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Abstract: Late life depression (LLD) even in subsyndromal stages shows high conversion rates from :
cognitively normal (CN) to mild cognitive impairment (MCI). Results of [ISF]-ﬂuorodesoxyglucose
positron-emission-tomography (FDG-PET) were inconsistent in LLD patients, whereas atrophy was ‘ ¢

repeatedly described. Therefore, we set out to investigate FDG metabolism and the effect of atrophy -
correction (PVEC) in geriatric CN patients with depressive symptoms. 21 CN subjects with positive
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item for the depression category (DEP) in the Neuropsychiatric-Inventory-Questionnaire and 29 CN subjects with an ab-
sent depression item (NON-DEP) were selected from the ADNI cohort. FDG-PETs were analyzed in individual PET
space using volumes-of-interest (VOI) and statistical-parametric-mapping (SPM) approaches. VOI- and MRI-based
PVEC were applied to PET data. DEP subjects showed significant hypometabolism in fronto-temporal cortices and the
posterior cingulate cortex (PCC) when contrasted against NON-DEP in uncorrected data. Both in VOI- and SPM-based
approaches PVEC eliminated significance in PCC, while fronto-temporal regions remained significant or even attained
significance such as in case of the left amygdala. Subsyndromally depressed CN subjects had decreased FDG metabolism
in mood-related brain regions, which may be relevant to their elevated risk for conversion from CN to MCI. Methodologi-
cal advances in PET analyses should be considered in future studies as PVEC relevantly changed results of FDG-PET for
detecting apparent metabolic differences between DEP and NON-DEP subjects. Furthermore, VOI-based analyses in in-
dividual PET space will allow a more accurate consideration of variability in anatomy, especially in subcortical regions.
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1. INTRODUCTION

The increasing incidence with age of Alzheimer’s disease
(AD), the most common form of dementia, is imposing an
onerous burden on health care in societies with aging popu-
lations [1]. Recent clinical studies have identified associa-
tions between late-life depression (LLD) and mild cognitive
impairment (MCI) [2], as well as an increased risk for con-
version to AD [3]. Indeed, almost one half of AD patients
suffer from a depressive syndrome, although the causality is
uncertain; the literature is inconclusive whether LLD is a
risk factor for AD, or if LLD is rather a prodromal state and
early symptom of AD, relevant to the pathophysiology of
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AD. Steenland and colleagues noted that factors such as the
clinical definition of depression, co-morbidities, age of de-
pression onset, and medication history may be potential con-
founders in establishing the link between depression and
dementia [4]. Brain metabolism, perfusion and anatomy of
cognitively normal (CN), mild cognitively impaired (MCI)
and demented LLD subjects have been investigated using
[IBF]-ﬂuorodesoxg/glucose positron emission tomography
(FDG-PET), H,["°O] PET [5], and magnetic resonance imag-
ing (MRI) [6]. These modalities have suggested some evi-
dence for progressive atrophy and hypometabolism leading
to dementia. However, other FDG-PET studies in unmedi-
cated LLD patients have shown inconclusive results with
either hypermetabolism [7-11] or hypometabolism [12-15].

Treatment in LLD subjects with antidepressants more
consistently led to metabolic decreases in previously hyper-
metabolic brain areas [16-18]. The metabolic reductions
were mainly located in the frontal lobe as well as in the lim-
bic system, i.e. regions involved in executive function and
mood, as previously reviewed by Price and Drevets [19].
Indeed, earlier functional studies have particularly implicated
medial prefrontal loops within cortico-striato-pallido-
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thalamic and amygdalo-striato-pallido-thalamic connections
in the pathophysiology of mood disorders [17-19]. The in-
terpretation of observed cerebrometabolic changes in LLD is
complicated further by the associations between cerebral
atrophy and depression. A longitudinal structural imaging
study in MCI subjects has reported progressive atrophy in
frontal, parietal and temporal regions [6], while volume re-
ductions in frontal cortex, anterior cingulate cortex (ACC),
hippocampus and amygdala were described in CN elderly
depressed subjects [20-22], suggesting a causal relationship
between atrophy, depression, and conversion to dementia.
Recent investigations regarding the link between depression
and brain amyloidosis have mainly focused on subjects with
remitted earlier depressive episodes and particularly found
elevated f-amyloid levels in these patients [23-25]. Regard-
ing this conjecture, an extensive recent longitudinal multi-
center study of 8107 CN and MCI subjects showed strong
relative risks for the subsyndromally depressed subgroups
for conversion either from CN to MCI or from MCI to AD
[4]. Here, depression was rated with the Neuropsychiatric
Inventory Questionnaire (NPI-Q) or geriatric depression
scale (GDS), where NPI-Q served as the stronger predictor
for conversion from CN to MCI.

Based on these clinical findings we aimed to utilize the
Alzheimer's Disease Neuroimaging Initiative (ADNI) cohort
to search for metabolic differences in CN subjects with de-
pressive symptoms (defined by NPI-Q) compared to non-
depressed subjects. As cerebral atrophy was presumable in
this context [20-22] and influences FDG-PET findings [26]
we tested the impact and quantitative influence of partial
volume effect correction (PVEC). Furthermore the methodo-
logical advance of a volume-of-interest (VOI)-based ap-
proach in the individual PET space of each subject was
tested with special regard to subcortical regions.

