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Abstract
Relationships between structural MRI-based markers of declining cerebral integrity, and regional
PET measurements of 18FDG uptake have not been studied well in normal aging. In this manuscript
we relate changes in cerebral morphology to regional cerebral glucose uptake for 14 major cortical
areas in 19 healthy older individuals (age 59–92 years). Measurements of cerebral integrity included
gray matter (GM) thickness, sulcal and intergyral spans, fractional anisotropy (FA) of water diffusion
and volume of hyperintense WM (HWM) lesions. 18FDG-PET measurements were converted to
standard uptake values and corrected for partial volume artifact. Following this, cortical FDG uptake
was significantly correlated with several indices of WM integrity that we previously observed to be
sensitive to cognitive decline in executive function, including intergyral span and HWM volumes.
Our findings suggest that the age-related decline in white matter integrity, observed as increases in
HWM lesions, intergyral spans and reduction in FA, correlated with a decline in the global and
regional cerebral glucose uptake. Our findings support the emerging consensus that WM integrity
indices are sensitive predictors of declining cerebral health in normal aging. Specifically, age-related
WM degradation in the thinly myelinated association tracts appears to track the decreases in global
and regional rates of glucose uptake.

Introduction
A recent review of current and future uses of neuroimaging in the diagnosis of cognitive
impairment and dementia reported that the progress in multimodal neuroimaging will
eventually lead to “brain-check scans capable of determining the risks of cognitive
decline” (Small et al., 2008). Comprehensive multimodal imaging, combining MRI, PET,
SPEC and other imaging modalities, will provide an opportunity for early detection of these
insidious disorders long before clinically-significant decline in cognitive skills occurs. Early
detection allows for the development of preventive therapies as “the feasibility of protecting
a healthy brain is always greater than trying to repair brain that is already damaged” (Small et
al., 2008). Early discrimination between normal aging and dementias will be made based on
analysis of quantitative, systematic and regionalized indices of cerebral integrity that will serve
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as surrogate biomarkers for these disorders (Herholz et al., 2002; Reiman et al., 2001; Small,
2006; Thal, 2006). Consequently, multimodal imaging of cerebral alterations occurring during
healthy aging or cognitive disorders is an extremely active area of research, where advances
in neuroimaging technology are paving the way for quantitative and systematic studies of
changes integrity. In fact, a recent multi-center NIH Alzheimer's Disease Neuroimaging
Initiative (ADNI), included 18FDG PET and structural MRI measurements into the standard
subject assessment battery (Mueller et al., 2005).

Our group has developed MR-based indices of cerebral integrity that may serve as biomarkers
of aging and disease (Kochunov et al., 2005b, 2007, 2008, in press). We found that the age-
related trends among these markers were helpful in detailing neuroanatomical and
neuropsychological changes with age, providing complimentary information from multiple
perspectives (Kochunov et al., 2005b, 2007, 2008, in press). Our present emphasis focuses on
exploration of the relationships between specific MR-based measurements of cerebral
integrity, which are gray matter (GM) thickness, intergyral and sulcal spans, fractional
anisotropy (FA), volume of T2-hyperintense white matter (HWM) and cerebral 18FDG PET
uptake.

Reduced cortical GM thickness is the most studied regional index of declining cortical integrity.
In normal subjects, the average thickness of the gray matter mantle is reported to follow an
inverted U trajectory with age. That is, GM thickness rises during maturation, reaching its
maximum during the 2nd and 3rd decades of life and then linearly decreases with age
(Kochunov et al., 2008, 2007; Magnotta et al., 1999; Raz et al., 1997). During normal aging,
changes in GM thickness are regionally heterogenous and are more prominent in multi-modal
processing regions such as superior and medial frontal areas, than in primary motor or sensory
regions (Chetelat et al., 2008; Flood and Coleman, 1988; Kalpouzos et al., 2009; Kochunov et
al., 2005b; Morrison and Hof, 1997). Importantly, the rate of cortical GM thickness reduction
in neurodegenerative disorders could be different from that in healthy aging and this difference
could be an important diagnostic factor (Thompson et al., 2003, 2004).

Increased sulcal and intergyral spans are alsowell-studied regional indices of cerebral integrity.
Increases in sulcal span are thought to be a combined result of reduced GM thickness and
reduced gyral WM volumes (Bastos Leite et al., 2004; Jernigan et al., 2001; Kochunov et al.,
2005b; Magnotta et al.,1999; Symonds et al.,1999). Intergyral span tracks changes in the gyral
WM volume that forms the bulk of cortical gyri (Kochunov et al., 2005b, in press). Sulcal and
intergyral spans are sensitive to both maturation and senescence of cerebral WM. Both indices
follow a “U” trajectory during lifespan, decreasing during maturation, reaching minimum in
the 3rd and 4th decades of life and then increasing during senescence (Kochunov et al., in
press).

Reduced fractional anisotropy (FA) of water diffusion is a sensitive index of regional
breakdown of the micro-structural integrity of cerebral WM tracts (Basser, 1994; Conturo et
al., 1996; Pierpaoli and Basser, 1996; Ulug et al., 1995). FA measurements were shown to
track progression of demyelinating disorders such as multiple sclerosis, lupus and leukoaraiosis
(Horsfield and Jones, 2002). During lifespan, FA follows an inverted “U” trajectory, increasing
during maturation, reaching maximum during 3rd–4th decades of life and then decreasing
during senescence (Abe et al., 2002; Lehmbeck et al., 2006; Moseley, 2002; Salat et al.,
2005; Sullivan and Pfefferbaum, 2003). During senescence, the decline in cerebral FA was
shown to be regionally heterogenous. Highest rates of decline were reported for the thinly
myelinated associative tracts, while lowest rates of decline were observed in the thickly
myelinated motor and sensory tracts (Bartzokis et al., 2001, 2003, 2004; Kochunov et al.,
2007; Tang et al., 1997).

