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lodine-123-labeled N-isopropyl-p-iodoamphetamine (IMP)
has been reported to be an excellent tracer for mapping
cerebral blood flow with single-photon emission computed
tomography (SPECT). Clinical interpretation of these SPECT
images, however, requires further understanding of the ki-
netics of IMP in the human brain. In order to evaluate the
kinetic behavior of IMP in normal and diseased areas, we
measured flow and back-diffusion rates with serial dynamic
SPECT scans following an intravenous bolus injection of IMP
using a multi-detector SPECT scanner. Arterial input function
was determined by octanol extracted radioactivity of serial
arterial blood samples. Average values for influx rate (K,)
and back-diffusion rate (k,) were 0.43 mi/g/min and 0.014
min~" in the normal cerebral cortex, 0.43 and 0.013 in the
basal ganglia, 0.28 and 0.012 in the white matter and 0.48
and 0.016 in the cerebellar hemisphere. The partition coeffi-
cient (K,/k, ratio) was 32.4 ml/g in the cerebral cortex, 35.3
in the basal ganglia, 24.7 in the white matter and 30.4 in the
cerebellum. The K,-to-k, ratio in the infarcted and ischemic
regions as well as in the tumor was smaller than that of the
normal cortex. Accurate measurement of local cerebral blood
flow (LCBF) based on the microsphere model was possible
only on the early SPECT images, but a relative pattern of
LCBF can be assessed with SPECT images obtained within
1 hr after injection except for tumors.

J Nucl Med 1993; 34:839-844

Iodine -123-labeled N -isopropyl-p -iodoamphetamine
(IMP) has been used to map brain perfusion with single-
photon emission computed tomography (SPECT) (I,2).
By taking advantage of the high extraction and the sub-
sequent retention of this tracer in the brain (3), Kuhl et al.
proposed to use IMP for measurement of local cerebral
blood flow (LCBF) with SPECT, based on the micro-
sphere model (2). Because of its excellent first-pass ex-
traction, the initial distribution of this compound was
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reported to be linearly correlated with blood flow (2,4).
Recent studies with dynamic SPECT, however, sug-
gested regional differences of IMP kinetics in the human
brain both in the normal brain structures and between
normal and diseased regions (4-8).

Ideally, to obtain accurate regional cerebral blood flow
information with IMP, one should acquire SPECT data as
early as possible after injection, yet most SPECT studies
are performed over 30 min after injection using a rotating
gamma camera system. Therefore, it is important to eval-
uate the significance of IMP kinetics to understand both
tracer behavior as well as clinical interpretation of
SPECT images. In order to examine the regional kinetics
of IMP in the human brain, we performed serial dynamic
SPECT imaging using a multi-detector SPECT scanner
(9) with arterial blood sampling and measured the influx
and back-diffusion rates of IMP in normal and diseased
regions based on a two-compartment model.

MATERIALS AND METHODS

Subjects

Six patients (five males and one female) were studied (Table
1). Four patients had cerebrovascular disease, including two
with cerebral infarction, one with occlusion of the right internal
carotid artery without major infarction and one with arterio-
venous malformation. The other two subjects included one pa-
tient with oligodendroglioma and one normal subject originally
suspected of having cerebrovascular disease but diagnosed
as normal by x-ray computed tomography and contrast
angiography.

Radiopharmaceuticals

We used commercially supplied IMP (0.45 mg of N-isopropyl-
p-iodoamphetamine hydrochloride in 3 ml saline solution) la-
beled with 3 mCi of ' (Nihon Medi-Physics, Nishinomiya,
Japan). The subject received a bolus injection of IMP via a
cubital vein. To block the accumulation of free radioactive io-
dine by the thyroid, potassium iodide (30 mg/day) was given for
4 days starting the day before the study.

Data Acquisition

A dynamic SPECT scan was obtained with a multi-detector
ring-type SPECT scanner (Shimadzu Co., Kyoto, Japan). The
scanner consisted of three detector rings at 30-mm intervals with
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TABLE 1
Clinical Diagnosis of Patients Studied

Patient Age Sex Clinical diagnosis
H.K. 68 F Cerebral infarction
H.K. 45 M Occlusion of right internal

carotid artery

AM. 65 M Cerebral infarction
M.U. 56 M Normal
KH. 32 M Arteriovenous malformation
Y.N. 18 M Oligodendroglioma

128 sodium iodide crystals in each ring. The use of a special long
turbofan collimator designed for brain SPECT imaging provided
a spatial resolution of 11 mm FWHM at the center of the tran-
saxial plane with a sensitivity of 6.6 kcps/uCi/ml/slice. The axial
resolution was 23.5 mm FWHM (9).

