
the distribution ofdiminished perfusion or hyperemia seen
in the resting state. These data can be used to assess the
degree to which observed structural lesions (CT or MRI)
properly represent the affected territories and to assess the

severity of purely functional alterations. Recently, several
studies have also suggested that resting rCBF imaging
might provide a prognostic indicator of recovery from
either motor or language deficits (5â€”10).

Unfortunately, such measurements do not address the
important issue of diminished vasodilatory reserve. The
vascular system ofthe brain is controlled by autoregulatory
processes. When these are disturbed by atherosclerosis,

thrombi or vasospasm, the ability of the cerebrovascular
system to compensate is compromised. When compensa
tion does occur, resting rCBF may appear normal or
minimally altered. It is therefore important to determine
the degree to which underlying disease has exhausted the
normal reserve capacity and the degree to which collateral
supplies have been recruited as a countermeasure.

Our group (11,12) and several others (2,13â€”15)have
worked to develop a â€œbrainstress testâ€•that will reflect
vasodilatory reserve. Carbon dioxide is an effective vaso
dilator in the cerebrovascular system. A convenient and
effective alternative is the administration of acetazolamide

(Diamox, Lederle), a carbonic anhydrase inhibitor. Intra
venous administration of 1 g acetazolamide leads to a
uniform increase in ICBF throughout the normal brain
that peaks at 20 mm and lasts for about 1 hr, gradually
returning to normal over a 2â€”3-hr span. Diseased or at

risk areas show little or no response. Side effects are
minimal, including mild paresthesias and diuresis.

Acetazolamide stress testing has been used to assess
cerebrovascular reserve in patients with TIA, stroke, site
riovenous malformation, epilepsy and dementia (2,11â€”
17). In the latter two instances,the purposeof the test is
to determine whether alterations in resting ICBF are of
neuronal or vascular origin. Primary neuronal dysfunction
produces rCBF abnormalities through autoregulation and
is associated with a normal acetazolamide response.

Ourphantomstudiesindicatethattheenergyresolution(9.7%
FWHM) of a new three-headed single-photon tomograph
(PRISM-3000) separatesthe distributionof Â°@Tcfrom1231for
10% asymmetricor 15% or 10% centered @â€œTcwindows
when combined with a 10% asymmettic â€˜23lwindow. This
technique is now applied to the simultaneous measurement
of restingrCBFandchangesinducedby vasodiIation(1 g
acetazolamide) in 10 subjects with cerebrovascular disease.
Restingandvasodilated1@XeSPECTimageswereObtained
first. Within48 hr, @â€œTcHMPAOwas given at rest, acetazol
amide injected,and after 20 mm either [1@l]IMP or [1231]
HIPDM was administered.Subjectswere scannedfor @Tc
and 123@simultaneously using 10% asymmetric windows.
Regressionanalysesdemonstrateda linearrelationshipbe
tween @XeSPECTanddual-isotopeSPECTmeasurements
of lesion-to-cerebellum ratios in baseline (r = 0.92), vasodi
lated (r = 0.86) and rest-minus-vasodilated data (r = 0.85).
Technetium-99mand 1@Iimages Obtainedthrough dual
isotopeimagingareby definitionin perfectanatomicregistra
tion.

J NucIMed 1992;33:1919â€”1924

easurements of regional cerebral blood flow (rCBF)
by single-photon emission computed tomography
(SPECT) have been used extensively in patients with cere
brovascular disease (1-3). rCBF SPECT may provide the
earliest imaging evidence of cerebral ischemia in acute
stroke patients. Further, rCBF images may provide the
best documentation of the status of the cerebrovascular
system in at-risk patients, such as those suffering from
transient ischemic attacks (TIAs) (2,4). The primary infor
mation provided by conventional SPECT techniques is
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rCBF imaging of cerebrovascular reserve requires com
_son of resting rCBF images to those obtained 20â€”30
mm after acetazolamide injection. Most ofthe work done
to illustrate the usefulness of this technique has employed
SPECT rCBF imaging with â€˜33Xe.Since â€˜33Xerapidly
clears from the body, acetazolamide-activated rCBF im
ages can be obtained shortly after the resting images.
Unfortunately, â€˜33XeSPECT is not yet widely available.
More readily available agents for rCBF SPECT have pro
longed brain retention times. With these agents (or I8p@v@
PET), it is not possible to study two brain conditions
within a short time period. As a result, conventional
SPECT measurements of cerebrovascular reserve must be
made on two occasions, typically separated by 24â€”48hr.
In contrast, â€˜33XeSPECT and @Oor â€˜â€˜CPET measure
ments can be repeated in a single sitting in an individual
subject.

