
blood-brain barrier. The impairment ofthe transportation would
cause a decrease in 99mTcECD input and/or the leakage of its
metabolites, and 99mTc@ECDactivity is suggestive ofa complex
set of information in addition to changes to the inner retention
mechanism of the brain. In view of these difficulties, investi
gations of the tracer kinetics in the uncoupling state need more
explicit models for analysis.

To exclude the effect of the blood-brain barrier breakdown
and simplify the retention mechanism of @Â°@Tc-ECDin the
brain, we investigated time-dependent changes in 99mTcECD
accumulation in the â€œmiseryperfusionâ€•state, in which CBF is
more profoundly impaired than metabolism. Misery perfusion
is frequently observed in patients with occlusion of the main
intracranial artery and indicates a crucial state that may result in
irreversible ischemic damage when the perfusion pressure is not
sufficient to maintain brain homeostasis (16). The brain frame
work in this state, however, is preserved, including blood
vessels, and the retention of 99mTc@ECDis presumed to directly
relate to changes in the inner brain metabolism. In this study,
99mTcECD accumulations on dynamic and static SPECT im
ages were compared to PET images obtained just before the
SPECT study.

METhODS

Pa@nts
Twelve patients with unilateral intracranial steno-occlusive dis

ease (8 men, 4 women; age range 26â€”80 yr; mean age 60.0 Â±17.0
yr) were recruited to participate in this study. A clinical profile of
each patient is presented in Table 1. All patients had transient or
persistent symptoms of ischemic attack, and the main complaint of
the symptoms was hemiparesis in six patients, dysarthria in four
patients, numbness in one patient and gait disturbance in one
patient. The presence of a unilateral intracranialarterial lesion was
confirmed by conventional angiography in ten patients and mag
netic resonance angiography (MRA) in two patients; occlusion of
the internal carotid artery was documented in four patients, stenosis
of the internal carotid artery in one patients, occlusion of the
middle cerebral artery in five patients, and stenosis of the middle
cerebral artery in two patients. The mean time interval from the
initial attack to this study was 45.3 Â±39.7 days.

Midsagittal Tl-weighted MRI was first performed before the
present PET and SPECT studies to determine the anterior commis
sure-posterior commissure (AC-PC) baseline. Transaxial Tl
weighted and T2-weighted images were obtained 19 planes parallel
to the AC-PC line. In no patients did transaxial MRI disclose any
morphological damage on the cerebral cortices other than the deep
structures of the brain.

Informed consent was obtained from the subjects or their
relatives, and the protocol of this study was approved by the PET
Research Committee of our institution.

PET Measurement
Regional CBF (rCBF), regional cerebral metabolic rate for

oxygen (rCMRO2) and regional oxygen extraction fraction (rOEF)

Discordant findings of @Tc-methylcystewiatedimer (@â€œTc-ECD)
brain distribution have been reported when brain tissue is supplied
by excess blood flow. We evaluated changes in @â€˜@Tc-ECDbrain
activity in the opposing pathological state, in which cerebral blood
flow (CBF) is more profoundly impaired than metabolism, and
analyzed the relationshipof @Tc-ECDactivitywith CBF and
metabolism to investigatethe dominant regulatingfactor on
ECDdistribution. Methods Twelve patients with unilateralintracra
nial steno-occlush,e diseases were evaluated uaing dynamic and
static @Â°Â°@Tc-ECDSPECT. Relative @Tc-ECDactivities and the
retention ratio of the affected and unaffected cortices were corn
pared with CBF and oxygen metabolism obtained by PET.Change
in the relationshipsuntil 1 hr aftertracer injectionwere alsoanalyzed.
Results Relative @9@c-ECDactivity was significantly correlated
with CBF, and the highest correlation was obtained for the first
minute of imaging (r = 0.674, p < 0.001). Fifteen minutes after
injection, the correlation coefficient with CBF decreased, whereas
higher correlation was observed with the parameter of oxygen
metabolism (r = 0.758-0.815, p < 0.001).Changes in the retention
ratio were dependent on changes in oxygen metabolism, and the
retentionratioforthe highoxygen extractionfraction(OEF)area was
the same as that for the normal OEF area.Conclusion: In addition
to CBF, brain distribution on @Â°@Tc-ECDSPECTimages is affected
by brain metabolism, especially on delayed images after injection.
The degreeof discrepancy betweenCBF and metabolismshould be
considered when interpreting images of the misery perfusion state.
Key Words SPECT; steno-occluaive d@ease;technelium-99m-
ECD; PET

