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Abstract. Reliable and high-resolution reference data for
regional cerebral blood flow measured with single-pho-
ton emission tomography (SPET) are necessary for opti-
mal clinical and research use. Therefore, a large dataset
of normal technetium-99m labelled ethylene cysteine di-
mer (ECD) perfusion SPET in carefully screened healthy
volunteers with an age range spanning six decades was
created, with correction for non-uniform attenuation and
scatter and based on an anatomically standardised analy-
sis. Eighty-nine healthy volunteers, stratified for gender
(46 females, 43 males; age 20–81 years), were included.
Twelve volunteers underwent repeated 99mTc-ECD SPET
after 2.5±2.3 weeks. An automated whole-brain volume
of interest analysis with MANOVA as well as voxelwise
analysis using SPM99 was conducted. Average intersub-
ject variability was 4.8% while intrasubject reproducibil-
ity was 3.0%. An age-related decline in tracer uptake
was found in the anterior cingulate gyrus, bilateral basal
ganglia, left prefrontal, left lateral frontal and left superi-
or temporal and insular cortex (all P=0.001–0.02). There
was an overall increase in right/left asymmetry with age,
which was most pronounced in the frontal and temporal
neocortex. The most significant correlations between AI
and age decade were found in the prefrontal (R=0.35,
P=0.001) and superior temporal neocortex (R=0.43,
P<0.001). Women had significantly higher uptake in the
right parietal cortex (P<0.001), while men showed high-
er uptake in the cerebellum and the left anterior temporal
and orbitofrontal cortex (all P<0.01). This normative da-
taset allows age- and gender-specific patient and group
assessment of 99mTc-ECD perfusion SPET under a wide
variety of clinical circumstances in relation to normal
variations and highlights the importance of both age- and

gender-specific normal datasets for optimal analysis sen-
sitivity.
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Introduction

In the past few years, important advances have been
made in both instrumentation and processing software
for functional brain single-photon emission tomography
(SPET). Improvements in resolution and sensitivity due
to the use of fanbeam collimation allow the acquisition
of technetium-99m labelled radioligands with a resolu-
tion of 7–8 mm full-width at half-maximum (FWHM).
Correction for physical factors that degrade both image
quality and the accuracy of quantification, such as atten-
uation and scatter, can now be performed on commer-
cially available systems. Progress has also been made to-
wards the automated analysis of functional imaging data
involving retrospective intramodality registration to ste-
reotactic templates as well as operator-independent inter-
modality co-registration to magnetic resonance imaging
(MRI) or computed tomography (CT) data [1]. These
techniques allow an automated predefined volume of in-
terest (VOI) analysis [2] as well as voxel-based statisti-
cal testing [3], both of which have the advantage of ob-
jective and fast whole-brain perfusion analysis. This is in
contrast to the prevailing clinical practice, where perfu-
sion SPET scans of the brain are analysed in a qualita-
tive fashion by visual inspection or by interactive region
of interest (ROI) methods, both of which suffer from op-
erator bias and are hence subjective. Automated, stan-
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dardised and quantitative analysis would improve the di-
agnostic sensitivity of already approved and developing
clinical applications of perfusion SPET imaging.

For optimal clinical and research use, techniques
based on anatomical standardisation necessitate quantita-
tive comparison with reliable and carefully selected nor-
mal data [4]. Normative datasets for perfusion SPET
have been limited by small study samples, volunteer se-
lection problems, limited age range, low-resolution
equipment, the absence of scatter and/or attenuation cor-
rection, and absence of or limited structural matching
(Table 1).

The tracers most widely used for SPET perfusion
measurements, 99mTc-labelled ethylene cysteine dimer
(ECD) and hexamethylpropyl amine oxime (HMPAO),
are retained in the brain in a fixed distribution that re-
flects the cerebral perfusion pattern but have different
uptake mechanisms. Since they differ in distribution in
both healthy brain [5] and pathological states [6], both
tracers have specific advantages depending on the clini-
cal question. These differences in uptake also necessitate
reliance on normal data for each individual radioligand.
So far, most normative SPET studies have been conduct-
ed with 99mTc-HMPAO (Table 1). However, 99mTc-ECD
has advantages – prolonged intrinsic in vitro stability,
high cerebral retention, lower radiation burden, rapid
blood clearance of metabolites and rapid elimination
from extracerebral tissues – that make it of particular in-
terest.

The aims of this prospective study were twofold.
Firstly, we wished to create a large cross-sectional nor-
mative 99mTc-ECD regional cerebral blood flow (rCBF)
dataset based on carefully screened healthy volunteers
with an age range spanning six decades, with appropriate
correction for scatter and non-uniform attenuation and
using an anatomically standardised analysis. Secondly,
we aimed to study in detail the co-variate effects of age,
gender and handedness by means of (a) conventional
multivariate statistics based on a VOI analysis with lin-
ear anatomical standardisation and (b) an optimised vox-
el-based statistical parametric mapping analysis
(SPM99) with non-linear anatomical standardisation
based on the individual’s high-resolution MRI data.

Materials and methods

Subjects. The subjects for this study were recruited in response to
advertisements in the University Hospital, in community newspa-
pers and on the homepage of the nuclear medicine department. All
included subjects underwent thorough medical screening, includ-
ing a complete history and physical examination, blood and urine
tests, full clinical neurological examination by a board-certified
neurologist, and psychiatric examination and neuropsychological
testing, both by a board-certified psychiatrist. All subjects under-
went high-resolution MRI with T1 MPRAGE (magnetisation
preparation rapid acquisition gradient-echo) and T2 sequences, the
scans being examined by a board-certified neuroradiologist.
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Exclusion criteria based on history included: known disorders of
the central nervous system (epilepsy, head trauma, structural abnor-
mality on CT or MRI); previous unexplained unconsciousness;
known psychiatric disease or first- or second-degree relative with
hospitalisation for psychiatric disease, especially mood disorders or
schizophrenia; known dementia of the Alzheimer or frontal lobe type
in first- or second-degree relatives; presence of implanted electronic
devices; substance abuse (alcohol, drugs or medication) or previous
clinical treatment for complications of substance abuse; consumption
of psychoactive medication during the past 3 months (antidepres-
sants, hypnotics, sedatives etc.); diabetes mellitus; auto-immune dis-
eases; and major internal heart, lung, liver or kidney disease. For eth-
ical reasons and as a protective measure, subjects with possible preg-
nancy or a previous medical investigation with a radiation burden
above 1 mSv during the past 6 months were also excluded.

