
dimer (ECD) both labeled with technetium-99m
(99mTc) Earlier work by Kuhl et al. (1) and Matsuda et
al. (2) sought to quantify cerebral blood flow (CBF)
using IMP/SPECT by applying the uptake approach to
CBF modeling. Using a camerawith fixed crystals,Kuhi
et al. (1) modeled the uptake of tracer over the first 5
mm following injection, concluding from his data that
the IMP is nearly completely removed by the brain
after a single pass. Matsuda et al. (2) also modeled the
tracer uptake during the early part of the time curve
following injection. The limitations to these modeling
approaches include the limits of current SPECT cam
eras and the pharmacology ofIMP in particular. Rotat
ing head SPECT cameras acquire data over relatively
long periods, generally from 30â€”60mm, and rotating
camera heads require that the profile of brain isotope
activity remain fairly constant over this period if image
reconstruction is to be accurate. The uptake of isotope
may require longer than 5 mm to stabilize following
injection, and in the case ofIMP, brain uptake increases
over a 15â€”20mm equilibration phase before a relatively
stable level of brain activity is achieved (1). Therefore,
models enabling the calculatioti of CBF must take into
consideration these latter alterations ofcerebral activity.

We now report the results of studies in normal man
designed to establish an efficacious model for CBF using
IMP. The results of IMP/SPECT CBF results were
compared to the more established three-dimensional
technique of PET using the H2150continuous infusion
technique. We also report the results ofstudies designed
to assess the response of IMP/SPECT to known mcxii
fiers of cerebral vasoreactivity.

MATERIALS AND METhODS
All procedures were approved by the Institutional Review

Board of the Universityof Pennsylvania.Informed consent
was obtained from each subject. Normal right-handedmen
between the ages of 18 and 35 yr were eligible for inclusion in
this study. SPECT and PET local cerebral blood flow (LCBF)
measurements were performed under baseline resting condi
tions and measurementsof SPECT LCBF were also made
under conditions of altered arterial pCO2. Comparison of

We studied the radioisotope iodine-i 23-iodoamphetamine
([1@I1lMP)and its performancein single-photonemission
computed tomographic (SPECT) studies of cerebral blood
flow (CBF). In seven normal volunteers, IMP/SPECT CBF
measurements were calculated using a two-compartment
model and were compared with the results of CBF meas
urements utilizing (015)-H20and positron emission tomog
raphy(PET).CalculatedmeanPETCBFwas 57.6mI/i 00
g/minwhilethe SPECTCBF valuewas 47.3 ml/iOOg/
mm.The responseof IMP/SPECTCBF to alterationsin
arterial PaCO2was studied in hypo-, eu- and hypercarbic
subjects. SPECT CBF values showed a reactivity of 1.03
mI/i 00 g/min per mmHg P.C02 change.These results
showthatthe IMP/SPECTCBFtechniquemaybe used
for quantitative imaging of CBF in man. They provide
furthersupportfor IMPas a CBFtracer.

J NucIMed 1990;31:1364â€”1369

ingle-photon emission computed tomography
(SPE@T) is being applied increasingly to the study of
normal and pathologic states. Like its counterpart, pos
itron emission tomography (PET), this technique offers
promise as a tool with which to image functional brain
activity. To date, SPECT has been limited to cerebral
perfusion studies, blood volume imaging, and pilot
neuroreceptor imaging. While PET studies have been
able to quantitate hemodynamic and metabolic func
tions, quantitative studies with SPECT have been lim
ited. Several single-photon ligands have been reputed
to function as perfusion tracers following parenteral
administration in man. These include N-isopropyl-p
iodoamphetamine (IMP), and N,N,N tnmethyl-N-[2-
hydroxy-3-methyl-5 iodobenzyl](HIPDM) both labeled
with iodine-123 (123!),as well as hexamethyl-propyl
eneamine oxime (HM-PAO) and L,L-ethyl cysteinate

ReCeivedNov.14,1989;revisionacceptedFeb.13,1990.
For reprints contact: Joel H. Greenberg, PhD, Cerebrovascular Re

searchcenter,429JohnsonPavilion,lhiiversityofPennsylvania.Philadel
phia, PA 19104.
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baseline LCBF values for SPECT and PET were performed
by doing both procedures in the same subject on the same
day. An early morning PET study was followed within 1 hr
by the SPECT study. This order ofstudies was necessitated by
the very short half-life of @O(2 mm) as compared to 1231(13.1
hr).