Nevertheless, it might be possible to use SPECT brain
imaging agents labeled with two different radioisotopes
(99mTcand 1231)to sequentially examine resting and vaso
dilated rCBF. For many years, nuclear medicine gamma
cameras have had the capacity to record from multiple
photopeaks. Multiple windows have been used to correct
for scatter contributions by recording from both photo
peak and Compton scatter windows (18,19). Sequential
and simultaneous imaging of 20â€•fland @mTchas been
employed in cardiac studies (20â€”25). However, typical
gamma camera energy resolution (l2%-15% FWHM)
provides insufficient resolving power to separate 140 keV
(99mTc) from 160 keV (123!)photopeaks. Fortunately, the
demands of high-resolution multi-detector SPECT have
required enhanced performance characteristics, including
substantially improved energy resolution. The tomograph
used in these studies (PRISM-3000, Picker, Cleveland,
OH) has an energy resolution of 9.7% FWHM, 20.0%
FWTM, which might be adequate to resolve @mTcand
123!

Even at this resolution there is substantial photopeak
overlap. By using phantoms, we examined the effect of
this overlap on isotope discrimination as a function of
window width and position and on quantitative count
recovery (26). We now report the results of a clinical
investigation of the simultaneous measurement of resting
rCBF with 99mTcHMPAO and acetazolamide-vasodilated
rCBF with [â€˜231]IMPor HIPDM as a test of vasodilatory
reserve. We compared dual-isotope results to those oh
tamed using sequential â€˜33XeSPECT scans (pre- and post
acetazolamide) in subjects with known stable cerebrovas
cular disease.

METhODS
Ten subjects with stable cerebrovascular disease were studied

with â€˜33XeSPED' and with the dual-isotope technique before
and aftercerebralvasodilation with acetazolamide. The imaging
protocol is as described below. There were three females and

seven males ranging in age from 43 to 63 yr. Six subjects previ

ously had strokes, and four suffered from TIA. CT demonstrated
unilateral cortical and subcortical infarcts in 7/10 subjects. Three
TIA patients had normal CT. All subjects were imaged at least
30 daysafter their most recentictus and had no changein
neurologicstatus over the course of these experiments.All sub
jects gave informed consent as approved by the Institutional
Review Board of the University of Texas Southwestern Medical
Center.

Scanning Procedures
On Day 1, subjects underwent a resting â€˜33XeSPECT study,

then received 1 g acetazolamide intravenously. After a 20-mm
delay, a vasodilated â€˜33XeSPECT image set was obtained. rCBF
was measured by â€˜33XeSPECT in three tomographic cross
sections with centers 4 cm apart using the Tomomatic 64 (Mcd
imatic A/S. Copenhagen, Denmark). Xenon-133 was adminis
tered in an air/oxygen mixture (10 mCi/liter) by inhalation
during the first minute of a 4-mm washin/washoutprocedure.
The subjectsbreathedroom air during the remaining three mm
utes of the study. Subjects were positioned in the tomograph
using a face-marking template so that cross sections were obtained
2, 6 and 10 cm above and parallel to the cantho-meatal line

(CML). They were studied in a dimly lit environment, with eyes
and ears open. Background noise consisted only of machine
cooling fans. These procedures and values in normal subjects,
reproducibility, intersubject variability and asymmetries have
been describedin detail by Devouset al. (27).