Individuals with mild medical conditions such as controlled
hypertension (Pdia/Psyst <95/140 mmHg), osteoporosis, mild ob-
structive/hyperreactive lung disease or minor problems with no
known influence on brain perfusion were included in the study.

Blood screening tests included peripheral red and white blood
cell count with differentiation, transaminases, creatinine, C-reac-

tive protein, fasting glucose and total cholesterol. Possible clini-
cally relevant disturbances were excluded.

The neuropsychological examination included a history inter-
view as well as standardised tests to identify volunteers with evi-
dence of behavioural, cognitive or memory impairment. Test pro-
cedures included a Dutch translation of the Mini-Mental State Ex-
amination (MMSE) [7], a Dutch version of the Stroop Colour
Word Test [8], phonological and semantic verbal fluency (Con-
trolled Oral Word Association Test) [9], parts of the Wechsler
Memory Scale [10]) and the Trail Making Test [11]). Individuals
with test scores that fell outside the normal range were excluded.
The cut-off for the MMSE was set at 28 for individuals younger
than 60 years and 27 for those above 60 years.

All SPET images were reviewed by an experienced nuclear
medicine physician to exclude focal perfusion defects.

A total of 89 adults (46 women, 43 men; age range
20–81 years) were included. Each age group was stratified for
gender. Demographic data for all subjects are summarised in Ta-
ble 2. In total, six volunteers above 50 years (three women, three
men) used antihypertensive medication (specific-acting beta-
blockers, calcium channel blockers or ACE inhibitors). Their

Table 2. Demographic and
clinical data for the 89 volun-
teers

Age group (yrs)

All 20–29 30–39 40–49 50–59 60–69 70–81

No. 89 24 14 15 16 10 10

Sex
M 43 11 8 5 8 4 7
F 46 13 6 10 8 6 3

Age
M 46.8 (18.3) 25.0 34.9 46.9 54.6 66.6 74.5
F 44.6 (16.9) 24.4 35.1 46.2 55.2 64.3 78.6

Education (no. of years)
M 14.8 (3.2) 15.8 16.3 14.0 14.4 15.3 12.1
F 13.8 (2.9) 15.7 15.7 14.0 12.9 11.8 7.0

Blood pressure (mmHg)

Systolic
M 130 (11) 125 131 126 133 133 133
F 128 (15) 123 118 135 129 134 137

Diastolic
M 84 (10) 81 85 83 88 90 79
F 82 (11) 78 77 83 88 89 77

Pulse (min–1)
M 69 (9) 64 68 69 72 74 73
F 70 (7) 69 65 69 72 73 68

Height (cm)
M 178 (7) 181 179 181 176 176 172
F 167 (6) 171 169 167 165 162 159

Weight (kg)
M 80 (13) 77 84 86 78 82 75
F 66 (11) 65 67 64 67 69 61

MMSE 29.7 (0.6) 29.8 29.8 29.9 29.7 29.5 28.9

Handednessa

R 80 19 14 14 14 9 10
Mixed 3 – – 1 2 – –
L 6 5 – – – 1 –

Values in parentheses indicate
one standard deviation
MMSE, Mini-Mental State Ex-
amination (30-point scale)
a Reference [45]



blood pressure had been within the normal range, without any
need for antihypertensive medication adjustment, for at least 6
months before the SPET study, and there was no MRI evidence of
white matter lesions.

To assess intrasubject reproducibility, 12 volunteers (four men
and eight women, average age 44.6±21.0 years) underwent repeat-
ed SPET scanning under identical conditions (mean scanning in-
terval 2.5±2.3 weeks, range 1–7).

The study was approved by the local Ethics Committee of
Ghent University Hospital. Written informed was obtained from
all the volunteers prior to the MRI and SPET studies. These data
form a central part of the so-called GO AHEAD project (Ghent
Optimised Absolute High-Resolution ECD Adult Database).

Data acquisition. All subjects refrained from consumption of alco-
hol and caffeine during the 12 h prior to the study. All selected
volunteers were injected with 925 MBq 99mTc-ECD (Dupont Phar-
maceuticals Ltd., Brussels, Belgium) under resting conditions
(eyes closed, low ambient noise level). SPET studies were per-
formed on average 35 min [±12 (SD), range 28–72] post injection.
All acquisitions were performed on a Toshiba GCA-9300A triple-
headed camera (Dutoit Medical, Wijnegem, Belgium) equipped
with high-resolution lead fanbeam collimators and transmission
CT (TCT) sources. The measured tomographic resolution for
99mTc was 7.4 mm at the fixed radius of rotation of 132 mm.

Non-uniform attenuation correction was performed with 153Gd
or 99mTc TCT. 99mTc TCT was used for the chronologically first 
14 patients for logistical reasons. We have demonstrated previous-
ly that there are no differences in brain quantification for these
two transmission nuclides [12]. In the case of 99mTc, one rod was
filled with 370 MBq (10 mCi) 99mTc solution, calibrated to the
start of the first scan of up to six consecutive volunteers. For
153Gd, three rod sources each containing 370 MBq were used. For
transmission reconstruction, static blank scans were acquired with
200 kcounts per camera head for both radionuclides.

Acquisition was performed in continuous mode with 90 projec-
tions in a 128×128 matrix (pixel size 1.72 mm). The camera operated
in segmented mode with double 120° rotation with 40 s per projection
angle. Scatter windows were placed as described previously [12].

Data processing. Before scatter correction, fanbeam projections
were converted to 128×128 parallel data in 4° bins by the floating-
point rebinning software as supplied by the manufacturer (parallel
pixel size 3.2 mm). A triple-energy window scatter correction was
performed on the projection data (all windows filtered with a But-
terworth filter of order 8, cut-off 0.16 cycles/pixel for the main
and 0.09 cycles/pixel for the scatter windows) [12].

