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Ischemic stroke is a common cause of morbidity and 
mortality in cocaine addicts. Because the previous 
semiquantitative single photon emission computerized 
tomography (SPECT) method for measuring brain blood 
flow does not quantify blood flow, the magnitude and 
specificity of cocaine’s effects during drug taking has not 
been well established. Here, using a novel quantitative 
approach to SPECT, we established that intravenous 
cocaine administration to nine recently abstinent cocaine-
dependent subjects was associated with significant 
decreases in global and regional brain blood flow to 

dopamine-rich areas such as the prefrontal, frontal, 
temporal, and subcortical gray matter. Establishing the 
utility of this relatively new quantitative SPECT technique 
provides an important tool for the management of vascular 
disorders of the brain. Additionally, identifying the site-
specific effects of cocaine provides targets for the 
development of putative therapeutic medications to 
attenuate or minimize ischemic stroke in cocaine addicts. 

 

[Neuropsychopharmacology 18:377–384, 1998]
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Ischemic stroke is a common cause of morbidity and
death in cocaine addicts (Klonoff et al. 1989; Krendel et
al. 1990; Kaku and Lowenstein 1990; Miller et al. 1992).

Localization of brain blood flow (BBF) abnormalities in
cocaine users during drug taking is, however, not well
characterized (Tumeh et al. 1990; London et al. 1990a,b;
Woods et al. 1991; Lamki et al. 1993) but can be severe
(Jensen et al. 1990; Woods et al. 1991; Holman et al.
1992). The distribution of abnormalities in perfusion
vary according to whether the patient is on the drug at
the time of imaging, recently withdrawn, or detoxicated
for a long time (Holman et al. 1991; Strickland et al.
1991; Fowler et al. 1993; Weber et al. 1993; Volkow et al.
1996). For example, Holman and colleagues (1991) stud-
ied cocaine abusers with Tc-99m–labeled exametazime
(Tc-HMPAO) and high resolution single photon emis-
sion computerized tomography (SPECT) and compared
them with a group of older control subjects. Sixteen of
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18 cocaine-dependent users had abnormal perfusion
characterized primarily as small focal defects involving
the infraparietal, temporal, and anterofrontal cortex
and basal ganglia. There was, however, no relationship
between the severity of SPECT abnormalities and the
mode of cocaine administration, frequency, or length of
cocaine use. However, these findings of global and re-
gional hypoperfusion are consistent with the reports of
others (Mena et al. 1990; Miller et al. 1992). Pearlson and
colleagues (1993) went further by suggesting that co-
caine’s ischemic effects on BBF were most prominent in
dopamine (DA)-rich areas such as the caudate, cingu-
late, and frontal areas. Importantly, however, all these
earlier studies examined BBF using semiquantitative
SPECT. Although this method provides a useful index
of regional involvement by different disease processes
and pharmacological agents, it can not be used to accu-
rately characterize changes in brain perfusion to specific
brain sites.

Fortunately, it is now possible to quantify global
brain perfusion by measuring brain perfusion index
(BPI) directly using the recently described technique of
Matsuda and colleagues (1992, 1993), the utility of
which we have recently established in our laboratory
(Fang et al. 1996; Lamki et al. 1997). This novel approach
can also combine quantitative SPECT with BPI to obtain
BBF for accurate quantification and characterization of
cocaine’s effects on regional blood flow. 

Three potential problems, which have beset previous
SPECT studies in cocaine-dependent individuals, were
avoided in the present study. First, to ensure functional
relevance, BBF acquisition was synchronized with the
peak of cocaine’s behavioral effects (Foltin and Fischman
1991). Second, baseline magnetic resonance imaging
(MRI) was conducted to exclude subjects with gross
structural brain abnormalities. Third, each subject’s
baseline MRI was used for more accurate anatomic cor-
relation to map his/her region of interest (ROI) for the
BBF studies. This avoids the confound of interpersonal
variations in brain structure, which could result from
simply drawing these ROI from anatomic estimations. 

