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able to re-cross cellular membranes and the blood-brain barrier.
Therefore, the distribution of HMPAO in the brain reflects
rCBF and remains stable for some hours.

The brain distribution of microspheres and 99mTc@HMPAO
correlate well in the dog (2), and previous autoradiographic
studies using iodoantipyrine (lAP) have also shown good
agreement (3,4). Initial uptake in the normal human brain
appears to be proportional to rCBF (5 ), and to correspond welt
with rCBF as shown by other in vivo methods, such as â€˜33Xe
(6,7) and PET (8,9).

The conversion of HMPAO to a less lipophilic compound
takes place with an exponential half life of4O sec. Thus, at high
flow rates, there is a backdiffusion effect, causing HMPAO
uptake to underestimate flow. Lassen et at. (5 ) proposed a
correction which can partially compensate for this effect.

Ictat HMPAO-SPECT is now being used extensively to
localize epileptic foci prior to surgical resection (10,11 ). Al
though human data is scant, animal work has shown ictal rises
in rCBF in generalized seizures of up to 900% (12). At these
extremely high flow rates (up to 1000 ml/I00 g per mm in
absolute terms), it is important to verify that HMPAO retention
in neurones does not begin to fall as flow rises, as the same
99mTc activity might then be seen at two different flow rates. A
recent publication (13 ) has underlined the need to verify the
accuracy of the technique in specific pathological situations.

This study aims to compare HMPAO uptake with rCBF as
measured by lAP uptake over the large range of flows achieved
using the penicillin model of focal epilepsy in the rat.

HMPAO is being used extensivelyto image rCBF during focal
seizuresin humans. It is, however, theoreticallypossible that back
diffusion of tracer causes retention to fall as flow rises at high levels.
Methods: We used a double label @Â°@Tc-HMPAOt4C-lAPautora
diographic technique to compare HMPAO retention and regional
cerebral blood flow in penicillin induced focal seizures in rats.
Results: Using this protocol, flows of up to 7i7 mVi00 g per mm
were observed. The same pattern of uptake was seen on lAP and
HMPAO autoradiographs,with the exceptionof relativelyhigh
HMPAO uptakein the choroidplexus,in the fissuresand, in one
animal only, the supramammilary nucleus. Correlation of HMPAO
retention and blood flow showed a linear relationship up to 200
mViOOg per mm in all animals. HMPAO retention then showed a
falloff in its rise with blood flow, but was still increasing,even at the
highestflows seen. At 700 mViOOg/min, HMPAO retentionwas
20% of that expected from a linear relationship.Conclusion:
HMPAOisa suitabletracerof rCBFat highflowsand is unlikelyto
produce anomalous imeges in human focal seizures.
Key Words: epilepsy;penicillin;rCBF;technetium-99m-HMPAO
J Nuci Med 1996;37:661-664

HMPAO(I)isalipophiliccompoundthatcanbelabeled
with 99mTc and used as a tracer of regional cerebral blood flow
(rCBF). After intravenous injection, it crosses the blood-brain
barrier freely. Thereafter, it becomes less lipophilic and less
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METhODS
Adult male Sprague-Dawley rats (480 Â±21 g) were used, five

for nonseizure and five for seizure studies.

Induction of Focal Motor Seizures Using lntracortical
Injection of Penicillin

The rats were anesthetised with halothane and nitrous oxide
using a plastic face mask. Cannulae were inserted into both femorat
arteries and veins. The animal was placed in a plaster of paris hip
brace for restraint, and a 1-mm burr hole was made 2-mm anterior
and lateral to bregma, a hole sufficiently deep to expose a 0.5-mm
disc of dura. The skin was then resutured.

One venous catheter was connected to the syringe pump con
taming 1.85 MBq 14C-IAP in 1.5 ml, the other to a syringe
containing 320 MBq 99mTcHMPAO in 1 ml. One arterial catheter
was used to monitor intra-arterial pressure and the other to sample
blood during the LAP procedure.

After checking blood pressure and gasses, the burr hole was
re-exposed. A fine needle attached to a 500 @lmicrosyringe was
inserted into the cortex through the dura to a depth of 1.5 mm from
the outer dural surface. Two hundred units of penicillin in 20 @l
pH-balanced artificial CSF was injected. Control animals were
injected with 20 pA artificial CSF adjusted to the pH of the
penicillin solution. The scalp wound was resutured, and the
anesthesia discontinued.

