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Heterogeneity of neocortical cerebral blood flow
deficits in dementia of the Alzheimer type: a
[99mTc]-d,l-HMPAO SPECT study

Gunhild Waldemar, Peter Bruhn, Mikael Kristensen, Anni Johnsen, Olaf B Paulson,
Niels A Lassen

Abstract
Regional cerebral blood flow (rCBF)
was measured with high resolution
brain dedicated single photon emission
computer tomography (SPECT) and
[SS-Tc]-d,lI-hexamethyl-propylene-amine-
oxime (HMPAO) in 25 patients with
probable Alzheimer's disease and in 25
control subjects, selected according to
rigorous inclusion and exclusion criteria.
The aim was to analyse the topography of
rCBF deficits in individual patients. In
the group of patients with Alzheimer's
disease as a whole, global CBF was
reduced, but a factorial analysis of vari-
ance did not show disproportionate
reduction ofrCBF in any brain region. A
parametric analysis of the rCBF data in
individual patients was carried out with
reference to normal values for internal
rCBF ratios and to 13 different abnormal
rCBF patterns. These theoretical pat-
terns were predefined by showing signifi-
cant hypoperfusion in at least one, or in
any relevant combination of two, three,
or four, offour major brain regions (a left
and right frontal and a left and right pos-
terior region). All patients with
Alzheimer's disease and none of the con-
trol subjects had an abnormal rCBF pat-
tern. Eleven of the 13 different patterns
were seen in the patients. Frontal
changes were seen in 19 (76%) of the
patients, more often than previously
reported. No single Alzheimer's disease
pattern could be derived from our data.
The number of regions with hypoperfu-
sion, but not the presence of frontal
changes, correlated significantly with the
duration of disease. It is concluded
that a clinical diagnosis of probable
Alzheimer's disease is associated with
heterogeneous patterns of rCBF deficits
as measured with SPECT and [99TcJ-d,l-
HMPAO. This heterogeneity may reflect
different stages ofthe disease or cognitive
subtypes and help explain published dis-
crepancies concerning the topography of
hypoperfusion in Alzheimer's disease. An
analysis ofindividual rCBF data may add
important information in the investiga-
tion of diseases with heterogeneous
effects on the brain.

(_7NeurolNeurosurgPsychiatry 1994;57:285-295)

With the development of new tracers for mea-

surement of regional cerebral blood flow
(rCBF), single photon emission computer
tomography (SPECT) has become increas-
ingly important in the clinical diagnosis of
Alzheimer's disease and other dementia dis-
orders. [99mTc] -d,l-hexamethylpropyleneamine-
oxime (HMPAO) is a lipophilic radio-phar-
maceutical tracer for measurement of rCBF
with SPECT. ' After rapid conversion to a
hydrophilic form it is retained in the brain for
several hours,2 and with a brain dedicated
SPECT system the axial and image plane res-
olution is close to 10 mm or finer.3 Most
reports on SPECT studies with [99mTc]-d,l-
HMPAO in patients with a clinical diagnosis
of Alzheimer's disease have concluded that
Alzheimer's disease is associated with a rather
specific rCBF pattern characterised primarily
by bilateral reduction of rCBF in the posterior
temporoparietal cortex.-"2 In many of these
studies a visual analysis of the SPECT images
was performed, or mean rCBF values were
compared with rCBF data from control sub-
jects. PET studies have suggested, however,
that the topography of hypometabolism in the
brain is more heterogenous, corresponding
with the neuropsychological patterns of
impairment."-'5 As function, metabolism, and
blood flow of the brain are closely linked, it is
assumed that patterns of hypoperfusion corre-
spond closely to patterns of hypometabolism.
The discrepancy between previous studies
could be partly related to differences in selec-
tion of patients and control subjects and to
differences in image analysis. In particular,
interindividual heterogeneity of rCBF pat-
terns may be overlooked in conventional
group comparisons of mean regional CBF
values.
The aim of this prospective [99mTc]-d,l-

HMPAO high resolution SPECT study was
to investigate the topography of cerebral
hypoperfusion in patients with a clinical diag-
nosis of probable Alzheimer's disease selected
according to rigorous inclusion and exclusion
criteria: our primary goal was to determine
the topography of rCBF reduction (the rCBF
pattern) in each patient according to the indi-
vidual rCBF data and normal intervals for
internal rCBF ratios, with reference to a num-
ber of predefined and simple rCBF patterns.
We also aimed to analyse, by a factorial analy-
sis of variance and conventional group com-
parisons, whether any region(s) had a
disproportionate reduction of rCBF in the
group of patients as a whole. Our third aim
was to examine the relation between the rCBF
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patterns and the clinical characteristics of the
patients, including age of onset, duration of
disease, severity of dementia, and cortical
atrophy on cranial CT.

Patients and methods
PATIENTS
In a prospective -study on SPECT in demen-
tia, 25 consecutive patients fulfilled the clini-
cal criteria from the National Institute of
Neurological and Communicative Disorders
and Stroke and the Alzheimer's Disease and
Related Disorders Association (NINCDS-
ADRDA)'6 for probable Alzheimer's disease.
Their median age was 70 (range 53-83) and
they were all right handed. Table 1 gives their
demographic and clinical data. All patients
volunteered for an extensive study programme
including medical interview, interview of rela-
tives, clinical and neurological examination,
blood tests, a detailed neuropsychological
examination, cranial CT, cranial MRI, EEG,
Doppler examination of neck arteries, and
measurement of rCBF by SPECT with the
'33Xe inhalation technique, and high resolu-
tion SPECT with [99mTc]-d,l-HMPAO.