J NucI Med 1997; 3&791-796

Quantitativeandsemiquantitativecerebralbloodflow(CBF)
imaging has been used in various clinical situations following
the development of more advanced high-resolution SPECT
systems and CBF tracers. The clinical utility of 99mTc@ethyl
cysteinate dimer (9@Tc-ECD) has been established in the
assessment of cerebral infarction, epilepsy and dementia be
cause of the stable image it provides due to prolonged preser
vation ofbrain activity after tracer injection, even in emergency
situations or agitated patients, for SPECT studies (1â€”5).

Although 99mTc..ECDhas been validated as a flow tracer
after pharmacological and physiological examinations (6â€”9),
findings inconsistent with those of quantitative CBF imaging
have also been reported in some pathological conditions,
especially in the state of uncoupling between brain circulation
and metabolism (1â€”2,10â€”11). In the luxury perfusion state with
damaged brain tissue, 99mTc@ECDactivity is decreased when
quantitative and qualitative CBF imaging demonstrates normo
or hyperperfusion (1â€”2,10â€”15).The brain distribution of 99mTc..
ECD in this state, however, would be modified by the alteration
of tracer transportation because of the breakdown of the
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IntervalfrominitialPatient
Age AngiOgraphiCal Main attacktoSPECT-PETno.
@yt, Sex finding symptom study(days)1

69 M rLMCAocclusion Hemiparesia482
67 M rL M@Aocdusion Dysarthria593
72 M rt. ICAstenosis Hemiparesis654
59 M rL ICAocclusion Hemiparesis1405
47 F rt. MCAocclusion Dysarthria196
43 M rL MCA stenosia Hemiparesia117
76 F ILMCAstenosis lYysarthria1018
77 F rt.MCAocduaion@ Hemipareais229
68 F ft@MQAocdusion Numbness4910
26 M rt. ICAocclusion Hemiparesia51

1 36 M rt. ICAocclusion Dysarthiia1212
80 M rL K@Aocduaion@ @3@ftdisturbance12Average

60.0Â±17.Oyr45.3Â±39.7days*AI@,gk,gr.@1loal

findingswere obtainedby magneticresonanceangiography.were

measured using a four-ring, seven-slice PET scanner, with tion of â€@̃O2gas was obtained by continously withdrawingbloodin-plane
and axial resolutions of 8 and 10 mm, respectively (1 7). throughoutscanning. Arterialblood sampling for the inputfunctionTo

align the PET images to the AC-PC parallel MRI, a lateral of C'50 gas was performed three times during the study. Quanti
cranial radiograph that included the landmark was obtained before fication for rCMRO2 and rOEF was performed after bloodvolumethe

PET study and was adjusted to the AC-PC line by measuring correction according to the C'50 gas inhalation data. Otherdetailsthe
angle produced by the orbitomeatal (OM) line. After position- regarding the PET procedure have been described elsewhere(18).ing
of the head for the PET measurement, another landmarkwaslocated

on the patient's cheek parallel to the laser beam line to Dynamic and StaticSPECTmatch
the PET planes to the SPECT planes. After decay of 150 radioactivity in the brain to background

Before emission scanning, a transmission scan using a 68Ga- levels, dynamic and static SPECT studies were performed onthe68Ge
line source was performed to correct tissue attenuation. The day of the PET measurement. The continous cylindricalringrCBF

was calculated by autoradiographic method with 90-sec scanner provides scans in 16 dynamic and 31 static tomographic
scanning after intravenous administration of 1110 MBq of â€˜SO- transaxial planes. The in-plane and axial spatial resolutionobtainedwater.