2. MATERIAL AND METHODS
2.1. Alzheimer's Disease Neuroimaging Initiative

Data used in the preparation of this article were obtained
from the ADNI database (adni.loni.usc.edu).The ADNI was
launched in 2003 by the National Institute on Aging (NIA),
the National Institute of Biomedical Imaging and Bioengi-
neering (NIBIB), the Food and Drug Administration (FDA),
private pharmaceutical companies and non-profit organiza-
tions, as a $60 million, 5-year public-private partnership.
The primary goal of ADNI has been to test whether serial
MRI, positron emission tomography (PET), other biological
markers, and clinical and neuropsychological assessment can
be combined to measure the progression of MCI and early
AD. Determination of sensitive and specific markers of very
early AD progression is intended to aid researchers and cli-
nicians to develop new treatments and monitor their effec-
tiveness, as well as lessen the time and cost of clinical trials.

The Principal Investigator of this initiative is Michael W.
Weiner, MD, VA Medical Center and University of Califor-
nia — San Francisco. ADNI is the result of efforts of many
co-investigators from a broad range of academic institutions
and private corporations, and subjects have been recruited
from over 50 sites across the U.S. and Canada. The initial
goal of ADNI was to recruit 800 subjects but ADNI has been
followed by ADNI-GO and ADNI-2. To date these three
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protocols have recruited over 1500 adults, ages 55 to 90,to
participate in the research, consisting of cognitively normal
older individuals, people with early or late MCI, and people
with early AD. The follow up duration of each group is
specified in the protocols for ADNI-1, ADNI-2 and ADNI-
GO. Subjects originally recruited for ADNI-1 and ADNI-GO
had the option to be followed in ADNI-2. For up-to-date
information, see www.adni-info.org.

Data from ADNI1, ADNI GO and ADNI2 were included
in this work. Pre-processed brain FDG-PET images and
corresponding T1-weighted MPRAGE (T1w MRI), matched
for time were downloaded from the ADNI database as
available on July 30", 2013.

2.2. Patient Selection and Study Design

As of the cutoff date, the ADNI 1, GO and ADNI 2 data-
bases contained 1338 subjects, of which 398 were clinically
rated CN and had undergone brain FDG-PET (Fig. 1).

Among the CN subjects we defined subjects with depres-
sive symptoms (DEP) and non-depressed (NON-DEP) sub-
jects as subgroups for metabolic comparisons. DEP was de-
fined according to the NPI-Q item #4/12 [27], where exis-
tence of any depressive symptoms was binary rated (1 = pre-
sent; 0 = absent), regardless of the severity [28]. Cases with
depressive symptoms did not meet diagnostic criteria for
affective disorder, as any subjects meeting criteria for major
depression or bipolar disorder had been excluded from
ADNI. As other neuropsychiatric symptoms potentially in-
fluence brain glucose metabolism as well [29], all subjects
reporting symptoms in any of the other eleven domains (e.g.
delusions, hallucination, agitation etc.) were excluded from
the DEP study group; of 52 DEP subjects, 21 had absence of
other neuropsychiatric symptoms.

For the NON-DEP group, a score of zero in the GDS
short form [30] was additionally stipulated for inclusion, as
NPI-Q and GDS are not strictly correlative [4]. As subjects
with intermittent depressive symptoms might likewise have
an increased risk of conversion [4], a persistent score of zero
in the NPI-Q during a minimum of 24 months follow-up was
required for inclusion in the NON-DEP group; among 168
subjects with NPI-Q and GDS of zero at a single visit, 30
fulfilled these criteria during follow-up. Medication status of
all included subjects was recorded and checked for psycho-
tropic drugs (antidepressants, antipsychotics, anticonvul-
sants).

2.3. Image Data

From 30 NON-DEP subjects one was excluded due to
cropped cerebellar border in FDG-PET image. Group-wise
characteristics of the two study groups are provided in (Ta-
ble 1).

A detailed overview of image post-processing and per-
formed analyses is given in Fig. (2).

2.3.1. ADNI FDG-PET Acquisition and Pre-Processing

The FDG-PET images had been acquired using Siemens,
GE and Philips PET scanners according to one of three stan-
dard protocols (30—60 minute dynamic, 30—-60 minute static,
0-60 minute dynamic) following the intravenous injection of
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NPI-Q #4 ,yes” All other NPI-Q #
(N=52) »no“ (N=21)

Subjects with Cognitively
FDG-PET Normal (CN)
(N=1338) (N=398) NPI-Q total & GDS

total = ,zero”
(N=168)

NPI-Q ,zero“ at
all visits (N=30)

Fig. (1). Subject selection from the whole Alzheimer's Disease Neuroimaging Initiative database. From all available [18F]—ﬂuorodeoxyglucose
(FDG) scans, those of cognitively normal patients were selected in the first step. Scores in the Neuropsychiatric Inventory Questionnaire
(NPI-Q; 12 items) and the Geriatric Depression Scale (GDS; 15 items) were used to separate subclinical depressed and non-depressed study-
groups. # = item-number.

Table 1. Demographics and covariates of the two contrasted study groups, consisting of depressed (DEP) and not depressed (NON-
DEP) cognitively normal elderly subjects. MMSE = mini mental state examination. GDS = geriatric depression scale (short
form). SD = standard deviation.