For a diagnosis of probable Alzheimer's
disease patients fulfilled the criteria for
dementia from the Diagnostic and statistical
manual of mental disorders (DSM-III-R).' The
severity of dementia was documented with the
Mini-mental state (MMS) examination'8 and
the Blessed information-memory-concentra-
tion test.'9 The functional state of the patient
was graded using the Blessed dementia scale'9
and the global deterioration scale.20
Depressive symptoms were rated with the
Hamilton depression score.2' There were
eight patients with mild (MMS > 20), 14
patients with moderate (10 < MMS < 20),
and three patients with severe (MMS < 10)
dementia. All patients were still able to walk
and talk, and none of them had severe psy-

Table 1 Clinical characteristics and CT of the brain in healthy control subjects and in
patients with probable Alzheimer's disease

Alzheimer's
Control disease Signif

Clinical characteristics:
Number of patients 25 25
Females/males 14/11 16/9
Age (y) 70 (53-83) 70 (53-83) NS
Age of onset (y) - 64 (48-79)
Duration of symptoms (y) - 3 (0-5-7)
Mini-Mental state score (0-30)8 30 (27-30) 14 (3-27) **
Blessed I-M-C test (0-37)'9 - 18 (0-34)
Blessed dementia scale (0-28)9 - 10-5 (0-19-5)
Global deterioration scale (1-7)2° 1 (1-2) 5 (3-6d) **
Hamilton depression score (0-54)21 - 0 (0-10)

Social state:
Non-hospitalised healthy volunteer 25 0
Out-patients 0 10
Temporarily hospitalised 0 10
Permanently in hospital or nursing home 0 5

CT of the brain:
Focal abnormalities None None
Cortical atrophy score (0-30) 4 (0-20) 12 (0-24) **

Frontal (L + R) 1 (0-6) 2 (0-6) *
Temporal (L + R) 0 (0-4) 2 (0-4) **
Insulae (L + R) 0 (0-6) 3 (0-6) **
Parietal (L + R) 2 (0-6) 2 (0-6) NS
Occipital (L + R) 0 (0-4) 1 (0-4) NS

Evans' ratio 0-28 (0-14-0-33) 0-31 (0-22-0-44) **

*p < 0-05; **p < 0-01 (Wilcoxon two-sample rank sum test). Values are medians (range);
I-M-C = Information-Memory-Concentration; Signif = significance.

chotic symptoms or behavioural abnormali-
ties.
The presence of at least two cognitive

deficits was documented by a detailed neuro-
psychological examination of cognitive func-
tions including standard tests for orientation,
memory, concentration and attention,
abstraction and problem solving, language
function, visual perception, visuoconstruc-
tion, and praxis. A reduction of the relevant
cognitive score by more than 2 SDs from the
control mean was required in memory and in
at least one other cognitive area. A gradual
onset and progression of symptoms, as well as
duration of at least six months, was required
for inclusion in the study. Fifteen of the
patients had presenile onset (age of onset
48-65 years) and 10 had senile onset (age of
onset 66-79 years) of symptoms.

Rigorous exclusion criteria were designed
to select a sample of patients in which
Alzheimer's disease was the only apparent
dementia disorder and to exclude patients
with any other disease that might be associ-
ated with dementia, reduced cognition, or
altered rCBF: other neurological and psychi-
atric disorders (past or present) including any
evidence of cerebrovascular disease or major
cerebrovascular risk factors, focal pathology
on CT, and abuse of alcohol or drugs led to
exclusion of the patient. Medical disorders
including impaired cardiopulmonary, renal,
or hepatic function, hypothyroidism or hyper-
thyroidism, anaemia, vitamin B-12 deficiency,
cancer, diabetes mellitus, and moderate to
severe chronic arterial hypertension were also
excluded. Clinical or paraclinical evidence for
one of the conditions mentioned led to exclu-
sion, even if it was not considered to be the
relevant cause of dementia in that particular
patient.

At the time of the SPECT study a diagnosis
of probable Alzheimer's disease was obtained
in 23 of the 25 patients, and a diagnosis of
possible (or early probable) Alzheimer's dis-
ease was made in the remaining two patients
(cases 21 and 34). Although the last two
patients fulfilled the criteria for probable
Alzheimer's disease in every other aspect,
including deficits in two or more areas of cog-
nition, memory impairment was not yet statis-
tically significant. One of them (case 21) had
moderate to severe impairment of concentra-
tion and abstraction and mild aphasia, the
other (case 34) had pronounced aphasia and a
mild limb apraxia. At their next visit to the
clinic they had developed severe memory
impairment and other cognitive deficits and
they now fulfilled the criteria for probable
Alzheimer's disease, still having no signs of
cerebrovascular disease or other dementia dis-
orders. A diagnosis of definite Alzheimer's
disease was established by neuropathological
examination at necropsy in one (case 19) of
the patients with probable Alzheimer's dis-
ease.
The patients and their relatives gave

informed consent to participation in the
study, which was approved by the local ethics
committee.
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CONTROL SUBJECTS
The results of SPECT and CT were com-
pared with those of 25 control subjects with
median age 70 (range 53-83). The control
subjects were carefully screened healthy vol-
unteers (not in hospital), presented in detail
in a previous publication.22 They met the
same exclusion criteria as the patients with
Alzheimer's disease. Their neurological exam-
ination was normal, and cranial CT was with-
out focal pathology (table 1).