Continuous arterialblood sampling and beta-ray monitoring using the all-purpose (A-P) and the high-resolution (H-R) collima
with a scintillator were conducted throughout PET scanning using tor was 13 and 12 mm, respectively, and 26 and 21mm,a

catheter implanted into the radialarteryto obtain the arterialinput respectively. Before the SPECT study, line marks were placedonfunction.
Measurements of rCMRO2 and rOEF were performed the patient's cheek before the PET study and the patient's head was

with 1-mm inhalation of 6105 MBq/min of â€˜50-labeledmolecular adjusted to the transaxial and midsagittal light beams ofthe SPECT
oxygen (150 gas) and 1-mm inhalation of 5180 MBq/min of system according to these landmarks. Dynamic scanning started
â€˜50-labeledcarbon monoxide (C'5O gas). The arterial input func- immediately after 30 sec manual administration of@â€˜Tc-ECDTABLE

2Averaged
rCBF, rCMRO2and rOEFof Affected and UnaffectedCorticesrCBF

(mVlOOmVmin) rCMRO2(mVlOOmVmin)rOEFPatient

Affected Unaffected Affected Unaffected AffectedUnaffectedno.
cortex cortex cortex cortex cortexcortex1

22.1 30.2 1.77 2.32 0.570.552
23.3 28.0 2.74 3.39 0.470.443
38.1 41.9 2.64 2.73 0.390.374
38.6 32.3 2.29 3.09 0.310.375
31.7 43.8 2.72 3.35 0.650.576
37.9 41.1 2.91 2.97 0.420.397
34.2 44.3 2.92 3.12 0.590.598
34.5 41.3 2.64 2.71 0.600.619
18.0 34.6 2.14 2.71 0.830.5710
40.4 53.6 3.67 3.85 0.560.4511
28.7 49.1 2.67 3.16 0.620.4212

20.2 26.3 1.93 2.23 0.590.52Average
30.6Â±7.9k 38.9Â±8.6' 2.59Â±O.Sl@ 2.97Â±O.46@ 0.55Â±0.14@ 0.47Â±0.07@*p

<0.002.tp
<0.001.*p

< 0.01.

TABLE I
Summary of Patient Data
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(1110 MBq) into the antecubital vein. Using the A-P collimator,
sequential l-min/l-frame dynamic scanning was performed for 10
min, and a total of 10 frames was obtained. Static data were
collected for 10 mm using the H-R collimator, and 3â€”5series of
static scans were acquired until 1 hr after tracer injection; the mid
time for each was 15 mm (n = 22), 25 mm (n = 20), 35 mm (n =
22), 45 mm (n = 24) and 55 mm (n = I 8). The raw dynamic and
static SPECT data were transferred to an MV-7890 SH processing
system and were respectively reconstructed on a 64 X 64 and a
128 X 128 image matrix using Butterworthfiltered backprojection.
Data for a pool phantom containing 110â€”220MBq @â€œTcwere
applied to the attenuation correction ofdynamic SPECT, and radial
postcorrection method was used for that of static SPECT (19).
Scatter radiation was not corrected because the appropriate method
was not included in the system. Linearization of @â€œTc-ECD
activity for the correction of hyperperfused area was not performed
because of the lack of an established correction method (20). For
the coordination of some methodological differences between
dynamic and static SPECT scan, i.e., the types ofcollimators used,
matrix size and attenuation correction method for image recon
struction, an uniform cylindrical phantom (16 cm in diameter)
containing 111 MBq of @Tcwas scanned according to the same
protocol, and the correction factor was multiplied by the value for
decay-corrected static SPECT radioactivity.

