
A major limitation in the capability of assessing the
distribution of radioactivity in a living object is that the
present generation of nuclear medicine imaging systems
yields two-dimensional images of three-dimensional
objects. Even when an excellent resolution in the frontal
plane is achieved (as with modern gamma cameras), the
resolution in depth will inevitably be very poor, de
pendingessentiallyon the thicknessof the organstudied.
This error is commonly minimized by taking multiple
views, thus leaving to the interpreter's brain the recon

struction of a grossly three-dimensional image of the
object.

This problem becomes of crucial relevance in complex
organs, such as the heart or the brain. In these organs it
is impossible, even from multiple views, to obtain â€œcleanâ€•
information on different structures within the organ it
self, without interference from adjacent regions.
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The prevention of superimposition of information with
depth in nuclear medicine is the purpose of computer
assisted tomography (1 ). This can generally be divided
into two categories: PCT using the annihilation radiation
from positron emitters, and ECT for â€œsingle-photonâ€•
emitters. Each approach has advantages and disadvan
tages (1). From the technical standpoint, systems based
on positron emission are more accurate, since constant
resolution and more-uniform sensitivity with depth can
be achieved by the electronic collimation of coincidence
counting. Furthermore, three of the most important bi
ological elements (C, 0, and N) provide positron emit
ters (C-i 1, 0-15, and N-13) but no useful single-gamma
emitters. Positron emission tomography is now being
actively exploited for the noninvasive, three-dimensional
assessment of blood flow and metabolism in the brain.
Unfortunately, due to the complexity and high cost of
the equipment required (a dedicated cyclotron and a
single-purpose tomograph), this approach is restricted
toa fewprivilegedcenters.It wouldbeofinterestif an
accurate assessment of regional cerebral function could
be available on a much broader basis. This could be
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Continuouscarotidinfusionof shod-livedkrypton-81m(t11213 sac) yieldsan
assessmentof regionalcerebralperfusion.Thisassessmentcanbe obtainedin
three dimensionsif activity is recordedwith a rotatinggammacamera anda corn
puter to reconstruct krypton-Blm distribution in tomographic sections. These
showedseveraladvantagesover conventionalviews: (a) visualizationof blood
flow distributionwithinbrainstructures(gray andwhite matter,basalganglia);(b)
moreaccuratelocationandevaluationofareasofrelativelyreducedorincreased
perfusion; (c) better definition of patterns of collateral circulation; (d) greater sen
sitlvityandspecificityin detectinganddefiningblood-flowchangesduringphysio
logicalactivationstudies.A limitationof the krypton-81mtechniqueis its invasive
ness. However, this study shows that the combination of new advances in radio
chemistrywith single-photonemissioncomputedtomographymayresultin acces
sible methodsfor aSsessing,noninvasivelyand In three dimensions,the behavior
of cerebral functionin man.
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achieved by single-photon ECT, which yields the to
mographic distribution in vivo of commercially available
tracers, such as Tc-99m 1-123, Kr-81m, etc. ECT can
be obtained using either a specially designed tomograph
(2-4) or an Anger gamma camera equipped with a ro
tating gantry (5â€”7).

The purpose of this paper is to show the feasibility of
obtaining tomographic images of brain perfusion using
continuous carotid infusion of Kr-81m and a rotating
gamma camera.

METHODS

Continuous carotid infusion of Kr-81m in solution,
used in conjunction with an ordinary Anger camera,
provides images of cerebral perfusion in two dimensions
(8). Krypton-81m is a 13-sec radionuclide that can be
produced continuously (either as a gas or in solution) in
a generator from its parent, Rb-81 (T112 = 4.6 hr).
Krypton-81m emits photons carrying 190 keV, which is
an ideal energy for recording with a gamma camera. Due
to its short half-life, continuouscarotid infusionof
Kr-81m in solution will never result in the equilibration
of thisdiffusibletracerwithinthebrain;continuousre
cording of the activity over the brain during the infusion
will therefore reflect, at any time, regional arrival of the
tracerâ€”namely regional perfusion (8). Other longer
lived radioactive gases (Xe-133, Xe-127, Kr-85, Kr-77,
N-13), when continuously infused, will eventually
equilibrate within the brain, thus measuring cerebral
volume rather than flow. The very short half-life of
Kr-81m permits the assessment of cerebral perfusion
under steady-state conditions, thus providing the very
high counting rates required for ECT (1).