Kochunov et al. Page 2

Neuroimage. Author manuscript; available in PMC 2009 August 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



T2-hyperintense white matter (HWM) lesions, often observed as high signal intensity regions
on T2-weighted MR studies, are common in both normal aging and neurodegenerative
disorders. HWM lesions are thought to arise from regions of localized accumulation of extra-
cellular water, often associated with degradation of the myelin sheath due to non-specific
etiology (Pantoni and Garcia, 1995). The prevalence of HWM lesions has been reported to be
as high as 60–100% in normal subjects 60 years old and older (de Leeuw et al., 2001, 2005).
These lesions appear more often in frontal regions (Fazekas et al., 2005; Raz et al., 2003) and
their volume is correlated with global decreases in cerebral blood flow (Kraut et al., 2008; ten
Dam et al., 2007), reduction in cerebral WM and GM volumes (Du et al., 2005; Wen et al.,
2006) and reduction in global and regional FA values (Kochunov et al., 2007).

Specific regional patterns of the reductions in cortical 18FDG PET uptake are commonly
described in normal aging and in disorders such as various dementias. 18FDG PET has been
used in the study of aging and neurodegenerative disorders for over two decades (Mielke et
al., 1998; Reiman et al., 2001; Small et al., 2008). 18FDG PET can potentially provide accurate
measurements of cerebral glucose uptake and serve as neuroimaging index of neurosynaptic
activity and neuronal density. 18FDG PET studies of normal aging report declining glucose
uptake in several cortical areas, including anterior cingulate, frontolateral and perisylvian
regions (Garraux et al., 1999; Herholz et al., 2002; Kalpouzos et al., 2009; Mielke et al.,
1998). Additionally, patients with early stages of Alzheimer's dementia show profound
hypometabolism in the posterior cingulate/superior parietal areas (Small et al., 2008). Specific
regional patterns of reductions in glucose uptake were also described for the frontotemporal
and vascular dementias and other neurodegenerative CNS disorders (Herholz et al., 2002;
Mosconi et al., 2008).

Analysis of age-and-disease-related changes in the metabolism requires correction for partial
volume effects. For example, prior 18FDG PET findings of age-related cortical
hypometabolism in normal aging resulted from a failure to account for partial volume effects
(Ibanez et al., 2004; Yanase et al., 2005). The cortical GM ribbon cannot be fully resolved on
PET images causing cortical 18FDG uptake to be averaged with lower uptake in the nearby
CSF and WM. This leads to a falsely low cortical 18FDG uptake, reduced by a fraction
proportional to ratio of the dimensions of the PET voxel to the regional GM thickness (Park
et al., 2006; Yanase et al., 2005). We assert that it is necessary to account for this artifact,
especially, in the studies of aging and dementia where the age-related reduction in GM
thickness can lead to an artificial reduction in reported cortical 18FDG uptake. Therefore, we
carried out a study to test the specific hypothesis that partial volume averaging can produce an
artificial age-related reduction in measured cortical uptake and that the relationships between
regional 18FDG uptake and MR-based indices of cerebral integrity can be influenced by partial
volume effects.

Materials and methods
Subjects

Nineteen (12 females/7 males), normal, healthy, older subjects aged 59–92 years (average
age=75.3±6.1 years)were recruited as part of the International Consortium for Brain Mapping
project (ICBM) (Mazziotta et al.,1995). Each subject's medical history was reviewed to rule
out hypertension, diabetes, endocrinal, neurological and/or psychiatric illnesses. All subjects
underwent a comprehensive neurological examination, had their blood pressure measured to
rule out hypertension. Subjects performed within the normal range for their respective ages on
the following neuropsychological tests of memory, language, motor and executive function:
California Verbal Learning Test-II, Rey–Osterrieth Complex Figure Test, The Purdue
Pegboard, Symbol Digit Modalities Test, as well as Block Design and Digit Span of WAIS-
III1 (Delis et al., 2000; Meyers and Meyers, 1995; Smith, 1991; Tiffin, 1968; Wechsler,
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1997). All experiments were performed with approval from the internal review board (IRB)
and all subjects gave informed consent.

Imaging
All subjects participated in an optimized, multimodality imaging protocol that produced high-
resolution 18FDG-PET, DTI, T1- and T2-weighted images. All imaging was performed at the
Research Imaging Center, University of Texas Health Science Center in San Antonio. 18FDG-
PET imaging was performed using a Siemens/CTI HR+ scanner. MR imaging was done on a
Siemens 3 T Trio scanner using a high-resolution 8-channel head coil.

Diffusion weighted imaging—A Single-shot spin-echo, echo-planar gradient recalled
echo, T2-weighted sequence was used to acquire diffusion weighted data with the spatial
resolution of 1.7×1.7×3.0 mm. The sequence parameters were TE/TR=87/8000 ms, with 86
diffusion weighted directions and two diffusion weighing values of 0 and 700 s/mm2. The total
sequence acquisition time was 12 min.

