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A method for registering three-dimensional CT, MR, and PET 
data sets that require no special patient immobilization or 
other precise positioning measures was adapted to high- 
resolution SPECT and MRI and was applied in 14 subjects 
(five normal volunteers, four patients with dementia (AIz- 
heimer's disease), two patients with recurrent glioblastoma, 
and three patients with focal lesions (stroke, arachnoid cyst 
and head trauma)). Te-weighted axial magnetic resonance 
images and transaxial 99mTc-HMPAO and 2°1TI images ac- 
quired with an annular gamma camera were merged using an 
objective registration (translation, rotation and rescaling) pro- 
gram. In the normal subjects and patients with dementia and 
focal lesions, focal areas of high uptake corresponded to gray 
matter structures. Focal lesions observed on MRI corre- 
sponded to perfusion defects on SPECT. In the patients who 
had undergone surgical resection of glioblastoma followed by 
interstitial brachytherapy, increased 2°1TI corresponding to 
recurrent tumor could be localized from the superimposed 
images. The method was evaluated by measuring the resid- 
uals in all subjects and translational errors due to superim- 
position of deep structures in the 12 subjects with normal 
thalamic anatomy and 99"q-c-HMPAO uptake. This method for 
superimposing magnetic resonance and high-resolution 
SPECT images of the brain is a useful technique for correlating 
regional function with brain anatomy. 

J Nucl Med 1991; 32:1478-1484 

Th e functional informat ion obtained from brain 
SPECT often complements  the anatomic  and morphologic 
information obtained with MR and CT (1-4). The recent 
development  of  special purpose SPECT imaging systems 
has resulted in improved spatial resolution with excellent 
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deft nit ion of  small structures within the brain (5,6). Precise 
anatomic  localization may be difficult from the functional  
image, however, particularly when normal  anatomical  re- 
lationships have been distorted by disease. Furthermore,  
radionuclide localization of  focal processes such as recur- 
rent tumor  may require SPECT imaging for pat ient  diag- 
nosis and management ,  especially when radiation changes 
are present and MRI and CT studies are not  diagnostic (7, 
8). 

Recently, a method for registering three-dimensional  
CT, MR, and PET data sets has been described (9-11).  
We have adapted this method to SPECT and MRI  and 
describe its application in t4 subjects (five normal  volun- 
teers, four patients with dement ia  (Alzheimer's disease), 
two patients with recurrent glioblastoma, and three pa- 
tients with focal brain lesions (stroke, arachnoid cyst and 
head trauma)). 

METHODS 

Axial and sagittal MR images were acquired using a 1.5 Tesla 
Signa system (General Electric Co., Milwaukee, WI). Sagittal 
localization images were obtained with a standard spin echo 
technique (TR = 600 msec/TE = 20 msec). Axial and sagittai t~- 
weighted images were obtained with spin echo pulse sequences 
(TR = 600 msec/TE = 20 msec/nex = 1) with a slice thickness 
of 3-6 ram, a gap of 0-2.5 ram. a 256 × 192 matrix and a 24 cm 
field of view. T--weighted axial images were obtained with spin 
echo pulse sequences (TR = 3000 msec/TE = 30, 80 msec/nex 
= 0.5). 

SPECT was performed using an annular single-crystal brain 
(ASPECT) system (5). ASPECT (Digital Scintigraphic Inc,. Cam- 
bridge. MA) is a digital annular SPECT camera system with a 
single-crystal sodium iodide thallium NaI(TI) ring detector and 
collimator system consisting of a set of three parallel-hole colli- 
mators oriented in an annular array, designed to view the patient's 
head from three angles simultaneously. The measured system 
resolution in air using capillary line sources is 8.2 mm at the 
center and 7.3 mm at 9 cm from the center for 9~mTc (5). The 
sensitivity in air is 7.5 cps/uCi for a point source at the center 
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and is uniform throughout the 21.4 cm diameter by 10.7 cm 
axial field of  view. 

