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. Developments in Functional Neuroimaging Techniques 

ii 

Cheryl J. Aine, Biophysics Group, Los Alamos National Laboratory 
Los Alamos, NM 87545 USA 

A recent review of neuroimaging techniques indicates that nevi developments have primarily 
occurred in the area of data acquisition hardware/software technoloLy. For example, new pulse se- 
quences on standard clinical imagers and high-powered, rapidly oscillating magnetic field gradients 
used in echo planar imaging (EPI) have advanced MRI into the functional imaging arena. Significant 
developments in tomograph design have also been achieved for monitoring the distribution of 
positron-emitting radioactive tracers in the body (PET). Detector sizes, which pose a limit on spatial 
resolution, have become smaller (e.g., 3-5 mm wide) and a new emphasis on volumetric imaging has 
emerged which affords greater sensitivity for determining locations of positron annihilations and per- 
mits smaller doses to be utilized. Electromagnetic techniques have also Witnessed growth in the ability 
to acquire data from the whole head simultaneously. EEG techniques have increased their electrode 
coverage (e.g., 128 channels rather than 16 or 32) and new whole-head systems are now in use for 
MEG. But the real challenge before us now is in the design and implementation of more sophisticated 
analyses to effectively handle the tremendous amount of physiological/anatomical data we can now 
acquire. Furthermore, such analyses will be necessary for integrating data across techniques in order 
to provide a truly comprehensive understanding of the functional organization of the human brain. 

A few brief examples are presented below in support of the assertion that analyses per se, are 
lagging developments made in data acquisition. Siemens, for example, recently marketed the CTI 
953B PET tomograph.which has 6,144 BGO crystals (5.66 x 6.15 x 30 mm deep) and retractable septa 
(Le., lead or tungsten placed between the detector rings to define a set of paraUel,.transverse planes 
through the object) to permit volume imaging. The merits of volume imaging have been known for 

.some time; detection of gamma rays over the largest possible solid angle surrounding the object in- 
creases the sensitivity of the scanner (Rogers et al., 1987; Cherry et al., 1991). In the 2-D acquistion 
mode, lines of response (LORs) are limited to small ring differences (cg., < 3) resulting in projections 
.which are.primarily orthogonal to the axial plane of the scanner (Bailey et al., 1991). When septa are 
in place, approximately 0.95 million LORs can be acquired. When the septa are retracted, for volume 
imaging, 6.3 million LORs can be acquired, a sixfold to sevenfold gain in sensitivity at the center of 
the field of view (FOV). Although there is also a corresponding increase in scatter fraction, dead-time 
.loss, and random counts, a fivefold increase in sensitivity can st i l l  be expected. The primary drawback 
to volume imaging is that a traditional 2-0 filtered. backprojection reconstruction (FBP) algorithm is 
ill-suited for these data. FBP algorithms assume that the data are "shift-invariant" (i.e., each point in 
the radioisotope distribution contributes to every projection); but, i ~ i  volume imaging the data are 
clearly not shift-invariant since far fewer LORs pass through the edges of the axial FOV than through 
the center (seeFigure 1, next page). Some 2-D projections are truncated since some LORs, which pass 
through the FOV, lie outside the axial range of the scanner and are unable to contribute to the projec- 
tion data (Cherry et al., 1991; 1992). 

Successful volume imaging requires a fully 3-D reconstruction algorithm but unfortunately, the 
increase in amount of data to be reconstructed and the necessity to backproject through a 3-D volume 
results in lengthy reconstruction times and requires sufficient memory for the image, projection And 
probability matrices (Townsend et al., 1991; Karp et al., 1991; Chen et al., 1991). Statistical iterative 
reconstruction approaches provide an advantage over FBP methods in that the condition of shift- 
invariance is not imposed (DaubeWitherspoon & Muehllehner, 1986). Furthermore, additional rele- 
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vant information may be.incorporated as con- 
straints on the reconstruction problem (e.g., edge 
information extracted from MFU--see Figure 2 
below). By applying anatomical constraints 
(e.g., maximum a posteriori or MAP estimator 
using ' h e  sites'), image contrast in the recon- A.  
structions is enhanced enabling the differentia- 
tion between tissue types (e.g. gray versus white 
matter). While statistical reconstructions were 
introduced as early as 1982 (Shepp & Vardi, 
1982), these techniques are seldom used. 