Measurementof LCBFwith PET
Measurement of cerebral blood flow with PET was per

formed using the equilibrium technique ofJones et al. (3) as
modified in our laboratory for the continuous infusion of
H2150(4). A catheter was inserted into the radial artery
following local anesthesia (2% xylocaine infiltration) for the
purpose of obtaining blood samples, and a second catheter
was inserted into an antecubital vein for the administration
of the radiolabeied tracers. The subject was placed into the
PElT V tomographicscanner(5) at an angle20Â°hyperexten
sion to the orbital-meatal plane. Radiolabeled H2150 (2â€”3
mCi/mm) was infused into the venous catheter for 20â€”24
mm. Eight minutes after the start of the infusion (when the
brain activity had reached equilibrium), scanning began and
continued to the end of the infusion. Arterial blood samples
were obtained every 2.5 mm throughout the infusion for the
determination of the @Oconcentration in the whole blood.
An arterial blood sample was also drawn and analyzed for
blood gases and pH.

Calculation ofCBF with H250 was made using the opera
tional equation of Subramanyan et al. (6). For each slice, a
large region of interest (ROI) was placed to obtain the total
counts in the slice and a ROI around the 50% intensity level
of the slice was placed to obtain the area of the slice (4). The
count density was calculated as the total counts in the large
ROI divided by the area determined by the 50% threshold
and this count density was used to calculate whole-brain CBF.
We have shown previously that with this scanner and a normal
distribution of activity that the 50% threshold level corre
sponds well with the area ofthe brain as measured with nuclear
magnetic resonance (4).

Measurementof CBFwith SPECT
SPECT images ofCBF were obtained using [â€˜231J1MP(Spec

tamine-Medi+Physics, Richmond, CA). IMP was injected as
a bolus into an antecubitalvein in a doseof3.0 mCi. Prior to
IMP injection, each subject drank a bolus of dilute Lugol's
solution to block thyroid uptake of circulating free iodine.
Blood samples were obtained throughout the study from the
indwelling radial arterial catheter. Image acquisition was corn
menced 20 mm after IMP injection. During this time the
subject lay supine with eyes and ears unencumbered. Ambient
noise and personnel activity was kept to a minimum and the
laboratorywasdimly illuminatedvia filtereddaylight.

A Siemens Dual-Head Rota-Spect camera was used in this
study. IMP imaging employed medium-energy parallel colli
mators because of trace 1241impurity in the IMP dose. The
IMP now commerciallyavailableis 1241free, permitting the
use ofa low-energy collimator with a concomitant increase in
count rate. Phantom studies using @mTc@labeiedtracers have
demonstrated that this system has an effective image resolu
tion of 12 mm using high-energy collimators. For 1231,the
system has a resolution of 19 mm using medium-energy
collimators.

Quality control for image acquisition was performed prior
to each study as follows. Orientation of the x and y axes of
each camera head relativeto the computer matrix (center of
rotation study) was performed by scanning four point sources
consisting of [99mTcJpertechnetate. This value was within
Â±0.5pixels for each study. Flood correction for each camera
head was performed by scanning a sheet source of uniform
thickness filled with a saline solution containing 10.0 mCi of
99mTcfor a total of 30 x l0@counts. Following the quality
control data acquisition, the system was then peaked for 23!
automatically using the aliquot ofIMP comprising the patient
dose as a point source.

Arterial blood samples were analyzed as follows. Total
isotope activity was measured in 0.5 ml aliquots of whole
blood using a scintillation well-counter. A total of 17 samples,
along with a 0.5 ml aliquot from the source, were counted in
duplicate for each study. Seven arterial blood samples were
obtained during the first two minutes postinjectionin order
to fit the peak of arterial blood activity. The concentration of
unmetabolizedIMP wasdetermined in six blood samplesby
double extractions with octanol. The first wash mixed 2.0 ml
of octanol saturated with normal saline with each 0.5 ml
whole-blood aliquot. The second wash mixed 1.0 ml of super
natant with 6.0 ml of the octanol solution. The final 1.0 ml
of supernatant was counted in the same well-counter as that
usedfor the whole-bloodsamples.

