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The potential of anatomic imaging to improve the quantitative
accuracy of functional brain imaging through refined regional
definition is widely accepted. However, there are little data ad-
dressing the impact of approach to regional localization on quan-
titation of metabolic images in the absence of gross structural
pathology. We compared MRI-based versus PET-based ap-
proaches to the analysis of PET '®F-fluorodeoxyglucose (FDG)
images using a standard adjustable template based on simple
geometric regions. For the MRI-based approach, templates and
individual regions were adjusted to each individual's anatomy,
whereas the PET-based definition involved only global propor-
tional adjustment of the standard templates. Metabolic rates for
glucose and volume-to-whole brain ratios were determined by
two operators for 78 volumes of interest in five subjects. Pairwise
correlations indicated high interoperator agreement for each ap-
proach and high intraoperator agreement for MRI-based versus
PET-based metabolic values. The stability of the metabolic rates
and ratios among operators and analysis approaches was sup-
ported by low coefficients of variation across measurements and
small average differences in paired comparisons. Thus, within
the curmrent spatial resolution of PET imaging, quantitation of
metabolic images is relatively robust to image analysis approach
in the absence of gross structural abnormality. To take advan-
tage of the greater quantitative accuracy promised by high-res-
olution anatomic and functional imaging, more refined delinea-
tion of anatomic images will be necessary.
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Accurate quantification of regional brain physiology
with PET ultimately depends upon accurate localization of
regions of interest (ROIs). Methods for the definition of
PET ROIs fall broadly into two categories: physiology-
based versus anatomy-based approaches. Early physio-
logic schemes involved placement of ROIs on “‘hot spots”
or areas of increased radioactivity concentrations on PET
scans. Subsequent approaches were based on templates
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developed from sectioned brains (1), published atlases or
stereotactic definition of ROIs (2 3). More recently, it has
become feasible to perform routine anatomic imaging in
parallel with physiologic studies to define ROISs, which are
then overlaid and/or co-registered with the physiologic im-
ages for quantification (4-6).

The use of an anatomically based system for ROI defi-
nition has a great deal of intrinsic appeal and is essential in
the presence of gross structural pathology. However, with
the current spatial resolution of PET imaging, the benefits
obtained by individualizing template-based ROI definitions
to each subject’s anatomy in the absence of gross pathol-
ogy are unclear. There are little data comparing this labor-
intensive approach to a simpler method based on propor-
tional adjustment of standard templates directly upon the
physiologic images.

The present study was designed to examine the stability
of PET quantitation across a number of approaches to
image analysis. The following questions were addressed:

1. What is the interoperator reliability of a template
system for ROI definition and quantitation?

2. How does anatomically based ROI localization com-
pare with the use of a standard template overlaid
directly on PET images?

MATERIALS AND METHODS
Subjects

The sample consisted of five research subjects from the Mental
Health Clinical Research Center (MHCRC) on schizophrenia (7).
Three subjects (2 male, 1 female) were patients with schizophre-
nia and two were normal volunteers (1 male, 1 female). The
female control subject was subsequently excluded from further
MHCRC evaluation due to information provided at follow-up that
indicated a past history of substance abuse. Mean age was 26 +
2.5yr.

Measurements

MRI. MRI scans were obtained on a GE Signa 1.5 Tesla mag-
netic resonance scanner. Following a brief sagittal localizing scan,
spin-echo images were acquired in the axial plane, with TR = 3000
and TE = 30/80, a slice thickness of 5 mm and no gap between
slices. All scans received a clinical interpretation by experienced
neuroradiologists. The scans of the two controls and the female
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patient were read as normal. One male patient had a minimal
increase in sulcal prominence for age, and the second male patient
had multiple small punctate areas of abnormal signal, increased
for age, in the white matter of the superior posterior parietal lobe.