CT SCANS
In 19 control subjects and in 19 patients with
Alzheimer's disease a cranial CT scan of the
brain was obtained with a Somatome DR II
scanner (Siemens, Germany). In the remain-
ing six control subjects and six patients a CT
scan was obtained with an EMI 1000 scanner
(Medical Hounslow, UK). Consecutive slices,
thickness 8 mm (DR) or 10 mm (EMI) were
obtained in parallel with the canthomeatal
plane. The CT scans were randomly mixed
with scans from patients with various other
dementia disorders and healthy volunteers
and evaluated by a radiologist who did not
know the age and the diagnosis of the patient.
All scans were carefully studied for any focal
abnormalities, including infarcts and periven-
tricular hypodensities, which led to the exclu-
sion of the patient or control subject from the
study. The degree of cortical atrophy was
rated on a 0-3 point scale (0 = none, 1 =

mild, 2 = moderate, 3 = severe) for five corti-
cal regions (frontal, temporal, parietal, insu-
lae, occipital) in each hemisphere.2' The
scores were summed to calculate the total cor-
tical atrophy score. Finally, the ratio of the
width of the frontal horns of the lateral ventri-
cles to the width of the inner skull-the
Evans' ratio24 was measured.

SPECT STUDIES
'33Xe inhalation study
Before the [99mTc]-d,l-HMPAO study, a cere-
bral blood flow assessment was made with the
"'Xe inhalation technique using a Tomomatic
64 (Medimatic, Hellerup, Denmark), a
rapidly rotating and highly sensitive three slice
instrument for brain SPECT described in
detail elsewhere.25 This study was performed
to obtain absolute measures for global CBF
and for mean blood flow in the cerebellum,
which was used as the region of reference for
the data obtained in the subsequent [99mTc]-
d,l-HMPAO study.22 During both studies the
patients were resting with eyes closed and ears
unplugged in quiet surroundings. In the "33Xe
inhalation study, "33Xe was inhaled during 1-5
minutes from a 4 litre bag filled with atmos-
pheric air and oxygen with a "33Xe concentra-
tion of 740 MBq/l, by means of a closed
system with a CO2 absorber. Two studies
were performed to obtain a total of six image
slices in parallel with the canthomeatal plane.
At the end of each study the end expiratory
CO2 fraction was measured with a capno-
graph (CDA-1 CO2 analyser, Novo
Diagnostic Systems, Denmark). Methods for

calculation of blood flow and regional data
analysis are described in detail elsewhere.2226

99TcJ-d,l-HMPAO study
A saline bolus containing 1 1 GBq [99mTc]-d,l-
HMPAO (Exametazime, Ceretec, Amersham,
London, UK) was injected intravenously
10-20 minutes before data acquisition. Again,
the activity in the brain was measured with the
Tomomatic 64 instrument. With this tech-
nique the slice thickness and the resolution in
the plane is 10 mm full width at half maxi-
mum. All scans were obtained in parallel with
the canthomeatal plane. The acquisition time
was 25 minutes, yielding at least 3 x 106
counts per slice. Data acquisition was per-
formed at three different levels to obtain nine
contiguous image slices covering the whole
brain.22 After reconstruction, the data were
normalised to the cerebellum and corrected to
adjust for incomplete retention of the tracer
by the algorithm described by Lassen et al,2
with a conversion:clearance ratio of 1-5. The
cerebellar hemisphere with the highest count
rate was used as the reference region, and its
count rate was determined by a lower 60%
fractile threshold.22
The procedure for regional analysis of

[99mTc]-d,l-HMPAO data was described in
detail in a previous publication.22 Briefly,
regions of interest were drawn on each slice
with reference to predefined standardised
templates with bilateral and symmetrical
regions of interest. The design of these tem-
plates was performed with reference to an
anatomical atlas of the brain27 and based on
anatomical structures that are easily recognis-
able on a typical SPECT image.22 Figure 1
shows the presentation of canthomeatal
planes and regions of interest in relation to the
lateral brain surface. For each region of interest
the mean pixel value (Fi,,) and the area of the
region were determined in each slice in which
the region of interest appeared,22 and a
weighted mean flow value was calculated for
the entire left (Fi,L)) and right (Fi(R,)) regions of
interest. The side-to-side asymmetry index
(SAI) was defined as:

SAIi (%) = 100 X Fi(R) - Fi(L)
Fi(max)

where Fi(max) is the blood flow in the higher
of the two regions of interest. For the inter-
group comparisons of side-to-side asymmetry,
the numerical values (I SAI I) were used. The
anterior:posterior ratios were calculated as the
ratio of the mean rCBF in the frontal cortex
to the mean rCBF in the temporal cortex
(F(F/Fm) or the parietal cortex (FM/F(p)).
Radiation exposure
The estimated total radiation exposure in the
SPECT study with two "33Xe inhalation studies
and one intravenous 1.1 GBq [smTc]dmlL
HMPAO dose was 16 mSv.22