Acquisition began 5 - t0  min after the intravenous injection of 
20 mCi 9~mTc-HMPAO (or 3 mCi of-'°tTl thallous chloride). 
Data on the ASPECT were acquired for 30 min with an acquisi- 
tion time of 15 sec per projection in 120 projections with a 360* 
rotation of the collimators using an acquisition matrix of 1.67 
mm x 1.67 rnm pixels (equivalent to a 128 x 128 matrix). The 
projections were prefiltered using a Butterworth filter (cutoff = 
0.175 cycles per pixeh power factor = 20). The reconstructed 
slices were attenuation corrected as a set of 64 slices (1.67-mm 
slice intervals). Coronal, sagittal and rotating three-dimensional 
displays were calculated from these slices. 

At the time of MRI and SPECT imaging, no special attention 
was paid to obtaining a single orientation. The standard position- 
ing for each machine was used. The patients with primary brain 
tumors, however, remained in the same position for the 2°~Tl and 
~"mTc-HMPAO studies. 

Contours were drawn using a semi-automated technique by a 
trained operator (9). Both brain surface contours and scalp 
contours were drawn on the MR transaxial or sagittal images 
( I 0 - t  I). These contours define a three-dimensional model of the 
brain or skin surface that describes its overall position and 
orientation but not its detailed gyral anatomy. Similarly, brain 
surface contours were drawn for the ~mTc-HMPAO ASPECT 
transaxiat images and scalp contours were drawn for the 2°~TI 
transaxial ASPECT images. The interscan coordinate transfor- 
mation (translation, rotation, rescaling) was calculated by com- 
puter so that the MRI- and SPECT-derived models coincided. 
The fitting was controlled by an observer who intervened to 
adjust certain parameters in order to speed the convergence of 
the fitting process. Convergence was achieved when no further 
change in the nine transformation parameters yielded an im- 

provement or lower value for the residual. The transformation 
parameters were used to compute new slices (transverse, sagittal 
and coronal) from either data set or the coordinates of regions 
from one data set in terms of the coordinates of the second data 
set. 

The final transformation parameters for rotation and transla- 
tion are dependent upon the relative positioning of the respective 
moralities at the time of acquisition. The scaling factors should 
be close to unity, however, since the x, y, and z dimensions are 
known with a high degree of certainty. For the patients presented 
in this study, the scaling factors (+ s.d.) were 1.00 +_ 0.03, 1.01 +- 
0.02, and 1.00 + 0.02 for the x. y, and z dimensions, respectively. 

Several quantitative measures of the accuracy of registration 
were determined to evaluate the methodology. We determined 
the residual in all 14 subjects. The algorithm described by Peliz- 
zari et al. (9) attempts to minimize the misfit between the two 
models of the brain surface. This misfit is measured by the mean 
square distance between the two surfaces and will be subsequently 
referred to as the residual. In addition, an evaluation of transla- 
tional errors was performed in 12 subjects in whom the deep 
structures (basal ganglia and thalami) were normal on MR1 and 
in whom perfusion to the thalami was normal. In the two patients 
with glioblastoma, the anatomy of the deep structures was grossly 
distorted and the alignment of the thalami could not be assessed. 
In the remaining t2 subjects, accuracy of registration was judged 
by measuring the apparent displacement of the right and left 
thalamus between the MR and resliced "~mTc-HMPAO SPECT 
images. The M R transaxial image showing greatest cross-sectional 
diameter of the thalami and the SPECT image showing the most 
intense thalamic uptake of HMPAO were independently selected 
and were considered to be corresponding slices. The thalami were 
outlined manually using regions of interest independently drawn 
on the MR and SPECT digital images. The lateral and anterior- 

FIGURE 1. Magnetic resonance and 
99~l'c-HMPAO ASPECT images in a nor- 
mal subject (Case 1). (A) Parasagittal T1 
magnetic resonance image 2 cm to the left 
of the midline. (B) Superimposition of cor- 
responding parasagitta199mTc-HMPAO im- 
age on the magnetic resonance image in 
(A). 1 = head of the caudate nucleus; 2 = 
thalamus and 3 = cerebellar cortex. (C) 
Midline sagittal T1 magnetic resonance im- 
age. (D) Superimposition of corresponding 
sagittat 99mTc-HMPAO ASPECT image on 
the magnetic resonance image in (C). 1 = 
pons; 2 = red nucleus; 3 = substantia 
nigra; 4 = thalamus; 5 = orbital frontal 
cortex; 6 = anterior frontal cortex; 7 = 
corpus callosum; 8 = parietal cortex; 9 = 
caicarine sutcus (primary visual cortex) 
and 10 = cerebellar vermis. 
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posterior displacement of the corresponding ROI centers were 
calculated and reported in millimeters. 