Non-uniform attenuation maps were calculated by means of a
modified non-uniform Chang algorithm with 1 iteration, filtered
back-projection and Butterworth filtering (order 8, cut-off 0.10 cy-
cles/pixel). For 153Gd, theoretical linear energy scaling coeffi-
cients were used to adjust the narrow-beam attenuation coeffi-
cients to 140 keV. Emission images were also reconstructed by fil-
tered back-projection. A post-reconstruction Butterworth filter of
order 8 and cut-off 0.13 cycles/pixel was applied.

The image datasets were automatically registered to an ana-
tomically standardised (stereotactic) template with a voxel size
and slice separation of 3.59 mm (64×64×64 matrix) (BRASS,
Brain Registration and Automated SPET Semiquantification, Nu-
clear Diagnostics) [13]. A count difference cost function with an
iterative downhill-simplex search algorithm was used for registra-
tion. On the template, 35 predefined VOIs were defined, with in-
clusion of all grey matter for semiquantification [2]. 99mTc-ECD

uptake was adjusted to the whole brain VOI uptake. This VOI ap-
proach allows the acquisition of quantitative information on re-
gional uptake values, intrasubject reproducibility, asymmetry indi-
ces and anteroposterior gradients.

Intrasubject reproducibility was defined as the average of the
absolute value of the intra-individual differences for each region
obtained from both scans. Uptake asymmetries were defined as %
asymmetry = [(right-left)/(right+left)]×200. Anteroposterior gradi-
ents were calculated from the ratio of all frontal VOIs to both oc-
cipital VOIs.

Magnetic resonance imaging. MR images were obtained within 
3 months of the first SPET scan in all subjects (mean difference
=–1±3.5 weeks; range –11 to 7 weeks) with a 1.5 T Magnetom
SP4000 scanner (Siemens, Erlangen, Germany). First, high-resolu-
tion anatomical imaging was performed with a 3D-MPRAGE
{three-dimensional sequence [TR (ms)/TE (ms)/flip angle 
(degrees)/slices/slice thickness (mm)/matrix/FOV (mm)/NEX =
9.7/4/8/178/0.9/230×256/250/1]}, yielding T1-weighted sagittal
images with a voxel size of 0.98×0.98×0.9 mm. Second, 5-mm-
thick proton density-weighted and T2-weighted axial sections
were acquired to screen for age-related cerebrovascular disease
(TR/TE/matrix/NEX = 2170/20–80/192×256/1 – interslice gap
1 mm). The total scanning time was 15 min.

Statistical analysis. A multivariate analysis based on the general
linear model was conducted with VOI regions as between-subject
factors and age, gender and handedness as co-variates. Asymmetry
analysis was derived from the same model, with age and gender as
co-variates. For brain VOIs that showed significant age-related
changes, non-linear trends were assessed by testing whether a qua-
dratic regression equation significantly improved the proportion of
variance accounted for by the model. Bonferroni correction was
applied for multiple comparisons. Bivariate correlations between
age and regional CBF were tested by the Pearson correlation test.
All statistics were calculated with SPSS (v9.0 for Windows, SPSS
Inc, Heverlee, Belgium).

SPM analysis. To additionally study co-variate effects based upon
improved structural-based transformations, SPET images were also
analysed after non-linear warping of the corresponding MR images
using SPM99 (Wellcome Department of Cognitive Neurology, Uni-
versity College, London). Interfile data were translated to ANA-
LYZE format by means of in-house software (MedCon). Calcula-
tions were performed with Matlab 5.3 (Mathworks Inc., Sherborn,
Mass., USA). A subset of 81 optimally acquired 3D MPRAGE
scans without motion artefacts were available for segmentation and
co-registration for volunteers without a significantly different age
or gender distribution from the full 89-volunteer dataset.

Non-linear anatomical standardisation to the stereotactic T1
template was performed with 12 affine parameters, 7×8×7 basis
functions, 12 iterations and sinc 9×9×9 interpolation. For the study
of age and gender effects, an affine anatomical standardisation was
also assessed to cross-check possible effects related to non-linear
warping. The resultant voxel size after anatomical standardisation
was set at 3×3×3 mm. For statistical analysis, data were smoothed
with a 12-mm 3D Gaussian kernel. The confounding effect of glob-
al activity was removed by proportional scaling to a global value of
50 ml/min per 100 g. A grey matter threshold of 0.40 was used.

Age-related differences were studied on a voxelwise basis in a
correlation design. Linear as well as second-order polynomial
voxelwise regression with the individual’s age as the co-variate
was investigated. To assess the magnitude of the non-linear effect

877

European Journal of Nuclear Medicine Vol. 28, No. 7, July 2001



878

European Journal of Nuclear Medicine Vol. 28, No. 7, July 2001

of age, the squared values were put in a study design as co-varia-
tes of interest and linear evolution of age as the co-variate of no
interest. Gender and handedness differences were studied by com-
paring age-matched studies in a categorical population-compari-
son design with 1 scan/subject (voxelwise t test). Contrasts were
defined to examine areas of higher tracer uptake in men versus
women and vice versa. This SPM{Z} map was interrogated at the
height threshold corresponding to Pheight=0.001 and extent thresh-
olds corresponding to Pext<0.05 corrected for multiple compari-
sons, unless otherwise stated.

Results

Subject exclusion

In total, 18 subjects (20%) (mean age 57.8±11.9 years)
were excluded for clinical reasons: two had a major de-
pressive disorder, one had diabetes mellitus, seven had
used forbidden medication (mainly hypnotics/tranquilli-
sers), five had structural abnormalities (two frontal infarc-
tions, one thalamic infarction, one frontotemporal menin-
gioma and one case of leucoencephalopathy), one had a
clear focal left parietal perfusion deficit on SPET, and two
were healthy volunteers who withdrew from the study.