Cherry and colleagues have realized another 
advantage for volume imaging. Although vol- 
ume imaging will primarily improve the quality 
of low-count rate images, high-count rate studies 
(e.g., oxygen-15 labeled water) may also benefit 
from volume imaging since the dose adminis- 
tered to the patienvsubject can be reduced (i.e., 
equivalent counting statistics can be obtained 
with one-quarter of the injected dose used in 2-D 
studies, Cherry et al., 1991); By splitting the to- 
tal allowable dose into smaller fractions, more 
scans can be acquired.which can be averaged to- 
gether in order to improve the signal-to-noise 
ratio. Watson and colleagues (1993) demonstrat- 
ed the utility of volume imaging in the manner 
suggested by Cherry and colleagues; consistent, 

PET Reconstruction 

PET Phantom Filtered Backprojection 

Maximum Likelihood MAP - with lines 
Fig. 2. Anatomical boundaries extracted from 4 tis- 
sue types in MRI were used to constrain the 
statistical reconstructions (MAP-with lies). 
Adapted from Leahy & Yan, 1991. 
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Fig. 1. A. Resolution nonuniformity. Resolution 
degrades toward the periphery. B. Fewer LORs pass 
through the edges of the axial FOV than through the 
center in volume imaging (No septa). Adpated from 
Schmitt et al., 1988 and Cherry et $., 1991. 

reliable results were shown for individual 
subjects. However, they did not apply a 3-D re- 
construction algorithm to their volume data. It 
would be interesting to see how much additional 
sensitivity they would have g&ed, if a 3-D re- 
construction algorithm was utilized. 

AS for functional MRI (-1, scan times 
have decreased significantly (e.g., < 50 ms for 
EPI techniques); however, this advancement in 
technology has exceeded the speed of hemody- 
namic changes themselves (e.g., seconds). The 
current challenge for fMRI is in defining the na- 
ture of the hemodynamic changes it is measuring. 
Ugurbil and colleagues (1993) suggest that all 
Functional MR techniques employed thus far are 



. sensitive to blood vessels of different sizes, includ- 
ing large vessels. Activation seen in or near these 
large vessels does not necessarily represent the lo- 
cation of neural activity since these vessels could be 
draining from activated regions that are "centime- 
ters rather than submillimeters away." In fact, 
several studies have demonstrated that the source of 
the fMRI signal corresponded with a vessel local- 
ized in MR angiograms (e.g., Lai et al., 1993). 
Figure 3 shows an example of activation in left vi- 
sua l  cor tex i n  response to  r ight  hemifield 
stimulation. Quite an extended' region of activation 
is demonstrated in this figure. The bottom portion 
of the figure displays the anatomy of visual cortex, 
demonstrating that nearly every fissure throughout 
visual cortex contains rather large vessels. 

~ a s e d  on the findings iq the literame, .a portion 
of this problem can be dealt with via modifications 
on the data acquisition,end. For example, higher 
field scanners can image the vessels directly and are 
more sensitive to changes in microvasculature 
(Ugurbil et al;, 1993; Menon et al., 1993); spin echo 
pulse sequences are more sensitive to changes in 
microvasculture (Kennan et al., 1994; Constable et . Fig. 3. TOP: MRJ study showing left hemisphere 
ala, 1994); and low flip angles (10 deg.) may help . activation (Schndder et d., 1993). Bottom: The 

anatomy of visual cortex reveals many large vessels eliminate activity from the larger vessels (Frahm et 
in the fissures (c,k et d., 1w21. al., 1994). However, the analyses applied can aid 