An additional advantage of this study was the use of
Technetium-99-m-bicisate (Tc-ECD) instead of Tc-HM-
PAO as the radioligand for imaging. Tc-ECD, recently
approved by the Food and Drug Administration (FDA)
as a radioligand for imaging, may have four potential
advantages over the only compound previously avail-
able, Tc-HMPAO, such as: (1) superior image quality;
(2) better regional localization of BBF, particularly in ar-
eas with very low perfusion; (3) high radiochemical sta-
bility, and (4) rapid washout from extracerebral tissues
(Walovitch et al. 1989; Leveille et al. 1992). These quali-
ties of Tc-ECD make it particularly suitable for quanti-
tatively measuring BBF in cocaine addicts during drug
taking where alterations in BBF may be relatively short
lived. 

In this study, using recently abstinent cocaine-depen-
dent individuals during drug taking, we demonstrated
the utility of this novel quantitative approach to SPECT
and used this technique to accurately characterize the
effects of cocaine on BBF.

 

MATERIALS AND METHODS

Subjects

 

Nine subjects (six men and three women) between the
ages of 18 and 45 years (mean 39.0 

 

6

 

 1.0) who met
DSM-IV (American Psychiatry Association 1994) crite-
ria for cocaine dependence participated in this study.
The Addiction Severity Index (McLellan et al. 1986) com-
posite scores, which described the addiction-related char-
acteristics of the nine cocaine-dependent subjects, were
as follows: (1) medical: 0.026 

 

6

 

 0.026; (2) employment/
support: 0.62 

 

6

 

 0.07; (3) alcohol: 0.19 

 

6

 

 0.04; (4) drug:
0.05 

 

6

 

 0.01; (5) legal: 0.02 

 

6

 

 0.02; (6) family/social: 0.21 

 

6

 

0.04, and (7) psychiatric: 0.04 

 

6

 

 0.02.

 

Screening Procedures

 

Subjects were recruited by newspaper advertisement
and enrolled if they: (1) met DSM-IV criteria for cocaine
dependence; (2) regularly used 

 

>

 

0.25 g of cocaine/
month and the frequency of use was less than three
times per week; (3) had a history of intravenous cocaine
or narcotic use; (4) weighed within 25% of ideal body
weight (Metropolitan Life Tables) and were in the range
of 55 kg to 130 kg; (5) were in good physical health as
determined by a complete physical and neurological ex-
amination, electrocardiogram within normal limits, and
laboratory screening tests with no pathological signifi-
cance; (6) were women and tested negative for preg-
nancy; (7) were willing to abide by the policies and pro-
cedures of the study; (8) had no evidence of clinically
significant gross structural brain abnormality on a base-
line MRI that was inspected by a physician specialist—
each subject’s MRI data were also used to anatomically
map ROIs on his/her own SPECT scans; and (9) pro-
vided written informed consent. This study received
ethics approval by the Committee for the Protection of
Human Subjects, University of Texas–Health Science
Center at Houston.

 

Study Procedures

 

After screening, subjects were familiarized with the test
conditions, and a baseline MRI was conducted within
the week. Prior to each test day, subjects resided over-
night at the University Clinical Research Center (UCRC)
and were only tested the next morning if they were
drug-free on urinalysis and had a breath alcohol read-
ing of zero. Voiding or urine was supervised by clinical
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staff. Subjects experienced the following treatment con-
ditions on three separate test days, each punctuated by
a rest period of 7 to 21 days, in double-blind, random-
ized, cross-over fashion: (1) placebo, (2) low-dose co-
caine (i.e., 0.325 mg/kg IV), or (3) high-dose cocaine
(0.650 mg/kg IV). As a safety precaution, we planned to
terminate subject testing if his/her cardiovascular pa-
rameters exceeded the following values during the ex-
periment: systolic BP 

 

.

 

 210 mm Hg, diastolic BP 

 

.

 

 130
mm Hg, pulse 

 

.