T1-weighted imaging—High-resolution (isotropic 800 µm), high GM-WM contrast
(~25%) T1-weighted images were acquired using a retrospective motion-corrected protocol
(Kochunov et al., 2006). With this protocol, six full-resolution volumes are acquired using a
T1-weighted, 3D TurboFlash sequence with an adiabatic inversion contrast pulse with the
following scan parameters: TE/TR/TI = 3.04/2100/785 ms, flip angle=13°. Total scan time
was 26 min.

T2-weighted imaging—The T2-weighted data was acquired with a high-resolution
(isotropic 1 mm), 3D turbo-inversion recovery Fluid Attenuated Inversion Recovery (FLAIR)
sequence with the following parameters: TR/TE/TI/Flip angle=5 s, 353 ms, 1.8 s, 180°. This
sequence uses a non-selective inversion recovery pulse to prevent CSF pulsation artifacts
(Bakshi et al., 2000). Total scan time was 15 min.

18FDG -PET imaging—All subjects received approximately 18.5*103 kBq (5 mCi) injection
of 18F-FDG (average injected activity =18.5±3.7* 103 kBq) while resting, laying supine with
eyes closed on the scanner bed. Following a 40 min uptake period, a 10 min attenuation
correction transmission scan was performed using a Ge-68 source. Emission imaging was
acquired for 20 min in a 3-D acquisition mode. Emission scans were corrected for radioactive
decay, scatter and attenuation and reconstructed iteratively using the Hanning filter with a
kernel size of 3.0 mm. 18FDG images were exported as standardized uptake value (SUV) maps
by correcting for injected dose and subject's weight ((kBq/ (cc*kg)), and resampled at isotropic
2 mm spacing.

Image processing
DTI images—Processing of DTI data, to produce regional measurements of WM FA values,
was published in our previous work (Kochunov et al., 2007). Briefly, DTI images were
processed using a tract-based spatial statistics (TBSS) method that is distributed as a part of

1Average raw scores, correlation coefficient with age (rage) and average age-normalized scores are shown for the following tests:
California Verbal Learning Test (average score = 38.7 ± 10.1;rage = − .42; p = 0.1;average age-adjusted t-score = 48.8 ± 10.1); Rey–
Osterrieth copy (average score = 29.9 ± 3.6; ;rage = − .36; p = 0.2;average age-adjusted score = 32.2 ± 0.6 ); Rey–Osterrieth recall
(average score = 12.4 ± 4.9; rage = − .25; p = 0.3;average age-adjusted score = 13.8 ± 2.6); The Purdue Pegboard dominant hand (average
completion time = 90.3 ± 22.3sec;rage = .67; p < 0.01; average age-adjusted completion time = 81.4 ± 3.7s); non-dominant hand (average
completion time = 97.2 ± 21.0 sec; rage = .52; p = 0.02; average age-adjusted completion time = 87.3 ± 3.4 sec); Symbol Digit Modalities
Test (average score = 39.4 ± 7.9; rage = − .79; p < 0.01; average age-adjusted score = 38.1 ± 1.9); Block Design (average score = 33.8
± 6.4; rage = − .10; p = 0.5;average age-adjusted score = 11.9 ± 2.4); Digit Span (average score = 15.5 ± 5.1; rage = − .48; p = 0.05
average age-adjusted score = 10.2 ± 3.5).
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the FSL package for multi-subject analysis of diffusion anisotropy (Smith et al., 2006). First,
fractional anisotropy (FA) images were created by diffusion tensor fitting to the raw diffusion
data (Smith, 2002). Next, FA images were nonlinearly aligned to the group-wise, minimal-
deformation target brain. It was identified by warping all individual brain images in the group
to each other (Kochunov et al., 2001). Then, individual FA images were averaged to produce
a group-average anisotropy image. This image is used to create a group-wise skeleton of white
matter tracts. The skeletonization procedure is a morphological operation, which extracts the
medial axis of an object. This procedure encodes the medial trajectory of the white matter fiber-
tracts with one-voxel thin sheaths.

Finally, FA images are projected onto the group-wise skeleton of white matter structures. This
steps accounts for residual misalignment among individual white matter tracts. For individual
images, FA values are analyzed along the normal projection for each point of the skeleton
image and the peak value is assigned to the skeleton. This step effectively corrects for
misalignment of individual fiber-tracts. The FA values vary rapidly perpendicular to the tract
direction but very slowly along the tract direction. By assigning the peak value to the skeleton,
this procedure effectively lines up the center of individual white matter tracts. The projection
operation is performed under two constraints. A distance map is used to establish search borders
for individual tracts. The borders are created by equally dividing the distance between two
nearby tracts. Secondly, a multiplicative 20mm full width at half-max Gaussian weighting is
applied during the search to limit maximum projection distance from the skeleton.

T1-weighted images—Processing of T1-weighted structural data, to produce regional
measurements of cortical GM thickness and intergyral and sulcal span, was described in detail
elsewhere (Kochunov et al., 2005b, 2008, 2007). The goal of this processing was to measure
average GM thickness for 14 primary cortical regions per hemisphere (Table 1). Gyral and
sulcal span also were measured for 12 primary and secondary cortical sulci (Table 1).