The Rb-81 â€”@Kr-81m generator was produced in
England on the MRC Cyclotron and shipped to Milan
by commercial flights, being available all day after a
morning production. Krypton-81m can be recovered
continuously from its generator in the solution phase by
passing 5%dextrose through a cation-exchange column,
which binds the parent Rb-81 (9,10). The Kr-81m was
continuously infused into the internal carotid artery of
patients with various cerebrovascular disorders following
routine contrast angiography. During the infusion, the
radioactivity over the head was recorded by means of a
commercial device designed fOr single-photon comput
erized tomography.* This consi@tsof a conventional
large-field gamma-camera detector equipped with
parallel-hole collimators and mounted on a rotating
mechanical gantry. This allows a 360Â°rotation of the
detector around the long axis of the patient at a constant,
adjustable speed (2â€”20mm/rotation). The diameter of
rotation can be selected from 18 to 54 cm. The camera
is also suitable for whole-body emission tomography and
for conventional two-dimensional static and dynamic
imaging. During the detector's rotation, data were
sampled every 5Â°36' (64 views) and recorded using a 64

x 64 matrixona computerwitha 32K/16-bit
memory.t

The arithmetic means of opposite views were then
computed in order to compensate for loss of resolution
with depth (1 1). Tomographic sections were then re
constructed using a filtbred back-projection recon
struction algorithm with a modifiable filter (12). At the
time of reconstruction, data were also corrected for at
tenuation by assuming uniform absorption within the
head and using an inversion formula that involves
modifying the Fourier transform of the projection data
in such a way that the modification represents the Fou
tier transforms of unattenuated data. The algorithm is
described in detail in Ref. 13 and is summarized in the
Appendix. A complete set of tomographic slices effec
tively constitutes a three-dimensional reconstruction of
the whole activity in the field of view. This can then be
displayed as a series of horizontal, or coronal, or even
oblique slices. Theoretically, 64 such sections could be
obtained, the thickness of each section corresponding to
the width of each pixel, which is 6.8 X 6.8 mm (5.5 X 5.5
in the expanded mode). In practice, however, there is a
limiting factor due to the spatial resolution of the re
constructed slice. This was calculated, for the system,
using line sources inserted into holes drilled at different
depths in a Plexiglas phantom. Results were essentially
identical to those obtained by Murphy et al. (7), yielding
an average resolution of 1.6 cm FWHM and, after at
tenuation correction, relative constancy of spatial reso
lution across the field of view. Thus the minimum slice
thickness is 1.6 cm FWHM (using a single pixel plane).
Using a plane made by summing two or more adjacent
pixels, however, the respective slice thickiiess would not
increase proportionally. It can be shown that for the
expanded mode (5.5- by 5.5-mm pixel size) the actual
slice thickness would be 1.8 cm FWHM for a two-pixel
plane and 2.0 cm FWHM for a three-pixel plane (M.
Myers, personal communication).

Both the horizontal and coronal slices that will be
shown in this paper are obtained by summing the activity
of two adjacent pixels; the effective thickness of these
slices will thus be 1.8 cm FWHM. There is considerable
overlap, therefore, between adjacent slices; at FWTM
there is still more overlap.

For each run approximately 3 million counts were
collected; this was achieved in 2â€”8mm, according to the
activity of the generator. This corresponds to an absorbed
radiation dose to the brain (target organ) ofless than 50
mrad. Each run yielded a set of eight to ten horizontal
and a set of 14â€”16coronal sections spaced 1.1 cm center
to center. However, as pointed out before, there is an
overlap between sections, the effective thickness of each
section being of the order of 2 cm.

