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To characterize better the local brain functions of conscious
rhesus macaques, we developed automated image analysis
techniques for monkey PET images, examined the cerebral
glucose metabolism of monkeys, and compared it with that of
humans. Methods: Glucose metabolic PET images from 11
monkeys were obtained using a high-resolution animal PET
scanner after intravenous administration of FDG. T1-weighted
MR images were obtained from 6 of the monkeys. Referencing a
bicommissural stereotactic macaque brain atlas, we created a
PET brain template using coregistered MR images. Each indi-
vidual PET image set was transformed to the PET template
through an automated affine transformation, followed by nonlin-
ear warping along the directions of the major neuronal fiber
bundles in the brain. For minimization of residual anatomic
variability, metabolic activities were extracted using 3-dimen-
sional stereotactic surface projections. The effects of anatomic
standardization were evaluated using MR images. Patterns of
cerebral glucose metabolism of young versus aged monkeys
were examined. The metabolic activities of aged monkeys were
compared with those of elderly healthy human volunteers that
had been analyzed similarly. Results: Anatomic standardization
reduced individuals’ anatomic variability as evidenced by a
reduction in the number of MR pixels with higher SDs calculated
across monkeys. Coefficient-of-variation maps of conscious mon-
keys revealed that the greatest metabolic variances were near
the central sulci and occipital cortices. Age-associated glucose
metabolic reductions were most pronounced in the occipital lobe,
caudate nucleus, and temporal lobe. Compared with human
brains, the monkey frontal lobe and posterior cingulate gyrus had
significantly less metabolic activity and the supramarginal gyrus
and vermis had significantly more metabolic activity. Conclu-
sion: The proposed method permits pixel-by-pixel characteriza-
tion of the metabolic activities of rhesus macaque brains in the
stereotactic coordinate system. Greater metabolic variances in
the central sulcus region and occipital lobe suggest potential
difficulties in controlling sensory input and motor output or
planning in conscious monkey experiments. The analyses re-
vealed age-related metabolic reductions in monkeys and marked
differences in metabolic patterns between aged monkey brains
and aged human brains. The proposed brain-mapping technique
enables reproducible and observer-independent analyses and
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will serve as an important investigative tool for primate brain
imaging research.
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Recent technical developments in PET have improved
the quantitative functional imaging of small animals-g).

The use of PET for animals permits research that cannot be
done easily with humans and complements human in vivo
imaging experiments. A major use of animal brain PET
imaging is the examination of the in vivo kinetics and
distribution of new radiotracergd{6). Other uses include
pharmacologic interventions to investigate neurochemical
changes in the brairv), human disease modeB«10, and
brain activation studies in conscious monkeyk, 12.

Although scanner technology has advanced, image analy-
sis techniques for animal PET remain limited. Most investi-
gations rely on the use of region-of-interest (ROI) ap-
proaches. These technigues have several disadvantages. The
analysis does not include the entire brain, the density of the
data sampling can be biased regionally, reproducibility and
consistency among different investigators are limited be-
cause of observer dependency, and interinstitutional compari-
sons are less reliable because of imprecise regional defini-
tions. Better accuracy, reproducibility, and consistency are
all essential to data analysis. Minimizing uncertainties in
image analysis is critical to maintaining the power of
subsequent statistical analyses, particularly with in vivo
imaging studies, in which the number of subjects is gener-
ally limited. In the analysis of human brain images, attempts
have been made to overcome these issues.

The departure from a priori hypothesis-based ROI analy-
ses for human brain images was pioneered by the work of
Fox et al. (3) and Friston et al.14). These approaches are
based on the pixel-by-pixel analysis of functional brain
images. First, brain images are standardized anatomically to
a common stereotactic coordinate system. Then, functional
information can be analyzed statistically on a pixel-by-pixel
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basis over the entire brain. This procedure also facilitates ttoes most often have a priori regional hypotheses, the precise
objective definition of ROIs in a common stereotactiplacement of regions of interest to detect relatively small
system, which reduces observer bias in ROl placemehinctional changes in a specific brain structure is not always
Friston et al. {5) used a mathematic transformation initiallypossible even with anatomic side information. The inclusion
applied in 2 dimensions to nonlinearly transform individuadf the entire brain also eliminates regional selection bias and
PET images to a standard PET template atlas. This methodds elucidate functional changes at multiple sites that are
fully automated and requires only PET images. Minoshiniatercorrelated within the brain through direct and indirect
et al. (L6) proposed the use of cortical and subcorticaleuronal connections. The techniques were developed ini-
control points based on the directions of the major neurortilly for human PET image analysisl§,24 and were
fiber bundles of the brain to deform the individual braimdapted for the macaque brain in this study. We showed their
shapes in 3 dimensions to the standard PET template aftegsibility in 3 initial applications. First, we analyzed
using a spline function. This method has been applied toegional cerebral metabolic variances of individual con-
variety of human brain image experiments in our laboratorggious monkeys. Second, we examined the patterns of
including activation studies, metabolic image analysis, agducose metabolic reductions between aged monkeys. Fi-
neuroreceptor mapping. nally, we compared the resting cerebral metabolic patterns
The use of a common coordinate system in monkey PEBtween aged monkeys and aged healthy humans.