We chose two methods for image display. The first was a 
reslicing of the SPECT data sets along the planes defined by the 
MR scan with a subsequent transfer of the resliced data by 
network to the ASPECT camera for display. The second method 
used a color overlay display using the MicroVAX II/GPX work- 
station, 

RESULTS 

Superimposed 99=Tc-HMPAO SPECT and MR images 
showed excellent correspondence between high tracer up- 
take and gray matter structures in the normal subjects. 
The sagittal superimpositions obtained near the midline 
in one of the normal subjects showed high perfusion to 
the thalamus, caudate nucleus, midbrain nuclei and cortex 
(Fig. 1). Uptake in the cortex was highest in the posterior 
frontal and parietal cortex where the sulci are particularly 
deep with extensive gray matter invagination into the 
parenchyma and along the visual cortex. White matter 
structures such as the ventral pons and corpus callosum 
had lower perfusion. 

In two patients with recurrent glioblastoma, focal areas 
of increased 2°'TI uptake corresponded to the areas of 
tumor recurrence. In one patient, a 52-yr-old male, grand 
mal seizures had occurred 6 mo prior to MRI/SPECT 
imaging. A left parietal glioblastoma was subtotally re- 
sected 1 wk later. Three weeks following surgery, the 
patient underwent a stereotactic interstitial implanting of 
high activity l'Sl. The temporary implant delivered 5220 

FIGURE 3. MR (upper left), 99mTc-HMPAO SPECT (upper 
right), and merged (lower) images in the patient with an arachnoid 
cyst evident on the MR image (arrow). There is absent per-fusion 
to the tip of the left anterior temporal pole on the 99mTc-HMPAO 
SPECT image (arrow). (The left hemisphere is on the reader's 
left). The anterior margin of the perfusion defect corresponds to 
the posterior margin of the cyst on the merged image. 

cGy to the tumor over 5 days. Following the t251 implan- 
tation, the patient received 6020 cGy of external brain 
radiation over a 6-wk period. He did well until several 
weeks prior to SPECT imaging when he developed recur- 
rent symptoms. MRI showed increased signal throughout 
the left hemisphere on T2-weighted images consistent with 

FIGURE 2. Magnetic resonance and 
ASPECT images in a patient with recurrent 
gliobtastoma following surgical resection, 
extemaf beam radiation and internally ad- 
ministered brachytherapy. (A) Axial T2 
magnetic resonance image with high sig- 
nal involving most of the fight temporal 
and parietal lobes. (The right hemisphere 
is on the reader's right.) (B) Superimposi- 
tion of corresponding transaxial 9~"qc- 
HMPAO ASPECT image on the MR image 
shown in (A). There is a large area of 
preserved perfusion to the temporal and 
parietal lobe surrounding a focus of mark- 
edly reduced perfusion. There is also an 
anterior temporal focus of increased tracer 
uptake (arrow). (C) Superimposition of a 
corresponding transaxial 2°"1"t ASPECT 
image on the MR image shown in (A). 
There is high 2°~TI uptake in the medial 
temporal lobe corresponding to an area of 
preserved perfusion and active tumor. 

• i • 

• i 
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either postradiation changes (necrosis) or recurrent tumor: 
these conditions are indistinguishable on MRI. Thallium- 
201 SPECT showed intense uptake in the parietal lobe in 
the area of previous tumor resection and within the area 
of increased signal on the MRI (Fig. 2). Technetium-99m- 
HMPAO SPECT showed that the area of 2°~T1 uptake was 
welt perfused. There was, in addition, an area of intense 
~gmTc-HMPAO uptake anterior to and separate from the 
2°~T1 uptake and unrelated to active tumor. The neurosur- 
gical team reoperated on the patient guided by the imaging 
data. Recurrent tumor mass was found posteriorly, medi- 
ally and laterally to the central fibrotic focus as predicted 
by SPECT. The anterior focus of high 99mTc-HMPAO and 
low -'°~T1 uptake did not correspond to solid tumor recur- 
rence. Necrosis surrounded by densely cellular foci of 
highly anaplastic tumor cells was observed on tissue sam- 
ples from the suspected sites of tumor recurrence. 