 

 185/min or (230 

 

2

 

 subject age 

 

3

 

 0.85
per min), or oxygen tension (Pao

 

2

 

) 

 

,

 

 94%. No such inci-
dent occurred.

On each test day, at 07:30 h, subjects received their
baseline vital signs measurements. At 07:45 h, a 20G in-
travenous cannula was inserted into an arm vein, by an
anesthesiologist who also supervised all subsequent in-
travenous drug administrations and cardiovascular
monitoring (see below). During the experiment, the
cannula was kept patent by injection of 2–5 ml of a
weak heparinized saline solution and the infusion of 80
ml/h of 0.9% w/v saline for the duration of the experi-
ment (i.e., 240 ml of fluid between 08:00 h and 11:00 h).
This saline infusion also served to keep the subject well
hydrated during the experiment. Cardiovascular func-
tion (i.e., EKG, BP, pulse, and oxygen tension) was
monitored continuously during the session using pe-
ripheral sensors connected to the automated Escort 300
Patient Monitor (E300PM; Medical Data Electronics

 

TM

 

).
These sensors were attached on the arm opposite to the
cannulation site. Vein cannulation and the attachment
of peripheral sensors for the E300PM device was com-
pleted by 08:00 h.

At 08:30 h, cocaine (0.325 or 0.650 mg/kg IV) or pla-
cebo was administered over 60 s via a Baxter Infus
O.R.

 

TM

 

 Pump, an automated infusion delivery pump.
At 08:35 h, radioactive tracer (Tc-ECD) was delivered as
a tight intravenous bolus followed by immediate dy-
namic acquisition and quantification of BPI. Acquisition
of blood flow measurements took 5 min. BBF measure-
ments were thus scheduled to occur within the peak of
cocaine’s behavioral effects (Foltin and Fischman 1991).
At 09:10 h, the SPECT images were acquired for re-
gional quantification. At 11:00 h, continuous cardiovas-
cular monitoring was discontinued by disconnection of
the E300PM device, the saline infusion was terminated,
and lunch was provided. At 12:00 h, subjects received a
final cardiovascular check by the attending anesthesiol-
ogist and were discharged. 

 

Technique

 

Acquisition of Global Brain Blood Flow Data.  

 

Brain
SPECT imaging was carried out using 15 mCi Tc-ECD.
Subjects were injected under controlled conditions with
eyes opened in a quiet, semi-darkened room with just a
small lamp for background light. The dose was injected

intravenously only after the subject had recovered from
the discomfort of establishing an intravenous line. Dur-
ing the injection, a dynamic rapid sequence blood flow
acquisition was undertaken using a dual head large
field-of-view Gamma Camera (BIAD, Trionix). The sub-
ject was positioned in the long axis of the large field-of-
view camera, so that the aorta and the head could both
be recorded simultaneously. The passage of the bolus
from the aorta to the brain acted as the input function,
for quantitative calculations of blood flow to the brain.
Time activity curves were derived from this first pass
study by drawing ROI over the left and right hemi-
spheres and also over the aortic arch (input function).
From this, a BPI was calculated as per the method of
Matsuda and colleagues (1992), who showed that BPI is
representative of global blood flow. After the injection,
a sequence of 110 frames were acquired at 1-s intervals,
using a 128 

 

3

 

 128 matrix, with the subject supine, and
anterior view acquisition. 

 

Calculation of BPI.  

 

The analysis was based on the
theory of a unidirectional transfer process, whereby
brain radioactivity, as a function of time, 

 

B(t)

 

, was ex-
pressed as: 

where 

 

A

 

(t) is the arterial activity as a function of mea-
surement time (

 

t

 

), 

 

t

 

 is time, 

 

Ku

 

 is the unidirectional in-
flux rate, 

 

Vn

 

 is the initial distribution volume for the
tracer, which is the space of exchangeable region plus
the plasma space.