imaging analysis for indirect anatomic localization dates to
the mid 1980s. Riche et all() reported the use of the MATERIALS AND METHODS
orbitomeatal plane as the basis for a quasistereotacéicb.ects
coordinate system of the baboon brain. The orbitomeatal) . .

The subjects were 11 unanesthetized male rhesus macaques
plane was chosen because these external landmarks c HI'SC

. ) - . ) - ~{Macaca mulattq (mean age+ SD, 13+ 8 y). The method was
easily be identified at the time of scanning, and the subjecyigyejoped using a subset of 6 monkeys from which both PET and

head could be aligned accordingly. Cannestra et ) ( MR images were obtained. In addition, we compared the overall
developed a 3-dimensional, multimodality brain map Qfattern of the glucose metabolism of a subset of 6 younger
Macaca nemestrindased on a coordinate system proposedonkeys (estimated mean age, 6222 y) to that of 5 older

by Horsley and ClarkX9). In contrast to these coordinatemonkeys (estimated mean age,2By). This aged monkey group
systems defined by bony landmarks, Martin and Bowdé&y@s also compared with 5 healthy men (mean aget: Z0y). The

(20) proposed the use of the bicommissural line (the lif&search protocol for the rhesus macaque study was approved by
passing through the anterior and posterior commissures) 8% Central Research Laboratory, Hamamatsu Photonics K.K.,
basis for stereotaxy. Originally developed by Talairach ar%amamatsu’ Japan. The PET imaging protocol for humans was

T 1. this brai dinat ¢ has b approved by the Institutional Review Board for Human Subject
ournoux @1), this brain coordinate system has been us Research at the University of Michigan Medical School, Ann

widely in analysis of human brain images. The advantageig,or, M. written consent was obtained from each man before the
that brain rather than bony landmarks defines the coordinatggy.

system so that individual variation caused by differences in

the anatomic relationship between the skull and the brainRET and MRI

eliminated. In addition, the use of bicommissural stereotaxy The monkeys had a surgically implanted acrylic skull plate,
facilitates more reliable interspecies comparisons (e.t}z}’.biCh was fastened to a head holder by fixation bars to maintain
human versus monkey) of functional and anatomic organizZ©Per orientation during scanning. The animals were accustomed
tion. Bicommissural stereotaxy was also validated for bggthe head holder and scanning protocol before the experiment and
boon basal ganglia2g). Zilles et al. £3) extended brain remained calm throughout the imaging procedure. The animal PET

. f dh 1o bett h teri images were obtained at the Central Research Laboratory, Hama-
mapping of macaques and humans to better charactenze g | ppotonics K.K., using a high-resolution animal PET scanner

sensorimotor cortex. Compared with the development @fi\r 7700; Hamamatsu Photonics K.K.), which has an intrinsic
human image analysis, however, image analysis techniqyglane resolution of 2.6 mm full width at half maximum
for in vivo monkey brain imaging are limited. To our(FwHM) and collects 31 planes with a 3.6-mm slice separation
knowledge, no method has been established to analy28). Glucose metabolic PET images were obtained after an
nonhuman primate PET brain images on a pixel-by-pixéitravenous injection of approximately 424 MBq (11.5 mCi) FDG.
basis in the bicommissural stereotactic system. The FDG injection by automated syringe pump and PET scanning
In this article, we present a method of stereotactiere initiated simultaneously. Serial arterial sampling was per-
pixel-based image analysis for monkey PET images. Tigmed through a small catheter placed in the femoral artery.

advantages of pixel-based analysis of PET images A‘]&ages were reconstructed by a filtered backprojection method

multifold. The brain is a complex heterogeneous oraan aH”h a Hanning filter, resulting in an in-plane reconstructed
) . P . g 9 ’. ~resolution of 4.5 mm. Tissue attenuation was corrected by an initial
the extent of regional metabolic activity, neurochemic