PET. PET studies of regional cerebral glucose metabolism were
performed using '®F-fluorodeoxyglucose (FDG) and the PENN-
PET scanner (8). Fluorine-18-FDG was injected as a bolus, and
arterial blood samples were obtained over the next 90 min. A
styrofoam headcast was made for each subject prior to radioiso-
tope administration to aid in immobilization during scanning.
Studies were performed under “‘resting conditions”’ with eyes and
ears unoccluded. Following a 40-min uptake period, the subject
was positioned in the PENN-PET scanner and the distribution of
18F was imaged over the next 50 min. A laser beam mounted on
the scanner was employed for head positioning to allow imaging
along the canthomeatal axis.

Images were acquired in 2-mm slices, yielding a total of 45
transverse slices. To improve statistics, successive 2-mm sections
were summed in an overlapping fashion to yield 43 slices of 6-mm
thickness, with slice centers separated by 2 mm. The 2-mm axial
sampling of the PENN-PET scanner is unique and minimizes the
partial volume effect in the axial direction, leading to more accu-
rate visualization and quantitation of resliced images (9). This is
accomplished using large continuous detectors without plane-de-
fining septa. These studies were acquired using the prototype
PENN-PET scanner, which has an axial field of view of 9 cm. The
relatively small field of view leads to some error in reslicing and
regional quantitation because the entire brain is not imaged and all
slices may not be available for particular volumes. The intrinsic
transverse and axial resolution of the PENN-PET scanner is 5-6
mm FWHM, although the average resolution with reconstructive
filtering is typically 7-8 mm. The finite spatial resolution limits the
quantitation of small structures, as the partial volume effect will
result in an underestimation of counts in a region.

Local cerebral metabolic rate for glucose (CMRglc) was deter-
mined as described previously (10) using experimentally deter-
mined values of the lumped constant and rate constants (7).

Image Analysis. PET image analysis was accomplished using
the PETVIEW software package, developed by our PET group in
collaboration with UGM Medical Systems. The software includes
modules for image display in three orthogonal planes (transverse,
sagittal, coronal), for reslicing in oblique planes and for ROI
definition and quantification.

Template Development. We have developed a series of stan-
dard templates, which can be placed on either the MRI or PET
images, using the PETVIEW software. Twenty-one templates
have been defined in planes parallel to the anterior commissure-
posterior commissure (AC-PC) line. The templates are separated
by 4 mm along the z-axis and include 78 volumes, each volume
including several ROIs from successive slices (see Table 2 for
definition of volumes). ROI definition was guided by brain atlas
sections and corresponding overlays (12) and by the Talairach and
Tournoux brain atlas (13). Template regions were relatively sim-
ple geometric forms (Fig. 1), viewed as samples rather than inclu-
sive of activity in particular structures. For each template, polyg-
onal or elliptical regions were drawn on one hemisphere and then
““mirrored” to the contralateral hemisphere, ensuring that ROIs
were initially of identical size and orientation for the two hemi-
spheres.

Template Implementation. MRI and PET images were recon-
structed into volumes (a stack of transverse sections) and then
each dataset was resliced parallel to the AC-PC line, using the
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FIGURE 1. Adjusted template regions overtaid
and comresponding PET (bottom) slices.
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““oblique”” software module. Since the PET image matrix consists
of 2-mm?® voxels, the interpolation errors are small and do not
significantly affect the quantitation. The voxel size in the MRI
image is typically 0.78 x 0.78 x 5 mm, which is fairly coarse in the
axial direction but did not lead to difficulty in visualizing anatomic
structures after reslicing. The AC-PC line was defined from the
sagittal view and, following Talairach and Tournoux Methodology
(13), cuts through the superior portion of the anterior commissure
and the inferior portion of the posterior commissure. On the PET
images, the AC-PC line was not clearly visible, but an approxi-
mation was provided by a line passing through the most anterior
part of the frontal lobe, the anterior corpus callosum and the
occipital pole (14). Alternate PET slices were processed, yielding
quantification of approximately 21 slices with 4-mm spacing.
For the anatomically based ROI definition, the standard tem-
plates were first overlaid on the resliced MRI images. The most
superior slice containing the caudate nucleus and overall fit were
used as guides for positioning in the z-axis. The templates were
customized to each individual’s anatomy in three steps:

1. A global proportional adjustment for the whole template
series was performed through translation, rotation and re-
sizing.