The head curve of IMP uptake was monitored throughout
the study by time sampling from one camera head aligned
parallel to the sagittal plane of the brain during the 20-mm
uptake period. During scanning,changesin absolute counts
due to camera head rotation occurred due to differential
attenuation as the head is viewed from different directions.
This angle dependency was removed by determining the
counts versusangle plot at 30-degreeincrements after corn
pletion ofthe scan.

Tomographic scanning was performed so that each head
rotated through 360Â°in 3-degreeincrementsand was started
20 mm after the IMP administration. Acquisition was for 30
sec per frame, with 120 frames total (-@.-60mm) in a 64 X 64
matrix. A 12.0 by 1.4 cm single slice head source phantom
filled uniformly with a saline solution containing 100 @iCiof
[â€˜231]IMP(to approximate brain tissue activity)was aligned
parallel to the transverse plane. This phantom was scanned
along with the brain and was displaced by 10â€”12cm from the
head. At the end of the study, two 0.5-ml aliquots from this
source were measured along with the blood samples in the
same well-counter. This procedure permitted calibration of
the imaged tissue counts so that absolute tissue count densities
could be generated for the quantitative analysis. Counting was
done immediately following completion ofthe study and was
decay corrected for the half-life of 1231( 13. 1 hr).

Reconstruction of the tomographic images was performed
in a 64 x 64 matrix. Quantitative analysis ofthe SPECT data
was performed on one-pixel thick image slices (6 mm), recon
structed using a Butterworth filter with a cutoff frequency of
0.04 cycles/mm,and an attenuation coefficientof 0.12 cm
fitted to the 40% edge of cerebral activity in the x, y and z
planes. On average 2 x 106 counts were acquired for each
study.

Modeling of LCBF with IMP and SPECT was based upon
a two-compartment model (2). The tracer IMP was assumed
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to be freely diffusible from blood to brain with a constant rate
of backflux. The following expression was used:

where:

A
E

C
0

U

E
C0
U
P

I@TCb(t)dt
e_I@T,@{ Ca(t)E(t)@tdt

Cb(t) = brain 123!concentration at time t

Ca(t) arterial blood 123!concentration at time t
E(t) = extraction fraction at time t

k = rate constant for backflux diffusion
T = time at the end of SPECT scanning.

The extraction fraction E(t) was determined as described
above. It was assumed that CBF remained constant through
out the entire measurement period and that the head counts
obtained from a single camera head after correcting for camera
head rotation were representative ofbrain activity. With these
assumptions, the equation above was used to obtain the best
value for the back diffusion constant, k and CBF by a least
squares procedure.

Experimental Protocols
Cerebral blood flow was measured in seven normal male

volunteers (19â€”34yr of age) with both PET and SPECT. In
order to examine the ability of [â€˜231J1MPSPECT to measure
changes in CBF under conditions of altered arterial PaCO2,
additional subjects were studied. Hypocapnia was induced by
having the subject hyperventilate to a fixed end-expiratory
CO2withthe hyperventilationcontrolledby continuousmon
itoring of the end-expiratory CO2. Hypercapnia was induced
by ventilation with a 7% CO2 in air mixture administered
through a non-rebreathing system. This vasoreactivity study
included two of the subjects of the PET-SPECT comparison
study that had a second blood flow measurement made with
[â€˜231]IMPSPECf at an altered arterial PaCO2, and seven
additional subjects that had either a single SPECT measure
ment or two SPECT measurements. Four CBF studies were
undertaken during hyperventilation, four during hypercapnia,
and 12 at a normal PaCO2.

The IMP was injected 8â€”10mm following stabilization of
the end-expiratory CO2 readings. Arterial blood gases were
obtained at the time of [â€˜231]IMPinjection and 2.0 mm
postinjection. The average of these two PaCO2 values was
used in calculating cerebral vasoreactivity.

RESULTS
Seven normal volunteers underwent PET measure

ments of CBF while SPECT was performed on sixteen.
Data representative of the time course of the arterial

concentration of [â€˜23I]IMPand head curve of 123!activ
ity from one subject are shown in Figures lA and 2,
respectively. As can be seen, the arterial 1231concentra
tion peaks and then falls very quickly following the
administration of the [â€˜23I]IMP. Figure lB shows the

mean extraction fraction data for all subjects. One
minute following injection the extraction was 0.87 Â±
0.06 and by 30 mm it had fallen to 0.63 Â±0.056. The
head curve increases rapidly after IMP injection and

Flow =

0.3

0.2

0.1

0 10 20 30 40 50 60 70 80 90 100

Time (mm)

FIGURE1
(A)A typicalarterialconcentrationcurvefollowinga bolusi.v.
injection of 3 mCi [1@IJlMP.This curve has been corrected for
the nonlipophylicfractionthat cannotcrossthe blood-brain
barrier.(B)The extraction fractiondata of 1@lin the blood for
all subjectsstudied.Data shown are meanÂ±s.d.

then continues to rise very slowly. By 30 mm, it has
reached a plateau and begins to decrease very slowly.