L . . i 2 rYansmission scan. Quantitative FDG images were calculated using
distribution, and disease propagation provides significail image frames from 40 to 60 min after tracer injection based on

insight into the mechanisms of these processes. Pixel-byr autoradiographic metho@@). T1-weighted MR images were
pixel analysis of functional brain imaging elucidates thebtained from a subset of 6 monkeys on an MRT-50A/Il scanner
extent and magnitude of these processes. Although investi@foshiba, Tokyo, Japan) with a magnetic field strength of 0.5 T. The
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image matrix consisted of 258 256 pixels for 29 slices, with a major neuronal fiber bundles within the braig9. The center
3-mm slice separation. The repetition time was 50 ms, and the egdmints were primarily predefined near the origins of fiber bundles
time was 14 ms. Before the analysis, PET and MR images from thech as the corpus callosum and the optic radiatiép Additional
same subjects were coregistered into the same orientation usingaimts were predefined in the lateral ventricle for adjustment of the
automated program based on mutual informat®s).( cingulate cortex and caudate nucleus (Table 1). Each center point
Glucose metabolic PET images of the men were obtained incarresponded to several control points in the same cortical area.
2-dimensional data acquisition mode using an ECAT EXACT Using the preliminary template with its predefined control and
(model 921) scanner (Siemens/CTI Inc., Knoxville, TN), whicltenter points, PET images from an additional 5 monkeys were
collects 47 slices with a 3.375-mm slice separation. At 30 min aftelansformed to the stereotactic coordinate system, and the indi-
intravenous injection of 370 MBq (10 mCi) FDG in a dimly lit vidual regional anatomic variations were minimized by an auto-
room with ambient noise, a PET image set was obtained over 8tted algorithm developed previously for human brain image
min. Tomographic images were reconstructed by a filtered backpemalysis 16). Powell’s multidimensional search was used by the
jection method using a Shepp filter with a cutoff frequency of 0.4&lgorithm to perform an iterative 9-parameter affine transformation
cycles per projection element and standard ellipse-fitting attenda-match spatially the individual PET image to the template using
tion correction, resulting in a reconstructed resolution of approxiutual information as a cost functior8@). Then, for each
mately 8 mm FWHM. predefined control point, the nonlinear warping algorithm calcu-
Image Analysis lated a profile activity curve between the control point and its
§9rrespondlng center point on both the PET template and the

T ic Anatomi ndardization and 3-Dimensional . . . :
Stereotactic Anatomic Standardization and 3-Dimensiona S.lnlelduaI image. An iterative search routine found the best match

The proposed method for plxel-_by-plxel analy5|s of the_ bralget een the template profile and the individual profile by scaling
images of rhesus macaques consists of anatomic standardizatio, o¥v

A . . . hat used mutual informatior27) as a cost function. The algorithm
individual monkey PET images into a common stereotactic coor: R . ; L .
en matched spatially the control point on the individual brain to

nate system and 3-dimensional stereotactic surface projectigns - o s
(SSP). The combination of these 2 techniques facilitates t%ﬁ;e template control point. The individual brain is warped to the

statistical comparison of images within groups as well as betweeenmplate brain by fitting the estimated control points to predeter-

mined template control points using a thin-plate spline algorithm

groups. The proposed methods are fully automated and req - : .
. . ). Images from 5 monkeys were standardized anatomically in
only PET images that have the anatomic features of gray mat er

(such as glucose metabolic or perfusion images). For stereotac ¢ manner and averaged across subjects to form a new |ntermgd|-
aje template. All 6 monkey brains were then restandardized using

anatomic standardization, the algorithm realigns an individu%. . . )
. . . L . is intermediate template. The final template was then created
brain image and then performs linear size correction in 3 dimef)-

. ) . : . rom an average of the 6 transformed images after this third

sions. In this step, the algorithm performs an iterative search for, . . S
) . . : iteration. The high FDG uptake from eye muscle activity was
affine transformation parameters that give the best spatial matchin ) .
erased before the final summation.

between the individual image set and a standard atlas templa el'hree-DimensionaI SSP Data Extraction Method for Monkey

using mutual information1(6) as a cost function. Once images ar$ET Three-dimensional SSP is an analysis method to extract
transformed to standard stereotactic coordinates, regional anatomic, *

differences between the individual brain and the atlas template gggtabolllc gctmty from cortical gray matte24). By extracting .the. .
L . ) . peak activity for each corresponding area of cortex and assigning it
minimized by a thin-plate spline deformatio@gj. The program ) . N
. . . . to a surface pixel, the algorithm also can compensate for individu-
uses multiple control points and corresponding center poma?s, differences in cortical thickness and gyri depth in the standard
predefined according to major fiber bundles of the bra@). After 9y P

stereotactic anatomic standardization, gray matter activities are

extracted using 3-dimensional SSP on a pixel-by-pixel b&sfs ( TABLE 1
The extracted data can be analyzed statistically across subjects. Stretching Centers and Surface Landmarks for