DEP NON-DEP p-value
N 21 29
Age (y), mean £+ SD 77.0 +/- 6.9 75.4+/-6.3 n.s.
Gender (m/w) 11/10 17/12 n.s.
Education (y), mean £+ SD 16.1 +/-2.1 15.5+/-3.1 n.s.
MMSE (0-30), mean + SD 29.2+/-1.0 29.14/-1.1 ns.
GDS (0-15) 2.14/-2.1 0
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Fig. (2). Processing of ['*F]-fluorodeoxyglucose positron-emission-tomography (FDG-PET) and T1-weighted magnetic resonance imaging
(T1w MRI) data. Starting from native space PET, rigid (R-TX) and nonlinear (NL-TX) normalizations were performed for spatial matching
as required for voxel-wise statistical parametric mapping (SPM). Interpolation was minimized by concatenation of single transformations.
T1w MRI images were segmented into gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) for volume analyses and T1w
MRI-based partial volume effect correction (PVEC). Inversion and administration of saved transformations (R-TX™'; NL-TX™) to the Ham-
mers atlas in Montreal Neurological Institute (MNI) space allowed volume-of-interest (VOI)-based analyses in individual PET space. Result-
ing uncorrected and PVE-corrected standard-uptake-value-ratios (SUVR) with the cerebellum (CBL) serving as a reference region were ana-
lyzed with SPSS. FWHM = full-width-at-half-maximum. GM TH = gray matter threshold. WM reg. = white matter regression.
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185 + 19 MBq of FDG. Data were corrected for both scatter
and measured attenuation, which was determined using the
CT scan for PET/CT scanners, or a transmission scan with
[®*Ge] or [Cs] rotating rod sources for PET-only scanners.
Images were reconstructed using scanner-specific algo-
rithms, and sent to the University of Michigan, where they
were reviewed for artifacts, anonymized, and transmitted to
the Laboratory of Neurolmaging (LONI) for storage. Further
details are available in the ADNI PET technical procedures
manual (http://www.adni-info.org/Scientists/Pdfs/ ADNI2
PET Tech Manual 0142011.pdf).

Downloaded FDG-PET images in DICOM format had
been pre-processed in four steps: 1) motion correction by co-
registration of single five min frames; 2) time frame averag-
ing (30-60 min p.i.); 3) co-registration of longitudinal data to
the baseline scan and reorientation in a standardized
160x160x96 matrix with 1.5 mm cubic voxels; 4) smoothing
with a scanner-specific filter function to an isotropic resolu-
tion of 8 mm. Details can be found at (http://adni.
loni.ucla.edu/methods/pet-analysis/pre-processing/) [31].

2.3.2. ADNI MRI Acquisition and Pre-Processing

T1-weighted MRI scans had been acquired using Sie-
mens, GE or Philips MRI scanners according to a standard
protocol [32] involving acquisitions of two 3-D MPRAGE
imaging sequences per subject. Of the two images acquired
per subject and time-point, the ADNI quality assurance team
selected the better image for pre-processing, based on the
presence and severity of commonly occurring image arti-
facts.

MRI preprocessing involved: 1) application of a scanner-
specific correction for gradient nonlinearity distortion
(Gradwarp) [33]; 2) correction for image intensity non-
uniformity (B1) [32]; 3) histogram peak sharpening algo-
rithm for bias field correction (N3) [34]; 4) application of
spatial scaling factors obtained by phantom measurements.
For images acquired on Philips scanners, Bl correction was
already implemented, and the gradient systems with this in-
strument tended to be linear [35, 36].

2.3.3. Voxel-Wise PET Analyses

2.3.3.1. Co-registration, Smoothing and Normalization

All co-registration procedures were performed using
PMOD PNEURO tool (V. 3.407 PMOD technologies). PET
images were rigidly co-registered to the corresponding MRI
to calculate a linear transformation in MATLAB format
(PET-2-MRI). Individual MRI images were nonlinearly co-
registered to the standard Montreal Neurological Institute
(MNI)-space MRI template, and this transformation was also
saved in MATLAB format (MRI-2-MNI). PET-2-MRI and
MRI-2-MNI transformations were finally combined and ap-
plied to the native space PET images to achieve accurate
spatial normalization of PET images with a minimum of
interpolation. These images were Gaussian-filtered at 8 mm
and intensity-normalized by scaling to the cerebellum VOI
[37, 38] defined in the Hammers Atlas [39] for further statis-
tical-parametric-mapping (SPM) analyses (Fig. 2).

2.3.3.2. MRI-based PVEC

T1-weighted MR images were segmented into gray mat-
ter (GM), white matter (WM) and cerebro-spinal fluid (CSF)
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within original MRI-space using PMOD PNEURO tool [40].
All segmentations were visually checked for correctness and
extracerebral artifacts. In cases with such artifacts, we ap-
plied binary masking with a whole brain FDG-PET template
image in MRI-space. MRI-based PVEC (MGM) [41] was
performed in PET space using PMOD with a GM threshold
of 0.3, WM regression of 0.95 and full-width-at-half-
maximum of 8 mm (= uniform resolution). Resulting PVE-
corrected FDG images were saved in PET-space and the
MRI-2-MNI transformation was applied. As MGM only ac-
counts for GM-voxels, for further statistical analyses, multi-
plication of all PET images in MNI-space was performed to
generate a mask template for all analyzed subjects including
only voxels containing activity > zero. In analogy to uncor-
rected images, a Gaussian filter of 8§ mm and intensity nor-
malization to cerebellum (adapted to the SPM mask) were
applied.

2.3.3.3. Voxel-Wise Statistics

Group comparisons of uncorrected and PVE-corrected
FDG images were performed voxel-wise using two-sample t-
tests in SPM 8 (Wellcome Department of Cognitive Neurol-
ogy) implemented in MATLAB (R 2011a; MathWorks Inc.).
Age, gender, education and mini mental state examinations
(MMSE) were used as covariates, with the mask gained from
MGM being applied to both analyses in order to make them
comparable. DEP and NON-DEP subjects were contrasted
using a significance threshold of p < 0.001, uncorrected for
multiple comparisons and an extent of > 50 voxels; FDG
uptake differences were analyzed in both directions sepa-
rately.