2. Regions within each slice were adjusted proportionally as a
group.

3. Individual ROIs were positioned over appropriate struc-
tures by translation, rotation and resizing.

These MRI-based templates were then overlaid upon corre-
sponding PET slices, again using the most superior slice contain-
ing caudate nucleus as a guide for positioning in the z-axis. Due to
scaling differences between our MRI and PET images, it was also
necessary to globally resize each MRI-adjusted template slice to
the resliced (AC-PC oriented) PET sections using the 50% thresh-
old of the edge of the brain as a guide. From the resliced PET
images, count densities were then determined for each region and
regional cerebral glucose metabolism was quantified (10,11).
Area-weighted average metabolic rates for glucose metabolism
were computed across all slices to yield metabolic rates for the 78
volumes of interest. ““Whole-brain’’ metabolism was estimated by
an area-weighted average of metabolic rates for all regions. Be-
cause most of the volumes define gray matter structures, the
whole brain value primarily reflects gray matter metabolism.

For the physiologically-based ROI definition and quantifica-
tion, the original templates were placed directly upon the PET
images. The head of the caudate nucleus and overall fit were again
used as guides for positioning in the z-axis. The global atlas- and
slice-based adjustments were performed using the 50% threshold

The Joumal of Nuclear Medicine ¢ Vol. 34  No. 12 ¢ December 1993



TABLE 1
Pairwise Correlations Among Measurements

Operator 1 Operator 2
1. MRI 2. PET 3. MRI 4. PET 5. MRI-PET1*

Operator 1

1. MRI-based — 0.98 0.96 0.95 0.98

2. PET-based 0.85 — 0.96 0.96 0.98
Operator 2

3. MRI-based 0.92 0.90 — 0.98 0.97

4. PET-based 0.90 0.92 0.95 — 0.96

5. MRI-based PET1* 0.96 095 093 0.91 —

*Operator 2's MRI-based template upon the resliced PET image of Operator 1.
Correlations for absolute CMRgic are above the diagonal and those for volume-to-whole brain ratios are below the diagonal. For clarity,
interoperator correlations using the same approach are in italics, while intraoperator correlations between MRI-based versus PET-based approaches

are in boid.

Number of paired observations varies between 339 and 365. All correlations are significant at p = .0001.

of the edge of the brain for placement of the outer regions, but
ROIs were not manipulated individually. Count densities and
CMRgic for glucose metabolism were determined as described
above.

Procedures
Five measurements of metabolic activity were made for each
subject’s PET image:

1. Operator 1, MRI-based.
2. Operator 1, PET-based.
3. Operator 2, MRI-based.
4. Operator 2, PET-based.
5. Operator 2, MRI-based using the resliced PET image of

Operator 1.

Thus, the first four measurements provide assessments of in-
traoperator agreement across MRI- and PET-based methods and
interoperator agreement within and across methods. The fifth
measurement was performed to evaluate the extent to which
interoperator variability might be due to differences in reslicing
the PET images versus fitting templates to the MRI.

Angle of reslicing, positioning of templates in the z direction
and template manipulation varied between operators, allowing
assessment of inter-rater reliability for the entire procedure. Since
the purpose of the intraoperator comparisons of MRI- and PET-
based quantitation was to evaluate the variability in metabolic
rates as a function of template manipulation on anatomic versus
physiologic images, positioning of the templates in the z direction
and angle of reslicing were fixed within operators for these com-
parisons. These factors were also fixed across operators for the
fifth measurement and were identical to those for the first and
second measurements.