PET Atlas Template and Predefined Control PoiAtstomated Nonlinear Warping
anatomic standardization requires a digital brain template that-is
matched anatomically with a standard atlas brain. To develop the Corresponding
anatomic standardization technique for monkey PET, we created a  Centers n surface landmarks nf
PET template of the rhesus macaque brain in reference to the,pys callosum 6 Frontal, parietal, occipital lobes 40
bicommissural stereotactic macaque brain atlas published bypiic radiation 1 Occipital lobe, visual cortex 14
Martin and BowdenZ0) at the University of Washington. First, 1 |nferior longitudinal 3 Temporal lobe 7

monkey MR image was selected for the preliminary template, in fasciculus

which the major cortical and subcortical margins had less than Eincinate fasciculus 1 Anterior temporal lobe 13
3-mm difference from those of the University of Washington atlag\iddle cerebellar 1 Cerebellum 7
after manual realignment to the stereotactic coordinate system angPeduncle _ o

linear scaling in 3 dimensions. A coregistered PET image from th&ateral ventricle 10 Caudatet, anterior, posterior cin- 10
same monkey was transformed to the stereotactic coordinat[%ir d ventricle 5 Th%llj:r‘;is " )

system using the exact parameters defined in the MR transforma-

tion. A symmetric brain image was created by transposing the right

hemisphere to the left and was used as the preliminary PET*Number of predefined centers in each hemisphere. Each center

template. point has several corresponding landmarks in same cortical regions.
For regional anatomic standardization, cortical and subcortical TNumber of predefined landmarks in each hemisphere.

control points (n= 166), along with center points @ 50), were fLandmarks were placed in anterior and posterior limbs of internal

predefined for each hemisphere according to the directions of t%aé)sme'
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stereotactic system, an ability that is advantageous in intergroBfT images were normalized to the global activity before the
comparisons. This technique has been developed and usedanalysis. The coefficient of variation at each pixel was calculated
human PET extensivel3(-33. for the 3-dimensional SSP extracted data across monkeys, and
Three-dimensional SSP analysis requires a set of predefiredultant surface maps were displayed in 3 dimensions. Metabolic
surface pixels covering all cortical gray matter structures andvariances were also examined by ROI analysis. ROIs for major
corresponding vector at each surface pixel that is perpendiculargi@y matter structures were predefined on the 3-dimensional SSP
the cortical surface2d). To define the set of surface pixels specifiémages in reference to the stereotactic atlag).( The pixel
to rhesus macaque brain, the coregistered MR images from thééations of the highest coefficient of variation were expressed
monkeys were standardized into the stereotactic system using tiseng coordinates defined by the reference a5 (
estimated transformation parameters. After the removal of non-Metabolic Comparison Between Aged and Young Monk&'gs.
brain structures, these images were averaged across subjectsoipared the cerebral glucose metabolic activity of subsets of 5
threshold that defined brain and nonbrain pixels was applied to thged and 6 young rhesus macaques. The individual images from
summed image set, converting it to a binary image. Pixels coveriegch group were summed on a pixel-by-pixel basis in the 3-dimen-
the lateral and medial surfaces of the brain were defined in te®nal SSP format, and the 2 groups were compared by means of
stereotactic coordinate system to delineate the brain surfaces. Tt statistic. A 2-samplé test was performed at each pixel, and
moment of a spheric volume centered on each surface pixel wasdues were converted toscores using a probability transforma-
calculated on the binary image, which defined the direction of thi®n (34). Quantitative cerebral metabolic activities of the 2 groups
vector as perpendicular to the surface of the brain. were also assessed by ROI analysis. The regional values were
In the actual application of 3-dimensional SSP monkey PEGompared using ANOVA with repeated measures and a posthoc
analysis, the algorithm searches in 3 dimensions for peak graysamplé test between the aged group and the young group.
matter activity at each predefined surface pixel along the correspondComparison with Metabolic Activity of Aged Human Braii&e
ing vector to a 3-mm depth and then projects this peak value baotmpared the glucose metabolic activities of 5 aged rhesus
to the surface pixel. In this manner, gray matter activities aracaques with those of 5 aged humans. The human brain PET
extracted to a standard surface format and can be analyzedges were standardized anatomically and processed using 3-di-
statistically on a pixel-by-pixel basis. mensional SSP analysis similarly to the monkey PET images but
Validation and Initial Applications using a digital_ brain template, <_:ontrol_and center point_s for
Effects of Anatomic Standardizatiofihe basic performance of npnllnear warping, and gqrfaoe pixels with vectors for S'd'”.‘e”‘
. : sional SSP analysis specifically developed for the human brain. To
the algorithms has been evaluated previously for the human brajn . . . .
. ) s Characterize differences in the metabolic patterns between monkeys
(16). We validated the effects of anatomic standardization on the . . L
. . . .-and humans, we normalized PET pixel values to the global activity
matching of gray matter structures using structural |nformathtg1