Clinical and demographic variables

The average education level was 14.8 years for men and
13.8 years for woman (Table 2). The MMSE score was
negatively correlated with both age (R=–0.51, P<0.001)
and education years (R=–0.34, P=0.001). There was a
small but significant gender difference in body mass in-
dex (BMI=height/length2) (25.2 for men and 23.6 for
women, P=0.05).

rCBF distribution pattern and asymmetry

Figure 1 shows the normal 99mTc-ECD distribution for all
bilaterally grouped VOIs, subdivided for male and female
volunteers. The 99mTc-ECD uptake pattern is similar for all
neocortical regions, with a relative increase towards the
posterior cortex. The highest relative uptake with respect to
the grey matter average is noted in the visual cortices, pos-
terior cingulate, lentiform nuclei and cerebellar grey mat-
ter. Lower uptake, as seen in the smaller VOIs such as the
orbitofrontal, anterior temporal, mesial temporal and pons
regions, may be partly related to partial volume effects.

There was an overall tracer uptake asymmetry to-
wards the right hemisphere (P<0.001), with an average
asymmetry index (AI) of +1.4%. Significant regional
asymmetries with respect to the overall effect were
found in the orbitofrontal cortex (AI=8.2, P=0.0001), su-
perior temporal gyrus (AI=5.7, P=0.004) and caudate
head (AI=–2.9, P=0.003) (Bonferroni corrected, also
corrected for age and gender) (Table 3).

Fig. 1. Topography of normal 99mTc-ECD uptake, corrected for
non-uniform attenuation and scatter, for both genders (closed cir-
cles, women; open triangles, men; significant differences are
marked with an asterisk at the bottom of the figure). Data are nor-
malised on total counts. The cortical regions are grouped by lobe in
rostral to caudal order. This order heuristically reflects ontogenic
and evolutionary development. Error bars represent one standard
deviation. OF, Orbitofrontal; PF, prefrontal; LF, lateral frontal; SF,
superior frontal; SM, sensorimotor; TA, temporal anterior; TS, tem-
poral superior; TMI, temporal medial/inferior; PI, parietal inferior;
PS, parietal superior; OC, occipital; MT, mesial temporal; CP, cin-
gulate posterior; CA, cingulate anterior; TH, thalamus; NL, nucleus
lentiformis; HC, head of caudate; CB, cerebellum; PO, pons

Fig. 2. Overall intersubject variability of 99mTc-ECD uptake of 89
healthy volunteers as a function of VOI size (open symbols). The
intrasubject reproducibility for 12 subjects who underwent re-im-
aging is represented by the asterisks. Horizontal lines show the
unweighted average variability (solid line, intersubject; broken
line, intrasubject). The quadratic curve fits for the mean are also
shown with 95% confidence limits

rCBF variability

The overall intersubject variability of 99mTc-ECD uptake
is shown in Fig. 2 as a function of VOI size. The un-
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weighted average intersubject variability was 4.8%±
1.5% SD (range 2.5%–8.8%).

The intrasubject reproducibility for the 12 volunteers
who underwent subsequent re-imaging is also shown in
Fig. 2. The average intrasubject reproducibility was
3.0%±1.4% SD (range 1.4%–6.2%) and was significant-
ly lower than the intersubject reproducibility (P<0.001).
There was a negative correlation between VOI size (ξ),
and intra- or intersubject uptake variability (σ) (R=–0.65,
P<0.001). The relation was best modelled by a quadratic
fit of the intersubject standard deviation to VOI size,
given by σINTER=6.7–0.0059 ξ+1.8 10–6 ξ2 (R2=0.48) and
σINTRA=4.8–0.0058 ξ+2.3 10–6 ξ2 (R2=0.57). This rela-
tionship also gives an estimation of the average variance
for voxelwise analysis with these data when ξ approach-
es 1.

Age-related changes

Analysis of variance showed that both age and gender
had a significant interaction effect with 99mTc-ECD VOI
uptake (P<0.001). A decline with age was found for the
anterior cingulate gyrus, bilateral basal ganglia, left pre-
frontal, left lateral frontal and left superior temporal and
insular cortex (all P=0.001–0.02). Bilateral occipital ac-
tivity increased significantly with age (P=0.001), as did
the right inferior/medial temporal neocortex activity
(P=0.002). Correlations between age and regional 99mTc-
ECD uptake values are shown in Table 4. For the regions

where significance was found, a non-linear (quadratic)
age component was added to the analysis. Only in the
case of the anterior cingulate was a significantly im-
proved curve fit obtained, with an increased negative
gradient after the age of 45–50.

The voxelwise regression design in SPM99 resulted
in the same overall distribution, albeit with more region-
al detail. Figure 3 shows the results for the non-linear an-
atomical standardisation procedure and the age-related
decreases. All significant cluster locations are given in
Table 5. The contrast of increased tracer uptake with age
merely showed significant clusters at the left and right
cuneus in the occipital cortex. 

The voxel-based linear regression model resulted in
the same cluster locations and significance compared
with a categorical two-population design (voxelwise t
test) where the youngest three decades were contrasted
with the oldest three decades.

In a regression model with both age and age^2 (age
squared) as co-variates, there were no additional clusters
showing a specific correlation with the quadratic compo-
nent.

The results were slightly sensitive to the anatomical
standardisation procedure. For the linear anatomical
standardisation procedure, a more significant decrease
with age was found in the anterior cingulate gyrus
(T=6.31). Secondly, an additional cluster was present in
the left temporo-parietal neocortex extending from the
posterior part of the temporal superior gyrus to the infe-
rior and superior parietal lobule (T=5.42), and, thirdly,

Table 3. Asymmetry indices and correlation with age, both subdi-
vided by gender. The asymmetry index is defined from the right
and left 99mTc-ECD uptake values as (Right–Left)/(Right+Left)

×200. Significant deviations of the null hypothesis AI =0 are indi-
cated. The asymmetry index correlated to age is given on the right
side of the table