For quantitative analysis of hemispheric brain perfu-
sion (hemispheric), ROI were drawn over the aortic
arch (ROI

 

aorta

 

) and bilaterally over the brain hemispheres
(ROI

 

brain

 

) as per Matsuda and colleagues (1992). The ra-
tios of the ROI were approximately 55 pixels for the
aorta and about 300 pixels for each cerebral hemi-
sphere. Using aortic activity minimized the invasive-
ness of the procedure, instead of using arterial activity
from blood samples. The time-activity curves of the
ROI were processed with a smoothing technique modi-
fied from Matsuda and colleagues (1992), and the two
curves were then corrected by shifting the brain activity
curve to the left so that the aorta and brain time-activity
curves overlapped at the peak times (curves matched).
A graphically obtained slope (

 

Ku

 

) was then obtained,
and when this was multiplied by the ratio of the two
ROI areas and a constant we obtained the BPI: BPI 

 

5

 

100 

 

Ku

 

 10 (ROI

 

aorta

 

 size)/(ROI 

 

brain

 

 size). In the calcula-
tion of the BPI, 

 

Ku

 

 representing the unidirectional in-
flux constant and its intercept with the Y-axis (the initial
volume of distribution, 

 

Vn

 

), were used for correction
together with ROI. 

 

Acquisition of Brain SPECT Images.  

 

After the acqui-
sition of the dynamic blood flow study described for

B(t) Ku A τ( )dτ VnA t( )+
0

t

∫=
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BPI, a regular static brain SPECT was then acquired
(approximately 40 min post-cocaine injection) using a
3-headed Gamma Camera (TRIAD, Trionix), with a fan
beam collimator. We used a 256 

 

3

 

 128 matrix and 10 s/
stop for 120 stops at 3 degrees/stop (total 360 degrees
rotation). Reconstruction of the raw images was under-

taken after re-binning of the data using a 128 

 

3

 

 128 ma-
trix with slice kernel of 5, namely, 1 2 5 2 1. A Butter-
worth prefilter was used with a high frequency cut-off
of 0.75 cyc/cm, Nyquist of 2.809 cyc/cm and roll off de-
gree (alpha) at 7.0, followed by a Ramp filter. The three
planar slices obtained from this volumetric acquisition:
transaxial, coronal, and sagittal slices were qualitatively
analyzed for regional blood flow. Images were evalu-
ated routinely for motion artifacts, using a cine presen-
tation of the raw projection images as well as a sino-
gram for vertical and lateral motion. If there was
motion, the acquisition was repeated immediately with-
out the necessity of reinjection.

 

Calculation of Regional BBF.  

 

Because the baseline MRI
and SPECT images were acquired in the same anterior-
posterior tilt to the orbitomeatal line, regional slices
were easily comparable and superimposed. This proce-
dure allowed the use of MRI to fit anatomic designa-
tions for each brain SPECT slice in each subject, thus
correcting for possible interindividual differences in
brain structure. The 20 ROIs for each hemisphere used
in this study were a modification of those described by
Ebert and colleagues (1996). Superimposition of MRI

Figure 1A. Mean percent change in global blood flow assessments in nine cocaine-dependent subjects following the admin-
istration of placebo, low-dose cocaine (0.325 mg/kg IV), and high-dose cocaine (0.650 mg/kg IV).

Table 1A. Mean Global Blood Flow Assessments in Nine 
Cocaine-Dependent Subjects After the Administration of 
Placebo, Low-Dose Cocaine (0.325 mg/kg IV), and
High-Dose Cocaine (0.650 mg/kg IV)

Placebo
(

 

n

 

 

 

5

 

 9)

Low-Dose
Cocaine
(

 

n

 

 

 

5

 

 9)

High-Dose
Cocaine
(

 

n

 

 

 

5

 

 9)

 

BPI 12.77 

 

6

 

 1.39 11.33 

 

6

 

 1.07; b** 10.77 

 

6

 

 1.21; a**, c*
WBBF 52.88 

 

6

 

 3.85 48.83 

 

6

 

 3.22; b** 47.27 

 

6

 

 3.32; a**, c*

 

a 

 

5

 

 comparisons between high-dose cocaine and placebo; b 

 

5

 

 com-
parisons between low-dose cocaine and placebo; c 

 

5

 

 comparisons be-
tween high-dose cocaine and low-dose cocaine.