: . . fore analysis. The individual image sets of each group were
obtained from MR images. PET images of 6 rhesus macaques V\.gt\%eraged in the 3-dimensional SSP format. The normalized re-

corresponding MR images were standardized anatomically usmn%nal cerebral glucose metabolism was then compared using

the final template and algorithms. Estimated transformation paraOPIS’ defined in the 3-dimensional SSP format for comparable

eters, including affine transformation parameters and contr . h
: . . . structures that were based on the respective stereotactic atlases
points, were then applied to each coregistered MR image. Nonbr

AT - ,20). The differences were examined for 14 cortical and
structures were removed, and the pixel intensities of each standarg-"""". ) : .
. ) . . - subcortical regions using ANOVA with repeated measures and a
ized image were normalized to the global intensity. After smoot osthoc 2-sampletest
ing with a 3-dimensional gaussian filter (4 mm FWHM), th P '
normalized images were averaged across subjects, and the SDs for
pixel intensity were calculated on a pixel-by-pixel basis. FORESULTS
validation, 3 types of SD image sets were created. The first IMage . < of Anatomic Standardization

set was created after stereotactic reorientation alone without linea hen compared with stereotactic reorientation alone
size correction or nonlinear warping. A second set of images was P ’

created after stereotactic reorientation and linear size correction 5%g|onal mismatches of brain structures on the MR image

before nonlinear warping. The third image set was created af@ftS were reduced markedly by linear size correction and
consecutive application of reorientation, linear size correction, argduced further by nonlinear warping (Fig. 1). On the SD
nonlinear warping algorithms. We examined the improvement #hage set created after realignment alone, the rim of high SD
structural matching by these 3 approaches using both SD maps abdthe edge of the brain indicated distinct cortical mis-
pixel histograms. The histograms of pixel SDs were calculateflatches across subjects. Linear size correction substantially
within the approximate brain contour (pixel intensity greater thafeduced these mismatches, and nonlinear warping resulted
1% of the global intensity). Structural mismatches (gray matt§p, fyrther improvement. The pixel histograms showed that
white matter, and cerebrospinal fluid) of different pixel intensitieﬁ1e number of pixels with a high SD decreased substantially

were expected to result in greater SDs that diminish progressivg‘ajll%er linear size correction was applied, and a further but
as the algorithms for linear size correction and then nonlinear '

warping are applied. more modest reduction was seen after nonlinear warping
Metabolic Variances of Aged Conscious Rhesus MonKeys. (Fig. 2).

addition to the anatomic examination, we investigated the effects of

anatomic standardization on regional variance of functional actiig!ucose Metabolic Variance of Aged Conscious

ties. The regional metabolic activity and individual variance in Rhesus Macaques

subset of 5 aged conscious monkeys was examined using stereotad-he areas of highest metabolic variance were in the region

tic anatomic standardization and 3-dimensional SSP techniqueéthe central sulcus and the right occipital lobe (Fig. 3). The
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+3mm ACPC

FIGURE 1. Effects of anatomic standard-
ization. Top row represents stereotactic ref-
erence MR image set (REF) averaged
across 6 monkeys. Second through bottom
rows represent SD maps created from MR
images (scalp and skull removed) across 6
monkeys with stereotactic realignment alone
and no linear scaling (NS), with linear scal-
ing (LS), and with linear scaling and nonlin-
ear warping (LS+NW), respectively. Milli-
metric scales represent slice levels from
anteroposterior commissures (ACPC) in ste-
reotactic space. Areas of higher SDs indi-
cate greater anatomic mismatches. Dra-
matic reduction of mismatches is seen from
NS to LS, and further improvement is seen
from LS to LS+NW.

mean coefficient of variation (COV) in these areas wafon cortices did not reach statistical significance when
relatively high (right central sulcus, 26%; left central sulcusested by a variance ratio test. The highest coefficient of
23%; right occipital lobe, 22%) compared with othewrariation in the region of the central sulcus was localized to
structures such as the lateral frontal (right, 14%; left, 17%f)e stereotactic coordinate of-6, —6, 18) for the right
and lateral parietal (right, 15%; left, 14%) associatiohemisphere and (9;7, 19) for the left hemisphere accord-
cortices. However, with this limited sample size, the differing to the University of Washington atla2Q). (In this study,
ence between the highest COV in the right central sulcus apdsitive x, y, and z coordinates denoted left, anterior, and
the lowest COV in the right frontal or left parietal associasuperior, respectively.)

Number of Pixels (%Brain)

0 0.1 0.2 0.3 0.4 0.5
Standard Deviation (MRI)

FIGURE 2. Histogram comparing effects of anatomic standard-
ization. Horizontal axis represents SD for each individual pixel for
T1l-weighted summed MR images across 6 monkeys. Vertical
axis represents percentage of brain volume, calculated as
number of pixels in each range divided by total number of pixels
in brain. Curves illustrate stereotactic realignment alone with no
linear scaling (NS), with linear scaling (LS), and with linear
scaling and nonlinear warping (LS+NW).