Statistical Analysis

All analyses were performed for absolute values of CMRglc
and volume-to-whole brain ratios. Pairwise correlations among
measurements were calculated across subjects and volumes to
examine: interoperator agreement for a given approach (e.g., 1
versus 3, 2 versus 4), intraoperator agreement across MRI- and
PET-based approaches (e.g., 1 versus 2, 3 versus 4) and the
agreement between operators when using the same resliced PET
image (1 versus 5). Variability in these values across measure-
ments was examined by analysis of coefficients of variation. For
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each subject, coefficients of variation across the five measure-
ments were calculated for each volume. These coefficients of
variation were then averaged across subjects and across both
subjects and volumes to provide, respectively, mean coefficients
of variation for each volume and an overall mean value. Note that
these values do not include variability in metabolism between
subjects, and variability between subjects is reflected only to the
extent that agreement among measurements differs between sub-
jects. In addition, paired t-tests were performed to examine the
magnitude, direction and consistency of differences between mea-
surements. T-tests were done for the following comparisons: in-
teroperator for MRI-based and PET-based values (1 versus 3, 2
versus 4), intraoperator for MRI-based versus PET-based values
(1 versus 2, 3 versus 4) and between operators for the MRI-based
approach using a fixed resliced PET image (1 versus 5).

RESULTS

Pairwise correlations among the five measurements are
presented in Table 1. Correlations for absolute metabolic
rates are above the diagonal and correlations for volume-
to-whole brain ratios are below the diagonal. All correla-
tions indicate significant and high agreement among mea-
sures. As expected, correlations for absolute values are
higher than those for volume-to-whole brain ratios, be-
cause global metabolic differences between subjects con-
tribute to the former. Scatterplots of intraoperator and
interoperator correlations for volume-to-whole brain ratios
are illustrated in Figure 2.

Mean coefficients of variation for the 78 volumes are
presented in Table 2. The average volume size was 3.47 +
4.9 cm®, containing an average of 216.9 voxels (each 2 x 2
x 4 mm). The volume sizes ranged from a mean of 0.07 cm®
for the uncus to a mean of 26.8 cm® for the cerebellum. As
described above in the statistical analysis section, the mean
coefficients of variation reflect the average coefficients of
variation across the five measurements and the five sub-
jects. The mean + s.d. coefficient of variation across all
volumes was 6.1% =+ 3.8% (range from 1.6% to 27.6%) for
absolute values of CMRglc and 6.2% + 4.1% (range from
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1.3% to 28.8%) for volume-to-whole brain ratios. Six of the
78 coefficients of variation for absolute values and 9 of the
ratio values are greater than 10%. With the exception of the
medulla, which is subject to error due to reslicing with a
9-cm field of view acquisition, all volumes have coefficients
of variation less than 15%. Note that smaller subcortical
and limbic structures, including the basal ganglia, hip-
pocampus, and amygdala, show a similar degree of stabil-
ity across measures as do the larger cortical volumes.

As described above, differences in CMRglc and ratio
values between pairs of measurements (1 versus 3, 2 versus
4, 1 versus 2, 3 versus 4, 1 versus 5) were examined to
assess the consistency of the varied approaches to image
analysis. Average paired differences across the 78 volumes
for CMRglc and ratio values are presented in Table 3.
There were small but consistent differences in absolute
values of CMRglc across operators, reflecting slightly
higher metabolic rates for Operator 1 compared with Op-
erator 2. The average differences in CMRglc in Table 3
correspond to less than 2% of the mean CMRglc values.
Note that corrections for partial volume effects, which we
are not currently performing, would result in much greater
increases in metabolic rates, but would affect all measure-
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ments. For volume-to-whole brain ratios, there were no
significant differences between methods.

The t-test comparisons for individual volumes were per-
formed for exploratory purposes, using a 0.01 level of
significance due to the large number of tests and small
number of observations. With this criterion, a maximum of
4 of the 78 volumes reached significance for each compar-
ison of two measurements, but no particular volume
emerged as more sensitive to the type of analysis.