The subject’s head was positioned in the gantry parallel to the
orbitomeatal (OM) line, and the center of the bottom slice was
aligned to 2 cm above the OM line so that a total of three slices
corresponding to 2, S and 8 cm above the OM line were ob-
tained. A serial SPECT scan was performed every 2.5 min for 60
min postinjection. All SPECT images were reconstructed using
a filtered back-projection algorithm with a Shepp-Logan filter
convoluted with a Butterworth filter (cut-off frequency 0.3 and
order 4) (10). Attenuation correction was performed using the
corrected geometric mean approach (17), assuming that the head
is an ellipsoid shape with a uniform attenuation coefficient of
0.05/cm.

Serial arterial blood samples were taken during the SPECT
scan through a small catheter inserted in the radial artery. The
sampling interval was 15 sec during the initial 1 min and less
frequent in the later periods. These blood samples were ex-
tracted by octanol to obtain lipophilic activity in the blood.
Cross-calibration of the SPECT images and the radioactivity in
the arterial blood samples (measured by the well counter) was
performed by scanning a 20-cm diameter cylindrical phantom
containing six ‘‘pie”’-shaped compartments filled with different
concentrations of 'I solution (12).

Kinetic Analysis

We assumed a simple two-compartment model as shown in
Figure 1. In this kinetic model, IMP is delivered by blood flow
and extracted in the brain but is gradually washed out from the
tissue. The blood compartment represents lipophilic tracer in
arterial blood at concentration C,(t), while Cy(t) denotes tracer
concentration in brain tissue. From this model, the following
differential equation is given:

dCy(t)/dt = K * C,(t) — k3 - Cy(t). Eq. 1
In solving this equation, we have
Co(t) = K - exp ( — kz - t) * Cy(t), Eq. 2

where * denotes the operation of convolution. The rate constant

K, is described as
K,=F-E, Eq. 3

where F is the flow rate of blood per unit mass of the brain tissue
and E is the single-pass extraction ratio of IMP in the brain. The
ratio of K, and k, corresponds to the partition coefficient of the

840

(Plasma) (Brain)
Ca(t) Cb(t)
K Extraction Binding
1 Fixation
————

_ ko

Back diffusion

FIGURE 1. Two-compartment model of IMP.

tracer. Based on this kinetic model, K, and k, were estimated in
each pixel of the SPECT images to create functional mapping of
these parameters by the least-squares curve fitting procedure by
applying the Newton-Raphson method (13, 14).

Calculation of LCBF using the simple arterial sampling
method without consideration of back-diffusion (microsphere
model) was also applied for quantitative measurement of LCBF
with IMP SPECT images. The assumption of complete extrac-
tion of tracer in the brain (E = 1) and no back-diffusion (k, = 0)
in the above equation provides:

Co(t)=F IT C,(t) dt Eq. 4

0

Eq. 5
0

F= Cb(t)/ IT C,(t) dt.

According to Equation 5, the SPECT images obtained at 5, 30
and 60 min after injection were converted to the LCBF map with
the same input function used in the previous calculation.

Regions of interest (ROIs) were placed manually with a light
pen over the frontal, parietal, temporal and occipital cortex,
basal ganglia, white matter region and cerebellum in both hemi-
spheres. The normal subject and the nondiseased hemisphere in
the patients with unilateral disease were selected to calculate the
parameters in normal brain structures. To obtain values in the
diseased area, similar size ROIs were placed over the infarcted
area and tumor according to x-ray computed tomography (CT)
results, and the ischemic area was selected as the area showing
decreased IMP uptake in the early SPECT images with normal
x-ray CT images.

Statistical analysis was performed by paired or unpaired Stu-
dent’s t-test, and p values less than 0.05 were considered sig-
nificant.

RESULTS

Table 2 and Figure 2 show the summary of parameters.
In normal brain structures, K, was highest in the cere-
bellum, but all other gray matter regions showed similar
values. On the other hand, larger k, values were observed
both in the cerebellum and in the occipital cortex, reflect-
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TABLE 2
K,, k; and K,/k, in Normal and Diseased Regions*

K, (mi/min/g) k, (min~") K,/k, (ml/g)

Normal structures

Cerebellum 0.476 (0.038) 0.0164 (0.0045) 30.4 (5.9)*

Cortex (F,T,P) 0.431 (0.077) 0.0138 (0.0037) 32.4 (6.6)*"

Cortex (O) 0.443 (0.074) 0.0165 (0.0042) 27.9 (5.1)*™*

Basal ganglia 0.433 (0.076) 0.0128 (0.0037) 35.3 (6.6)*™

White matter 0.279 (0.059) 0.0119 (0.0032) 24.7 (6.8)*™*
Diseased regions

Infarction 0.128 (0.070) 0.0110 (0.0053) 11.3 (2.0)%*

Ischemia 0.209 (0.055) 0.0108 (0.0034) 19.8 (2.2)*

Tumor 0.845 0.0810 104

*p < 0.05, 'p < 0.01, *p < 0.001.