DATA ANALYSIS AND STATISTICS
The statistical analysis of the [99mTc]-d,l-
HMPAO data from the many regions of inter-
est began with a two factor analysis of
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Figure 1 Schematic
drawing ofa lateral view
of the left hemisphere with
localisation of the 10
anatomical standard slices
parallel to the
canthomeatal plane (A)
and cortical regions of
interest (B). Vindicates
distance from the vertex of
the atlas brain. Complete
list of regions of interest:
F = frontal cortex;
Fl = upperfrontal cortex;
F2 = precentral gyrus;
F3 = superiorfrontal gyrus
and cingulate gyrus;
F4 = middle frontal gyrus;
F5 = inferiorfrontal gyrus;
F6 = orbitofrontalgyrus;
T = temporal cortex;
Tl = superior temporal
gyrus and insula cortex;
T2 = inferior and middle
temporal gyrus;
T3 = temporal poles;
P = parietal cortex,
Pl = upper parietal cortex;
P2 = postcentral gyrus;
P3 = supramarginal
and angular gyrus;
OC = occipital cortex.
Reproduced with
permission from Waldemar
et al.22
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variance. This analysis would assess whether
any significant differences in F(%) was attrib-
utable to region of interest, to group
(Alzheimer's disease v control group), or to
interaction between these two explanatory
factors. A significant effect of group, or region
of interest, would indicate that the differences
in the means between the two groups, or
between the regions of interest, respectively,
were greater than expected from the inherent
variance of the data. A significant interaction
of factors would indicate that there was a dis-
proportionate difference between the groups
of F(%) in at least one region of interest. The
factorial analysis of variance was also applied
to the regional data for side-to-side asymme-
try.
The Wilcoxon two sample rank sum test

(with Bonferroni correction of p values to
adjust for the effect of multiple comparisons)
was applied post hoc to compare the mean
values of each region of interest in the two
groups. The Wilcoxon two sample rank sum
test was also used to compare other variables.
The Spearman rank correlation coefficients
were used to examine the relation between
rCBF and clinical characteristics. The level of
statistical significance was set at p = 0 05.

Individual rCBF patterns
Firstly, 14 theoretical and simple rCBF pat-
terns (one normal and 13 abnormal) were
defined (fig 2). Reflecting gross anatomy,
these patterns comprised only four regions: a
left and a right frontal region and a left and a
right posterior region, in which rCBF was
characterised as either normal or reduced.
The frontal region comprised all regions of
interest in the frontal cortex. The posterior
region comprised all regions of interest in the

temporal cortex (and the hippocampus), the
parietal cortex, and the occipital cortex (fig
1B). Twelve of the 14 possible patterns are
shown in fig 2. The remaining two patterns
showed normal rCBF and reduced rCBF,
respectively, in all four possible regions.

Secondly, the rCBF data for each patient
were analysed with reference to the normal
ranges for internal rCBF ratios according to
the following criteria: in each of the four
regions rCBF was described as reduced if
the relevant side-to-side asymmetry or ante-
rior:posterior ratio was significantly abnormal,
or if the mean rCBF value (F(%)) was
severely reduced. The third criterion was
included in order not to overlook regions with
a severe focal reduction of blood flow, despite
normal internal ratios. For instance, the left
frontal region was characterised as having
reduced rCBF if (1) the left frontotemporal or
frontoparietal ratio was significantly reduced
((Fm/Fm) or (FmjF/F)) reduced by more than 2
SDs from control mean); (2) F(%) was
reduced significantly compared with its con-
tralateral counterpart in at least one of the
cortical regions of interest in the left frontal
cortex (side-to-side asymmetry increased by
more than 2 SDs from control mean); or (3)
F(%) was reduced by more than 3 SDs from
the control mean in at least one of the cortical
regions of interest in the left frontal cortex.
Equivalent criteria were applied to the right
frontal region. Likewise, the left posterior
region was characterised as having reduced
rCBF if (1) the left frontotemporal or fronto-
parietal ratio was significantly increased; (2)
F(%) was reduced significantly compared

I II III

[Frontal ROls
[Posterior ROls

EI Normal (relative) rCBF
E Reduced (relative) rCBF

Figure 2 Schematic illustration of the predefined types of
abnormal rCBF patterns. The two top regions in each
pattern show thefrontal region comprising all regions of
interest in thefrontal cortex. The two lower regions
illustrate the posterior regions of the brain comprising the
temporal, parietal, and occipital cortex and the
hippocampus. The left hemisphere is to the left. A filled
circle indicates a significant relative reduction ofrCBF.
The pattern showing reduced rCBF in allfour possible
regions is not shown. The arrows illustrate the theoretical
hypothesis concerning the relation ofrCBFpatterns with
the duration of disease in probable Alzheimer's disease:
The number ofabnormal regions in the rCBFpatterns
correlated significantly with the duration of disease. In the
patterns with three hypoperfused regions (type III), the
rCBF reduction was significantly more pronounced in the
intermediate of the three affected regions. Therefore, the
three types ofpatterns showing reduced rCBF in 1 (type
I), 2 (type II), or 3 (type III) of the four possible regions
of the brain could reflect different stages (early,
intermediate, and advanced, respectively) of the disease.
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with its contralateral counterpart in at least
one of the cortical regions of interest in the
left posterior region; or (3) F(%) was reduced
by more than 3 SDs from the control mean in
at least one of the cortical regions of interest
in the left posterior region. Equivalent criteria
were applied to the right posterior region. An
rCBF pattern was characterised as abnormal
if at least one of its four regions had reduced
rCBF according to these criteria.
The Spearman rank correlation coefficients