Briefly, the processing was performed with the following steps (Fig. 1): removal of non-brain
tissue (Fig. 1A), registration to the Talairach frame, RF inhomogeneity correction, fully
automated brain tissue partial volume segmentation (Fig. 1B), extraction of GM/WM pial
surfaces (Figs. 1C, D), extraction, labeling and verification of sulcal surfaces as described by
Mangin et al. (2004) (Figs. 1E, F), and segmentation of the cortical landscape into 14 gyral
regions as described by Cachia et al. (2003) (Table 1). The sulcal and intergyral span
measurements were calculated as described elsewhere (Kochunov et al., 2005b;Kochunov et
al., in press;Kochunov et al., 2007) (Fig. 2). Structural measurements for corresponding gyri/
sulci were then averaged for both hemispheres.

T2-weighted images—Processing of T2-weighted FLAIR images, to measure the volume
the of the HWM lesions, was described previously in (Kochunov et al., in press). In short,
FLAIR images were pre-processed using the following steps: removal of non-brain tissue,
registration to the T1-weighted images/Talairach frame and RF inhomogeneity correction. Two
experienced neuroanatomists, independently, performed identification and manual delineation
of hyperintense white mater (HWM) lesions with high (r=.85) inter-rater reliability. The
volume of HWM was calculated for each subject by adding up the volumes of all individual
lesions.

PET image pre-processing
18FDG-PET images were pre-processed for cortical surface-based analysis by spatially
aligning them to the corresponding high-resolution structural MR images. A chamfer distance
registration method provided in BrainVisa (BV) (www.brainvisa.info) was used. Chamfer
distance registration is a surface-based spatial alignment technique developed for registration
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of 18FDG-PET/MRI registration. The BV structural MR image processing pipeline extracts
two surfaces: one that corresponds to the outer GM surface and the other corresponds to the
WM/GM interface. Both of these cortical outlines were also extracted from the PET images
to constrain analysis to cortical GM. These GM/WM surface meshes were aligned using a rigid
body spatial transformation to give the maximum overlap between the two sets from each
modality. PET images were resliced into 800 µm MRI space using a spline interpolation.

Cortical parcelation—Automated parcelation of the cortical regions (Cachia et al., 2003)
from high-resolution MR images was based on the borders of the primary and secondary
cortical sulci. Cortical parcelation was based on the boundaries of 12 primary cortical sulci
that were present in all subjects (Table 1). Some gyri were combined into “cortical areas” due
to inter-subject variability of individual gyral boundaries (Cachia et al., 2003). These areas
include: 1) inferior parietal lobule, composed of supramarginal and angular gyri; 2) lateral
occipital area, spanning the entire surface of the lateral occipital lobe and 3) hippocampal area
spanning the cortical surface medial to the fusiform sulcus, including the hippocampus, para-
hippocampal gyrus and uncus.

Surface-based analysis of cortical 18FDG GM uptake—Cortical 18FDG PET uptake
measurements were calculated using a surface-based analysis before and after correction for
partial volume averaging artifact (Park et al., 2006). The partial volume correction (PVC)
consisted of two steps: mapping peak cortical 18FDG uptake values onto the cortical surface
derived from the high-resolution MR images and then correcting these values for variability
in the regional cortical thickness (Fig. 3).

Step 1: Mapping of cortical 18FDG uptake values onto the cortical surface
Gray matter: Mapping of peak 18FDG uptake values in the cerebral cortex was done for each
patch of the cortical surface that was identified as a gyrus/cortical area using the high-resolution
structural MR processing pipeline (Fig. 3, steps A, C). The mapping assigns each node of a
cortical patch the maximum 18FDG uptake value found along the path normal to the cortical
GM ribbon (Fig. 3F). The search for maximum uptake values was performed along the same
path that was used to measure cortical GM thickness for this location. This path originates at
the WM/GM boundary, runs normal to it and connects to a corresponding location on the outer
GM surface (Fig. 3F). The 3D distance between the corresponding locations on the WM/GM
boundary and outer GM surface extracted from MR images is recorded as the cortical GM
thickness for this node (Fig. 3I). To search for the peak uptake value in the PET image, the
path is extended on either end by the distance equal to the GM thickness. The peak cross-
sectional cortical 18FDG uptake value (Amax) was assumed to represent the intensity that
corresponds to the center of the GM ribbon. By extending the path in both directions, this
procedure helped to correct for small residual misalignment between the PET and MR images.
This search operation was performed under two constraints. First, the path could not be
extended into a neighboring GM region (e.g. going into a neighboring gyrus). Second, the PET
cross-sectional profile was forced to be a single peak bell-shaped function. This was done by
smoothing the PET profiles by a convolution with a Gaussian function with FWHM equal to
the regional GM thickness. Profiles with multiple maxima were discarded. These criteria
resulted in dropping of 15–25% of the nodes.

Step 2: Surface-based correction for partial volume artifact—Partial volume
correction (PVC) reduced variability in the cortical 18FDG uptake values arising from the inter-
subject difference in GM thickness. We used a modified surface based PVC technique
developed by Park et al. (2006). This technique models an 18FDG PET image as a convolution
between the “true” 18FDG uptake image and the point spread function (PSF) of the PET scanner
(approximated PSF as a Gaussian function with a fixed FWHM). However, this technique
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requires an approximation of the PSF as a slowly varying function of the distance from the
scanner's isocenter as one of the inputs to accommodate for the parallax effect (Park et al.,
2006). Here, we modified this technique by modeling the PSF using information provided by
gyral parcelation. This adaptation was based on three assumptions. First, it was assumed that
if subjects' head positioning were consistent within the PET scanner, the same gyrus/cortical
areas in different subjects would be located at a similar distance from the scanner's isocenter,
having similar regional PSF. This supported the assumption that the each gyrus in different
subjects experienced similar PV effects. Our second assumption was that the PV effect is
predominantly influenced by regional differences in cortical thickness. Third, we assumed that
across subjects the gyral uptake value (Amax) would be highly correlated with the gyral GM
thickness. For example, subjects with thicker cortex were expected to have higher Amax values,
than subjects with thinner cortex. The “true” cross-sectional profile of cortical ribbon uptake
values was modeled using two approximations; rectangular and Gaussian (see Appendix 1).
Modeling of the three assumptions showed that Amax uptake value was nearly linearly related
to the regional thickness of the cortical ribbon (Appendix 1).