In this paper, coronal and horizontal sections will be
conventionally labeled with progressive numbers start
ing, respectively, from the front and the base of the skull.
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FIG. 1. Right fronto-lateral arteriovenous malformation. (A) Right
carotid angiogram.(B)conventionaltwo-dimensionalKr-81m per
fusionimagesof righthemisphere.(C)perfusionin reconstructed
horizontaltomographicsections.Sectionthickness1.1cmcenter
to center.

brain structures (gray and white matter, basal ganglia).
In patients with space-occupying lesions or cerebrovas
cular disease, they also provided more accurate location
and evaluation of perfusion alterations. In four patients
with complete occlusion of one internal carotid artery,
ECT also allowed better definition and evaluation of
collateral circulation patterns. In addition, tomographic
reconstructions showed greater accuracy, relative to
conventional views, in describing blood-flow changes
during physiological studies. Two clinical examples and
the results of a left hemisphere activation study will be
shown in detail.

Case 1. A patient presented with signs of moderate
intracranial hypertension and slight left hemiparesis.
Right carotid angiogram (Fig. lA) showed a frontolat
eral arteriovenous malformation (AVM) as well as in
direct signs of a space-occupying lesion. Transmission
CT scan revealed a high-density lesion in the frontolat
eral region. Krypton-81m conventional two-dimensional
views (Fig. 1B) showed an area of reduced perfusion in
the frontal lobe. In the right lateral view, a denser spot
sitting in the middle of the cold area was noted, a firm
interpretation of this finding not being possible on the

The first horizontal section passes 3 cm above the audi
tory meatus and is parallel to the orbito-meatal line; the
first coronal section passes across the frontal region, â€˜â€”â€˜3
cm beyond the external layer of the frontal bone (gla
bella), on a plane perpendicular to the orbito-meatal
line.

RESULTS

The tomographic assessment ofcerebral perfusion was
obtained in nine patients with various brain diseases.
Diagnoses were established on clinical and angiographic
grounds, aided by transmission computerized tomog
raphy. In all the cases studied, ECT reconstructions,â€¢
unlike conventional Kr-81m two-dimensional images,
provided assessment ofthe relative blood flow in different
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A

FiG. 2. Occlusion of ri@dinternal cerotid artery. (A)left ca'otid angiogram. (B)conventional Kr-81m two dimensional projections (Infusion
in leftcarotidartery).(C)perfusionina coronaltomographicsection,passingâ€œ-â€˜12cmbehindtheglabella(D)perfusioninsetof horIzontal
sections.
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conventional gamma-camera images. Horizontal to
mographic sections (Fig. lC) showed a rounded area of
absent perfusion in the frontal lobe. The hyperactivity
seen in the lateral two-dimensional image is in the ad
jacent gray matter of the frontal lobe, probably reflecting
luxury perfusion. Hyperactivity is particularly evident
behind the hematoma. Thus, unlike the two-dimensional
images, the tomographic sections allow an exact defi
nition of the extension and location of the functional
impairment, avoiding artifacts due to superimposition
of different brain structures.

Case2.Thispatientpresentedwithreversibleischemic
attack from occlusion ofthe right internal cerebral artery
(ICA). A left carotid angiogram (Fig. 2A) visualized

both the anterior cerebral arteries but only the first
centimeter of the right middle cerebral artery (MCA).
Infusion of Kr-81m into the left ICA was performed.
The conventional projections showed a normal uniform
distribution in the left lateral view, slight presence of
activity on the right side bein@gdetectable on both the
anterior and the posterior views (Fig. 2B). Emission to
mography allowed a more accurate definition of the
perfusion patterns within the left hemisphere, as well as
the left-to-right collateral circulation pathways. Coronal
section 9 showed the collateral flow to the right MCA
via the circle of Willis (Fig. 2C). Horizontal sections
(Fig. 2D) showed the presence of separate patterns of
collateral flow through both the right MCA and ACA.
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FIG.3. Motoractivationstudyofrighthemisphere(clenchingoflefthand)(A)conventionalperfusionviewsduringrightcarotidinfusion
of Kr-81m(B)tomographicassessmentof perfusion,showingrelativeflow increaseto motorareafor hand.