2.3.4. VOI-based PET Analyses
2.3.4.1. Individual VOI Calculation

VOI-based FDG data of all subjects were analyzed in the
individual PET-space of all 50 subjects using PNEURO (Fig.
3A-D).

The algorithm uses individual PET and MRI images as
well as a brain segmentation consisting of 83 brain VOIs in
the MNI-space, as devised by Hammers [39]. Single subject
FDG-PET images were rigidly fused on individual MRIs,
which were nonlinearly fused to the MRI-MNI-space tem-
plate, in analogy to methods described in 2.3.3.1 above. Pre-
viously established GM/WM/CSF segmentations were used
to generate individual GM-VOIs in the MNI-space seg-
mented in the Hammers atlas. In the next step, the concate-
nation of the two transformations (PET-2-MRI, MRI-2-
MNI) was inverted and applied to the individual VOlIs, thus
bringing them to the corresponding single subject's native
PET-space (Fig. 2). Additionally, volumes (mm?) of all 83
regions were calculated after transformation of individual
VOI templates into the MNI-space.

2.3.4.2. VOI-based PVEC

A VOI-based PVEC [42, 43] was performed with the in-
dividual VOIs and both uncorrected and PVE-corrected re-
sults were generated. For each non-ventricular VOI, stan-
dard-uptake-value-ratios (SUVR) were calculated by divid-
ing the VOI mean value by the cerebellar mean value. Thus,
we obtained SUVRyoycpL in a total of 75 regions for both
uncorrected and PVE-corrected data.
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Fig. (3). Representative processing steps for individual volume-of-interest (VOI)-based analyses using PNEURO. First, ['*F]-
fluorodeoxyglucose positron-emission-tomography (FDG-PET) and T1-weighted magnetic resonance (T1w MRI) images were co-registered
by rigid body transformation (A). After gray matter segmentation of the T1w MRI (B), the 83 grey matter volumes-of-interest from Ham-
mers atlas were transformed from Montreal Neurological Institute space to the individual T1w MRI (C) and were finally outlined in the indi-
vidual PET space (D) for further analyses including VOI-based partial volume effect correction.

uncorrected PET data

PVE-corrected PET data

Fig. (4). Results of statistical parametric mapping (SPM) for uncorrected (A) and partial volume effect (PVE)-corrected (B) contrasts for
depressed (N = 21) vs. non-depressed cognitively normal elderly subjects (N = 29). Voxels exceeding a significance threshold of p < 0.001,
(unc.; k > 50 voxel) for hypometabolism in depressed subjects are rendered on the standard SPMS8 template. No significant voxels were

found in the vice versa contrast.

2.3.4.3. Effects of Medication

Uncorrected and PVE-corrected SUVRyoycpr results of
the DEP subjects were subdivided into medicated (N = 13) —
of which nine were treated with serotonin-(noradrenaline)-
reuptake-inhibitors (S(N)SRI) — and unmedicated (N = 8)
groups to test for possible effects of psychotropic drugs.
NON-DEP were drug naive.

2.3.4.4. VOI-based Statistics

Uncorrected and PVE-corrected SUVRyopcpr as well as
volume values were compared for DEP and NON-DEP sub-
jects with multivariate analysis of covariance (MANCOVA)
including age, gender, MMSE and education as covariates
using SPSS (version 21.0; SPSS, Chicago, IL). P-values <
0.05 were assigned to be significant.
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3. RESULTS
3.1. Demographics
See Table 1 for details of the study population.

3.2. Voxel-wise Analysis
3.2.1. PET Data Uncorrected for PVE

Uncorrected data for DEP subjects showed significant (p
< 0.001; unc.) unilateral relative hypometabolism in left
frontal and temporal cortices together with bilaterally de-
creased metabolism in anterior and posterior cingulate cortex
(ACC/PCCQ), cuneus, precuneus and paracentral lobule when
contrasted against NON-DEP subjects (Fig. 4A, Table 2A).
There were no metabolic increases even at a more liberal
threshold.

3.2.2. PET Data Corrected for PVE

PVE-corrected data of DEP subjects showed a small
cluster of significant (p < 0.001; unc.) hypometabolism in
the left frontal cortical area and additional hypometabolism
in right superior frontal gyrus, in the contrast with NON-
DEP subjects. Unilateral temporal hypometabolism was
similar to that for uncorrected data. Bilateral significant
metabolic decreases were still prominent in ACC, but en-
tirely disappeared in the PCC, cuneus and precuneus after
PVE correction (Fig. 4B, Table 2B). There were no relative
metabolic increases.

3.3. VOI-based PET Analysis
3.3.1. Analyses of GM Volumes

Significant differences in GM volumes between DEP and
NON-DEP subjects in sense of more atrophy in the DEP
group were observed in left PCC (-4.4%; F =4.91; p <0.05),
right PCC (-5.8%; F = 6.48; p < 0.05) and left superior fron-
tal gyrus (-5.6%; F = 4.56; p < 0.05). Cerebellum volumes
were nearly identical between groups (-0.7%; F = 0.74; p =
0.40).