On Day 2, subjects received 20 mCi @mTc@HMPAOintrave
nously, then, after a 10-mm delay, 1 g acetazolamide. Following
another 20 mm delay subjects received either 3-5 mCi [â€˜231]IMP
or 10-12 mCi [â€˜23I]HIPDM.After a final 20-mm delay, dual
isotope SPECT images were obtained using 10%wide asymmetric
windows to separate the distribution of @â€œTc(using the lower
half of the photopeak) from 123!(using the upper half of the
photopeak). We chose @mTc@HMPAOfor resting studies and 1231..
labeledagents for vasodilatedstudies because there is preliminary
evidence that the iodinated agents follow high-flow states more
accurately than 99mTcHMPAO

Technetium-99m and 1231images were obtained with subjects
in the supine position and aligned by visual inspection with their
CML perpendicularto the axis ofrotation. As with â€˜33XeSPECT,
subjects were injected with eyes and ears open, in a dimly lit
environment with machine cooling fans providing the only back
ground noise. High-resolution fan-beam collimators were placed
at a radius of 13 cm from the center of rotation. Projection data
were acquired in a 128 x 128 matrix in 3-degree angular incre
ments over a total study time of 40 mm. This study duration is
approximatelytwicethat normallyusedwith single-isotopestud
ies to compensate for the reduced counting efficiencyof asym
metric windows.

Image Reconstruction
For â€˜33XeSPECT, three tomographic cross sections were gen

crated by filtered backprojection and attenuation corrected. rCBF
was calculated according to the double-integral method (2,3.27).
rCBF imagesweredisplayedin a 64 X 64 matrix employinga 16-
shade scale adjusted to range from,zero flow to,maximum flow.
Transverse resolution is 1.7 cm and axial resolution is 1.9 cm.

For high-resolution SPECT, projection data were prefiltered
using a low-pass Butterworth filter adjusted for each subject, but
with an order in the range of 8 to 10 and with a cutoff frequency
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rangingfrom 0.2 to 0.3 cycles/pixel.Imageswere reconstructed
in the transverse domain using backprojection with a third-order
Butterworthfilterat a cutofffrequency ofO.2to 0.3 cycles/pixel.
This resulted in 1.9 mm thick slices which were attenuation
corrected using a first-order method. Subsequently, coronal and

sagittal images were obtained from the transverse set and all
imagesetsweresummed to a final slicethicknessof 5.8 mm. In
plane resolution varied from approximately 6 mm at the cortical
surface to about 8 mm at the center ofrotation. Surface-rendered
three-dimensional images were produced for display purposes
using a threshold setting of approximately 80% of the mean
cortical gray matter count density in normal regions.

Data Analysis
Areasof reducedperfusionin resting â€˜33Xeimageswere iden

tified by visual inspection and the entire lesion was outlined to
form the â€œabnormalâ€•region of interest (ROI). Only one region
persubjectwasexamined.A ROIwasalsoplacedin the ipsilateral
cerebellum to serve as a â€œnormalâ€•area since no subject had CT
evidence of bilateral disease. These regions were saved on disk
and reproduced by an automated fitting routine in the vasodilated
images (post-acetazolamide). The ROI defined in the resting
image was not modified for the vasodilated study if a larger
â€œlesionâ€•was observed after acetazolamide. If no abnormalities
were observed at rest (n = 2), then areas ofrelative hypoperfusion
seen after acetazolamide were used to circumscribe â€œat-riskâ€•

ROIs. At-riskROIs were then reproduced in the same location
in the corresponding resting studies as described above. Ipsilateral
cerebellarROIs were again used to representnormal zones. An
abnormal-to-cerebellum or at-risk-to-cerebellum flow ratio was
computed for both resting and vasodilated studies for each sub
ject. Finally, the change in a regional flow ratio between resting

and vasodilated states was computed by subtracting vasodilated
flow ratios from baseline flow ratios.

RO! placement in the dual-isotope studies approximatelyrep
licated that determined by the â€˜33Xeimages. The image resolution
of the two techniques is not comparable. However, atlas guide
lines (28) indicate that the slice 6 cm above the CML is centered
just above the thalamic nuclei. Therefore,dual-isotope ROIswere
placed in the first slice above the thalamic nuclei. These were
hand drawn to match images of â€˜33XeROIs rather than to
conform to characteristics ofthe dual-isotope images themselves.
We recognize that this approachdoes not yield perfectreplication
of ROI placement between the two data sets. Unfortunately, the
physical design ofthe Tomomatic 64 precludes the use of external
markers (radioactive sources or restraint masks) that could be
used for more precise comparisons. Our approach might limit,
but should not enhance, the likelihood of observing a significant
relationship between the two modalities. An ipsilateral cerebellar
ROl was placed in a transverseslice demonstratingclear separa
tion of cerebellum from surrounding cortical tissues. As above,
lesion-to-cerebellum flow ratios were computed for both resting
and vasodilated studies for all subjects. Again, the change in a
regional flow ratio between resting and vasodilated states was
computed by subtracting vasodilated flow ratios from baseline