Metabolic Comparison Between Aged and Young
Rhesus Macaques

A significant overall metabolic reduction was seen with
aging in the brain of rhesus macaques (ANOVAy E 6.90,
P = 0.03). ROI analysis revealed relatively pronounced
metabolic reductions in the occipital lobe, the caudate
nucleus, and the temporal lobe (Table 2). The significance of
metabolic reductions for most regions, as assessed by a
posthoct test, reached a type | error rate Bf< 0.05, but
none of the reductions reached the more stringent criteria of
P < 0.005 after adjustment for multiple comparisons for this
small sample size. Metabolic activities of aged and young
rhesus macaques examined by 3-dimensional £S¢dre
showed a similar trend of regional differences between the 2
groups (Fig. 4). Age-associated metabolic reduction was
relatively pronounced in the lateral temporo-occipital region
compared with the frontal region.

Comparison with Metabolic Activities of Aged
Human Brains

The ROI analysis of aged conscious monkeys and aged
conscious humans revealed significant differences between
the regional metabolic profiles {F = 6.60, P = 0.03).
Compared with aged monkeys, aged humans showed signifi-
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FIGURE 3. Metabolic variances of aged
conscious monkey brains. Images were cre-
ated from calculation of coefficient of varia-
tion (COV) at each pixel in 3-dimensional
SSP format across 5 monkeys. Top row
shows right lateral (RT.LAT), left lateral
(LT.LAT), and superior (SUP) aspects of
brain, and bottom row represents right me-
dial (RT.MED), left medial (LT.MED), and
posterior (POST) aspects of brain. Highest
metabolic variance is seen bilaterally in
region of central sulcus.

cantly greater metabolic activities in the posterior cingulatebe compared with the parietotemporal lobe. In monkeys,
and frontal association cortices (Table 3). In contrast, tliee frontal activity was primarily confined to the area of the
supramarginal gyrus, cerebellar vermis, and parietal lopeincipal sulcus. In the medial aspect of the brain, the
showed significantly lower metabolic activity in humarposterior cingulate gyrus had the most intense metabolic
brains compared with monkey brains. Three-dimensionattivity in resting humans. Such activity was not apparent in
SSP metabolic maps illustrated regional metabolic differonkeys. In contrast, the cerebellar vermis was the area of
ences between aged rhesus macaques and aged humatigeirhighest metabolic activity in conscious aged rhesus
bicommissural stereotactic space (Fig. 5). The human braimacaques.

showed relatively greater metabolic activities in the frontal

TABLE 2
Glucose Metabolism in Aged and Young Monkey Brains

Aged Young A=Y
monkey (A)  monkey (Y) (%)

Cortical structures

Lateral frontal 251+ 4.3 34.0+75 —39*
Lateral parietal 26.8 =49 37.2+78 —39*
Lateral temporal 24.8 £ 3.9 352 +7.2 —41*
Lateral occipital 25.3 6.3 37.5+89 —48*
Cuneusl/lingual gyrus 295+ 6.9 40.9 + 8.4 —39*
Pre-/postcentral gyrus 253 +53 34.4 = 6.6 —36*
Principle sulcus 27.6 £4.9 38.1+7.8 —38*
Supramarginal gyrus 285+ 45 39.0+75 —37*
Anterior cingulate 275+ 45 37.3+89 -35
Posterior cingulate 28.1 =53 38.2 = 8.6 —36*
Subcortical structures
Thalamus 295+ 3.2 388+ 75 —31*
Caudate 25.0 3.9 371+81 —43*
Others
Cerebellum 23.0+*44 30.8 +5.9 —34*
Vermis 31.4*59 38.0+56 -21
Global average for whole
brain 251=*45 346 £ 6.9 —38*
*P < 0.05.

Regional glucose metabolism (umol/100 g/min, mean = SD). A —
Y = (A —Y)/A X 100 represents percentage difference between
aged monkeys and young monkeys.

DISCUSSION

The proposed methods of anatomic standardization and
3-dimensional SSP data extraction for monkey PET images
facilitate better characterization and localization of the
cortical functions of rhesus macaques in 3 dimensions as
shown in our initial applications. Anatomic standardization
minimized structural mismatches across subjects in the
standard stereotactic coordinate system. The proposed meth-
ods permitted examination in rhesus macaques of the
regional metabolic variance between individuals and also of
age-related metabolic changes on a pixel-by-pixel basis
across subjects. The initial applications also depicted dis-
tinct differences between the metabolic profiles of aged
conscious monkeys and aged conscious healthy humans.