were used to examine the relation between
the number of affected regions in the rCBF
patterns and clinical characteristics. The
Wilcoxon matched pairs test was used to
compare the reduction of rCBF (calculated as

the deviation in number of SDs from control
mean) in adjacent regions of the rCBF pat-
tern. The Wilcoxon two sample rank sum test
was used to compare the duration of disease,
disease onset, and MMS score in patients
with and without frontal changes.

Results
CT STUDIES
The median cortical atrophy score was 4
(0-20) and 12 (0-24) in the control and the
Alzheimer's disease group, respectively (p <
0-0 1). Only in the frontal lobes (p < 0 05) and
in the temporal regions and insulae (p < 0-01)
were the regional atrophy scores significantly
higher in the Alzheimer's disease group (table
1). There was no significant side-to-side
asymmetry of the cortical atrophy scores and
no severe unilateral or local atrophy in any

patient. The median Evans' ratio was 0-28
(0d14-0-33) and 0-31 (0-22-0A44) in the con-
trol and the Alzheimer's disease groups,
respectively (p < 0.01).

GROUP COMPARISONS OF GLOBAL AND rCBF
'33Xe inhalation data
In the group of patients with Alzheimer's
disease as a whole there was a significant
reduction of global CBF and of rCBF in all
cortical regions of interest. Global CBF was
56-6 (9.3) ml/100 g/min and 48-4 (10-2) ml/
100 g/min in the control and Alzheimer's dis-
ease groups, respectively (p < 0-01). There
was no significant difference in rCBF in the
cerebellum (64-5 (10-7) and 62-7 (10-1) ml/
100 g/min in the control and Alzheimer's dis-
ease groups, respectively) or in the end expira-
tory CO2 fraction between the two groups.

19Tc]-d,l-HMPAO data
Global CBF, as measured with the [99mTc]-
d,l-HMPAO method and normalised to the
cerebellum (table 2), was 84-8 (8 4)% in the
control group and 74-2 (8-8)% in the
Alzheimer's disease group (p < 0-01). The
two factor analysis of variance applied to the
rCBF (F(%)) data showed a significant over-

all effect of group (Fgroup= 93-3; p < 0-001) as

well as of region of interest (ROI; FRO, = 44-7;
p < 0-001), but there was no significant inter-
action between region of interest and group
(Fjnten,jon = 0-6; p > 0-10). Thus the factorial
analysis of variance gave significant evidence
for a diffuse reduction of CBF, but not for a

consistent focal or multifocal reduction of
rCBF in the group of patients as a whole. As
shown in table 2, however, conventional post
hoc comparisons of the rCBF data in the two
groups showed a significant hypoperfusion in
the superior, middle, and orbitofrontal cortex
(regions F3, F4, and F6 in fig. 1B), in all tem-
poral cortex regions of interest and the hip-
pocampus, and in most of the parietal cortex
(P2 and P3). The precentral and inferior

Table 2 High resolution SPECT with /"Tc]-d,l-HMPAO in Alzheimer's disease: regional cerebral bloodflow
(F (%)), linearised and normalised to the cerebellum, and side to side asymmetry index ( SAI I), in control subjects and
in patients with probable Alzheimer's disease

F(%1) (mean (SD) ISAIl (mean)

Regions of Alzheimer's Alzheimer's
interest Slices Control disease Signif Control disease Signif

Hemispheres 2-8 84-8(8-4) 74 2(8 8) ** 2-3 6-0 **
Frontal cortex (F) 1 82-8(7-1) 73 0(7 3) 2-2 57 **
Upper frontal (Fl) 2-4 81-5(8-0) 75 2(9-4) NS 5-2 5-3 NS
Precentral gyrus (F2) 2-7 84-2(9 4) 77-2(8-1) NS 5-7 6-7 NS
Superior frontal

and cingulate gyrus (F3) 2-7 81-4(8-5) 71-8(9-0) ** 2-1 49 *
Middle frontal gyrus (F4) 5-7 82-7(8-0) 71-4(10-0) 3-5 7-5 *
Inferior frontal gyrus (F5) 5-7 86-6(10-8) 77-1(10-0) NS 4-1 7-3 NS
Orbitofrontal (F6) 8-9 83-3(7-8) 70 6(7-7) 3-3 6-4 NS

Temporal cortex (T) 88-6(7-4) 74-7(10-3) 4-6 9 0 NS
Superior temporal gyrus

and insula cortex (TI) 5-8 91-4(10-3) 78-0(11-2) ** 61 99 NS
Inferior and middle

temporal gyrus (T2) 4-8 89-5(10 3) 75-3(11-9) 4-3 9-2 NS
Temporalpoles(T3) 9-10 789(69) 652(87) 5-4 11 1 NS