3.3.2. Uncorrected and PVE-corrected PET Data

Regions with significantly different FDG uptake (p <
0.05) between DEP and NON-DEP subjects are reported in
Table 3 for uncorrected and PVE-corrected data. Without
PVEC, 39 of 75 analyzed regions revealed significantly
lower relative metabolism in DEP subjects, mostly pro-
nounced in left and right PCC (F = 19.0; p < 0.001 / F =
14.6; p < 0.001) and superior and lateral parietal gyri (F =
14.3/15.6; p < 0.001). Consistent with SPM results, we also
observed hypometabolism in bilateral ACC, frontal, and oc-
cipital VOIs, as well as in the left temporal gyri, in absence
of PVEC. Additionally DEP subjects showed significant
metabolic reductions in deep cortical regions, i.e. the left
insular cortex and subcortical structures (thalamus, substan-
tia nigra, nucleus accumbens, putamen and pallidum). Hy-
pometabolism in DEP subjects was hemispherically dysbal-
anced, with more left hemispheric structures revealing lower
FDG uptake (23/39). There were no regional findings of ele-
vated SUVRyoycgL in DEP compared to NON-DEP patients.

After VOI-based PVEC, relative hypometabolism was
found in only 18 of 75 analyzed regions of DEP subjects.
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The bilateral PCC no longer showed a significant reduction
after correcting for atrophy (F = 3.8; p = n.s.). Formerly sig-
nificant reductions in bilateral ACC, frontal, parietal and
occipital cortices were no longer significant after PVEC,
while new significant reductions appeared in the middle
temporal gyrus (F = 5.4; p < 0.05) and the amygdala (F =
5.0; p <0.05) after PVEC.

The preponderance of left hemispheric hypometabolism
appeared even more prominent after atrophy correction;
15/18 significant different regions were on the left side.

3.3.3. Effects of Medication

13 of 21 DEP subjects received one or more chronic an-
tidepressant, antipsychotic or anticonvulsive medication in-
cluding SSRI (N = 8), SNRI (N = 3) or noradrenaline-
dopamine-reuptake-inhibitors (N = 2), benzodiazepines (N =
4), gabapentin (N = 2), prinidone (N = 1), topiramate (N =
1). Subdivision of the DEP group (medicated vs. non-
medicated; SSRI vs. non-SSRI) indicated a non-significant
trend towards lower metabolism for medicated subjects in
bilateral frontal (F = 2.0; p = 0.29), parietal (F = 3.4; p =
0.21) and occipital (F = 1.6; p = 0.37) cortices as well as the
left insula (F = 1.2; p = 0.39) when contrasted against un-
medicated subjects. Stable results (F < 1.0; p > 0.5) in the
subgroups were observed in the remaining regions.

4. DISCUSSION

We performed the first FDG-PET comparison of cerebral
metabolism analysis in cognitively normal elderly subjects
with presence or absence of subsyndromal depressive symp-
toms. After applying voxel-wise correction for GM-atrophy,
hypometabolism remained in the left medial frontal gyrus,
bilateral ACC and left middle temporal gyrus in aged DEP
subjects. Formerly marked hypometabolism in the posterior
cingulate cortex was no longer observed after PVEC and
therefore probably atrophy driven. VOI-based SUVRyoycaL
analyses additionally identified hypometabolism in left in-
sula, left amygdala and bilateral thalami of the DEP group;
these areas may furthermore be relevant to the high relative
risk for conversion from CN with depressive symptoms to
MCI [4].

4.1. Brain Regions Related to Mood Disorders

Our findings of decreased FDG uptake in bilateral thal-
ami, left putamen, left insula, left amygdala and left frontal
cortical regions overlap with previously identified mood-
related brain networks, and suggest the occurrence of meta-
bolic depression within these same circuits in LLD. In-
volvement of frontal cortical regions and ACC in mood-
disorder related brain networks has been reviewed recently
[16]. In particular, mood disorders may involve dysfunction
of a medial prefrontal network (including overlapping cor-
tico-striato-pallido-thalamic and amygdalo-striato-pallido-
thalamic loops) consisting of parts of the ventromedial sur-
face of the frontal cortex, rostral and ventral to the genu,
areas along the medial edge of the orbital cortex, and a small
caudolateral orbital region at the rostral end of the insula
connects primarily cortico-cortical with the anterior and
posterior cingulate cortex [44].
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Table2. Findings of voxel-wise [lsF]—ﬂuorodeoxyglucose (FDG) PET analyses for the contrast between depressed and non-
depressed cognitively normal elderly subjects; clusters in data (A) uncorrected for partial volume effects and (B) corrected
for partial volume effects. Data indicated in bold font indicate a cluster, and subsequent non-bold data identify sub-peaks
within the same cluster. Numeric data are Talairach and Tournoux coordinates transformed from Montreal Neurology
Institute space (X, y, z; mm). Cluster extension = number of voxels. R = right. L = left. BA = Brodmann area. uncorr. = un-
corrected for multiple comparisons.

2A
Talairach and
Tournoux coordinates
Location X y z peak p value cluster
z-value uncorr. extension
L Medial Frontal Gyrus, BA 32 -5 7 45 4.34 <0.001 340
L Cingulate Gyrus, BA 32 -7 25 39 3.82 <0.001
L Superior Frontal Gyrus, BA 8 -9 34 45 3.14 0.001
R Cingulate Gyrus, BA32 6 21 42 4.27 <0.001 253
R Precuneus, BA 7 22 -68 31 4.25 <0.001 50
L Posterior Cingulate, BA 31 -9 -49 21 4.02 <0.001 117
R Cuneus, BA 7 6 -65 32 3.92 <0.001 477
R Precuncus, BA 31 2 -68 27 3.84 <0.001
R Cuneus, BA 18 4 -73 21 3.25 0.001
L Paracentral Lobule, BA 31 -5 -19 46 3.83 <0.001 389
L Cingulate Gyrus, BA 24 -3 -22 38 3.72 <0.001
R Paracentral Lobule, BA 31 2 221 44 3.7 <0.001
L Middle Temporal Gyrus, BA 20 -53 -38 -6 3.75 <0.001 168
L Middle Temporal Gyrus, BA 22 -53 -43 5 3.21 0.001
2B
Talairach and
Tournoux coordinates
Location X y z peak p value cluster
z-value uncorr. extension
L Medial Frontal Gyrus, BA 32 -5 7 45 4.19 <0.001 133
L Medial Frontal Gyrus, BA 6 -7 3 51 3.56 <0.001
L Cingulate Gyrus, BA 24 -5 6 37 343 <0.001
R Cingulate Gyrus, BA 32 4 17 42 3.94 <0.001 161
R Superior Frontal Gyrus, BA 6 4 5 52 3.89 <0.001
L Middle Temporal Gyrus, BA 20 -53 -38 -6 3.94 <0.001 172
Previous literature reports of perturbed cerebral metabo- disorder in contrast to the present subclinical depressed study
lism in LLD differ considerably in design; most of these in- group. Furthermore most of these studies used voxel-wise