The effects of nonlinear warping for the monkey brain
were less dramatic than in the previous human stddy. (
This difference may be attributed to the relatively uniform
shape of the monkey brain across subjects and smaller
individual variations in gyri convolution 20). A more
convoluted human brain has greater need of nonlinear
warping to compensate for small individual anatomic varia-
tions. Alternatively, although the in-plane resolution of the
animal PET scanner (4.5 mm FWHM) is superior to that of a
common human scanner (8 mm FWHM), imaging of the
relatively small monkey brain may not provide enough
structural information to correct small individual anatomic
variations. In fact, the ratios of the anteroposterior dimen-
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RT.LAT LTLAT RTMED LTMED

FIGURE 4. Metabolic comparison between aged and young monkeys. Top row represents 3-dimensional SSP of mean pixel values
of cerebral metabolic rate of glucose (CMRglc, pmol/100 g/min) averaged across 6 young monkeys. Middle row represents
3-dimensional SSP mean pixel values of CMRglc across 5 aged monkeys. Bottom row represents 3-dimensional SSP of statistical z
scores (Z) representing significance of regional metabolic reduction of aged group compared with young group. Images are shown as
right lateral (RT.LAT), left lateral (LT.LAT), right medial (RT.MED), and left medial (LT.MED) aspects of brain. Higher pixel intensities in
first 2 rows represent greater metabolic activities, and higher pixel intensities in bottom z score map indicate greater metabolic
reductions associated with aging.

sions of the target brain-to-PET scanner resolution are 15 forchange for additional experimental complexity and a
rhesus macaque imaging (approximately 68:4.5 mm) versustential new source of errors in PET-MRI registration. The
21 for human imaging (approximately 170:8 mm). Theize and location of the regions required by the experimental
ratios of the dorsoventral dimension—to—plane-to-plane sepgpothesis should determine the selection of imaging modali-
ration are 12 for rhesus macaque imaging (44:3.6 mm) afiés for anatomic standardization.
33 for human imaging (110:3.375 mm). The ratios on both Qur initial application investigating the regional meta-
these axes are far superior for human imaging. A routine ugslic variance across individual monkeys by coefficient-of-
of high-resolution MR imaging for anatomic standardizatiopariation images showed relatively higher metabolic vari-
in monkey experiments may result in an improvement ighce in the region of the central sulcus. Even though the
monkeys were calm from the time of FDG injection to PET
TABLE3 imaging, there was a certain amount of motion, planning of
Cerebral Glucose Metabolism in Aged Monkeys movement, and sensory input that was quite variable across
and Aged Humans subjects. Higher variances in the region of the central sulcus
Monkey (A) Human(H) A —H(%) Were located in the superior aspect of the brain, suggesting
the lower trunk and extremities as a possible source. Higher
variability in the sensorimotor activities of conscious mon-

Cortical structures

Lateral parietal 1.07 = 0.02 1.01 *=0.03 5% ; ) ” ] .
Lateral temporal 0.99 + 0.03 0.97 = 0.02 3 keys was consistent with the relatively high metabolic
Lateral frontal 1.00 £ 0.03 1.12+0.03  —12t variance seen in the occipital lobe. Pixel-by-pixel SD maps
Lateral j’l‘?C'P'tal" 1.00 007 101004 —1 of the summed MR images did not show the same degree of
+ =+ — . - . . . . . -
Cuneus/lingual gyrus — 1.17 = 0.071.24 =0.07 6 variability in these areas, indicating that the variability of the
Pre-/postcentral gyrus 1.00 = 0.03 0.99 + 0.04 1 . . . . .
Principle sulcus 1.10 + 0.04 1.14 + 0.04 _3 sensorimotor and occipital cortices is functional rather than
Supramarginal gyrus ~ 1.14 = 0.04 1.00 * 0.03 121 structural. This finding emphasizes the difficulty in control-
Anterior cingulate 1.10+0.05 1.08 +0.03 2 ling the sensory input or visual imaginary processes in
Sui‘éztsig‘;g:‘fc“tﬁfs 112+002 123x004 107 experiments involving conscious monkeys. Despite these
Thalamus 119 « 0.08 1.11 + 0.07 7 limitations, the use of conscious mpnkeys has a great
Caudate 1.04 = 0.06 1.08 + 0.03 -3 advantage when studying higher cortical functions such as
Others cortical sensorimotor pathways and cognitive functions
Cerebellum 092003 099x007 -7 using brain activation paradigmg1(19. The use of con-
Vermis 1.25 £0.05 0.92 = 0.06 27% . LS -
scious monkeys can also eliminate effects from anesthesia in
experimental designs. When planning such experiments, one
f”’; Z%%%%s may need to consider greater metabolic variances in these
+P < 0.00005. structures for sta}tlsncal power analysis.
Regional glucose metabolism normalized to global activity In our comparison between aged and young monkeys, we