Parietal cortex (P) 88-5(9-7) 76-9(11-1) ** 3-1 6-1 NS
Upper parietal (P1) 1 85 2(9 2) 79 0(13-6) NS 4-4 4-5 NS
Postcentral gyrus (P2) 2-4 86-9(10 7) 75 9(9 7) * 5.9 7-7 NS
Supramarginal

and angular gyrus (P3) 2-3 92-5(11-4) 77-0(13-5) ** 3-3 7-4 NS
Occipital cortex (OC) 4-8 102-8(12-1) 94-4(12-3) NS 2-9 4-6 NS
Hippocampus (HC) 8-9 83 2(6-9) 71-5(9-5) * 44 101 **
Thalamus 5-6 98-3(27-9) 82-5(18-6) NS 8-5 9 7 NS
Lenticular nucleus 6-7 103-3(14-2) 90-1(18-5) NS 5-4 9.1 NS
Caudatenucleus 6-7 91-8(11-1) 78-0(15-3) NS 6-5 14-4 NS
Centrum semiovale 3-4 61-5(6-6) 53-9(11-9) NS 5-8 9-6 NS

*p < 0-05; **p < 0-01; ***p < 0-001 (Wilcoxon two sample rank sum test with Bonferroni corrected p values). Slices = anatomi-
cal reference slices included in the region of interest, see fig 1. F(%) = regional cerebral blood flow relative to cerebellar blood
flow, SAI = numerical side to side asymmetry index; Signif = significance.
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Table 3 High resolution SPECT with f99Tc]-d,l-HMPAO in Alzheimer's disease: cortical regions with reduced rCBF
according to each oftwo criteria in individual patients

Abnormal anterior: posterior ratio Abnormal side-to-side asymmetry index
Patientlcase
No Left Right Left Right

01/02 T,P T,P - F,F3,T,T2,P3
02/09 -F-
03/15 T - T,T2,P,P1,P3
04/17 F F F,F3-4,F6,T1
05/19 T T,P -F,F2,F4,T,T2,P,P2,OC
06/21 -F -F,T3,HC
07/22 T T F,F3-4
08/23 T,P T,P HC,P2,OC
09/25 - - HC* F1,F3,HC
10/26 F F P3
11/28 T - F3,F6,T,T1-3,HC T3*
12/32 T - F,F5,T,T2-3,HC,P,P3,OC -
13/33 T T - F,F3,F6,T1,HC
14/34 --F5
15/35 T,P T,P - F,F2-5,T,T1-3,HC,P,P1,P3
16/37 - - F,F3-6,T,T1-3,HC,P,P3 Fl
17/41 T T F,F4-6,T,T1-3,HC,P,P2-3 -
18/42 F F HC
19/43 - T,P - T,T1,T3,HC
20/44 - - - OC
21/45 - - F,F3-6,HC
22/47 - P
23/51 T - T2,P,P3
24/52 T,P T,P - F6,HC,P,P3,OC
25/53 T T,P - F,F2,F6,T3,P3

For a definition ofregions see fig 1B. This list of regions with reduced rCBF was used to select the appropriate rCBF pattern in each
patient (shown in fig 3).* In these subregions rCBF was reduced by more than 3 SDs from the control mean, but was not reduced
according to either of the two asymmetry criteria. All other regions with rCBF reduction exceeding 3 SDs (not listed) also fulfilled
at least one of the two asymmetry criteria for reduced rCBF.

frontal cortex (F2 and F5), the upper fron-
toparietal regions (Fl and P1), the occipital
cortex (OC), and the subcortical regions were
relatively spared.

Likewise, the two-factor analysis of vari-
ance applied to the regional side-to-side asym-
metry data (table 2) showed a significant
overall effect of group (F,.UP = 5741; p < 0 01)
as well as of region of interest (FROI = 8-6, p <
0-01), but the interaction between group and
region of interest only approached statistical
significance (Fjnteactj.on = 1 78; 0 05 < p < 0 10).
Thus the factorial analysis of variance gave
significant evidence for a diffuse increase of
side-to-side asymmetry of rCBF, but there
was no significant evidence that any of the

02 09 15 17 19

21 22 23 25 26

28 32 33 34 35

37 41 42 43 44

45 47 51 52 53

Figure 3 Abnormal rCBF paterns in the 25 patients
with probable Alzheimer's disease. The case numbers are
shown below each pattern. For a definition ofsymbols, see
fig 2. A pronounced heterogeneity ofrCBFpatterns is seen.

regions of interest were more asymmetrical
than others in the group of patients with
Alzheimer's disease as a whole. Conventional
post hoc comparisons of the regional side-to-
side asymmetry data (table 2) showed signifi-
cantly increased side-to-side asymmetry of
rCBF, however, in the superior and middle
frontal cortex (F3 and F4) and in the hip-
pocampus.
The fronto:temporal ratio of rCBF was

0 94 (0 03) in the control group and 0 99
(0 10) in the Alzheimer's disease group (p <
0-05). There was no significant difference in the
fronto:parietal ratio ofrCBF in the two groups.

INDIVIDUAL PATTERNS OF rCBF MEASURED
WITH [99mTc]-d,l-HMPA0
All patients, (but none of the control subjects)
had an abnormal rCBF pattern. Table 3
shows how each patient fulfilled the criteria
for an abnormal pattern and fig 3 illustrates
the resulting abnormal rCBF patterns. A pro-
nounced topographical heterogeneity ofrCBF
patterns, as regards the number of affected
regions, laterality, and anterior-posterior
asymmetry, was found (fig 3). Eleven of the
13 theoretically possible rCBF patterns were
seen in the 25 patients. There were seven,
four, and 14 patients with rCBF reduction in
one, two, or three of the four possible regions
in the rCBF patterns, respectively (types I, II,
and III patterns in fig 2).