ROlSelectionandDataAnalyses
On both the PET and SPECT images, the same regions of

interests (ROIs) were located on the affected cortices in the
territory of the middle cerebral artery, where no morphological
change was identified on the reference MR image. Each ROl was
oval-shaped and 3 X 5 cm in size. The mirrorROI was applied to
the contralateral unaffected cortices. Other oval ROIs 2 X 3 cm in
size were placed on the cerebellar cortex of the ipsilateral affected
side to normalize cortical activities on the PET and SPECT images.

We first analyzed sequential changes in the relationship between
@Tc-ECDactivity and PET values. Averaged @Tc-ECDactiv

ity, rCBF and rCMRO2 of affected and unaffected cortices were

each divided by the corresponding cerebellar values for the
reference and were defined as the relative @Tc-ECDactivity and
PET values. Correlation coefficients were calculated for the rela
tion ofrelative @â€œ@Tc-ECDactivity for each scan time (1, 7, 15, 25,
35, 45, 55 mm) to relative rCBF or rCMRO2, respectively.

The time course change in the relationship between the retention
ratio of 99mTcECD and the PET values was then evaluated. The
retention ratio of 99mTCECD is expressed as:

retention ratio =

averaged @Tcâ€”ECDactivity ofthe affected or unaffected cortex

averaged cerebellar activity ofthe affected side within first 5 mm

The retention ratio of 99mTc@ECDat each of the early and delayed
scanning times (7 mm, 15 mm and 45 mm) was plotted against
rCBF, rCMRO2 or rOEF, and the linearity and correlation of each
relationship was evaluated. A p value <0.05 was considered
significant.

RESULTS
The PET measurements demonstrated a significant decrease

in the blood supply and metabolism between the affected and
unaffected cortices. Table 2 shows the PET results for each
patient and the averaged rCBF, rCMRO2 and rOEF of the
affected and unaffected cortices of all patients. The difference
in averaged rCBF, rCMRO2 and rOEF between the affected and
unaffected cortices was statistically significant, based on paired
Student's t-test (p < 0.002, p < 0.001 and p < 0.01,
respectively).

A Rt.ICAocck.slon
CSFMRI T1WI OEF

B RI.ICA @I.Ã¸
1-@SMin

S

FIGURE1.@ MRIandPETimagesinPatient11.T2-waightedMRIObtained
12 days after Initial symptom onset Qeft column) demonstrates an infarction
observedonlyinthenghtdeepwhitematterandthatthepen-infarctcortices
reman morphologicallyintact.HighOEFof the affectedcortexindicates
uncoupling between CBF and oxygen metabolism (right column). (B) Dy
namicandstatic @â€˜@â€˜Tc-ECDSPECTimagesin the correspondingplanein
the samepatientshow slighflydiminishedcontrastbetweenthe affectedand
unaffected cortices 2 mm after injection compared to the initial dynamic
SPECTandPETCBFimage.

The MR, PET and 99mTc@ECDSPECT images of a represen
tative patient (Patient I 1) with an occluded right internal
cerebral artery show that the dynamic 99mTCECD SPECT
image at 1 mm provides the closest contrast to PET CBF (Fig.
1). Two minutes after tracer injection, the contrasts in 99mTc@
ECD activity were stable and slightly diminished compared to
those on the initial dynamic SPECT and PET CBF images.

Figure 2 shows time-activity curves of 99mTc@ECDof the
affected and unaffected cortices in the same patient. The brain
activity of 9@Tc-ECD plateaued within 2 mm after tracer
injection. The difference between the affected and unaffected
cortices was maximum on the first 1-mm image. Thereafter a
constant difference in activity was maintained until 1 hr.