$values in the diseased regions were compared with those of the normal cortex (F,T,P).

Mean values with standard deviation (in parentheses) are shown.

F = frontal, T = temporal, P = parietal, O = occipital.

ing faster washout in these regions. The K;-to-k, ratio
was highest in the basal ganglia, followed by the cerebral
cortex, which includes the frontal, parietal and temporal
regions, cerebellum, occipital cortex, and was lowest in
the white matter area.

In the diseased regions, these parameters were quite
different from the normal values. The K, value varied
according to the characteristics of the disease. It was
decreased in the infarcted and ischemic areas and highest
in the tumor. Although k, values were generally propor-
tional to K, values, the diseased lesion, including isch-
emia, infarction and tumor, showed smaller K,-to-k, ra-
tios than normal brain structures. The statistical
significance of these differences is shown in Table 2.
Figure 3 shows an example of functional images in a
patient with cerebral infarction of the right occipital lobe.
The K, image was similar to the early SPECT image
obtained from 5 to 20 min after injection.

In order to examine the effect of back-diffusion on the
IMP SPECT images, K; and LCBF calculated by the
microsphere model were compared in each region of the
brain as shown in Figure 4. The calculated LCBF values
using 5-min SPECT data were almost identical to the K,
values. However, the latter SPECT data apparently un-
derestimated the calculated flow values, although the cor-
relation between two measurements was still preserved.
Figure 5 shows the percentage ratio of calculated LCBF
values to the K, values. The underestimation was for flow
in the tumor and not for rCBF in the patient with tumor.

DISCUSSION

Since the introduction of IMP for SPECT brain perfu-
sion imaging in the early 1980s, it has been widely ac-
cepted as a valuable clinical tool. Although IMP has been
reported to be an excellent tracer for mapping of cerebral
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blood flow with SPECT, temporal changes in regional
distribution within the brain raise questions regarding the
time of SPECT acquisition for accurate evaluation of
cerebral blood flow (4,5, 15). Ideally, one should acquire
the SPECT data as early as possible because tracer wash-
out may change the distribution pattern in the later pe-
riod. However, the rotating gamma camera system, pop-
ular in most institutions, requires considerable time for
SPECT data acquisition. In addition, gradual washout of
IMP from the lungs results in prolonged arterial input to
the brain (6). Therefore, SPECT data acquisition is often
performed more than 30 min after injection.

In a previous study, we discussed regional differences
in IMP kinetics among normal brain structures as well as
between normal and diseased regions (5). The cerebellum
and the occipital cortex showed faster washout than other
brain structures. In areas with mild hypoperfusion, a
relative increase in activity was observed during serial
SPECT images acquired over several hours, resulting in
decreased contrast in these regions in late SPECT im-
ages. On the other hand, high flow tumors showed rapid
washout of IMP. A similar observation was reported in
another study (4). The present study confirmed these
results, indicating that IMP kinetics cannot be explained
by the simple flow tracer model.

The retention mechanism of IMP in brain tissue is not
clearly understood. Previous studies have reported vari-
ous explanations for retention, including conversion of
lipophilic IMP to the hydrophilic metabolites, pH gradi-
ent between blood and brain and affinity with high-capac-
ity and relatively nonspecific binding sites. The variation
in partition coefficients among brain structures might be
due to different affinities at various binding sites, differ-
ences in tissue pH or metabolism or changes in mem-
brane permeability.
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FIGURE 2. K,, k, and K,/k, (mean * s.d.) in normal brain
structures and diseased regions. Cbl = cerebellum; Cx = frontal,
temporal and parietal cortex; Cxo = occipital cortex; BG = basal
ganglia; WM = white matter; Inf = infarction; Isc = ischemia;
T = tumor.

Decreased K,/k, values of IMP in diseased regions
suggest that the mechanism by which IMP is retained in
the tissue might reflect some kind of cellular function
relating to binding sites, amine metabolism or membrane
permeability. This could explain the so-called “‘redistri-
bution’> phenomenon in late SPECT IMP images (15).
However, the relative distribution of IMP was well pre-
served during the initial 60 min after injection due to a
large partition coefficient, although absolute LCBF val-
ues calculated by the microsphere method was signifi-
cantly underestimated even at 30 min after injection.