BPI was used to calculate whole brain blood flow (WBBF) as described
by Matsuda and colleagues (1992).

WBBF was measured in ml/100g/min.
*

 

p

 

 

 

,

 

 .05.
**

 

p

 

 

 

<

 

 .01.
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and SPECT scans, and the drawing of ROIs were con-
ducted electronically using proprietary software. Prior
to the ROI analyses, the images were qualitatively re-
viewed for uniformity of activity distribution through-
out the gray matter of the brain. To calculate the quanti-
tative regional localization of BBF (Matsuda et al. 1993)
and to correct for incomplete regions of TC-ECD in the
brain, Lassen and colleague’s (1988) linearization algo-
rithm of a curve-linear relationship between brain activ-
ity and blood flow was applied: Fi 

 

5

 

 Fr 

 

3

 

 

 

a

 

(C

 

i

 

 /C

 

r

 

)/[1 

 

1
a

 

 

 

2

 

 (C

 

i

 

C

 

r

 

)] where F

 

i

 

 and F

 

r

 

 represented combined blood
values for a region I and a reference region r; C

 

i

 

 and C

 

r

 

were the SPECT counts for the region I and the refer-
ence region r respectively, 

 

a

 

 was the correction factor
for linearization. Thus regional blood flow was calcu-
lated from the SPECT slices, and the BPI as suggested
by the method of Matsuda and colleagues (1992).

 

Statistical Analyses

 

All data were analyzed by computer using SAS

 

TM

 

 (SAS
Institute 1992). Subjects served as their own controls to
minimize interindividual differences in BBF measure-
ments. Data were summarized as their mean 

 

6

 

 stan-
dard error (SE). Differences between treatment condi-
tions (placebo, low-dose cocaine, and high-dose cocaine)
were compared using paired 

 

t

 

-tests.

RESULTS

From Table 1A and Figure 1A, it can be seen that com-
pared with placebo, both low and high-dose cocaine
taking were associated with significant reductions in
global BBF, the greater effect being at the higher co-
caine dose.

From Table 1B and Figure 1B, it can be seen that co-
caine taking produced dose-dependent reductions in
regional BBF, predominantly to DA-rich regions such as
the prefrontal cortex (SF1, SF2), frontal cortex, temporal
lobe, and subcortical gray matter. Interestingly, brain
regions with comparatively little DA innervation (e.g.,
inferior occipital) showed statistically insignificant
changes. No between hemispheric differences were
seen (data not shown). 

DISCUSSION

Accurate characterization and localization of cocaine’s
effects on BBF are an important prerequisite to under-
standing the mechanism by which it produces ischemic
stroke. This study, which demonstrated the utility of
Matsuda and colleagues’ (1992, 1993) technique for
quantification of blood flow, showed that cocaine tak-
ing was associated with global reductions in BBF as

Table 1B. Mean Absolute Regional Blood Flow (ml/100 g/min) Assessments in Nine 
Cocaine-Dependent Subjects After the Administration of Placebo, Low-Dose Cocaine (0.325 
mg/kg IV) and High-Dose Cocaine (0.650 mg/kg IV)

ROI* Placebo (n 5 9) Low-Dose Cocaine (n 5 9) High-Dose Cocaine (n 5 9)