vestigations have concerned patients with major depressive approaches, for instance Smith et al. reported increased FDG
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Table 3. Significant (p < 0.05, bold) findings of VOI-based analysis of normalized [lsF]—fluorodeoxyglucose uptake in individual
PET space for uncorrected (columns 2-6) and partial volume effect corrected (columns 8-12) data (column 1). [lsF]-
fluorodeoxyglucose standard-uptake-value-ratio's (SUVRyoycpL; mean + SE) are reported for subclinical depressed (DEP;
columns 2 + 8) and non-depressed subjects (NON-DEP; columns 3 + 9). F = F-statistics. p = p-value; np2 = partial Eta-

squared.
Uncorrected PVE-corrected
DEP NON-DEP F np np’ DEP NON-DEP F p np’
(SUVRvouc. | (SUVRyorcsL (SUVRyorcaL (SUVRyorcaL
mean £ SE) mean £ SE) mean £ SE) mean £ SE)

Frontal Lobe
L mid frontal gyrus 1.14 £0.02 1.22+0.02 6.47 0.015 0.14 1.55+£0.03 1.65+0.03 524 | 0.027 | 0.11
R mid frontal gyrus 1.16 £0.02 1.22+0.02 4.45 0.041 0.10 1.55+£0.03 1.62+0.03 3.03 | 0.089 | 0.07
L precentral gyrus 1.06 £0.02 1.14+£0.02 8.98 0.005 0.18 1.76 £ 0.04 1.89+0.04 4.82 | 0.034 | 0.11
R precentral gyrus 1.07 £0.02 1.14 +£0.02 6.44 0.015 0.14 1.80 £0.03 1.88+0.03 3.37 | 0.074 | 0.08
L inf frontal gyrus 1.11 +£0.02 1.19+£0.02 8.71 0.005 0.18 1.47+0.03 1.58+0.03 7.90 | 0.008 | 0.16
R inf frontal gyrus 1.14£0.02 1.19+0.02 4.70 0.036 0.10 1.47+0.03 1.54 +£0.02 4.01 | 0.052 | 0.09
L sup frontal gyrus 1.06 £0.02 1.13+0.02 7.31 0.010 0.15 1.52+£0.03 1.59+0.02 3.83 | 0.057 | 0.09
R sup frontal gyrus 1.06 £0.02 1.12+0.02 6.36 0.016 0.13 1.50+0.03 1.57+0.02 3.10 | 0.086 | 0.07
L orbitofrontal cortex - ant
orbital gyrus 1.10+0.02 1.16 £0.02 4.13 0.049 0.09 1.49 £0.03 1.53+0.03 1.25 | 0.271 0.03
Ergir:lt ‘;fyr;’;l:al cortex-lat |y 074 002 113002 | 515 | 0029 | 0.11 1.45+0.03 154003 | 432 | 0.044 | 0.10
L orbitofrontal cortex -
post orbital gyrus 1.03 +£0.02 1.08 £0.02 4.70 0.036 0.10 1.25+£0.03 1.35+0.02 6.52 | 0.015 | 0.14
L area subcallosa 0.81+0.03 0.87£0.02 431 0.044 0.10 0.81 £0.06 0.86 +0.05 0.34 | 0.560 | 0.01
Temporal Lobe
L amygdala 0.77 +£0.02 0.81+£0.02 2.03 0.162 0.05 0.78 £0.02 0.84 +0.02 499 | 0.031 | 0.11
L sup post temporal gyrus 1.05+0.02 1.10+0.01 4.43 0.041 0.10 1.41+£0.02 1.49+0.02 7.98 | 0.007 | 0.16
L mid temporal gyrus 0.97£0.02 1.01 £0.01 3.59 0.065 0.08 1.19£0.02 1.24 £0.02 544 | 0.025 | 0.12
L post temporal lobe 1.01 £0.02 1.07+0.01 9.94 0.003 0.20 1.15+0.02 1.22+0.01 7.40 | 0.010 | 0.15
Parietal Lobe
L postcentral gyrus 1.02 £0.02 1.09 +£0.02 8.06 0.007 0.16 1.70 £ 0.04 1.79 £0.04 2.34 | 0.134 | 0.05
R postcentral gyrus 1.04 £0.02 1.10+0.02 4.69 0.036 0.10 1.74 £ 0.04 1.78 £0.04 0.69 | 0410 | 0.02
L sup parietal gyrus 1.10 £ 0.02 1.21+£0.02 15.60 | 0.000 0.28 1.53+£0.03 1.62+0.02 4.65 | 0.037 | 0.10
R sup parietal gyrus 1.11 £0.02 1.20+0.02 14.60 | 0.000 0.26 1.55+£0.03 1.63+0.03 470 | 0.036 | 0.10
L lat parietal lobe 1.04 £0.02 1.13+0.02 14.28 | 0.001 0.26 1.37+0.02 1.46 £0.02 6.44 | 0.015 | 0.14
R lat parietal lobe 1.06 +0.02 1.13+£0.02 8.00 0.007 0.16 1.37+0.03 1.44+£0.02 346 | 0.070 | 0.08
Occipital Lobe
L lingual gyrus 1.21 £0.02 1.28 £0.02 6.00 0.019 0.13 1.46 £0.04 1.53+0.03 2.34 | 0.134 | 0.05
R lingual gyrus 1.22+£0.02 1.29+0.02 4.87 0.033 0.11 1.50+0.03 1.58+0.03 3.02 | 0.090 | 0.07
L lat occipital gyrus 1.06 £ 0.02 1.14+0.02 7.08 0.011 0.15 1.43 £0.04 1.52+0.03 3.09 | 0.086 | 0.07
R lat occipital gyrus 1.07 £0.02 1.14 £0.02 6.73 0.013 0.14 1.45+0.03 1.55+0.03 442 | 0.042 | 0.10
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(Table 3) contd....
Uncorrected PVE-corrected
DEP NON-DEP F p np’ DEP NON-DEP F p np’
(SUVRvorcer | (SUVRyorcsL (SUVRyorcaL (SUVRyorcaL
mean £ SE) mean £ SE) mean £ SE) mean £ SE)
L cuneus 1.20£0.02 1.30+0.02 10.13 | 0.003 0.20 1.55+0.04 1.65+0.03 441 | 0.042 | 0.10
R cuneus 1.23 +£0.02 1.32+0.02 8.49 0.006 0.17 1.60 +0.04 1.68£0.03 2.25 | 0.141 0.05
Insula and Cingulate Gyri