Volume-based analysis of subcortical 18FDG WM uptake—Average WM 18FDG
uptake values (Awm) were calculated for the entire volume of the cerebral WM and for the three
regions of corpus callosum (CC). Subjects' WM masks were obtained from the tissue classified
MR images (Fig. 1B;Fig. 3B). WM masks were eroded with a spherical, 6 voxel/4.8 mm
diameter kernel to reduce partial averaging with the surrounding cortical GM and ventricular
CSF uptake values. Subject's average WM 18FDG uptake value (Awm) was calculated by
averaging uptake values within individual WM mask. Average 18FDG uptake was also
calculated for three sub-regions of corpus-callosum divided along its anterior–posterior length
(Kochunov et al., 2005a) (Fig. 3H). This anterior–posterior CC subdivision schema (Fig. 3
bottom) is popular because commissural WM that forms the CC was shown to have distinct
topographic distributions (Aboitiz, 1992;Aboitiz et al., 1992;Highley et al., 1999). The anterior
third (genu) of the CC contains the thinly myelinated, tightly packed association fibers
connecting the bilateral frontal/anterior cingulate cortices; the midbody (middle third)
primarily contains thickly myelinated fibers for motor, somatosensory and auditory cortices
and the posterior third (splenium) contains a mixture of heavily myelinated and thinly
myelinated fibers connecting the temporal, parietal and occipital lobes (Witelson, 1989). A ten
millimeter-wide band of the CC was segmented from the cerebral WM mask and eroded with
a spherical kernel with the diameter=5voxels/4 mm (Fig. 3E).

Results
Average and standard error of the mean (SEM) values for the surface area, average GM
thickness, uncorrected and partial volume corrected 18FDG uptake values and correlation
coefficients between GM thickness and 18FDG uptake values are shown for the fourteen
cortical areas in Table 2. On average, the SEM for regional cortical surface areas, GM thickness
and 18FDG uptake values were <10% of the mean value; confirming the high level of
intersubject consistency of cortical parcelations and mapping of cortical uptake values (Cachia
et al., 2003;Park et al., 2006). The intragyral correlations between Amax and gyral GM thickness
were significant for every gyrus (Table 2). However, the combined scatter plot for all gyri (Fig.
5, top) showed no significant correlation between uptake values and GM thickness (r=.25,
p>.30). This was due to known regional differences in the baseline metabolism (Ibanez et al.,
2004). Fig. 4 indicated that baseline 18FDG uptake was the highest for the frontal, parietal and
occipital areas, while cingulate and hippocampal areas showed the least 18FDG uptake, similar
to findings reported in (Ibanez et al., 2004). To remove the regional variability in baseline
metabolism, we value-normalized individual gyral uptake values (Amax) to the whole brain
average cortical uptake value. This correction resulted a significant correlation (r=.46, p<.01)
between Amax and GM thickness (Fig. 5, bottom).
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The average correlation coefficients between Amax and GM thickness were slightly higher for
PVC performed using Gaussian and rectangular profile approximations (rGaus =.52 vs rRect=.
50; p>.20). Following PVC, there was a significant reduction (p<.001) of inter-subject
variability for corrected A'max values and the average SEM values were reduced from 5% to
3.6% using Gaussian approximation; (Table 2).

Correlations between global 18FDG uptake, age and MR-based indices of cerebral integrity
Uncorrected average cortical 18FDG uptake (Amax) was significantly correlated with age
(rgm=−.54; p<.01). This correlation became non-significant following PVC (A'max vs age
rrec=−.27 and rgaus=−.28; p>.2; see Fig. 6 and Table 3). Age-independent relationships
between 18FDG uptake values were studied using partial age-corrected correlation analyses.
Uncorrected average cortical uptake values were significantly correlated with GM thickness
and two MR-based measurements of WM integrity: HWM volume and intergyral span (Table
4). Following PVC, the correlation with GM thickness became non-significant but correlations
with HWM volume and intergyral span became numerically stronger (Table 4).

Correlations between gyral 18FDG uptake and MR-based indices of cerebral integrity
Correlations between gyral 18FDG uptake values, age and MR-based integrity indices, before
and after PVC were tabulated (Table 5). As PVC correction with Gaussian approximation
returned numerically higher correlation coefficients than with rectangular approximation, only
A'max/Gauss numbers were shown. The level of statistical significance was set at p=.003 (r>.65)
to reduce the probability of Type 1 errors associated with comparisons across 14 cortical
regions. Similar to global trends, age was negatively correlated with Amax for every gyral area.
Following PVC, age was no longer a significant covariate for the regional A'max/Gauss values;
however, non-significant moderate negative correlations (r=−.35 to −.42; p=.15 to .07)
remained for the superior and intermediate frontal gyri, the cingulate gyrus, and the
hippocampal area.