Prefrontal (SF1) 64.22 6 6.03 61.05 6 6.02 57.44 6 5.11; a**
Prefrontal (SF2) 62.88 6 6.18 55.66 6 4.16; b* 52.66 6 4.90; a**
Prefrontal (SF3) 56.38 6 5.35 52.77 6 4.33 49.94 6 4.16; a*
Medial frontal 61.94 6 5.94 61.27 6 5.72 55.83 6 5.97; a**
Inferior frontal 58.44 6 5.15 54.66 6 4.00 54.61 6 4.92; a**
Central parietal 1 70.38 6 8.14 65.50 6 5.82 65.77 6 6.11
Central parietal 2 61.77 6 6.11 58.55 6 4.81 58.44 6 5.45
Superior parietal 66.50 6 6.88 64.05 6 6.56 66.66 6 7.88
Inferior parietal 62.38 6 4.46 56.55 6 4.61; b** 59.22 6 6.03
Superior occipital 72.27 6 7.37 66.72 6 5.76 67.05 6 5.90
Inferior occipital 69.38 6 4.99 65.72 6 6.39 67.33 6 6.73
Superior temporal 64.38 6 5.27 58.05 6 4.36; b** 57.77 6 5.02; a**
Lateral temporal 50.11 6 4.28 48.05 6 3.70 44.55 6 3.53; a*, c*
Medial temporal 41.77 6 3.30 40.61 6 2.93 37.66 6 1.74
Inferior temporal 40.88 6 3.00 38.05 6 3.06 37.77 6 3.12
Caudate 77.22 6 7.28 68.05 6 5.67 64.00 6 5.27; a**
Putamen 85.61 6 9.31 71.27 6 4.57; b* 71.22 6 5.82; a**
Thalamus 78.61 6 9.14 69.50 6 5.47 64.61 6 5.82; a**
Cingulate 62.83 6 6.08 63.00 6 6.88 57.27 6 3.84
Cerebellum 80.22 6 7.59 75.11 6 6.76 78.66 6 7.04

a 5 comparisons between high-dose cocaine and placebo; b 5 comparisons between low-dose cocaine and
placebo; c 5 comparisons between high-dose cocaine and low-dose cocaine.

*p , .05.
**p < .01.
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measured by the BPI method (Table 1A). Interestingly,
however, these blood flow reductions after cocaine
were most marked in DA-rich brain regions (e.g., pre-
frontal, frontal, temporal, and subcortical gray matter),
sites that have been associated with the predominant
pharmacological and behavioral effects of cocaine
(Hemby et al. 1997). Whereas the largest reductions in
regional blood flow to these DA-rich areas were usually
associated with the higher dose of cocaine (Table 1B),
this was not a simple linear relationship. For example,
some areas (e.g., inferior parietal) showed BBF de-
creases at the low but not the high dose, while other re-
gions (e.g. superior temporal) had no significant addi-
tional reductions at the higher dose. Since vasospasm
may accentuate DA-related brain ischemia (Holman et al.
1993), disproportionate effects between these two mech-
anisms may explain the nonlinearity of cocaine’s effects
in these regions. A similar postulate was advanced by
Volkow and colleagues (1992) who attributed the smaller
reductions in blood flow compared with the basal gan-
glia to predominance of vasospasm cortically and block-
ade of DA in the mid-brain. In any case, these results
suggest that DA mechanisms are important to the ex-
pression or may be a consequence of cocaine-induced
ischemia, and medications targeted at opposing cocaine’s
activity at these DA sites may reduce its ischemic effects.

Enhanced methodological strategies were used to
ensure subject safety and data reliability during the BBF
studies in cocaine addicts in this experiment. These in-
cluded: (1) rigorous screening of health status including
extensive monitoring of cardiovascular parameters dur-
ing the study, (2) utilization of a baseline MRI to ex-
clude subjects with gross structural brain abnormalities
and to help map ROI, (3) the use of Tc-ECD as the radi-
oligand for conducting such low-flow perfusion stud-
ies, (4) synchronizing BBF acquisition with the peak of
cocaine’s behavioral effects, and (5) demonstrating that
studies using similar procedures can be conducted
safely in humans. 

Finally, it occurred to us that this study’s safety and
reproducibility may have wider implications. For ex-
ample, this paradigm could serve as a useful human
model with which to study brain ischemia in general, as
this too appears to involve DA mechanisms (Nakane et
al. 1995). Candidate medications for the management of
ischemic strokes irrespective of etiology may, therefore,
also be effective treatments for the attenuation of co-
caine-induced cerebrovascular accidents and should be
studied for both these indications. 
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