Except for high flow tumors, slightly decreased parti-
tion coefficients of IMP in diseased regions do not inter-
fere with the clinical value of IMP but may enhance the
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FIGURE 3. Example of functional mapping of IMP in a patient
(A.M.) with cerebral infarction. (A) IMP uptake image obtained
from 5 to 20 min after injection. (B) X-ray CT image showing low
density area in the right occipital region (arrow). (C) Image of K,
mapping. (D) Image of k, mapping.

defect pattern in SPECT images. Moreover, continuous
arterial input of IMP from a large lung reservoir cancels
intrinsic washout from the brain, which shows a fairly
constant activity level for 20-60 min after injection (16).
Therefore, IMP SPECT images obtained by a rotating
gamma camera within 60 min provide sufficient informa-
tion regarding relative LCBF distribution, although these
factors should be carefully considered in the analysis of
early and delayed SPECT IMP images.

The present analysis was based on a simple two-com-
partment model. Heterogeneity of partition coefficients
observed in this study, however, suggests that a more
complicated model, such as the three-compartment
model introducing the third rate constant (k;) for binding
or metabolism, may be suitable for kinetic analysis. In
addition to the choice of the kinetic model, this analysis
has two major limitations with regards to accurate mea-
surement: (1) absolute quantification of radioactivity was
difficult because of the fairly large fraction of undesired
scatter radiation and (2) the significant partial volume
effect due to low spatial resolution. In spite of these
limitations, our data support the validity of brain perfu-
sion SPECT images with IMP. Relative cerebral blood
flow pattern (except for tumors) can be evaluated by
SPECT images obtained over 30 min after injection, al-
though absolute blood flow quantification should be
based on the SPECT images in the initial period.

In conclusion, the present data illustrate regional dif-
ferences in retention of IMP in normal brain structures
and in diseased regions. Accurate measurement of re-
gional cerebral blood flow based on the microsphere
model is possible only with early SPECT images obtained
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shortly after injection. However, the relative pattern of
blood flow (except for the tumor) can be measured if the
SPECT image was taken within 1 hr. Further studies are
needed to clarify the retention mechanism of IMP in
normal and diseased areas.
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SELF-STUDY TEST
Skeletal Nuclear Medicine

ANSWERS (continued)

usually return to normal 12-18 months after injury.
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Items 9-13: Three-phase Bone Scintigraphy
Answers: 9, T; 10, F; 11, F; 12, F; 13, F

Focally increased perfusion and enhanced “blood-pool” activity of
®nTc MDP is common to both acute osteomyelitis and cellulitis. The
distinction between osseous and soft-tissue infection is made on the
delayed images where focally increased activity in bone favors
osteomyelitis, whereas normal activity distribution or low-grade dif-
fuse uptake in the underlying bone signifies adjacent cellulitis.

Recent traumatic fracture, osteomyelitis, Paget's disease, and
osteoid osteoma show increased activity in all three phases and,
thus, cannot be differentiated readily by three-phase scintigraphy.

Periarticular cellulitis and septic arthritis both exhibit hyperperfusion
and hyperemia about the joint and cannot be distinguished by these
criteria alone.

As indicated by the above, three-phase bone scintigraphy is of pri-
mary use in distinguishing an osseous lesion from a soft-tissue
abnormality, but is of relatively little value in differentiating between
various types of active osseous lesions.
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Items 14-18: Scintigraphy in Osteomyelitis

Answers: 14, T; 15, T; 16, F; 17, T; 18, F

The reduction of ¥Ga uptake to levels still above normal after treat-
ment of acute osteomyelitis is seen frequently and is not a harbinger
of chronic osteomyelitis. It probably represents the sterile compo-
nent of bone repair. The corresponding ®*"Tc MDP images often con-
tinue to show intense activity after the infection passes from the sep-
tic phase to the bone repair phase. In chronic osteomyelitis, on the
other hand, low-grade *Ga concentration often is seen in the same
distribution as *"Tc MDP. In this setting, infection is more reliably
diagnosed when the ¥Ga uptake is much greater than that of *"Tc
MDP, or when intense focal Ga uptake is seen within the larger
region of remodeling depicted by bone scintigraphy.

Although literature reports exist to the contrary, the consensus is
that ""'In leukocyte scintigraphy generally is less sensitive for detect-
ing chronic than acute osteomyelitis, presumably reflecting the
greater fraction of mononuclear cells rather than polymorphonuclear
leukocytes, in the inflammatory response with chronic infection.

Both osteosarcomas and acute osteomyelitis avidly concentrate
“Ga and *"Tc MDP, so that they cannot be distinguished on that
basis alone. However, osteosarcoma more likely will show extension
of the accumulation of the two radiopharmaceuticals into the adja-
cent soft tissues.
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