The correlation coefficients of the relationship between the
averaged relative 99mTc@ECD activity and relative rCBF or
rCMRO2 of the affected and unaffected cortices give a specific
pattern of time-dependent change (Fig. 3 and Table 3). The
strongest linearity between relative 99mTc..ECD and relative
rCBF was observed at 1 mm postinjection (r = 0.674, n = 24,
p < 0.001). After 15 mm, the coefficient for the relation with
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0.801 Â± 0.062 at 45 mm and 0.800 Â± 0.056 at 55 min
postinjection, respectively. Figure 4 illustrates the relationships
between the retention ratio of @Tc-ECDand PET parameters
at 7 and 45 mm after injection. The averaged retention ratio
increased linearly, with more significant changes in rCMRO2
than rCBF. The highest correlation was observed with rCMRO2
at45 min(y = 0.52+1.l2x,r= 0.651,p < 0.001,n = 24).The
retention ratio was constant against the change of rOEF and
thus did not show a correlation with rOEF (Fig. 4C and 4F). The
cortex with high rOEF, therefore, showed the same retention
ratio compared to that with normal rOEF despite decreased
CBF.

DISCUSSION
Brain accumulation of a flow tracer is influenced by various

regulating factors, which are dependent on the scan time after
tracer injection. In the early phase of tracer injection, the
first-pass extraction fraction would greatly contribute to the
brain tracer distribution. When the fraction of the tracer
extracted from the blood into the brain is high and rapid
scanning is sufficiently feasible to obtain the initial slope of the
brain tracer input , the image would be closer to CBF than at
later times after tracer injection. Although the extraction of

@Tc-ECDin experimental studies is 77%, which is relatively
low compared to that of other SPECT imaging agents (8),
scanning in the very early phase after injection is less influ
enced by complicated interactions of other factors, i.e., back
diffusion oftracer from the lipophilic component in the brain to
the blood or metabolic products in the blood. Backdiffusion of
9@Tc-ECD is less pronounced compared to @Tc-HMPAO
(21). The arterial input 5 mm after injection is negligible,
because the metabolic products of @Tc-ECDdo not cross the
blood-brain barrier (8,9). The good correlation between the

(cpm)
250

. affected cortex
â€”1@'--â€” unaffected cortex

U i I I I I
0 10 20 30 40 50 60

time after injection (mht@)

FIGURE2. lime-actIvitycurveof @â€˜Tc-ECOin Patient11 demonstrates
braintracerinputplateauswithin2mmaftertracerinjectionandshowsstable
actMty until 1 hr. The mwdmum difference of the activity between the
affectedand unaffectedcortices is seenduring the first minuteof imaging.

the relative rCBF decreased to below 0.6 (r = 0.493â€”0.574,n
18â€”24,p < 0.05â€”0.01), whereas stronger correlations were
observed with relative rCMRO2 (r = 0.758â€”0.815, n = 18â€”24,
p < 0.001). The difference between the correlation coefficient
of ECD versus rCBF to that of ECD versus rCMRO2, however,
was not statistically signific@.ntat any SPECT scan time because
of the small study population.

The retention ratio of @â€œTc-ECDgradually decreased after
tracer injection. The averaged retention ratio ofthe affected and
unaffected cortices was 0.845 Â±0.055 at 7 mm, 0.826 Â±0.059
at 15 mm, 0.843 Â±0.053 at 25 mm, 0.81 1 Â±0.058 at 35 mm,
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eraged relative @Tc-ECOactivity at 1
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.SPECTscantime
(mm)No.rCBFrO'@Â°2rSignificancerSignificance1240.674p

< 0.0010.569p <0.0170.561p
< 0.010.559p <0.0115220.493p
< 0.050.758p<0.00125200.574p
< 0.010.815p<0.00135220.567p
< 0.010.814p<0.00145240.521p
< 0.010.761p<0.00155180.531p
< 0.050.789p<0.001r

= correlation coefficiant

TABLE3
RelationshipBetween RelativeTechnetium-99m-ECDActivity and RelativePETValues

relative activity of 99mTc..ECD and relative CBF within 5 mm
after injection observed in this study indicates the validity of
9@Tc-ECD SPECT in representing CBF in this phase. It may
also may provide an image more closely corresponding to CBF
when low extraction is corrected appropriately. Other con
founding factors, i.e., scatter radiation and tissue attenuation,
reduce the reliability of correlation and linearity and would

have an important adverse effect on quantitative CBF images. A
method for correcting these impediments is urgently needed to
that better quality SPECT CBF images can be produced.

