
transit time of the indicator through the capillary 
bed. Reasonable approximations of CBV are de
rived by measuring tissue signal intensity versus 
time curves that are equivalent to concentration
time curves at concentrations below 1 mmoi/L. 
Also, absolute values for concentrations of gad
olinium in the SSS may be calculated by com
paring measured signal intensities with known 
standards that can be placed within the field of 
view, and adjusting for signal change related to 
flow (see equation B). This equation is valid for 
concentrations less than 1 mmoi/L. At the level 
of the atria and lateral ventricles, the SSS is not 
truly perpendicular to the axial scanning plane. It 
is approximately 10° to 15° from perpendicular. 
The true perpendicular flow vector is, thus, 
slightly less than the absolute velocity of the SSS. 
However, this does not appear to be significant, 
since the range of physiologic velocities are on 
the plateau of the curve (Fig. 4), and results in 
no greater change in the signal related to flow 
effects except at extremely slow velocities. Mea
surements of SSS flow velocities in normal pa
tients by MR methods yield flow rates of 20-40 
em/sec (Mattie H, abstract SMRM, 1989, 1024). 
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Fig. 8. 1 0-day-old lef t frontal lobe infarct 
with luxury perfusion. 

A , T 2-weighted image 2500/90/ 1 dem
onstrating infarct. 

B, Subtraction image depicting increased 
CBV associated with luxury perfusion. 

A 

This method of calculation of CBF (using CBV 
and MTT) is an estimation and suitable for semi
quantitative measurements; however, if imaging 
times can be further decreased and a compact 
contrast bolus can be delivered, more accurate 
measurements would be possible. Scans with 
imaging times of 1-2 seconds are not suitable for 
accurate assessment of the transit time or flow. 
This decrease in imaging time will allow more 
points on the curve and better estimates of MTT 
(25). By automating the data analysis and calcu
lating on a per pixel basis, estimated regional CBF 
images may be possible. Alternatively, this may 
require a diffusable agent for MR similar to xenon 
for CT. This would allow a longer data collection 
interval. 

Parallel methods of dynamic enhancement with 
MR use magnetic susceptibility effects with T2* 
shortening with delayed echoes on gradient echo 
images (26, 27). There is greater magnitude of 
signal alteration with T2* effects, but signal inten
sity is logarithmically related to the concentration 
of contrast agent in contrast to the T1-weighted 
method. By relying on T2* shortening effects 
there is a loss of signal intensity, with transit of 
the bolus of contrast material. Various contrast 
materials have been used, with the best results 
achieved with contrast agents with high magnetic 
moments. Signal intensity changes are propor
tional to the square of the magnetic moment of 
the contrast material for T2* effects. Higher doses 
of contrast with new contrast materials should be 
beneficial with T2* -weighted studies. 

While improvements in imaging times are 
needed to obtain estimates of CBF the first-pass 
blood pool images may be used to evaluate re-
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B 

gional blood pool changes associated with ische
mia, trauma, and brain tumors. The evaluation 
of brain-death may be feasible. Blood pool 
changes caused by vasodilation and vasoreactiv
ity may be noted in response to ischemia, com
pressive effects caused by a mass, or trauma. 
However, these images are most closely related 
to CBV and not CBF or tissue perfusion. 

The presence of luxury perfusion following in
farction is readily demonstrated. Luxury perfu
sion is associated with a decreased MTT and an 
increased CBV (Fig. 8). Both factors increase the 
CBF (see equation D). Paradoxically, with the 
increase in CBF there is an actual decrease in 
tissue perfusion ( 1) due to shunting. This high 
regional CBF associated with luxury perfusion is 
misleading and the true metabolic and "nutri
tional" state of the infarct is more accurately 
evaluated by xenon techniques and PET that 
more accurately evaluate tissue perfusion and 
metabolism rather than simply CBF. Also, 
changes of vasoregulation as depicted by first
pass blood pool subtraction images, frequently , 
are much more extensive than the infarct dem
onstrated on the conventional MR images (Fig. 
9). Additionally, evaluation of vasoreactive 
changes in the brain following trauma may be 
beneficial (Fig. 1 0) . 

In summary, significant and measurable first
pass enhancement of both gray and white matter 
is readily demonstrated with dynamic T1-
weighted Turbo-FLASH imaging following a bolus 
of contrast material. Subtraction images may be 
obtained to highlight the regional first-pass blood 
pool. Calculations of %CBV of gray and white 
matter are possible (cortical gray matter: right 
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4.9%, left 4.8%; white matter: 2.6%) and com
pare favorably with other methods (20, 28-30). 
Absolute calculations of CBF by this method may 
require a more invasive method of contrast injec
tion (arterial injections or central venous injec
tions) and more rapid imaging times. Thus, ab
solute values for CBF are doubtful by this method 
for practical use. Reasonable estimates and semi
quantitative regional CBF images may be possi
ble, if significant reductions of image acquisition 
times can be achieved. Initial clinical evaluations 
of patients with altered intracranial hemody
namics by subtraction blood pool images appear 
beneficial. 
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