VOIa AIb Regression AI vs age

All P Men P Women P All, R P Men P Women P

OF 8.2 0.0001** 8.4 0.002** 8.0 0.001** 0.24 0.025* 0.43 0.005** 0.07 NS
PF 0.2 NS 0.4 NS 0.0 NS 0.35 0.001** 0.55 0.0001** 0.25 NS
LF 1.3 NS 1.7 NS 0.9 NS 0.23 0.027* 0.28 (0.07) 0.23 NS
SF 2.0 NS 1.5 NS 2.4 NS 0.21 (0.052) 0.37 0.015* 0.07 NS
SM 2.4 NS 2.7 NS 2.3 NS 0.25 0.016* 0.17 NS 0.35 0.016*
TA 0.5 NS –0.4 NS 1.4 NS 0.14 NS 0.12 NS 0.16 NS
TMI 0.0 NS 0.4 NS –0.4 NS 0.20 (0.06) 0.08 NS 0.34 0.02*
TS 5.7 0.004** 5.8 (0.05) 5.7 0.03* 0.45 0.0001** 0.39 0.01** 0.53 0.0001**
PI 4.3 (0.05) 4.6 NS 4.1 NS 0.11 NS 0.01 NS 0.24 NS
PS 2.8 NS 2.4 NS 3.2 NS –0.01 NS 0.09 NS –0.09 NS
OC 5.0 0.02* 4.9 NS 5.1 NS –0.02 NS 0.04 NS 0.02 NS
MT 0.9 NS 0.2 NS 1.7 NS 0.09 NS 0.09 NS 0.25 NS
TH 1.6 NS 2.4 NS 0.8 NS –0.01 NS 0.14 NS 0.13 NS
NL 3.0 NS 2.0 NS 4.0 NS –0.02 NS –0.07 NS 0.02 NS
HC –2.9 0.003** –5.6 0.002** –0.4 NS 0.18 (0.08) 0.16 NS 0.19 NS
CB 2.7 NS 2.1 NS 3.3 NS 0.04 NS 0.00 NS 0.08 NS

a Abbreviations for VOI regions are the same as in Fig. 1
b Values in parentheses denote AI or correlation significance of 0.05<P<0.10
*P<0.05; **P<0.01
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Table 4. Correlations between brain 99mTc-ECD uptake and age, normalised to total uptake, for both genders and for men and women
separately. The last column indicates significant differences in correlation coefficient between men and women

VOIa R all P Linear R men P Linear R women P Linear ∆ linear 
coeffic. coeffic. coeffic. coefficient

M/F

OF Left 0.10 NS –0.37 0.03 NS –0.07 0.19 NS –0.81 NS
Right 0.13 NS 0.36 0.43 0.003** 1.0 0.13 NS –0.42 * 

PF Left 0.47 <0.001** –0.65 0.58 <0.0001** –0.72 0.37 0.006** –0.57 NS
Right 0.05 NS –0.07 0.04 NS –0.05 0.03 NS –0.06 NS

LF Left 0.50 <0.001** –0.71 0.63 <0.0001** –0.77 0.41 0.002** –0.61 NS
Right 0.06 NS –0.14 0.13 NS –0.22 0.05 NS –0.01 NS

SF Left 0.09 NS –0.25 0.16 NS –0.42 0.01 NS –0.02 NS
Right 0.10 NS 0.24 0.20 NS 0.36 0.07 NS 0.18 NS

SM Left 0.14 NS –0.24 0.15 NS –0.23 0.10 NS –0.17 NS
Right 0.09 NS 0.27 0.01 NS 0.02 0.21 NS 0.64 NS

TA Left 0.31 0.002** –0.93 0.24 NS –0.54 0.44 0.001** –1.5 *
Right 0.15 NS –0.49 0.07 NS –0.19 0.27 0.049* –0.96 NS

TMI Left 0.16 NS 0.29 0.14 NS 0.27 0.16 NS 0.27 NS
Right 0.33 0.001** 0.83 0.20 NS 0.48 0.44 0.001** 1.2 NS

TS Left 0.31 0.002** –0.64 0.31 0.038* –0.55 0.31 0.023* –0.70 NS
Right 0.17 (0.09) 0.47 0.12 NS 0.29 0.24 (0.08) 0.72 NS

PI Left 0.14 NS –0.23 0.22 NS –0.36 0.01 NS –0.02 NS
Right 0.01 NS 0.04 0.15 NS –0.35 0.21 NS 0.57 NS

PS Left 0.02 NS 0.04 0.18 NS –0.23 0.10 NS 0.34 NS
Right 0.02 NS –0.06 0.17 NS –0.49 0.14 NS 0.45 NS

OC Left 0.32 0.002** 0.68 0.40 0.007** 0.85 0.24 (0.08) 0.53 NS
Right 0.35 <0.001** 0.66 0.43 0.003** 0.74 0.30 0.029* 0.62 NS

MT Left 0.03 NS –0.08 0.19 NS 0.42 0.23 NS –0.62 NS
Right 0.06 NS 0.19 0.15 NS 0.42 0.02 NS –0.08 NS

TH Left 0.12 NS 0.43 0.23 NS 0.67 0.02 NS 0.10 NS
Right 0.16 NS 0.53 0.12 NS 0.43 0.27 NS 0.66 NS

NL Left 0.30 0.002** –1.1 0.31 0.04* –1.1 0.32 0.02 –1.2 NS
Right 0.32 0.001** –1.3 0.34 0.023* –1.2 0.37 0.006** –1.4 NS

HC Left 0.42 0.0001** –2.1 0.41 0.005** –2.1 0.42 0.002** –2.2 NS
Right 0.26 0.009** –1.2 0.31 0.036* –1.1 0.27 (0.05) –1.3 NS

CB Left 0.09 NS 0.36 0.16 NS 0.56 0.08 NS 0.03 NS
Right 0.13 NS 0.46 0.21 NS 0.62 0.04 NS 0.15 NS

CA 0.53 <0.0001** –1.6 0.53 <0.0001** –1.5 0.56 <0.0001** –1.8 NS

CP 0.02 NS 0.09 0.11 NS –0.45 0.21⁄ NS 0.71 NS

PO 0.13 NS 0.43 0.21 NS 0.68 0.03 NS 0.09 NS

a Abbreviations for VOI regions are the same as in Fig. 1
*P<0.05; **P<0.01

there was a cluster at the right lateral frontal neocortex
(T=4.58). For the activation contrast, affine anatomical
standardisation resulted in two additional clusters locat-
ed at the lateral sides of both thalami.