DISCUSSION

Despite the increasing use of anatomically based mea-
surements for localization of ROIs on functional images,
there have been few attempts to directly evaluate the im-
pact of different approaches to regional definition on quan-
titative results. The findings of the present investigation
suggest that in the absence of gross pathology, image quan-
titation is relatively robust to the method of image analysis
within the current resolution of PET. We observed high
interoperator and intraoperator agreement using a standard
template approach for MRI-based and PET-based ap-
proaches to image analysis. Correlations among measure-
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TABLE 2
Mean Coefficients of Variation for 78 Volumes Across the Five Measurements and Five Subjects

Volume-to-Whole brain
Absolute CMRglc ratio

Right Left Right Left

1 Anterior cingulate 33 33 39 43
3 Superior frontal gyrus 39 40 30 3.0
5 Middle frontal gyrus 58 3.1 47 3.2
7 Sensorimotor cortex 8.8 20 7.7 22
9 Superior temporal gyrus 70 21 57 21
11 Supramarginal gyrus’ 14.8 6.1 14.2 54
13 Corpus callosum anterior 6.6 7.2 6.5 6.6
15 Caudate nucleus 41 39 45 46
17 Insula 1.5 26 3.0 4.0
19 Thalamus 33 28 4.0 34
21 Lateral occipital cortex 6.6 53 5.6 48
23 Medial occipital cortex 5.7 54 5.1 47
25 Posterior cingulate gyrus 55 48 64 5.6
27 Corpus callosum posterior 10.2 10.0 103 105
29 Middle temporal gyrus 74 33 5.6 28
31 Inferior frontal gyrus 8.6 39 8.0 38
33 Gilobus pallidus* 13 22 25 16
35 Putamen 22 1.8 26 24
37 Parahippocampal gyrus 4.1 4.2 5.1 46
39 Hippocampus 6.8 29 6.3 3.1
41 Cerebellum 48 35 44 34
43 Midbrain 30 38 27 39
45 Orbital cortex 10.0 89 10.2 89
47 Gyrus rectus 6.5 5.7 7.3 6.4
49 Amygdala 48 30 48 4.1
51 Lingual gyrus 3.6 48 26 5.1
53 Lateral occipital-temporal gyrus 8.3 6.3 6.9 5.7
57 Hypothalamus 6.2 87 6.2 8.0
59 Uncus 6.7 122 74 11.8
61 Pons 84 59 74 5.7
63 Medulla* 28.8 19.6 276 18.1
65 Cingulate gyrus (anterior + posterior) 125 46 120 42
67 Angular gyrus®* 6.3 65 5.1 6.1
69 Precuneus® 64 34 73 28
71 Paracentral lobule* 6.8 75 7.7 6.6
73 Superior frontal/Middie frontal® 5.8 41 5.9 46
75 Medial superior/inferior parietal 9.7 73 9.47 8.3
77 Lateral superior/inferior parietal® 85 9.7 83 10.1
79 Inferior temporal gyrus 83 5.2 73 5.0

*MRI-based volumes for Operator 1 only because Operator 2 was not confident of visualization of this volume on MRI.

TROI imaged in four subjects.
*ROI imaged in three subjects.
$ROI imaged in two subjects.

ments were high for both absolute metabolic rates and
volume-to-whole brain ratios. The stability of image quan-
titation across measurements was confirmed by coeffi-
cients of variation of less than 10% for most volumes and
average differences in paired comparisons of less than 2%
for absolute metabolic rates and less than 1% for the vol-
ume-to-whole brain ratios. A variety of errors contributes
to variability in quantitation, including accuracy of reslic-
ing reconstructed images, positioning of templates in the
axial direction and template manipulation. Despite these
errors, our results suggest that individual differences in
metabolism and in the regional distribution of metabolism
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can be measured reliably using a variety of relatively sim-
ple image analysis approaches.