A

Left Hand Movement â€˜@ Left H@d Movt.

They also allow assessment of the relative distribution
of thebrainbloodflowto differentbrainstructures.
Section 3 demonstrates that the watershed area, angio
graphically described between ACA and MCA distri
bution territory, corresponds to an area in which blood
flow is effectively reduced; sections 4, 5, and 6 show the
capability of the technique in resolving brain structures,
such as the basal ganglia (thalamus, nucleus lentiformis).
Higher sections (section 6) show greater perfusion to
central and cortical gray matter relative to the white
matter, which showed little activity.

Activation studies. Motor activation studies were
carried out by asking the patient to conceive and to
clench the hand contralateral to the studied hemisphere.
Figure 3 shows the results of such an activation study.
This patient has a small glioma in the white matter of the
right frontal lobe; during right carotid infusion it could
be seen in the right lateral view as an area of reduced
perfusion (Fig. 3A, top). This was confirmed on low
horizontal sections, while perfusion to higher sections
(such as section 7, which passes through the Rolandic
cerebral cortex) was normal (Fig. 3B, left). Left-hand
clenching induced small changes of perfusion in the right
lateral two-dimensional view (Fig. 3A, bottom), whereas
tomography showed a marked increase of flow to the

motor area for the hand relative to other brain structures
(Fig. 3B, middle).

DISCUSSION

This study shows the feasibility of obtaining both
horizontal and coronal tomographic reconstructions of
the hemispheric distribution of cerebral perfusion using
a single-photon emitter and a commercial rotating
gamma camera. Tomographic reconstructions are par
ticularly important for the functional assessment of a
complex organ, such as the brain, where conventional
views tend to show a uniform distribution of activity, due
to superimposition of information from above and below
the plane of interest. In the assessment of cerebral per
fusion, tomographic reconstructions showed the fol
lowing advantages over conventional two-dimensional
views: (a) visualization of blood-flow distribution within
brain structures (gray and white matter, basal ganglia);
(b) more accurate location and evaluation of perfusion
alterations; (c) better definition and evaluation of pat
terns of collateral circulation; and (d) greater sensitivity
and specificity in detecting and describing blood-flow
changes during physiological activation studies.

Regional cerebral perfusion was assessed by contin
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uous carotid infusion of Kr-81m. Under steady-state
conditions, this method produces a flow image that
contains the high counting rates required for high-res
olution emission tomography. The other advantage of
the Kr-81m technique, apart from the low radiation dose,
is its capability of assessing rapid sequential changes of
function, such as those induced by physiological or
pharmacological activation of brain structures (Fig.
3).

On the other hand, the Kr-81m technique has a
number of disadvantages. First of all, it provides images
of hemispheric rather than of overall cerebral perfusion.
In order to assess regional distribution of flow to the
whole brain (rather than to the territory of the infused
carotid artery), the tracer could be infused at the outflow
of the left heart, or in the ascending aorta. However, this
presupposes appropriate mixing of the tracer with ar
terial blood, which is probably an unwarranted as
sumption, since arterial blood enters the ascending aorta
with inhomogeneous streaming patterns. Another
shortcoming of the Kr-81m technique is that, at present,
it merely provides a qualitative assessment of flow dis
tribution rather than absolute flow values. Theoretically,
the technique could be made quantitative; this would
entail: (a) measuring the input concentration of Kr-8lm
and subsequently solving the Kr-81m equation (14) in
a way similar to that recently developed for C'5O2 brain
blood-flow studies (T. Jones, personal communication);
and (b) applying appropriate corrections to make the
reconstructed slices truly quantitative. In particular, the
correction for photon attenuation still needs to be opti
mized. In this study we used a correction algorithm that
assumes uniform absorption within the head. However,
recent studies comparing different methods of attenu
ation correction indicate that this assumption is probably
not warranted (15, 16). In the future, transmission data
should be more extensively used for attenuation cor
rection in both positron and single-photon emission to
mography.