The experiment was timed from the first observed movement in
nonseizure animals, and from the onset oftwitching ofthe whiskers
contralateral to the craniotomy in the rats who had seizures. Seven
minutes after this point, after thorough mixing, 320 MBq @Tc
HMPAO were injected intravenously in 1-ml increments over 1
mm. Three minutes were allowed between the injection of HM
PAO and the start of the lAP procedure to allow time for any
backdiffusion of HMPAO to occur. After 11 mm of seizure
activity, the time at which the animals had been in clinical steady
state for several minutes, the lAP procedure was performed. The
procedure and the method of rCBF calculation are described in
detail by Sakurada et al. (14) and Tamura et at. (15). The 1.85
MBq â€˜4C-IAPwas administered as a ramped infusion over 30 sec.
During the infusion, 15â€”18timed arterial blood samples were
collected in pre-weighed fitter paper discs. The rats were killed by
decapitation at the end ofthe infusion. The blood samples were left
for 4 days to allow @mTcactivity to disappear, then placed in a
scintillation counter, counted three times and the counts averaged.
The concentration of â€˜4Cin blood was calculated from the detected
radioactivity and the sample weight.

Immediately following the lAP procedure, the brain was quickly
removed and frozen in isopentane at â€”42Â°C,and 20-sm coronal
sections were collected for autoradiography. Three consecutive
sections in every 13 were mounted on cover slips. Within 1 hr of
decapitation, the sections were apposed to autoradiographic film
for 4 hr, together with a set of six 14C standards of activities
(90â€”703kBq/g). This enabled us to measure the technetium levels
in â€˜4Cequivalent units. After a similar gap of 4 days, the sections
were reapposed to 14Csensitive film for 14 days, this time with a
lower activity set of twelve â€˜4Cstandards ranging from 1.6â€”S4.7
kBq/g, to produce the [â€˜4C]IAPautoradiograph.

Quantitative autoradiography was carried out on both films
using a Quantimet 970 densitometer (Cambridge Instruments,
Cambridge, U.K.). The structures measured were: frontal, cingu
late, parietal, auditory and visual cortex, subcortical white matter,
caudate nucteaus, globus paltidus, septal nucleus, amygdatoid
nucleaus, medial and lateral habenula, ventral, dorsomedial and
lateral thalamic nuclei, entopeduncular nucleus, hippocampus,
substantia nigra, inferior colliculus, pontine reticular formation and
cerebellum. Each structure was measured on three adjacent sec
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FIGURE1. (A)lAPand (B)HMPAOimages. Coronalsection through the
frontal kbe in animal6, showing increasedHMPAOand the seizurefocus
(largearrow).Thereis low HMPAOand LAPuptakein the areaof the needle
track, surroundedby an area of high uptakewhich extendsinto the
neighboiingand contralateralcingulatecortex.Onthe L6J'film, uptakein the
rhinalfissureis lowerthanthat in the surroundingcortex,whereason the
HMPAOfilm,it IShigher(smallarrows).

tions and the measurements were averaged. Structures were mea
sured at the same position on the same section in both the lAP and
HMPAO films. The standards were measured before and after
measurement of the structures.

Regional cerebral blood flow was calculated. as described by
Sakurada et al. (14), from the arterial LAPcurve and the local tissue
â€˜4Cconcentration using a partition coellicient of 0.78 for LAP.
Optical density values from both films were converted to their
respective radioactivity concentrations u@@ ng known standards for
â€˜4C.No attempt was made to calculate absolute I@CBFvalues from
HMPAO uptake.

RESULTS
With the exception of cortical liypoperfusion. which was

most marked in the parietal cortex (side-to-side differences
SO Â± 22 ml/lOO g/min, p = 0.0l9 on the side of the
craniotomy, nonseizure animals showed normal lAP uptake
patterns (15â€”18). In seizure animals, there were significant flow
increases in the areas where penicillin was injected (mean
side-to-side difference 170 ml/lOO gmin. p = 0.035) (Fig. 1):
the ipsilateral thalamus, principally in the dorsomedial nucleus
(mean side-to-side difference 287 ml! 100 g/min, p = 0.001)
(Fig. 2); but also in the ventral nucleus (mean side-to-side
difference 142 ml/100 g/min, p = 0.003 ), the substantia nigra
pars reticularis (mean side-to-side difThrence 78 ml/l00 g/min,
p = 0.007) (Fig. 3); and the medial alid lateral habenula (mean
side-to-side differences 56 and 52 ml/lO() g/min, p = 0.008 and
0.049, respectively). The absolute flows measured during the
seizures included a maximum mean how (over five animals
with seizures) of 498 ml/100 g per mm, with seven areas
showing mean flows of over 300 ml/10() g/min. In individual
animals, flows of more than 600 mlll 00 g/min were discovered
in 6 animals, between 400 and 600 ml@100 g/min in 13 and over
300 ml/100 g/min in 30.