L insula 0.99 £0.02 1.05+0.01 7.30 0.010 0.15 0.99 +0.02 1.07£0.02 8.26 | 0.006 | 0.17
L ant cingulate gyrus 0.99 +£0.02 1.07 £0.02 9.04 0.005 0.18 1.14 £0.03 1.20+0.02 2.64 | 0.112 | 0.06
R ant cingulate gyrus 0.99 £0.02 1.07 £0.02 9.28 0.004 0.19 1.15+£0.03 1.20+0.02 2.03 | 0.162 | 0.05
L post cingulate gyrus 1.19 £ 0.02 1.31+0.02 19.00 | 0.000 0.32 1.38 £0.03 1.45+0.02 3.81 | 0.058 | 0.09
R post cingulate gyrus 1.19£0.02 1.30+0.02 14.57 | 0.000 0.26 1.37+0.03 1.44£0.02 3.80 | 0.058 | 0.09
Central structures
L thalamus 0.91+£0.02 1.00 +0.02 10.85 | 0.002 0.21 0.93+£0.02 1.03 +£0.02 9.59 | 0.004 | 0.19
R thalamus 0.93+£0.02 1.00 £ 0.02 7.48 0.009 0.15 0.96 £0.02 1.05+0.02 6.83 | 0.012 | 0.14
L substantia nigra 0.83 £0.02 0.89+0.02 437 0.043 0.10 1.32+0.06 1.44 £ 0.06 1.95 | 0.170 | 0.05
R substantia nigra 0.80 £0.02 0.85+0.02 4.20 0.047 0.09 1.23+£0.06 1.35+0.05 2.19 | 0.146 | 0.05
R nucleus accumbens 0.97 £0.02 1.03 £0.02 5.01 0.031 0.11 1.43 £0.06 1.56 £0.05 3.54 | 0.067 | 0.08
L putamen 1.24 £0.02 1.30+0.02 6.08 0.018 0.13 1.34£0.03 1.43+0.02 6.00 | 0.019 | 0.13
L pallidum 1.02 £0.02 1.08 +£0.01 7.26 0.010 0.15 1.23£0.03 1.29+0.02 2.80 | 0.102 | 0.06
Brainstem 0.73+£0.01 0.77+0.01 5.97 0.019 0.13 0.68+0.01 0.71+0.01 3.87 | 0.056 | 0.09

uptake in the ACC of untreated, aged subjects with depres-
sion contrasted with healthy, and also reported a correlation
of this metabolic increase with symptom severity and cere-
bral atrophy. Treatment with SSRIs or total sleep deprivation
decreased the anterior cortical and limbic metabolism, but
increased posterior cortical, putaminal and cerebellar me-
tabolism relative to pre-treatment baseline (7-10, 44). On the
other hand, LLD patients showed hypermetabolism in ACC
and insula and a hypometabolism in posterior parts upon
treatment with SSRI after 2 years in a longitudinal analysis

[11].

In depressed patients with MCI or AD, hypometabolism
was previously observed in the right superior frontal gyrus
(Brodman Area, BA6) [14, 15], as we likewise see in the
present CN elderly patients positive for DEP symptoms.
Two previous FDG-PET investigations of AD patients as-
sessed DEP scores using the NPI (long form); in one such
study of early AD subjects, clinically significant depression
was associated with hypometabolism in left superior and
inferior frontal cortices [13], whereas in the other study,
there was a significant correlation between depression scores
and hypometabolism in bilateral superior frontal and left
anterior cingulate cortices [12]. Furthermore a recent FDG-
PET investigation revealed a link between increased fasting
serum glucose levels and decreased cerebral glucose metabo-
lism, which was even more pronounced in LLD when com-
pared to elderly controls [45]. Thus, there is considerable
precedent for the present finding that even subclinical de-

pression in non-demented elderly patients may be associated
with relative hypometabolism in frontal structures.