significantly in addressing whether or not such a problem exists at all. Rigorous statistical tests need 
to be applied in order to: 1) determine if the changes witnessedcan be attributed to patient motion by 
examining changes between a base image (e.g., the first image of a series) and its inplane translations 
(x and y) and rotation (yaw angle) with each of the following images to produce a time series of 
motion (Hajnal et al., 1994); 2) identify subsets of significantly intense$xel clusters which will help 
to localize the response(s); 3) assess whether these significant pixel clusters lie in or near fissures seen 
in the anatomical MRI and 4) examine the timecourses of activity across different regions of activation 
to assess whether some of the regions can be attributable to'large vessel activity. 
MEG and EEG methods have a different set of problems to taclde compared to PET and fMRI. The 

primary difficulty for these methods concerns the ill-posed nature of the "inverse problem" or the 
nonuniqueness of the solutions derived from the surface field maps (i.e., a number of different source 
configurations can produce similar field patterns at the surface of the head). Unfortunately, the non- 
uniqueness of the solutions is often viewed by others as being an insurmountable problem. Reasonable 
solutions to these problems can, ,however, be obtained by making certain assumptions. Typically a 
least-squares minimization technique is applied to the fieldpotential distributions. Assumptions are 
made concerning the head geometry (e.g., spherical head model versus realistic geometry based on 
MRI) and the nature of the source (e.g., point sources or distributed sources). These algorithms may 
take many different forms. Spatio-temporal dipole modeling, for example, attempts to locate a small 
number of current dipoles ( 4 0 )  throughout the volume of interest. Information concerning the loca- 
tion, direction of current flow, .magnitude and the temporal dynamics of each.dipole is estimated. 



These procedures may require considerable investigator interaction or 
may incorporate exhaustive searches. Distributed inverse procedures 
(e.g., minimum norm) produce distributed estimates of neuronal cur- 
rents throughout the gridded volume of interest.. The goal of these 
analyses is to produce a temporal sequence of 3-D tomographic re- 
constructions of the spatial patterns of neural activation. All of the 
procedures discussed above rely upon anatomical data obtained from 
MRIs of each subject. MRIs are used for: 1) locating the calculated 
solutions (function) onto cortical structures; 2) deriving realistic head 

model used in the calculation (Figure 4); and geometries for the head Fig. 4 Realistic head geometry 
derived from MRI using 3) applying anatomical 
boundary element methods. constraints to the in- 
Sclilitt et al., 1995. verse procedures. 

When appropriate modeling strategies are applied 
to the data, consistent and reliable results can be 
achieved. Figure 5 reveals a common source for 1-6 
dipole models applied to the surface magnetic field 
distributions evoked in response to visual stimulation. 
The greatest variation in location can be seen for di- 
pole locations numbered 1-4. The 5 and 6-dipole 
models were the only models deemed adequate for 
these data by statistical standards (according to the re- 
duced chi-square values) and as evidenced in Figure 
5, the resulting locations for these two models were 
virtually identical. In general, solutions derived from 
the models are not hapham& through the modeling Fig. 5. Consistency in source locations can be 

Seen for this one dipole common across the 1-6 
dipole models. MEG MRI 

PET 

process, different clusters of solutions devel- 
op as a result of applying different model 
orders (number-of dipoles) and starting esti- 
mates, even for statistically inadequate 
models. When a' model is considered ade- 
quate, the dipole locations display consider- 
able stability. The primary drawback of this 
modeling s'trakgy is the time-intensive nature 
of this method. Ideally, an exhaustive multi- 
dipole search through the head volume should 
be applied. 

While each of the techniques work through 
their analysis procedures, an even greater 
challenge is beginning to surface, the integra- 
tion of methods (Figure 6). While it appears 
straightforward to many that we simply nked 
to constrain the MEG/EEG models with re- 
gions of activation obtained from PET and/or 
fMRI in order to derive the time-course of 

Fig. 6. Results from different individual subjects during 
visual stimulation. From: Kine et al., 19% (MEG); 
George et al., 1995 (fMRI); Watson et al. 1993 (PET). 
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these areas of activation, in practice, dipole locations must be accurately modeled in order to reflect 
adequate temporal information. Consequently, more effort needs to be invested in developing and 
testing inverse procedures in order to attain accurate and efficient modeling procedures which will be 
suitable for use in experimental settings as well as the clinic. Only through the integration of data from 
different techniques will we achieve a comprehensive picture of the functional organization of human 
cortex. 
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