flow ratios.
Baseline, vasodilated and change data (mean ROl values) for

each subject were entered into linear regression analyses to cx
amine potentialrelationsbetweenâ€˜33XeSPECTand dual-isotope
SPECT. Regression coefficients, slopes and intercepts were cal
culated.

RESULTS

A typical example offailed vasodilator reserve measured
by â€˜33XeSPECT is shown in Figure 1. Subject GW dem
onstrates mild left hemispheric hypoperfusion in the rest
ing images and severe vasodilatory reserve failure in the
same territory after acetazolamide (Diamox). Technetium
99m-HMPAO resting images (top, Fig. 2) replicate the
mild left hemispheric hypoperfusion seen in the baseline
â€˜33Xeimages. Similarly, the post-Diamox [â€˜231]IMPimages
(bottom, Fig. 2) clearly illustrate the distribution of failed
vasodilatory reserve. A three-dimensional surface rendered
demonstration ofthese data is shown in Figure 3.

In all subjects, the changes induced by vasodilation
observed with â€˜33Xewere also seen in dual-isotope images.
The lesion volumes were not quantitatively compared
since the profound differences in spatial resolution pre
elude a useful analysis. However, as expected, lesion defi
nition was clearer in the high resolution studies. In some
subjects, abnormalities not noted by â€˜33Xedue to limited
slice sampling were clearly evidenced by the full-volume
imaging technique.

Baseline regression results are shown at the top of Figure
4. A strong linear correlation (r = 0.92) was observed. The
slope (0.89 Â±0.13, Â±s.c.) was not significantly different
from one and the intercept (0.09 Â±0. 11) was not signifi
cantly different from zero. Absolute flow values at rest in
lesion ROIs using â€˜33XeSPECT ranged from 35 to 62 ml!
min/l00 g, while baseline cerebellar flows ranged from 43
to 7 1 ml/min/ 100 g.

Vasodilated image regression results are shown in the
middle of Figure 4. Again a linear relationship was oh
served (r = 0.86) without significant changes in slope
(0.92 Â±0.19) or intercept (0.00 Â±0.15) from those oh
served in the baseline state. However, the data were more
variable, as reflected in the slightly poorer fit and larger
standard errors. Absolute flow values in lesion ROIs fol
lowing vasodilation using â€˜33XeSPECT ranged from 47 to
82 ml/min/100 g, while cerebellar flows ranged from 67
to 107 ml/min/lOO g. There was a 38% mean increase in
cerebellar flow after acetazolamide.

FIGURE1. Xenon-133rCBFimages(6cmaboveandparallel
to thecantho-meatalline)insubjectwithbothrestingflowab
formalities and loss of vasodilatoryreserve(seenfollowing ace
tazolamine[Diamoxj-inducedvasodilation).SubjectGW was im
aged after a TIA.
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FIGURE 3. Three-dimensional displays of resting (top) and
vasodilated(bottom)rCBF in Subject GW. These surface
renderedimageswerecreatedwithidenticalthresholdsfor tech
netium and iodine, chosen to maintain a continuous surface in
the restingimages.Thisprocedurehighlightsthe distributionof
failed vasodilatory reserve.

isotope acquisitions. In this study, we compared resting
and vasodilated â€˜33XeSPECT images to resting (@mTc@
HMPAO) and vasodilated ([â€˜23I]IMPor HIPDM) dual
isotope images in ten patients with cerebrovascular disease.

Visual inspection of image pairs indicated that vasodi

FIGURE4. Regressionanalysisof lesion-to-cerebellumratios
from baseline (top), vasodilated (Diamox, middle) and rest-minus
vasodilated (bottom) @Xeand @Tcimages. R = regression
coefficient;m = slope; b = intercept.
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FiGURE 2. Dual-isotopeimagesfrom SubjectGW showing
mild left-hemispheric hypoperfusion at rest (top, @1'c-HMPAO)
and an enlarged at-risk area of failed vasodilatory reserve follow
ing Diamox(bottom, [123l]IMP).