FIGURE2. lAP(A)and HMPAO(B)images. Coronalsection through the
thalamusinanimal7, showingincreaseduptakeof lAPandHMPAOinthe
thalemusipsdateralto the focus (arrow),principallyaffectingthe dorsomedial
nucleus,but also affectingthe ventralthalamicnucleusand, to a small
degree,thecontralateralmedialthalamus.Thereisdecreaseduptakeinthe
paiietalcortexipsdateraltothefocus,andhighHMPAOuptakerelativetoLAP
canbeseeninthechoroidplexus(smallarrow).
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Correlation of Carbon-14-IAP and Techne@um-99m-
HMPAOUptake

Uptake Patterns. HMPAO films displayed uptake patterns
identical in detail to those on the lAP films. Areas of high flow
were equally well visualised on HMPAO as on LAP films and
normal gray and white matter structures were clearly separated
on both.

Uptake differences were observed in two regions within the
brain: (a) uptake in the choroid plexus was much higher in the
HMPAO films in all 10 animals (Fig. 2) and (b) HMPAO
uptake in one animal was relatively high in the supramamitlary
nucleus. In addition, there was also higher 99mTc activity in the
rhinal and other fissures (Fig. 1).

There was little difference in spatial resolution between lAP
and HMPAO films in general, although some image blurring
was evident on the HMPAO films, probably due to the range of
the higher energy electrons emitted by 99mTc.

Correlation between rCBF and HMPAO Uptake. An exam
pIe of the correlation between the observed @Tcactivity and
rCBF is shown in Figure 4A. The same data with the Lassen
correction applied to 99mTc uptake are shown in Figure 4B.
Observed (uncorrected) versus expected @mTcactivity for the
same animal is shown in Figure 4C.

The current data show an expected curvilinear relationship
between 99mTc uptake and a falloff in the rate of increase of
99mTc uptake. Application of the Lassen correction produces a
more linear relationship which appears to have been achieved
given the cost of increased scatter at high flows. All animals
showed the same results, and no 99mTc activity levels fell as
very high flows were reached. The R2 values for straight line
fits ranged from 0.740â€”0.944 (p < 0.001 in all animals). At
lower flow levels, the relationship between 99mTc uptake and
flow was approximately linear, and remained so in the majority
of the animals up to 200 ml/lOO g/min.

DISCUSSION

Experimental Protocci
Generalized experimental seizures in rats have produced CBF

elevations of up to 900% with respect to resting levels of flow
(10, 19,20). There is no good quantitative data on the magnitude
of rCBF rise during focal seizures in man, however, largely
because of methodological difficulties. In the present study,
flows were seen as high as 717 ml/l00 g per mm, which if seen
in man, would represent a 7%â€”900%increase (21â€”23).Thus, it
seems likely that the flows achieved in this study were suffi
ciently high to encompass the probable range of flows in focal
epilepsy in humans.

For HMPAO backdiffusion to occur, cerebral circulation
must continue to function after the first pass through brain

tissue after injection. In this study, HMPAO was administered
3.5â€”4.5mm before the animal, was sacrificed, i.e., six times the
half-life of the conversion of HMPAO from a lipophitic to
hydrophitic compound. This time frame allowed a more than
98% of the HMPAO delivered to the brain on first pass to be
converted, assuming there was no washout. A shorter time
period would have had the advantage of allowing lAP to be
measured closer to the HMPAO injection, but would not have
allowed cerebral neuronal HMPAO levels to stabilize. All
animals were in a steady state during this period, and our
experimental protocol assumes that cerebral circulation was
also in steady state.