Concerning asymmetry, the overall VOI asymmetry
index was weakly correlated with age (R=0.10, P<0.001)
(Table 3). There was an overall increase in right/left
asymmetry with age, which was most pronounced in the
frontal and temporal neocortex. The most significant cor-
relations between AI and age decade were found in the

prefrontal (R=0.35, P=0.001) and superior temporal neo-
cortex (R=0.43, P<0.001).

The anteroposterior gradient was significantly corre-
lated with age (R=–0.39, P<0.001), with a gradient of
–0.7%±0.2% SD per decade. However, if only data
above the age of 40 were considered, no significant cor-
relation remained.

As a function of age, there was a significant increase
in mean intersubject standard deviation, ranging from
4.4 to 5.4 for the oldest decade (R=0.15, P=0.025).
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Gender differences

On the VOI analysis, women showed a significantly
higher tracer uptake in the bilateral inferior and superior
parietal cortex (mean difference in 99mTc-ECD uptake
=3.3%±1.0%; P<0.001 after Bonferroni correction)
(Fig. 4). These differences were also separately investi-
gated for the young (20–50) and elderly (50–81) volun-
teers, and remained unchanged. On the other hand, men
showed a significantly higher tracer uptake in the cere-
bellum, left anterior temporal cortex and orbitofrontal
cortex (all P<0.01).

This was also shown by the categorical SPM analysis
with non-linear warping in Fig. 5, albeit with two differ-
ences. The left parietal cluster was present only at the
lower height threshold of P=0.05 (corrected) (wom-
en>men), while for the men>women contrast, an exten-
sion of the orbitofrontal cluster towards the anterior cin-
gulate region was present on the voxel-based analysis.
The exact cluster locations and their significance are giv-
en in Table 6. 

Age by gender interaction

Significant differences for men and women in age-relat-
ed tracer uptake changes were present in the right orbito-

frontal VOI (P=0.003 for men, NS for women) and left
anterior temporal pole (P=0.001 for women, NS for
men) (Table 4). Separate linear SPM regression with age
for the male and female populations showed that the
right insular cortex reached significance for men but not

Fig. 3. Age dependence of
99mTc-ECD uptake. An SPM99
analysis with non-linear ana-
tomical standardisation on the
individual’s MPRAGE T1 im-
ages was conducted with a lin-
ear regression design versus
age. The glass brain projection
images show voxels with a sig-
nificant correlation with age at
thresholds for cluster extent
Pext=0.001 and voxel intensity
Pheight=0.05 (corrected for mul-
tiple comparisons). These vox-
els are overlaid on a SPET tem-
plate obtained from the volun-
teers participating in the study.
Orientation is according to ra-
diological convention

Fig. 4. Differences in 99mTc-ECD uptake between men and women
as obtained by a VOI analysis for both parietal regions. The statis-
tical threshold was set at P<0.01, corrected for multiple compari-
sons. The error bars indicate one standard deviation
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for women at Pheight=0.05. Similarly, uptake in the anteri-
or cingulate cortex decreased significantly with age for
women but not for men (down to Pheight=0.05). Other
clusters were the same as for both groups separately, and
no additional clusters were found at the Pheight=0.05 (cor-
rected) level.

The evolution of asymmetry with age showed a
marked difference between men and women in the fron-
tal regions (Table 3). Highly significant frontal laterali-
sation takes place in aging men, while this is not the case
for women. On the other hand, the change in asymmetry

with age was greater for women in the superior temporal
and sensorimotor cortex compared with men. Asymme-
try in the caudate head reached significance only for men
(lower on the left side), but no significant increase in
asymmetry with age was observed.

For the anteroposterior gradient, there was no signifi-
cant gender effect (P=0.49) or interaction between age
and gender (P=0.34).

Concerning intersubject variability, there was no sig-
nificant differential increase in variability between men
and women for all VOIs (P=0.45).

Table 5. SPM analysis with age as co-variate. Significant clusters for increase and decrease in tracer uptake are given, corrected for multiple
comparisons. Height threshold P=0.001, and extent threshold 50 voxels (P=0.05), corrected for multiple comparisons. Voxel size = 3×3×3 mm

Cluster level Voxel level Co-ordinates, Region (Brodmann area)
maximal significant voxel

P (corr.) kE P (corr.) T x,y,z (mm)

Decrease with age

0.000 1,136 0.000 6.51 –45, 18, –12 L insula + gyrus frontalis inferior (BA 47)
0.028 4.65 –54, 18, 18 L gyrus temporalis superior (BA 38)

0.000 1,159 0.000 6.26 3, 9, 3 Thalamus
0.011 4.96 0, –9, 9 Head of caudate
0.011 4.94 0, 18, 39 Cingulate (BA 32, 24) and mesial frontal (BA 9)

0.024 245 0.020 4.77 39, 18, –12 R insula + gyrus frontalis inferior (BA 47)

Increase with age

0.001 163 0.000 5.61 –24, –105, 3 R occipital – cuneus (BA 18)
0.002 66 0.002 5.38 18, 105, 0 L occipital – cuneus (BA 18)

P, Probability; corr., corrected; kE, cluster extent (voxels); T, SPM t statistic

Fig. 5A, B. Differences in
99mTc-ECD tracer uptake be-
tween men and women. An
SPM99 analysis of age-
matched groups was conducted
using anatomical standardisat-
ion with non-linear MPRAGE
T1 warping of the subject’s in-
dividual MRI. A The contrast
“men<women” is shown,
where significant voxels are
presented on glass brain projec-
tions. B Here the contrast
“men>women” is shown. In
both figure parts, the thresholds
were Pext=0.01 for cluster ex-
tent and Pheight=0.05 for voxel
intensity (corrected for multiple
comparisons)
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Handedness

Analysis of variance with asymmetry values as the depen-
dent factor, adjusted for age and gender, VOI region as the
within-subject factor and handedness as the co-variate, did
not show a significant factor interaction between VOI re-
gion and handedness (P=0.44). In conjunction with these
findings, when the six left-handed subjects were compared
with 12 right-handed individuals, matched for age and
gender, SPM analysis did not show any significant differ-
ences between perfusion scans with respect to handedness
as high as at the Pheight=0.05 level. Also, the full SPM
modelling of all data with handedness score as the scaled
co-variate did not reveal significant differences.