In three patients with focal lesions, abnormalities on 
MR and SPECT superimposed (Fig. 3). The merged im- 
ages in the patients with dementia demonstrated perfusion 
defects in the posterior temporal, inferior parietal and 
frontal cortex. MR images in these patients were either 
normal or indicated only generalized atrophy. 

The residuals in the 14 subjects averaged 6.0 _ 3.8 mm 2 
(Table 1). Lateral displacement of the thalami averaged 
2.0 ___ 1.3 mm, anteroposterior displacement averaged 3.2 
__+ 1.9 mm, and axial displacement averaged 0.8 _ 1.6 mm 

on the merged images in 12 patients (Table 2). There was 
no direct relationship between the residual and the dis- 
placement of the thalami. This is not unexpected since the 
residual is affected by noise. Therefore, the quality of the 
surface match may be very good while mean square ex- 
cursions away from the surface may be quite large where 
noise is large. Our study would suggest that accurate 
merging of MRI and SPECT is possible even in those 
individuals with noisier images due to high soft-tissue 
uptake. 

DISCUSSION 

The recent introduction of special purpose brain SPECT 
imaging systems and the refinement of multi-headed ro- 
uting gamma camera systems has made it possible to 
resolve small functional units within the brain (5,6). The 
increased photon flux available with 99mTc-labeled ligands 
further enhance spatial resolution (12,13). 

Functional studies alone are often inadequate to diag- 
nose or evaluate disease processes, however. It is not always 
possible to determine the anatomic structure associated 
with the functional activity. Furthermore, disease proc- 
esses often distort anatomy, further complicating precise 
localization from functional images alone. In addition, 
accurate localization of functional activity can be of great 
utility in guiding the choice of biopsy sites. 

TABLE 1 
Summary of Patient Data 

MRI SPECT 

Slice 
thickness gap Activity Scan time Residual 

Patient ( m m )  (mm) Isotope (mCi) (min) (mm 2) 
i ! i 

1 6 0 99"q'c-HMPAO 20 30 6.1 
2 3 0 99=Tc-HMPAO 20 30 5.0 
3 6 0 99mTc-HMPAO 20 30 3.9 
4 6 0 99m-I'c-HMPAO 20 30 14.4 
5 6 0 99mTc-HMPAO 20 30 3.8 
6 4 0 99=Tc-HMPAO 20 30 9.2 

2°1TI 3 30 8.2 
7 4 0 99=Tc-HMPAO 20 30 9.8 

2°1TI 3 30 9.7 
8 5 2.5 99mTc-HMPAO 20 30 6.5 

9 5 2.5 99mTc-HMPAO 20 30 6.5 

10 5 2.5 99"q'c-HMPAO 20 30 5.1 

11 6 0 99~Ic-HMPAO 20 30 8.8 

12 6 0 99"q'c-HMPAO 20 30 4.4 

13 5 2.5 99mTc-HMPAO 20 30 2.8 

14 5 2.5 99"q'c-HMPAO 20 30 3.6 

* Location of increased 2°lTl uptake. 
Location of perfusion defects. 

6.0 _+ 3.8 

Interpretation 
ii i 

Normal 
Normal 
Normal 
Normal 
Normal 
Left temporoparietal* 

Right temporoparietal* 

Bilateral temporoparletal ~ 
(left > right) 

Bilateral temporoparietal 
and frontal~ 

Bilateral temporoparietal 
and left frontal t 

Bilateral temporoparietal 
and frontal ~ 

Left lateral frontal and 
temporal ~ 

Left posterior frontal and 
temporal ~ 

Left temporal polet 

Clinical 
diagnosis 

Normal 
Normal 
Normal 
Normal 
Normal 
Glioblastoma 

Glioblastoma 

Alzheimer's 

Alzheimer's 

Alzheimer's 

Alzheimer's 

Infarction 

Head trauma 

Arachnoid 
cyst 
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A number of techniques have been suggested for align- 
ing function with anatomy. Double-tracer techniques, 
where one tracer provides the anatomic landmark to lo- 
calize the uptake of a second tracer, have been used with 
SPECT for detection of inflammation (14)and infarction 
(15). Alternatively, superimposition of high-resolution dig- 
ital images is a highly promising method for correlating 
function in small anatomic structures. The method of 
Pelizzari et al. was originally described for superimposition 
of MRI and PET three-dimensional image sets (10). Our 
data show that this technique works well for SPECT and 
MRI as well. Areas of high ~mTc-HMPAO corresponded 
to cortical gray matter including clear delineation of the 
thalamus and basal ganglia. Areas of high uptake in the 
cortex which appeared mildly heterogenous when viewed 
without anatomic superimposition were shown to gener- 
ally reflect deep sulci which correspond to invagination of 
gray matter and therefore high flow within the brain 
parenchyma. 