Eleven (44%) of the 25 patients had bilat-
eral posterior hypoperfusion, which in 10 of
them was associated with unilateral frontal
hypoperfusion. Twelve (48%) patients had
unilateral posterior hypoperfusion, which in
seven of them was associated with either uni-
lateral or bilateral frontal hypoperfusion. The
remaining two patients had normal posterior
rCBF. In total 19 patients (76%) had reduced
frontal rCBF and six patients had normal
frontal rCBF (fig 3).
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Figure 4 TCBF measured with SPECTand 9'*Tc]-dl-HMPAO in three patients with a dinical diagnosis ofprobable Alzheimer's disease. Four slices are shown for
each patient. The location of slice numbers is shown infig 1, and in all slices the left hemisphere is to the left. The colour scale indicates rCBF, given in % relative to the
cerebellum, with the red and white colours being the highest values. Top: 64-year-old right handedfemale patient (case 51) with probable Alzheimer's disease. This
patient presented with mild dementia (MMS score 21), a pronounced anomia, a slight but significant impairment ofmemory and visuoperception, and mild
construction apraxia. A significant reduction ofrCBF was seen in the left temporoparietal cortex only. The side to side asymmetry seen in the frontal cortex by visual
inspection of the image was not significantly abnormal. Middle: 68-year-old right handed male patient (case 28) with probable (andfamilial) Alzheimer's disease. This
patient had moderate dementia (MMS score 12) with severe memory impairment, aphasia, and visual agnosia. A moderate impairment ofconcentration and
abstraction was also noted, whereas constructional skills were normal. A significant reduction ofrCBF was seen in the leftfrontal and left temporal cortex, including the
hippocampus, and in the right temporal pole (not shown). Bottom: 72-year-old right handedfemale patient (case 19) with probable (andfamilial) Alzheimer's disease.
In this patient the diagnosis was later confirmed at necropsy, fouryears after the SPECT study. The patient had moderate dementia (MMS score 15) with severe
construction apraxia and memory impairment. A moderate aphasia and visual agnosia was also noted, whereas concentration and abstraction abilities were not
impaired. A significant reduction ofrCBF was seen in the rightfrontal cortex, the left and right temporal cortex, and in the right parietal and occipital cortex.
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Figure 5 rCBF measured with SPECT and /Tc]-d,l-HMPAO in a 56-year-old
healthy female volunteer. Two slices are shown. The left hemisphere is to the left. The
colour scale indicates rCBF, given in % relative to the cerebellum, with the red and white
colours being the highest values.

In many patients (n = 14) an asymmetrical
triad-shaped rCBF pattern, defined as a com-
bination of bilateral posterior hypoperfusion
and unilateral frontal hypoperfusion (n = 10)
or a combination of bilateral frontal and uni-
lateral posterior hypoperfusion (n = 4), was
seen (fig 3). In these patients the mean rCBF
reduction was -2-5 (1-3)(deviation from con-
trol mean in number of SDs) in the interme-
diate of the three affected regions, and - 1-5
(0 9) in the other two regions (p < 0-001).
Thus the reduction of rCBF was most severe
in the intermediate of the three adjacent
regions in the triad. Figures 4 and 5 show
SPECT images obtained with [F9mTc]-d,l-
HMPAO in three of the patients with
Alzheimer's disease and in one of the control
subjects.
The cortical subregions that most often had

significantly reduced rCBF (table 3) were the
hippocampus (reduced rCBF in 13 of the 25
patients) and parts of the frontal, temporal,
and parietal association cortexes (F3, F4, F6,
T2, T3, and P3 in fig IB). The frontal and
parietal regions (Fl, F2, P1, and P2), which
comprise most of the sensory-motor cortex,
were only rarely involved.

CORRELATION OF [99mTc]-d,l-HMPAO SPECT
DATA WITH CLINICAL CHARACTERISTICS
In the group of patients with Alzheimer's dis-
ease as a whole, global CBF correlated signifi-
cantly with the total cortical atrophy score on

CT (r = -052; p < 0-01), but not with the
MMS score, age of onset, or duration of dis-
ease.
The number of regions (out of four possi-

ble) with reduced rCBF in the simplified
rCBF patterns correlated significantly (r =
0-43; p < 0-05) with the duration of disease,
but not with the age of onset, the MMS score,

or the cortical atrophy score. There was no
significant correlation between frontal rCBF
and the severity of dementia as measured with
the MMS score. There were 19 and six
patients with reduced or normal rCBF,
respectively, in the frontal region(s) of the
rCBF patterns. There was no significant dif-
ference in the duration of disease, age of
onset, or MMS score between these two sub-
groups of patients.

Discussion
In the present study a pronounced hetero-
geneity of rCBF patterns, as measured with
SPECT and [99mTc]-d,l-HMPAO, was found
in patients with a clinical diagnosis of
Alzheimer's disease. All patients had abnor-
mal rCBF patterns with focal hypoperfusion,
and frontal changes were seen more often
than previously reported.