The results of the SPECT-PET comparison are pre
sented in Table 1 and Figure 3. CBF (mean Â±s.d.) for
PET was 57.6 Â±12.3 ml/lOO g/min compared with

0 10 20 30 40 50 60 70 80 90 100

B1.0

0.8
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Tim. (mm)

C0
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FIGURE2
The timecourse of 1231concentrationinthe head followingan
i.v. bolus administrationof [1@l]lMP.The headactivity is
relativelystableby20mmaftertraceradministration.
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SubjectWhole-Brain

biood flow
ml/100g/min

SPECT PETPac02

mmHg

SPECTPET143.0

38.741.040.6246.3
41.240.742.0338.6

61.045.245.9450.2
73.644.544.5543.5
86.440.739.3645.7
43.740.139.6763.6
58.643.745.2Mean47.3
57.642.342.4s.d.7.4

16.52.02.5

TABLE I
Comparison Between Whole-Brain Blood Flow Obtained

with SPECT and with PET

The backflux rate constant was 0.01 1 min' (range
0.008â€”0.015 min@).

DISCUSSION

The values for CBF obtained in this study agree well
with other values in the literature as obtained with a
number oftechniques. The original studies ofKety and
Schmidt (7) using the N20 technique yielded a mean
CBF of 54 Â±12 ml/lOO g/min (s.d.) in young male
volunteers, while using the same technique, but with

8%@ as the tracer, Lassen and Munck (8) obtained a

value of 52 ml/lOO g/min. The value of CBF as ob
tamed with the clearance of â€˜33Xefollowing an intra
carotid bolus injection is 50â€”53ml/lOO g/min (9,10).
Cerebral blood flow has been measured with PET using
equilibrium breathing of CO2 labeled with â€˜@O(6,11)
as well as with continuous infusion of H2150 (4). A
mean whole-brain CBF of 49.8 ml/lOO g/min was
obtained in the study of Frackowiak et al. (11), while
Jones et al. (4) obtained a value of 62 mIllÂ® g/min.
Using a bolus administration ofeither C5O2 as a single
breath, or H215O as an intravenous injection, and a
series of PET scans over the next 10 mm, Huang et al.
(12) measured whole-brain blood flow of42 ml/100 g/
mm. These values agree quite well with the value of
57.6 Â±16.5 ml/lOO g/min obtained in the present
study.

Much less data exists on the quantitative aspects of
â€˜231-isopropyliodo-amphetamine as a tracer for cerebral
blood flow in SPECT. Shortly after Winchell et al. (13,
14) suggested that â€˜231-aminesmay be useful as cerebral
perfusion agents, Kuhl et al. (1) examined [â€˜23I]IMPas
a quantitative blood flow tracer. They found an excel
lent correlation in a series of dogs between blood flow
as determined with [â€˜23IJIMPand that measured with
radiolabeled microspheres. Using the Mark IV scanner,
they obtained a mean whole-brain blood flow of
47.2 Â±5.4 ml/lOO g/min in a series of five normal

47.3 Â±7.4 for SPECT. These mean CBF values are not
significantly different (Student's t-test) although the
PET and SPECT CBF values were not correlated with
one another. Mean PaCO2 during the PET study was
identical to that during the SPECT study.

The results ofthe IMP/SPECT studies during hyper
ventilation and during CO2 inhalation are presented in
Figure 4. Four additional subjects were studied under
resting baseline conditions while four subjects were
studied under hypercarbic, and four under hypocarbic
conditions. In the total group ofeleven normal subjects
studied under eucarbic conditions, mean CBF was
51.0 Â±5.7 ml/lOO g/min. In the four hypocarbic sub

jects, mean CBF was 39.6 Â±3.5 ml/lOO g/min while in
the four hypercarbic subjects mean CBF was 70.3 Â±5.3
ml/lOO g/min. Over the range of hypo-, eu-, and hy
percarbia (â€˜@.-31 torr PaCO2, see Fig. 4), IMP/SPECT
CBF measurements exhibited a reactivity of 1.03 ml!
100 g/min per mmHg PaCO2.