This study used a double-label technique which resulted in a
small amount of cross-contamination of the HMPAO and tAP
films. In fact, contamination of lAP films by 99mTc activity is
very small. Over a period of 4 days, 99mTc (half-life 6 hr)
activity falls to 0.00 15% of original levels. By the time the area
with the highest 99mTc activity seen in this study was exposed
on â€˜4Cfilm, its activity was 0.001 kBq/g, a figure which
continued to decrease by half every 6 hr during the 2 wk of
exposure of the â€˜4Cfilms. This would result in negligible
contamination of the LAP film.

The contamination of99mTc films by â€˜4Ccan be illustrated by
the following examples. The maximum activity seen on the lAP
films in the present study was 42kBq/g, in a structure (i@silat
eral dorsomedial thalamic nucleus, animal 7) which had a 9mTc
activity of 663kBq/g (in â€˜4Cequivalent units). The [14C]IAP
contamination of the HMPAO film in this structure was
therefore 6.3% at maximum. In an area of low flow (left
subcortical white matter, animal 2), the [14C]IAP activity was
7.2kBq/g, and the 99mTc equivalent activity I35 kBq/g. Con
tamination in this instance was 5.3% at maximum. Contamina
tion would be higher if an area with a low uptake in the
HMPAO film had a high uptake in the LAP film, but such
discordance did not occur in the present study.

Technetium-99m activity was measured in â€˜4Cequivalent
units because of the practical difficulties of establishing stan
dards with such a short-lived radionuclide. Although the film
was exposed to higher energy electrons with 99mTc than with
â€˜4C,the use of â€˜4Cstandardsas a reference for other radionu
clides has been validated by Lear et at. (24) for a range of 14C
activities similar to the standards used in the present study.
None of the 99mTc measurements exceeded the highest â€˜4C
standard.

Correlation between HMPAO and lAP Uptake
Although there was a falloff in the rate of increase in

HMPAO uptake at very high flow levels, HMPAO uptake did
not begin to fall as flow increased in any animals. The results
therefore show that the delivery of HMPAO during the first
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pass continues to be the dominant factor in the final distribution
of the tracer, although high flows are relatively underestimated.
The proportion of the tracer retained in brain tissue falls at high
flows (Fig. 4C), but the relationship tends to plateau at these
levels. This raises the possibility that the trapping mechanism
has a component with a half-life much shorter than 40 sec.

The correlation between CBF and HMPAO uptake is less
close in the present study than that found in a previous study.
Bullock et al. (4) found R2 values of 0.84â€”0.93 using pooled
data from 11 rats, and correlated flow as measured by lAP and
HMPAO uptake at different stages of acute focal ischemia.
Flows as high as 300 ml/l00 g per mm were recorded. This
compares with the range of R2 valve of 0.74â€”0.94 for individ
ual animals in the present study, where the range of flows was
two times greater. The range of flows may have some bearing
on this difference, as the spread of data became greater at high
flows in most animals, more so after application of the Lassen
correction. The Lassen correction and the calculation of flow
from lAP activity both tend to magnify small errors in densi
tometry as flows increase (20). Postmortem diffusion of LAP
from areas of high to low flow might also be a contributory
factor (25), as the magnitude of this effect will vary according
to whether or not there is a low-flow area adjacent to the point
of measurement.

Distribution of HMPAO as indicated by the autoradiographs
was almost identical to that of lAP. The relatively high 99mTc
uptake seen in the choroid plexus has been noted previously (4),
and is probably due to concentration of unbound 9mTc pertech
netate by this structure. Similarly, the high activity seen in the
rhinal and other fissures (Fig. 1) may be due to 99mTc either in
the CSF or in the pia, which will have decayed by the time of
the â€˜4Cexposure. There is no ready explanation for the
difference seen between LAP and FIMPAO uptake in the
supramamillaty nucleus in animal 6. The supramammillary
nucleus has not been noted to be involved in seizure activity in
previous animal studies of local metabolic rate using the
penicillin model of focal motor seizures (26â€”29).

CONCLUSION
HMPAO-SPECT is primarily an imaging technique. In prac

tice, nonlinear color scales are universally used to display the
images. It is not therefore of primary importance that there is a
strictly linear relationship between tracer uptake and rCBF. It is,
however, important that there is a unique tracer uptake value for
each flow rate, and that tracer uptake increases as flow does.
This study confirms that this is the case for 99mTc HMPAO at
cerebral blood flows up to ten times normal human values. This
result also suggests that HMPAO-SPECT is capable of imaging
the increases in cerebral blood flow that occur during focal
seizure activity.
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