Five minutes after injection, a change in retention likely has
a dominant effect on brain @Tc-ECDactivity. Although the
statistical significance of the correlation coefficients between

@Tc-ECDactivity and the PET parameters could not be
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achieved in this study, relative 99mTc@ECDactivities in the
brain 15 mm after injection demonstrated higher correlation
with changes in oxygen metabolism than those of CBF. Fur
thermore, the retention ratio of 9@Tc-ECD diminished accord
ing to decreases in oxygen metabolism. However, it was
relatively stable with changes in CBF. The retention ratio in the
high OEF cortex was the same as that in the normal OEF cortex,
which indicates that retention of 9@Tc-ECD in the area with
misery perfusion is the same mechanism as that in coupled
perfusion. The contrast on the delayed 99mTcECD SPECT
image would be mainly determined not by changes in CBF but
by internal metabolic alteration. Delayed images may provide a
mix of information that reflects metabolism and CBF. Further
study in a larger population may provide more definite confir
mation of our fmdings.

Shishido et al. (2) reported that the washout ratio of 99mTc@
ECD versus changes in rCBF or rCMRO2 was 0.8 and stable in
nine patients with cerebrovascular disease. In their study, they
used the averaged activity from 5â€”32min of imaging for
normalization in estimating washout, and the ratio would have
already been affected by the metabolic factor in this phase. The
retention of 99mTcECD activity in the brain is assumed to be
regulated by enzymatic activity involved in ester hydrolysis,
which reaction seems to be diffusely distributed in the primate
brain (8). Ester hydrolysis by enzymes and conversion from a
lipophilic compound to a hydrophilic monoester-monoacid or
diacid compound are suggested as the main retention mecha
nism of 9@Tc-ECD (9), and 65%â€”74%of these polar metabo
lites in the primate brain are thought to be found in the cytosol
(8,22). Since the blood-brain barrierwas intact in this study and
the transport system of 99mTc@ECDitself was probably not
altered in the morphologically preserved brain tissue, the
decreased retention is less related to leakage of hydrophilic
compounds from the cytosol to the extracellular space. Further
more, the averaged rCMRO2 of the affected cortex is 2.59 Â±
0.51 ml/lOO mi/min, which was slightly lower than the previ
ously published control value (18), suggesting a less marked
inconsistency between enzymatic activity of 9@Tc-ECD in the
cytosol and intracellular oxygen metabolism. Although no
direct relationship between ester hydrolysis and intracellular
oxygen metabolism has been elucidated, the present result
revealed that a change in brain metabolism has a greater
influence on the distribution of99mTc@ECD than that ofCBF on
delayed SPECT images. Therefore, scanning time should be
considered in pathological states in which the blood supply is
impaired despite metabolic preservation.

CONCLUSION
Although a correlation between 99mTc@ECDactivity and CBF

is observed throughout dynamic and static scanning, brain

distribution of99mTc@ECD in SPECT is more strongly related to
oxygen metabolism than to CBF 15 mm after tracer injection.
The @mTc@ECDbrain SPECT image during misery perfusion,
as well as that during luxury perfusion, conveys a complex set

of information that is dependent on scan time. Additional
verification by hyper-dynamic scanning in the early phase or
assessment of vasoreactivity may be necessary for image
interpretation when there are discrepancies between blood
supply and brain metabolism.
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