Discussion

Screening and inclusion criteria

The establishment of truly normal perfusion data re-
quires careful screening and selection of healthy volun-
teers [4]. This issue has been addressed in very few pre-
viously published studies. With particular regard to
99mTc-ECD, no reference dataset based on such careful
screening has been published. Our high percentage of
excluded subjects after the rigid screening procedure is
indicative of the recruitment difficulties when establish-
ing reference data in healthy volunteers, but also of the
possible pitfalls in functional studies that do not rely on
high-resolution structural imaging. The rigid screening
criteria make it unlikely that age-associated findings
were confounded by brain disease, which may differen-
tially affect the elderly. Because of the reliance on a
cross-sectional design, we were not able to control for
the influence of cohort effects and secular trends. Age
was negatively correlated with education; furthermore,
gender differences with respect to education were pres-
ent at ages above 50 years, with females being less high-

ly educated, a characteristic of the social situation in the
mid-twentieth century. A relationship between educa-
tion, not confounded by age, and volumetric or function-
al brain imaging parameters is still controversial and
would require further study.

Confounding factors such as non-neurological medi-
cal history (hypertension, cardiac disease etc.) and medi-
cation were not fully evaluated. A medication effect
would seem most likely in those individuals receiving
antihypertensive medication. This study included only
six volunteers (three male and three female) receiving
such medication; none showed structural cerebral effects
due to possible long-standing hypertension before the di-
agnosis was made. A separate SPM analysis did not
demonstrate differences between these six volunteers
and the group comprising all other age-matched subjects.

Normative 99mTc-ECD distribution

Although many normative functional imaging data are
available for the assessment of metabolism using 18F-
FDG or of perfusion using H2

15O PET and 99mTc-
HMPAO, high-resolution, quantitative 99mTc-ECD perfu-
sion data are very scarce. Apart from smaller series in el-
derly volunteers [14], only the study of Tanaka et al. [15]
has described normal patterns of ECD brain SPET over
the whole adult range. Both studies were analysed by vi-
sual and/or interactive ROI techniques, without co-regis-
tration to individual structural data.

We preferred to include an automated, anatomical stan-
dardisation-based VOI analysis alongside the voxel-based
SPM method. The former can be seen as an intermediate
solution between an operator-dependent, bias-prone and
time-consuming ROI analysis, where usually just a fraction
of the total brain volume is analysed, and a full voxelwise
statistical parametric analysis. One remaining disadvantage
of automated VOI analysis lies in the fact that an a priori
hypothesis must be made about the localisation and extent

Table 6. SPM analysis as a function of gender. Age was included as co-variate of no interest. Significant clusters for men > women and
women > men (Pheight=0.001, Pext=0.05, corrected for multiple comparisons)

Cluster level Voxel level Co-ordinates, maximal Region (Brodmann area)
significant voxel

P (corrected) kE P (corr.) T x,y,z (mm)

Women >men

0.013 255 0.03 4.76 24, –69, 28 R parietal + posterior gyrus temporalis medius (BA 39)

Men>women

0.000 403 0.008 5.38 24, –78, –33 R cerebellum
0.000 202 0.033 5.00 –33, –83, –33 L cerebellum
0.000 281 0.037 4.87 21, 45, –18 Orbitofrontal (BA 11)

0.043 4.81 –8, 33, 18 Anterior cingulate (BA 32)
0.001 495 0.019 4.95 –51, –3, –28 L anterior temporal – gyrus temporalis inferior (BA 21)

P, Probability; kE, cluster extent (voxels); T, SPM t statistic



of possible effects, with the consequence that regional ef-
fects overlapping these volumes may be missed. However,
it was recently shown that if sufficient variance from the
VOI measurement is included, the overall performance of
a conventional VOI-based analysis can match that of vox-
el-based analysis for the same clinical discrimination task
[16]; this is because the SPM procedure also requires spa-
tial filtering, which degrades the effective resolution. In
this study, almost all regions that showed significant gen-
der- or age-related perfusion changes on the SPM analysis
also did so on the VOI analysis.

Data in this study are not absolute perfusion data but
rather semiquantitative data. Both the VOI and the SPM
procedure necessitate normalisation to a reference region
or whole brain counts, although comparison of absolute
quantitative SPET data is possible [17]. This can be of im-
portance when applied to pathological states, as relative
perfusion patterns may no longer apply, and changes in ab-
solute values may impact on pattern interpretation. On the
other hand, since physiological and measurement variabili-
ty in absolute perfusion or metabolism between subjects is
much higher (10%–25% [18]) than variability in normali-
sed uptake, discrete changes in relative patterns are easily
missed when using only absolute quantitative values.

Hemispheric 99mTc-ECD uptake asymmetry

99mTc-ECD uptake was on average 1.4% higher in the
right hemisphere for the whole study group. This finding
is in quantitative agreement with results reported by other
groups [15, 19, 20, 21]. On the other hand, a number of
absolute quantitative 18F-FDG PET studies have not found
such effects [22, 23]. The predominance of lateral asym-
metry in functional imaging studies contrasts with its in-
frequency in structural age- and gender-related studies.

The timing of the development of cerebral asymmetry
and its biological basis are matters of dispute [23]. We
found that right-left lateralisation of brain tracer uptake un-
dergoes gender-dependent, age-related changes, especially
in the frontotemporal region. Such changes in lateralisation
with age have also been reported in previously published
perfusion and metabolism studies [20, 24]. Interestingly,
we found that while the male human brain undergoes a
marked frontal lateralisation with age, the female human
brain does not. The biological basis for and neuropsycho-
logical consequences of this finding need further research
employing appropriate neuropsychological parameters.

rCBF variability

The variation in relative 99mTc-ECD uptake obtained for
each region was as low as 2%–8% and was inversely re-
lated to VOI size. In comparison to perfusion data mea-
sured with a comparable resolution but with an ROI
analysis [14, 15, 19, 25], much lower standard deviations

were found; this may be due to both more extensive
brain sampling and the objective evaluation of standardi-
sed brain regions. Comparable standard deviations have
been found using manual ROI techniques; however,
these results were obtained in studies with a much lower
resolution, which will have decreased regional variance
by intrinsic smoothing [21].