Age-independent relationships between corrected cortical 18FDG PET uptake values and MR-
based indices showed that gyral uptake values did not significantly correlate with GM thickness
and FA values for any of the regions (Table 5). In contrast, two MR-indices of WM atrophy:
HWM volume and intergyral span showed moderate to strong correlation (r=−.4 to −.6; p=.05
−.01) with the cortical 18FDG uptake values, however, none were significant, when corrected
for multiple comparisons (p=.003;r>.65).

Correlations between 18FDG uptake in the corpus callosum, age and MR-based indices of
cerebral integrity

Average 18FDG uptake was calculated for three regions of the corpus callosum (CC): genu,
body and splenium (Fig. 3 bottom). The genu of the CC was the only region where the 18FDG
uptake was significantly correlated with age (r=−.63; p<.01) (Table 6). Age-corrected
correlation analysis showed that regional CC 18FDG uptake was not significantly correlated
with GM thickness. However, 18FDG uptake values for all three regions were significantly
correlated with MR-based WM atrophy indices: HMW volume and intergyral span (Table
7). 18FDG uptake values for the genu and the splenium were also significantly correlated with
FA (Table 7).

Interestingly, the genu was also the only region where the 18FDG uptake was significantly
correlated with the average cortical 18FDG uptake. The age-corrected correlations for the genu
and cortical 18FDG uptake was pr=.56;. and .67 (p<.01) for Amax; and A'max/Gauss, respectively
(Table 7). The average correlation for the body and splenium were not significant (pr=.06;.
and .14 and pr=.16;.21 and .22).
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Discussion
The combination of quantitative MRI and 18FDG PET measurements of cerebral integrity holds
great potentials in the discrimination of normal aging from earlier stages of cognitive
impairment and dementia (Small et al., 2008). The ability to discriminate normal aging from
dementia using diverse, multi-modal neuroimaging indices of cerebral integrity requires a
sound understanding of factors affecting the indices. This study analyzed relationships between
regional 18FDG uptake and MR-based indices of cerebral integrity in healthy, aging subjects.
Low spatial resolution of PET cameras prevents PET images from fully resolving cortical GM
ribbon leading to artifactual reductions in cortical uptake values (Appendix 1). These artifacts
have been shown to be the cause of several erroneous findings of hypometabolism in aging,
dementia and disorders (Ibanez et al., 2004; Inoue et al., 2005; Park et al., 2006).

Our study found that the partial volume averaging can produce an artificial age-related
reduction in measured cortical uptake. Uncorrected, average cortical 18FDG uptake (Amax) was
significantly correlated with age (r=−.54; p<.01), suggesting age-related hypometabolism.
Notably, following partial volume correction (PVC), cortical uptake values were no longer
significantly correlated with age (Table 3), consistent with similar studies using PVC (Park et
al., 2006;Yanase et al., 2005). Thus, PVC changed the pattern of correlation between
cortical 18FDG uptake and MR-based indices of cerebral integrity, providing more accurate
results. Prior to PVC, average cortical 18FDG uptake was significantly correlated with GM
thickness (r=.46; p<.05), but after PVC this correlation was non-significant (Table 4). In
contrast, correlations between cortical 18FDG uptake and MR-based indices of WM integrity,
such as HWM volume and intergyral span became numerically stronger following PVC (Table
4). This generally held true for other regional cortical analyses (Table 5). Prior to PVC, all
regional cortical uptake values correlated with age at the level of (r=−.45−.6; p=.05−.01).
Following PVC, there were no significant correlations with age for any region. As expected
from global trends, correlations between regional uptake values, HWM volume (r=−.44 vs. −.
52) and intergyral span (r=−.47 vs. −.51) were higher although following PVC though none
reached the level of statistical significance necessary for multiple comparisons.

Our data additionally showed significant differences in 18FDG uptake trends between thinly
myelinating associative and heavily myelinated motor WM tracts (Table 6,Table 7). Consistent
with previous findings regarding difference in aging trends in WM, only the 18FDG uptake in
the genu of the CC showed a significant correlation with age (r= −.63; p<.001) (Table 6). The
genu of CC is composed of thinly myelinated associative tracts linking higher cognitive areas
(Aboitiz et al., 1992). In contrast, uptake values in the body of CC were not correlated with
age (r=−.3; p=~.4). The body of the CC is composed of heavily myelinated motor and sensory
tracts connecting primary motor and sensory cortices (Aboitiz et al., 1992). 18FDG uptake in
the genu of CC was also highly correlated with the MR-based indices of WM integrity, even
when age corrected (Table 7). Specifically, uptake values in the genu were correlated with
HWM and intergyral span e.g. the MR-based indices correlated with the cortical 18FDG uptake
(Table 7). This finding is consistent with the previously reported association between reduction
in WM integrity in the genu and hypometabolism in the frontal areas (Inoue et al., 2008).
Uptake values in the other partitions of the CC, and the uptake values for the entire WM volume
were also significantly correlated with intergyral span and HWM volume, indicating that these
two MR indices of WM atrophy are predicative of decline in FDG uptake throughout WM
(Table 7).