Paco2(mmHg)
Irypo = 21.6 (4)
NORM 41.4 (11)
HYPER@ 51 .4 (4)

100

? T SPECT:@801

@ I huRl

0 I
0@ Ic I E
.@ 60-1. @; E@

a I HIHIRIH@

; 1
0 + ;
iz I
.@ 40+

50 I
.@ I

.@ 20+

. I
C) 4

1 2 3 4 5 6 7@
01

0
Subject #

FIGURE3
A comparison,subjectbysubject,of theCBFdatawith[12311
IMPandSPECT(openbars)andwithH2150andPET(closed
bars).The agreementis quite good except in three subjects
wherethebloodflowdeterminedwithPETishigherthanthat
determinedwith SPECT.

0

FIGURE4
The effect of alterations in arterial carbon dioxide tension
(P@CO2)onwhole-brainbloodflow as measuredwith [1@l]lMP.
The sensitivityto CO2is 1.03 mI/iÂ® g/min per mmHg. Data
shown as mean Â±s.d. The numbers in parentheses are the
numbers of animals in each group.
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human volunteers. In these studies, brain tissue activity
was obtained by scanning the head over the first 8.3
mm following the bolus injection of [â€˜23I]IMPand a
microsphere model (i.e., a model assuming that none
of the extracted activity is lost during the period of
scanning) was used to calculate CBF. Matsuda et al. (2)

used a dual-head rotating gamma camera system and
in four normal volunteers obtained a mean whole-brain
blood flow of 58 Â±2 millÂ® g/min (mean Â±s.e.m.).
In these studies, scanning started immediately after
injection ofthe [â€˜23I]IMPand continued for only 5 mm.
The input was determined by counting the blood sam
pIe obtained from a continuous arterial blood with
drawal over the duration of the scan.

The majority ofother studies in which [â€˜23IIIMPwas
used as a CBF tracer, including studies in stroke (15â€”
20), tumors ( 15,21â€”22),epilepsy (23), and dementia
(24-26) did not involve quantification of blood flow
and so cannot be directly compared to our data.

In this study, the calculated blood flow increased
from 39.6 ml/lOO g/min to 70.3 ml/lOO g/min as
arterial carbon dioxide tension increased from 21.6
mmHg to 51.4 mmHg. This represents an increase in
blood flow of 1.03 ml/lOO g/min per mmHg, which
compares favorably with that obtained in previous stud
ies over a similar carbon dioxide tension range (1.4 ml!
100 g/min per mmHg) (27), (0.95 ml/lOO g/min per
mmHg) (28), (1.11 ml/lOO g/min per mmHg) (29),
and (1.34 ml/lOO g/min per mmHg) (30). The ability
of IMP to quantitatively measure changes in CBF in
duced by alterations in arterial blood carbon dioxide
tension is evidence that IMP is a quantitative CBF
agent at least under physiologic conditions. This con

firms data obtained in animals (31â€”33),which has also
demonstrated the validity of IMP as a quantitative
blood flow tracer.

Although whole-brain blood flow obtained with [1231]
IMP and SPECF was not significantly different than
that obtained with H2150and PET, the blood flow using
IMP (47.3 ml/lOO g/min) was almost 20% less than
that obtained with PET (57.6 ml/lOO g/min). This may
be due to less than perfect extraction of IMP by the
brain. It has been shown in the monkey that only @-@92%
of the injected dose is extracted in the first pass (1). If
this is also true in man, then the mean blood flow
obtained with IMP in the seven subjects in which CBF
was measured with both H2150and IMP would be 51.4
ml/100 g/min which is within 10% of that obtained
with H2150 and PET. In the 11 normocapnic subjects
in which CBF was measured with IMP, the whole-brain
CBF would be 55.4 ml/lOO g/min.

These studies demonstrate that quantitative CBF can
be measured with SPECT using â€˜23I-isopropylamphet
amine as a tracer. It is necessary, however, to use an
appropriate model that corrects for the loss of tracer
from the tissue, and to correct the arterial blood sample

concentrations for the fraction that cannot be extracted
from the blood.
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