Thallium-20 l-thallous chloride uptake within the brain 
has been associated with tumor activity (7,8). While initial 
diagnosis of primary brain tumor is made accurately with 
CT or MRI, the radiation necrosis that results from high 
doses of radiation produced by stereotactic brachxCherapy 
or radiosurgery is indistinguishable from recurrent tumor 

by these techniques (16). We have previously shown that 
2°'TI and 99mTc-HMPAO SPECT are useful in identifying 
solid tumor recurrence in these patients (17). Merging 
high resolution 2°~T1 SPECT with MR images provides 
additionally useful information concerning the anatomic 
location of the recurrent tumor. 

The methodology that we employed for merging SPECT 
and MR images has several attributes that are attractive to 
routine clinical use. Patients do not have to be positioned 
in the same orientation for the MR and SPECT studies, 
eliminating the need for immobilization devices, masks, 
and other methods that rigidly fLX the head relative to a 
known coordinate system. The technique is interactive to 
speed up the convergence process. Moreover, registration 
errors are only a few millimeters for the deep structures, 
which are the furthest from the brain surface and, there- 
fore, most susceptible to error. Nevertheless, the semi- 
automatic registration method that we evaluated will ben- 
efit from further refinement. 

Quantifying the effects of these refinements requires 
that the accuracy of the registration be determined in three 
dimensions with a precision and accuracy approaching 1- 
2 mm. Patient measurements with markers visible in 
SPECT and MRI/CT would provide some indication of 
quality of fit at the surface but may not indicate the 

TABLE 2 
Displacement of Thalami on Merged Images 

Patient 
I I I I I I  

1 

2 

3 

4 

5 

8 

9 

10 

11 

12 

13 

14 

Residual 
(mrn 2) 

,,,, 
6.1 

5.0 

3.9 

14.4 

3.8 

6.5 

6.5 

5.1 

8.8 

4.4 

2.8 

3.6 

* = left, anterior and superior shift. 

Side 
= III 

R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 

Anterior- 
Lateral Posterior Axial 

shift shift* shift 
(mm) (mm) (mm) 

+3.2 +1.5 0 
+0.9 +1.2 0 
-1.1 +4.6 +1.5 
-0.2 +3.9 +1.5 
+1.6 +3.1 0 
-0.8 +4.1 0 
+4.8 +1.2 0 
-2.2 +4.3 0 
+2.0 +0.1 0 
-1.2 +0.8 0 
-2.8 +5.9 0 
-2.7 +8.6 0 
+0.8 +1.0 0 
+2.2 +3.6 0 
-1.6 -2.6 +5 

" -2 .6  +0.8 +5 
+3.8 +5.3 0 
-0.9 -3.4 0 
+0.7 +4.1 +2.5 
-3.5 -2.0 +2.5 
+4.2 +3.9 0 
-3.0 +2.6 0 
+0.8 +4.4 0 
-0.2 +3.9 0 

2.0 _ 1.3 3.2 +_ 1.9 0.8 _ 1.6 
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accuracy of registration for deep structures. The most 
important tool for conducting these experiments is prob- 

ably a sophisticated three-dimensional brain phantom 
showing complex brain anatomy. Such a phantom will 
permit the introduction of internal and external markers 
and the design of multi-planar techniques for measuring 
displacement. 

A potential difficulty in the use of any iterative least 
squares minimization procedure is the existence of local 
minima of the residual in areas of the parameter space 
away from the "correct" global minimum. Depending on 
the algorithm used to search the parameter space and the 
point in that multi-dimensional space at which the search 
is begun, it may be possible for the minimization to 
become "trapped" and converge to a local minimum 
rather than the desired global minimum. The present 
procedure is no exception, although interactive pre-align- 
ment of the two surface models by the operator nearly 
always starts the least squares search in a region of the 
parameter space from which it can locate the global min- 

imum. Local minima in the parameter space are, in gen- 
eral, sufficiently far removed from the global minimum 
that they correspond to significant misalignment of the 
two volumes. The resulting misalignment of resampled 
images provides clear evidence that the "correct" mini- 
mum has not been reached, and the fitting procedure may 
be repeated with a different set of starting parameters. 