4.2. Atrophy Correction

Real findings of hypometabolism can be accentuated by
cerebral atrophy, as certainly occurs in the conversion to
MCI and dementia. A recent MRI study in which depression
was assessed by the NPI-Q, showed greater frontal, parietal
and temporal WM atrophy during 24 month follow-up in
depressed MCI patients contrasted with non-depressed MCI
[6], which would predict some bias in FDG measurements.
Reduced volume was also found in frontal cortex, ACC, hip-
pocampus and amygdala in depressed CN subjects [20-22].
In our study, only 3 of 75 GM regions showed statistically
significant volume reductions in the DEP group. Nonethe-
less, applying the PVEC propagated to large changes in the
pattern of hypometabolism, with losses of detectable differ-
ences in some regions (frontal, occipital and cingulate corti-
ces) and additional findings of significant differences in
other regions (amygdala, insula, temporal cortex). Hence, we
find that MRI- and VOI-based PVEC is essential for distin-
guishing real and atrophy-related change in cerebral metabo-
lism in patients with depressive symptoms. Discrepancies in
earlier investigations could at least partly by explainable due
to lack of atrophy correction.

4.3. VOI-based Approach

Nearly all investigations targeting cerebral metabolism of
depressed subjects have used SPM for FDG-PET analysis.
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While convenient, the SPM method suffers from disadvan-
tages arising from spatial normalization through nonlinear
alignments weighted to surface features of the FDG-PET,
which result in lower accuracy of deep brain structures. We
circumvented this problem by carrying out an additional
MRI-based SUVRyorcpL analysis in individual PET space.
Visual inspection after automatic VOI configuration showed
good fitting accuracy, and led to good agreement with SPM
findings on the cortical surface, while revealing additional
significant group differences in non-surface regions such as
left insula, left amygdala, and deep nuclei. The complete
pattern of FDG-PET changes seems to match mood disorder
neurocircuitry, which serves to validate our VOI-based ap-
proach. Furthermore, standardized quantitative assessments
are facilitated by VOI-based approaches and could make
FDG-PET studies more comparable when contrasted against
similar investigations.

4.4. Limitations

We excluded patients with any neuropsychiatric symp-
toms other than depression, resulting at a low sample size
precluded longitudinal follow-up imaging, additional amy-
loid imaging, or follow-up of conversion rates. However,
this seemed of importance as for instance apathy was found
to influence brain metabolism as well [46]. Further studies
could reveal if focally decreased metabolism predicts higher
conversion rates in CN LLD subjects, and if this occurs in
association with amyloidosis. The ADNI originally was not
designed to address a particular hypothesis with regard to
depressive symptoms in elderly CN subjects. Beside this
potential bias it notwithstanding allowed us to test well-
matched cohorts with the above mentioned low confounding
by other neuropsychiatric symptoms. 13 of 21 DEP subjects
received chronic psychotropic medication, including
S(N)SRI (N = 9); previous work shows that chronic SSRI
can evoke widespread metabolic decreases in some of the
regions noted in the present group and also metabolic in-
creases [7]. Indeed, subdivision of the DEP group revealed a
trend towards lower metabolism in the medicated subjects,
such that confounding effects of medication cannot be ex-
cluded. Finally, the assessment of depressive symptoms with
NPI-Q is not detailed, when for example compared to gold
standard structured clinical interview assessment in the field
of depression. Although the NPI-Q it is sufficient to predict
the risk factor (OR 2.9) for conversion from CN to MCI, and
is in this respect more sensitive than GDS (OR 1.9) [4].

CONCLUSION

CN elderly subjects with depressive symptoms revealed
decreased FDG metabolism in mood-related fronto-temporal
brain regions, which may be relevant to their reportedly in-
creased risk for conversion from CN to MCI. The small
sample size was contingent upon strict inclusion criteria, but
nevertheless allowed us to examine a collective largely free
of confounding covariates. Although few regions in DEP
patients had significant atrophy, PVEC had considerable
impact on locating metabolic differences between DEP and
NON-DEP subjects. This finding emphasizes the need of
atrophy correction in brain PET studies of aged subjects.
MRI-based VOI analysis in native PET space proved supe-
rior for detecting subcortical differences when compared to

Brendel et al.

SPM analysis, and will contribute to more precision in PET
analyses of neurocircuitry in deeper brain areas.

ABBREVIATIONS

ACC = Anterior cingulate cortex

AD = Alzheimer’s disease

ADNI = Alzheimer's Disease Neuroimaging Initia-
tive

CN = cognitively normal

CSF = cerebro-spinal fluid

DEP = subjects with depressive symptoms

FDA = Food and Drug Administration

FDG-PET = ['®F]-fluorodesoxyglucose positron emis-
sion tomography

GDS = geriatric depression scale

GM = grey matter

LLD = Late life depression

MANCOVA = multivariate analysis of covariance

MCI = mild cognitive impairment

MGM = MRI based PVEC by Miiller Gértner
method

MMSE = mini mental state examination

MNI = Montreal Neurological Institute

MRI = magnetic resonance imaging

NIA = National Institute on Aging

NIBIB = National Institute of Biomedical Imaging
and Bioengineering

NON-DEP = subjects without depressive symptoms

NPI-Q = Neuropsychiatric Inventory Questionnaire

PCC = posterior cingulate cortex

PVEC = partial volume effect correction

S(N)SRI = serotonin-(noradrenaline)-reuptake-
inhibitors

SPM = statistical-parametric-mapping

SUVR = standard-uptake-value-ratios

Tlw = Tl-weighted

VOI = volume-of-interest

WM = white matter
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