Following PVC, only HWM volume and intergyral span (our key indices of WM integrity)
remained strongly correlated with decline in FDG uptake. The mechanisms by which the
decline in WM integrity decreases the cerebral glucose uptake are unknown. It has been
postulated that HWM lesions disrupt myelin and cause de-synchronization of the multitude of
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cortical networks relying on this complex WM relay system (Bartzokis, 2004; DeCarli et al.,
1995). Our findings also supported earlier observations regarding accelerated aging trends in
the thinly myelinated associative WM. Previously, it was shown that thinly myelinated,
associative tracts, located in the genu of CC, are especially vulnerable to accumulation of
metabolic damage and this adversely affects the neurons throughout the cortex due to the loss
of neurotrophic factors (Dai et al., 2001; Hildebrand et al., 1993; Inoue et al., 2008; Wilkins
et al., 2001, 2003). The finding that 18FDG uptake in the genu is highly correlated with age,
cortical uptake and MR-based indices of atrophy suggests an outward progression of functional
decline from thinly myelinated association WM tracts to cerebral cortex.

Limitations
There are two limitations that impact this manuscript. One limitation was the small number of
subjects. This study was explorative in nature, where the age-independent relationships among
a wide variety of measurements were studied in relatively few subjects. Typically, this analysis
would be performed using exploratory statistical techniques such as principal or independent
component analysis (PCA/ICA). However, we could not use these techniques due to the
requirements they place on the ratio of dependent variables vs. subject number of at least 1:10
(Osborne and Costello, 2004). The small number of subjects also prevented us from performing
multivariate analysis of the regional 18FDG uptake trends where even moderate correlation
values (r~.5–.6) are non-significant when corrected for multiple comparisons.

The other main limitation of this study was the use of semi-quantitative analysis of 18FDG PET
uptake with standard uptake values. Fully quantitative 18FDG-PET measurements based on
continuous arterial blood sampling and modeling of cerebral glucose metabolism have been
developed over 20 years ago (Fox et al., 1988; Raichle, 1981). However, fully
quantitative 18FDG-PET studies are not routinely performed in clinical work or in large multi-
center studies due to complexity associated with continuous arterial blood sampling. For
example, the recent multi-center NIH-funded Alzheimer's Disease Neuroimaging Initiative
uses standard uptake values to report 18FDG-PET data (Mueller et al., 2005).

Conclusion
In this work, we demonstrated the importance of partial volume correction for 18FDG-PET
studies of normal aging. Partial volume correction is necessary to avoid artifactual findings
such age-related hypermetabolism and significant correlations with GM thickness. We showed
that following PVC, MR-based measurements of WM integrity, e.g. HWM volume and
intergyral span, were exclusively related to the decline in cortical uptake values. In other work,
from our lab we also showed that the same measurements have also showed significant age-
corrected association with the decline in executive control function during normal aging and
explained 62% of intersubject variability in the neurocognitive scores (Kochunov et al., in
press). The trends and relationships we observed between PET and structural MRI indices
added strength to the argument that WM degradation is a major contributor to functional
changes observed in normal aging. These data have shed light on the correspondence of indices
of WM integrity and the age-related decline in cerebral metabolism. Future work in this area
should continue to correct for partial volume artifact while extending exploration into the
associations between indices of cerebral integrity, including measurement of regional glucose
uptake, and cognitive/behavioral outcomes.

Abbreviations
Amax, Maximum cortical FDG uptake value; A′max/Rect, Maximum cortical FDG uptake value
following partial volume correction using rectangular approximation; A′max/Gaus, Maximum
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cortical FDG uptake value following partial volume correction using Gaussian approximation;
Awm, FDG uptake value (activity) in cortical white matter; BV, Brain Visa; GM, Gray Matter;
HWM, Hyperintense white matter; PVC, Partial volume correction; WM, White matter.
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Appendix

Appendix A. Modeling of effects of the GM thickness on the peak PET
intensity

Spatial resolution of modern PET cameras is not sufficient to faithfully reproduce the detailed
spatial nature of the cortical GM ribbon. This failure is attributed to a partial voxel averaging
effect, where the voxel value is the average response over the extent of the PET imager’s point
spread function (PSF). Since the PSF of PET imagers extend well outside the cortical bounds,
voxel values within cortex will be lessened for FDG studies, because surrounding tissues and
compartments will have lower FDG concentrations. The thickness of the GM ribbon varies
across cortex and thicker GM regions will occupy a larger fraction of the PET PSF and therefore
have a higher peak voxel value. We modeled the effect of regional variations in cortical GM
thickness on peak voxel values using convolution between the cross-sectional profile of
assumed “true” GM FDG uptake profile and the PSF of the PET scanner. The profile of the
GM FDG uptake was assumed to follow the cross-sectional profile of GM values measured
from a coregistered high-resolution MRI. The true GM FDG uptake profile was modeled using
two approximations. In the first approximation we assumed that the true profile was represented
by a rectangular function with the width given by the Full-Width-at-Half-Maximum of the
MRI measured GM profile (FWHMgm). In the second approach, the true GM FDG profile was
modeled as a Gaussian function with the same FWHM. The point spread function (PSF) of the
PET camera was modeled as a Gaussian function with the σpet=FWHMpet/2.35 (Eq. (A.1)

(A.1)

Rectangular FDG uptake profile
The “true” cross-sectional FDG profile for a cortical ribbon was approximated by a rectangular
function with amplitude A', and width=FWHMgm (Fig. 1A top). The GM profile in the
reconstructed FDG PET image was modeled as a convolution between the rectangular cross-
sectional profile and PSF of the PET scanner (Fig. 1A top, left). The result of this convolution
is a bell-shaped function shown in Fig. 1A top, left. The magnitude A' is related to the
reconstructed peak magnitude A of the FDG image as shown in Eq. (2).