Figure 4 illustrates the behavior of the residual along a 
number of two-dimensional planes through six dimensions 
of the nine-dimensional parameter space for data taken 
from Case 1. For brain surface models constructed from 
HMPAO SPECT and from axial MR slices, Figure 4 
presents the contour maps of the residual along planes 
where two of the parameters vary, with the others held 
fixed. In each case, the global minimum is at the center of 
the plot, one parameter varies along the horizontal direc- 
tion and the other along the vertical. The result of varying 
each pair of angles and each pair of translations is pre- 
sented in a separate map. For the angle parameters, the 
range of variation is _+ 10 degrees; for the translations, _+ 

~,  : ' ,V l~ l . ' Z  . z '  I ' ' ' ' [ . ' • ' ' I ' ' ' ' 

, . .1 z [ '1 ,' 

, . .. 16 - 
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FIGURE 4. Contour plots of the mean-squared deviation between the two brain surface models constructed from axial SPECT 
and MR slices from Case 1. Each plot presents the variation of two parameters away from the minimum found by the minimization 
procedure, which is at the center of the plot. Hatch marks along the border represent 1 ° intervals for angles and 1-mm intervals for 
translations. The x-axis is left-right on the patient, the y-axis is anterio-posterior, and the z-axis is cranio-caudal for these axial slices. 
(A) Rotations about the z-axLs (horizontal) and y-axis (vertical). (B) Rotations about z-axis (horizontal) and x-axis (vertical). (C) 
Rotations about y-axis (horizontal) and x-axis (vertical). (D) Translations along x- (horizontal) and y- (vertical) axes. (E) Translations 
along y- (horizontal) and z- (vertical) axes. (F) Translations along x- (horizontal) and z- (vertical) axes. 
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20 ram. Contours of constant residual value are labeled 
with the value of the residual. It has been our experience 
that interactive operator-guided prealignment nearly al- 
ways results in a starting parameter estimate which is 
within 5 mm in all translations, and 5* in all rotations, of 
the global minimum. The contour plots for the angles 
about the (z.x) and about the (z,y) directions, indeed, show 
local minima. When started from these minima with re- 
laxed convergence criteria, the minimization procedure 
can find its way out of the local minimum and into the 
central region. Two points bear mention here. First, as 
already mentioned, these minima correspond to misorien- 
tations severe enough that should the search terminate in 
one, the resulting resampled images will not appear correct 
and the minimization procedure will be repeated. Second, 
by examination of plots such as these, the nature of the 
parameter space around any minimum which is found can 
be appreciated, and decisions as to whether the results are 
acceptable can be made. 

In order for computer-assisted superimposed imaging to 
become a clinical reality, it will be necessary, for digital 
images to be available on a department network and for 
the image integration and computer processing to be rapid. 
In our department, MR and CT images can be transmitted 
to the ASPECT workstation in the nuclear medicine clin- 
ical unit and the MicroVax I1/GPX workstation in the 
image processing laboratory over Ethernet, a relatively 
slow data network ( 10 Mbits/sec nominal bandwidth, with 
actual data transfer rates often as low as 80 Kbits/sec 
depending on network loading and on the hardware and 
software used to send and receive data). Routine applica- 
tion of the technique would require a fiber optic network 
with high-speed communication protocols which would 
permit real data transfer at a rate of 100 Mbits/sec. The 
transformation algorithm has several advantages over 
methods based on discrete segmentation and surface ren- 
dering in that it avoids the arduous task of generating a 
precise digital description of the convoluted surface of the 
brain (I0). The nonlinear least squares approach to define 
the interscan coordinate transformation took approxi- 
mately 10-15 rain. however, the editing required to isolate 
the contents of the cranial vault took 60-90 min, and the 
production of reformatted images, another 30-60 min. In 
addition to department-wide networking, routine clinical 
use will require substantial reduction in processing time 
through increased computer power and software stream- 
lining. 
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