Similarly, the change in flow ratios induced by vasodi
lation was linearly related (r = 0.85) between the two
approaches (bottom, Fig. 4). Once again the slope (0.87 Â±
0. 19) did not differ from one and the intercept (0.06 Â±
0.02) did not differ from zero. Nine of ten subjects had
values greater than zero. Thus, flow ratios after vasodila
tion were lower than at baseline, consistent with some
degree of reserve failure.

DISCUSSION

Phantom studies using this tomograph (26) concluded
that: (1) energy resolution below 10% is adequate to permit
separation of 99mTcand 1231using 10% asymmetric win
dows;(2) 10%asymmetricwindowsproduceimagesthat
are @95%derived from the isotope of interest for a 4/1
Tc/I concentration ratio; and (3) quantitative recovery of
count distributions is not significantly altered by dual
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latory reserve measurements by dual-isotope imaging of
HMPAO (resting rCBF) and IMP or HIPDM (post-acet
azolamide rCBF) parallel results obtained with sequential
â€˜33XeSPECT scans. Regression analyses comparing â€˜33Xe
and dual-isotope studies demonstrated linear correlations
for baseline, vasodilated and rest-vasodilated data. There
was clearly somewhat greater scatter in the clinical data
than in the phantom studies. This is not surprising given
the strikingly different spatial resolutions of the two im
aging systems. ROI placement might also contribute to
data scatter since slice alignment between tomographs was
done by visual inspection rather than by a formal subject
registration system. Consequently, these data likely pro
vide a conservative measure of the degree of agreement
between the two methods of vasodilatory reserve measure
ment.

It is interesting that the slopes for the baseline and
vasodilated sets did not differ from one and that the

intercepts did not differ from zero. This implies, at least

for data normalized to cerebellum, that 99mTc..HMPAO
follows rCBF linearly up to 60 ml/min/100 g. Similarly,
our data suggest that normalized data from the iodinated
amines are linearly related to rCBF up 82 ml/min/100 g.

Finally, a significant secondary benefit of dual-isotope
imaging is that the 99mTcand 1231images are by definition
in perfect anatomic registration. This facilitates quantita
tive assessments ofthe degree and location of vasodilatory
reserve failure. An illustration of subtraction imaging to
identify the tissues experiencing reserve failure is provided
in Figure 5. These images are also from Subject GW (see
Figs. 1-3). A 20% background was subtracted from the
99mTcHMPAO data to correct for nonbrain tissue back
ground and scatter and a 10% scatter background was
removed from the [â€˜231]IMP data (only for the purposes of

this illustration). Subsequently, paired cerebellar ROIs
were used to determine a scaling factor in order to nor

FIGURE5. Baseline(top)andcount-normalizedvasodilated
(middle) images from Subject GW. Inherent image registration
properties of dual-isotope imaging permit direct slice-by-slice
subtraction(bottom)once scalingadjustmentsfor differencesin
count densitieshavebeenmade.

malize the data sets. Normalized [â€˜231]IMPimages (middle
row) were then slice-by-slice subtracted from 99mTc..
HMPAO images (top row). Residual activity is taken to
represent areas of failed reserve (bottom row).

In summary, this technique permits simultaneous im
aging of 99mTc and â€˜231-labeledbrain radiopharmaceuti
cals administered to a single subject. The current study
documents the effectiveness of this technique in monitor
ing vasodilatory reserve. Furthermore, one can monitor
any circumstance potentially producing a change in the
perfusion state within 24 hr due to the in vivo stability of
99mTcHMPAO Additional applications for dual-isotope
imaging include ictal/interictal seizure imaging, monitor
ing acute therapeutic interventions and single-session eval
uations of cognitive or pharmaceutical challenge tests.
Similarly, it would be possible to use this technique in
receptor modeling studies by directly measuring rCBF

(normally deduced by assumption) with a 99mTc4abeled
flow tracer, while simultaneously using an â€˜231-labeled
receptor ligand.
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