(A.2)

We modeled equation A.2 for the observed range of cortical GM thickness values of 1.7–3.5
mm and expected FHWMpet of the PET camera are in the range of 5–10 mm. Fig. A.1 shows
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the A/A’ ratio as the function of GM thickness at the FHWMpet=6 mm. This relationship can
be approximated as a linear function of FHWMgm with an average approximation error<1%
(Fig. 1A top).

Gaussian FDG uptake profile
In the second approach we modeled the “true” cross-sectional FDG profile for the cortical
ribbon as a non-normalized Gaussian function with a peak magnitude A’ (Eq. A.3), where
σgm=FWHMgm/2.35. Lack of normalization factor allows us to have same peak intensity for
GM ribbon areas of different thickness.

(A.3)

The reconstructed FDG PET image was again modeled as a convolution between G and PSF
of the PET scanner. The result of this convolution is a Gaussian function shown in Fig. 1A
bottom, left. However, once again we are only interested in the ratio between the reconstructed
and the original peak magnitudes. This relationship is given by Eq. A.4 and its dependence on
the regional GM thickness can be modeled using a linear approximation (r2>0.99) (Fig.1A,
bottom, right).

(A.4)
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Fig. 1.
T1-w image processing pipelines. A T1-w image is skull-stripped, globally spatially
normalized, and RF-inhomogeneity corrected (A). Next, cerebral hemispheres and cerebellum
and identified and tissue classified (B); cortical surfaces for GM and WM are calculated (C,
D) and homotopic erosion operation and crevasse detector are used to reconstruct sulcal surface
as the medial surface of the two opposing gyral banks (E). Sulcal identification pipeline uses
a congregation of 500 artificial neural network-based pattern classifiers to identify (F) sulcal
landmarks and to perform gyral segmentation of the cortex (G).
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Fig. 2.
Cortical markers of cerebral integrity. T1-w image processing pipeline (Fig. 1) produced sulcal
surface (green) and pial GM (gray) and inner WM (red) surfaces. For each sulcus three average
measurements of cortical cerebral integrity are computed: average intergyral (A), sulcal (B)
spans and average GM thickness (C). Intergyral span (A) is defined as the 3-D distance between
opposing points on the WM mesh along the normal projection to the sulcal surface. Sulcal span
(B) is defined as a 3D distance between opposing points on the GM mesh along the normal
projections to the sulcal surface. Gyral GM thickness (C) is defined as a distance between pial
GM and inner WM meshes at the direction normal to the pial GM surface. These measurements
are calculated for every vertex of the sulcal surface resulting in averaging of ~2–5000
measurements for each sulcus.
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Fig. 3.
Extraction of regional FDG PET measurements. Anatomical images were processed with BV
pipeline that produced cortical parcelation maps (A) and mask of cerebral WM (B). For each
gyrus/cortical area (C), crossectional FDG intensity and WM/GM distance were analyzed to
measure peak intensity A′max and GM thickness (F, I). These measurements were performed
for each of the nodes of the gyrus (~10000) and results were averaged. The cerebral WM mask
was eroded (D) to measure Awm, average WM activity. The mask of the corpus callosum (CC)
was eroded (E) to measure Awm for genu, body and splenium of CC.

Kochunov et al. Page 19

Neuroimage. Author manuscript; available in PMC 2009 August 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Baseline FDG uptake values (average Amax) for 14 cortical gyri/areas.
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Fig. 5.
Cortical FDG uptake (Amax) values for 14 cortical gyri/areas plotted vs. GM thickness for 19
subjects before (top) and after intensity normalization (bottom) that normalized the average
FDG intensity for every gyrus/area.

Kochunov et al. Page 21

Neuroimage. Author manuscript; available in PMC 2009 August 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Whole-brain cerebral metabolism markers plotted vs. age. Regression lines are shown for
uncorrected cortical GM (solid), corrected cortical GM (interrupted) and cerebral WM (shaded,
dotted) average FDG uptake values.
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Fig. S1.
Partial voxel averaging correction was modeled using rectangular (top) and Gaussian (bottom)
approximations. The graphs are shown for FWHM of the PET camera set at 6 mm.
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Table 1
Column 1, sulcal and intergyral spans were calculated for 12 primary and secondary sulcal structures per hemisphere

Sulcal structures Cortical areas

Superior frontal sulcus Superior frontal

Inferior frontal sulcus Intermediate frontal

Pre-central sulcus Inferior frontal

Postcentral sulcus Pre central

Intraparietal fissure Post central

Superior temporal sulcus Superior parietal lobule

Cingulate sulcus Inferior parietal lobule

Lateral and transverse occipital and lunate sulci Lateral occipital area

Calcarine fissure Superior temporal

Central sulcus Intermediate temporal

Parietaloccipital fissure Inferior temporal

Collateral sulci Cingulate

Fusiform

Hippocampal area

Column 2, GM thickness and FDG PET standard uptake values were calculated for 14 gyral and cortical areas per hemisphere.
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Table 6
Correlation between average 18FDG PET uptake values for three regions of corpus callosum and age

Genu Awm Body Awm Splenium Awm

−.63* −.30 −.34

*
Indicated statistically significant correlation (p<.05).
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