(mean = SD). A — H = (A — H)/A X 100 represents percentage found an overall quantitative metabolic reduction with age.
difference between aged monkeys and aged humans. Positive  This reduction was most pronounced in the occipital and
values denote higher metabolism in monkeys. temporal cortices. An age-related decline in the cortical
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FIGURE 5. Metabolic comparison be-

tween aged monkeys and humans. Images
represent 3-dimensional SSP of mean pixel

values of normalized cerebral metabolic IALGELVE]
rate of glucose (Norm CMRglc) across 5 Monkey ‘?
aged healthy humans (top row) and 5 aged (X2.25) ;

monkeys (middle row) in left lateral (LT.LAT),
left medial (LT.MED), superior (SUP), and
inferior (INF) aspects of brain. Bottom row

represents actual size of rhesus monkey (X1) “ "ﬁ. a .

brain compared with human brain. Images

in middle row are magnified (x2.25) for LT.LAT LT.MED SUP INF
better clarity. : g

glucose metabolism of conscious rhesus macaques had beth warrant careful planning in monkey research that will
reported previously35) and was most significant in the leftbe applied to human physiology and diseases. More nonhu-
temporal lobe. Because only minor anatomic asymmetnyan primate studies with larger sample sizes are needed
was indicated in the monkey braiB6), we averaged right to fully characterize these differences and to make better
and left hemispheric values before the ROI analysis tmmparisons.
maintain statistical robustness by minimizing the necessity Stereotactic anatomic standardization permits the pixel-by-
for multiple-comparisons adjustment. Metabolic asymmetpixel analysis of brain images across subjec8) (and
of the monkey brain needs to be addressed with a lardacilitates image-based statistical assessment of brain func-
number of subjects in a future experiment. tions (14). Initial applications of image-based statistical
One of our primary goals for this methodology is tassessment were aimed at brain activation studies in which
facilitate the application of results from monkey experindividual anatomies were subtracted out in a paired fashion
ments to human research using a common coordinateing a common 1-sample statistical test. In this case,
system. With this in mind, we compared differences in thesidual anatomic variances after stereotactic anatomic stan-
regional cerebral metabolic patterns between aged monkelgsdization reduce the sensitivity in detecting activation.
and aged humans. Three-dimensional SSP analysis showedvever, when using subtraction techniques across groups
that the human frontal lobe has a greater resting metaboligsuch as using a 2-samplidest to compare subjects with
than does the parietotemporal lobe. In contrast, monkegisease and healthy subjects), residual anatomic variances
have relatively less frontal lobe activity, most of which ian increase false-positive rates and thus reduce the specific-
centered on the principle sulcus, and have a greater restityg Three-dimensional SSP further minimizes individual
activity in the parietotemporal lobe, specifically the supramaresidual anatomic variance, particularly in cortical thickness
ginal gyrus. This difference in the overall distributions o&nd depth of gyri, thus reducing false-positive finding®) (
resting cortical activity between monkeys and humans mais method is also less sensitive to the partial-volume effect
reflect the evolutionary significance of the human frontgB9), which is still an important issue in small-animal
lobe 29). Human aging is known to preferentially affect themaging despite the recent advancement in high-resolution
metabolic activity in the frontal lobe3{). This reduction in scanners. In addition, 3-dimensional SSP analysis permits
the frontal lobe was not seen in monkeys; rather, a trendtbie assessment of cortical functional patterns in 3 dimen-
greater reduction was found in occipital and temporaions and can further be supplemented by quantitative ROI
cortices. Analysis of the medial aspect of the human braamalysis defined on 3-dimensional SSP images. Three-
shows the highest overall resting activity to be in thdimensional SSP cannot examine deep gray matter such as
posterior cingulate cortex and cinguloparietal transitiongéthe putamen and insula. However, these discrete structures
area. This area, higher or equal to the metabolic activity oén easily be analyzed by a conventional ROI analysis on
the primary visual cortex in humans but not distinct itransaxial slices. Thus, slice-based analysis and 3-dimen-
monkeys, is the first to show glucose metabolic reduction sional SSP analysis can be used complementarily depending
early Alzheimer’s disease patients compared with healtloy the experimental hypotheses.
humans 88). Both visual inspection and ROI analysis
revealed that this activity is significantly less in age@©ONCLUSION
monkeys, with the highest resting activity centered on the The stereotactic image analysis developed in this study
vermis. These differing patterns of cortical metabolic activpermits user-independent and automated statistical analyses
ties between humans and monkeys suggest potential diffefthesus macaque PET images across subjects in 3 dimen-
ences in cortical circuitry and functional developmergions. The method will be as useful a research tool in
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nonhuman primate investigations as it has proven to beln
human applications.
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