Intrasubject variability was substantially smaller than
intersubject physiological differences, in agreement with
recent HMPAO SPET studies [26, 27, 28]. The interval
in this study between scans was relatively long, and the
experimental resting conditions were strictly controlled,
which is important for optimal reproducibility. As in
most other studies, no attempt was made to control for
non-specific state-related variables or cognitive activity
possibly influencing brain perfusion, which may have
contributed to the intra- and intersubject variability.
Lower intrasubject reproducibility enables more accurate
follow-up studies in the same individual.

The significant correlation between age and variabili-
ty of VOI measurements is in correspondence with pre-
vious literature, and may be attributable to a larger vari-
ability of brain atrophy in normal aging, as has been
demonstrated by volumetric studies [29].

Age-related changes

Whereas a large amount of both semiquantitative and ab-
solute quantitative data on the effects of aging on brain
metabolism and blood flow have been acquired using ei-
ther PET with 18F-FDG or H2

15O or SPET with 133Xe or
99mTc-labelled ligands ([30 and references therein, 31, 32,
33], such studies have yielded discrepant results in terms
of global and regional effects, presumably due to differ-
ences in methodology and in screening for their subjects’
health status. Nevertheless, most studies indicate that ag-
ing does alter the regional cerebral metabolic rate of glu-
cose (rCMRglu) and rCBF with a specific frontotemporal
pattern, in agreement with our findings. Our findings
were insensitive to the non-linear or affine anatomical
standardisation (VOI analysis). While in most regions the
effect could be best modelled by a linear regression, only
in the anterior cingulate cortex was a higher gradient
found after the age of 50, this being most prominent in
women. We found no arguments for a hockey-stick like
aging pattern as described by Mozley et al. [34].

Age-related decreases in rCBF can be associated with
changes in attention and short-term memory and in ver-
bal and executive functions. These findings have been
taken to indicate a central role for frontal lobe dysfunc-
tion and offer neurobiological evidence for a selective
age-related decline in frontostriatal system function [32].
Our observation of a lower effect of age on posterior
brain tracer uptake represents a more stable or relatively
smaller decrease in rCBF in this region than in the rest of
the brain. This indicates that the visual and posterior pa-
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rieto-occipital association cortices which subserve recep-
tive sensory functions are relatively invulnerable, a find-
ing in line with many neuropsychological studies.

Whether retention of 99mTc-ECD itself is age-depen-
dent, e.g. via reduction of intracellular enzyme activity,
is at present unknown.

Gender-specific differences

The co-variate effects of sexual dimorphism on brain
function are more subtle but have also been extensively
studied. Neuropsychology, pathology, and structural and
functional imaging studies have shown significant ef-
fects of gender on cognitive ability, brain disease and
non-productive behaviour in areas that subserve speech,
visuospatial and memory function [30]. Overall the in-
fluence of gender on rCMRglu and rCBF is somewhat
controversial, and is probably marginal [22, 30]. Howev-
er, only a few studies have addressed this issue with rea-
sonable statistical accuracy.

In this study, we found discrete but significantly high-
er tracer uptake in the cerebellar hemispheres, left anteri-
or temporal cortex and orbitofrontal cortex in men.
Women showed a higher tracer uptake bilaterally in the
inferior parietal cortex. Such gender-related differences
in the parietal tracer uptake are in accordance with the
findings of a recent study with 99mTc-HMPAO by Jones
et al. involving 120 adults aged between 50 and 90 years
[35]. Recent MRI volumetric studies have shown that
there is no gender-related difference in parietal cortex
volume in healthy volunteers after correction for global
hemisphere differences [36]; this suggests that there are
differential functional resting needs in these regions re-
lated to visuoconstructional tasks, for which it is known
that men show a superior performance.

A relative increase in anterior temporal tracer uptake
in men has not been described before, but may tentative-
ly be related to language lateralisation in men and a
higher incidence of language-related disturbances after
left-sided anterior temporal lesions compared with wom-
en [37]. The highly significant lateralisation in frontal
tracer uptake which seems to occur preferentially in men
is in line with the results obtained with various investiga-
tional methods (clinical, electrophysiological, functional
imaging), all of which indicate that men may become
functionally more lateralised than women.

Methodological considerations

Some authors have demonstrated that cortical atrophy
and ventricular enlargement defined on structural imag-
ing do not, on their own, affect the significance of PET
measurements of rCMRglu [38]. Others have suggested
that after correction for partial volume effects, differ-
ences between patients suffering from Alzheimer’s dis-

ease and controls become non-significant [39]. The most
rigid approach to correction for underlying structural
changes would be by voxel-based partial volume correc-
tion. However, such an approach has not been well vali-
dated in clinical situations and therefore we chose not to
attempt it at this stage. Studies on detailed correlation
with structural data by voxel-based morphometry and
correction for partial volume effects are currently under-
way. In clinical practice, however, a high-resolution 3D
MRI dataset may not be available for every individual
patient that would allow such correction on a daily basis.

Clinical implications

This study implies that use of 99mTc-labelled perfusion
markers should allow quantitative decision making based
on normal ranges for rCBF determined for separate age
groups. Of importance is the feasibility of transferring
high-resolution SPET databases to other equal- or lower-
resolution gamma cameras [40], as this enhances the
clinical utility of such anatomically standardised perfu-
sion SPET data for other cameras and departments.

The finding that parietal perfusion was significantly
lower in the male group of this dataset indicates that
gender-specific normal data would be preferable for the
interpretation of rCBF SPET scans in degenerative dis-
eases such as Alzheimer’s disease, one of the most ac-
cepted indications for brain perfusion SPET in the elder-
ly. Failure to recognise such differences may lead to
overinterpretation of SPET studies, with increased false-
positive findings in men or false-negative findings in
women and evident consequences for individual therapy
or studies on preventive or therapeutic drugs.

Conclusion

This study presents a high-resolution normative perfu-
sion database spanning an age range of six decades,
based on state-of-the-art imaging methodology and data
analysis. Effects of age, gender, asymmetry and their in-
teraction were studied. These effects need to be kept in
mind if maximal clinical accuracy is to be attained when
using perfusion SPET.
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