While all correlations among methods were very high,
the correlations for volume-to-whole brain ratios between
MRI and PET-based measurements for each operator
(0.95) tended to be higher than those between operators for
a single method (0.92). This indicates that there is not a
clear advantage with the MRI-based method compared to
the PET-based method in the presence of other errors and
the variability among trained operators. An unexpected
finding was that relatively smaller subcortical and limbic
structures, such as the basal ganglia, amygdala and hip-
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TABLE 3
Average Differences in Metabolic Rates and Ratios Across

Measures and Volumes
Absolute CMRgic
(mg/100 g - Volume-to-Whole
min~") brain ratios
Mean (s.d.) Mean (s.d.)
Operator 1 vs. Operator 2
MRI-based 0.07 (0.39)" -0.006 (0.10)
PET-based 0.04 (0.36)* -0.004 (0.09)
MRI based on Operator 1 0.06 (0.26)* -0.003 (0.07)
resliced PET®
MRI-based vs. PET-based
Operator 1 0.02 (0.26) 0.007 (0.07)
Operator 2 -0.02 (0.29) 0.006 (0.08)

*p < 0.05; 'p < 0.01; *p < 0.001.

$Operator 2's MRI-based template upon the resliced PET image of
Operator 1. Number of volumes in each comparison ranges from 336 to
358.

pocampus, showed stability across operators and ap-
proaches comparable to that for the larger cortical vol-
umes. The fact that our analyses were volume-based rather
than slice-based was a likely contributor to this stability.

Although this study was based on a particular template
system, the consistency of findings across measurements
suggests these results may be general to similar systems
implemented in many other PET facilities. The relative
insensitivity of metabolic measures to variability in image
analysis approach suggests that stereotactic methods
should provide adequate estimation of region localization
in normal individuals. However, the extent to which the
findings can be generalized beyond FDG images is unclear,
because proportional adjustment of the template slices on
physiologic images requires a clearly defined brain con-
tour.

The potential of anatomically-based ROI localization to
improve quantitative accuracy was not fully tested in this
study due to limitations in regional definition on MRI and
the use of relatively simple geometric regions. The MRI-
based measurements were limited by the ability to define
boundaries of specific cortical gyri and limbic structures,
e.g., hippocampus, from transverse sections, because this
is notoriously difficult even for trained operators. In addi-
tion, simple geometric regions do not accurately describe
convoluted structures such as cortical gyri and tap heter-
ogeneous tissue composed of cerebrospinal fluid and white
matter in addition to gray matter. Schmidt et al. (15) have
recently described the errors introduced by tissue hetero-
geneities in determination of glucose metabolism using the
current kinetic models of the FDG method. Thus, we be-
lieve that more refined regional localization on MRI, in-
cluding use of lateral surface views of three-dimensional
reconstructions for gyral definition, consideration of tissue
heterogeneities and partial volume correction, will improve
accuracy in quantifying functional images and lead to
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greater differences between anatomically based and phys-
iologically based approaches to image analysis. While this
is a future goal, the use of simple geometric regions and
transverse images for regional localization is typical of the
approach currently employed in many PET facilities. Our
results offer an index of the potential error in applying
standardized templates for PET quantitation in the absence
of structural pathology.

Although the robustness of the quantitation of PET met-
abolic images is encouraging, we do not advocate aban-
donment of anatomically based approaches to ROI local-
ization. The limits of tolerance to pathology of proportional
adjustments of standard templates or stereotactic atlases
are unclear. MRI-based ROI definition will be essential in
the presence of gross structural abnormality and may be
critical in identifying subtle abnormalities or changes in
brain function across repeated studies. Difficulties in local-
izing subtle changes between repeated studies highlight the
importance of anatomic measurement (16). Moreover, seg-
mented MRIs can be used to estimate CSF and gray and
white matter volumes for partial volume correction (17, 18).
These enhancements will be particularly important for con-
ditions associated with brain atrophy, such as dementia
and normal aging, where PET-based analysis is likely to
underestimate specific regional metabolic rates due to con-
founding effects of tissue loss. To fully realize the greater
quantitative accuracy promised by high-resolution ana-
tomic imaging, refined methods for segmentation of tissue
types and delineation of ROIs on structural images must be
concurrent with improvements in the spatial resolution of
PET imaging.
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