No doubt the major, practical shortcoming of the
Kr-8lm technique is its invasiveness. This will probably
limit its adoption for clinical measurements of cerebral
blood flow, despite efforts to make the method quanti
tative and to substitute femoral or brachial catheter
ization for carotid puncture.

Nevertheless, in our hands this technique showed the
feasibility of obtaining a tomographic assessment of
regional cerebral blood flow using single-photon emitters
and a commercial rotating gamma camera. Rotating
cameras capable of providing horizontal and coronal
reconstructions are now being produced by an increasing
number of manufacturers, and in the near future their
price willprobablybe onlyslightlyin excessof that of a
nonrotating camera with dedicated computer. In order
to obtain emission tomography, however, rotating
gamma cameras probably will need to be associated with

steady-state methods. Special-purpose tomographic
devices are now being designed and built in order to
obtain single-photon dynamic emission tomography (4).
On the other hand, progress in radiopharmaceutical
science has recently made it possible to estimate cerebral
function with steady-state methods, namely single in
travenous injection ofcompounds extracted by the brain
and labeled with positron emitters such as C-l 1 or F-l8
(1 7). These steady-state methods are now being used,
in association with specially built tomographs, for the
noninvasive, three-dimensional assessment of brain blood
flow and metabolism. The labelling of tracers for cere
bral function with single-photon emitters such as Tc-99m
or 1-123â€”orat least the production of radiopharma
ceuticals, so labeled, that could cross the blood-brain
barrierâ€”seems a not too distant goal, considering the
rapid progress of radiopharmaceutical science (18). This
combination of new advances in radiochemistry with
single-photon emission computed tomography may result
in accessible methods for assessing, noninvasively and
in three dimensions, the behavior of cerebral function in
man.

FOOTNOTES
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APPENDIX

CompeftsatioII for tissue absorption. The present algorithm, used
for attenuation correction, rests on the assumption that absorption
ofgammaphotonswithintheabsorbingmediumisuniform.Thus,
an analytical correction of attenuation artifacts can be obtained
if the attenuation per unit length throughout the object, a, is
considered constant.

When a gamma emitter is surrounded by a uniform absorbing
medium,a projection,p. takenat an angle4 can bedefinedas:

p(r4,a) = 5â€”,,f(p,O)exp(â€”a(D + 1))dl.

wherep and0 arepolarcoordinates,1 p sin(Oâ€”4), andDthe
distance between the center of the object and the detector
plane.

Due to the air gap betweenbodyand collimators, the measured
projections p'(r4,a) must be corrected for attenuation in air be
tweencollimatorand bodycontour,

p(r4,a) = p' (r4,a) exp(â€”aD(r4)) (1)
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where D(r,Ã˜)is the distance between collimator and body contour.
This requires determination of body contour. If this is concave the
procedure cannot be applied and a water bag must be added.

Reconstruction from attenuated projections. Let us write Eq.
1 as:

p(r4,a) = s_: f(p,0) exp(â€”ap sin(O â€”4fldl

and let us consider its Fourier transform:

P(R4,a) = Â£:S: f(p,O) exp(â€”apsin(O â€”

exp(â€”jrR)drdl.

This double integral can be written in polar ccordinates as:

P(R4,a) = 52T f@ f(p,0) exp(â€”apsin(G â€”4)

â€” jRp cos(O â€” q@)) pdp dO.

The problem is to find F(R4) P(R,4,0) from P(R4,a). It can
be verified that the function of the three variables P(R4,a)
satisfies the partial derivative equation

Ã´P_a@P jÃ´P
@;- RÃ”RR@4

Solving this equation and setting the appropriate boundary con
ditions, the formula can be derived:

P(R,@,0)= P(Vkr:I. a2 ,@ + jSh@@ ta).

The evaluation of P(R4@,a) at radial frequencies VR2 + a2 can
be obtained by interpolation. The calculation of the same function
for complex values of@ is obtained by angular convolutions. The
details of the algorithm are described in Ref. I 3.

In practice, a reconstruction is first performed using the at
tenuated projections, in order to acquire information on the body's
contour. Then the correction algorithm is applied. This is shown
more in detail in Ref. 13.
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