METHODOLOGICAL CONSIDERATIONS
With the HMPAO technique quantitative
measures for rCBF require arterial blood sam-
pling, which is associated with practical diffi-
culties. Semiquantitative estimates of rCBF
may be determined by calculating the mean
regional count rates relative to a reference
region. In the present study, the cerebellum
was chosen as the reference region, because
there was no difference between control sub-
jects and patients with Alzheimer's disease in
absolute cerebellar flow as measured with the
'33Xe inhalation method, which gives quanti-
tative data. Despite the diffuse presence of
amyloid deposits in the cerebellum of patients
with Alzheimer's disease,28 neuropathological
studies have found no or only slight atrophy
of the cerebellum, even in cases with severe
cerebral atrophy.29 No other SPECT study
has found abnormalities in the cerebellum. In
one PET study periventricular white matter
lesions on CT was associated with raised cere-
bellar glucose metabolism,30 and in another
PET study crossed cerebellar diaschisis was
noted.3' Our patients had no periventricular
white matter lesions on CT, and crossed cere-
bellar diaschisis, if present, could not have
affected our data as we chose the cerebellar
hemisphere with the highest count rate as our
region of reference.

Interestingly, the factorial analysis of vari-
ance did not provide evidence for any region
being disproportionately affected in the group
of patients with Alzheimer's disease as a
whole. At the same time, the Bonferroni cor-
rected p values for region by region compar-
isons of rCBF data showed significant
hypoperfusion in selected frontal, temporal,
and parietal regions of interest. This apparent
contradiction could be explained by the pro-
nounced diffuse reduction of rCBF in the
patients with Alzheimer's disease, the high
interindividual variability of rCBF data within
each region in healthy subjects, and a possible
heterogeneity of severe focal abnormalities in
the Alzheimer's disease group. Thus the
results of the group comparisons justified the
subsequent analysis of individual rCBF data.
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The present study showed that this analysis
adds important information in diseases with
heterogenous effects on the brain.

PREVIOUS [99mTc]-d,l-HMPAO STUDIES IN
ALZHEIMER' S DISEASE
A number of studies have aimed at character-
ising the typical perfusion pattern in
Alzheimer's disease, by means ofSPECT with
[99mTc]-d,l-HMPAO.4-l2 32 The most consis-
tent finding seemed to be a significant bilat-
eral reduction of rCBF in the posterior
temporoparietal cortex, in some studies with a

meaningful correlation with selected psycho-
metric test results. In only three of the
studies6 9 32 was a significant reduction of
rCBF seen in the frontal lobes as well. In
Six&-1032 the results were supported by para-
metric data and comparison with control sub-
jects of similar age, but none of these studies
had examined individual rCBF patterns by
parametric criteria. The heterogeneity of
rCBF patterns may have been overlooked in
some of these previous reports either because
only analysis of group means were performed,
or because of variations in the technical quality
of the images and in patient selection. In the
present study the factorial analysis of variance
did not support the idea that the temporopari-
etal regions were disproportionately affected
in Alzheimer's disease. Even conventional
region by region group comparisons, as

applied in most previous studies, revealed sig-
nificant rCBF reduction not only in the tem-
poroparietal cortex but also in the frontal
association cortex.

HETEROGENEITY OF rCBF PATTERNS IN

ALZHEIMER'S DISEASE
Alzheimer's disease is not a single entity. The
heterogeneity of Alzheimer's disease is shown
in many of its aspects: age of onset, duration,
clinical course, types and pattems of neuro-
logical, psychiatric, and behavioural symp-

toms, genetic factors, the topography of
neuropathological lesions, and response to
treatment.
The interpretation of the NINCDS-

ADRDA criteria 6 may vary considerably from
one study to another. This could explain why
the accuracy of the clinical diagnosis, as deter-
mined by neuropathological criteria, varies
from 68%33 to 100%,34 and represents one

possible explanation for the discrepancies
between the results of previous SPECT and
PET reports in Alzheimer's disease. In the
present study rigorous inclusion and exclusion
criteria were used to select patients with prob-
able Alzheimer's disease. Other studies
included patients with periventricular hypo-
density on CT, whereas in our present study
this finding led to exclusion of the patient.
Although Alzheimer's disease may be associ-
ated with amyloid angiopathy, which could
potentially cause ischaemic degeneration of
the periventricular tissue,'5 periventricular
hypodensity on CT may also represent other
pathological situations. Because aphasia was

initially very prominent in one of the two
patients who was diagnosed as having possible

Alzheimer's disease at the time of the study,
this patient might have had progressive aphasia
with non-Alzheimer pathology36 37 or focal
cerebrovascular disease. At clinical follow up,
however, two years later this patient had
developed other cognitive deficits and now
fulfilled all the criteria for probable
Alzheimer's disease. Selection criteria equiva-
lent to those in the present study were used in
a recent clinicopathological report in which a
100% specificity of the clinical NINCDS-
ADRDA criteria was found.34 Thus although
histopathological confirmation is crucial to
the diagnosis of Alzheimer's disease, we
would expect the accuracy of our clinical diag-
nosis to be very high. Therefore, the hetero-
geneity of rCBF patterns must reflect a
heterogeneity of Alzheimer's disease rather
than a heterogeneity of diagnoses.

Reduction of rCBF in the frontal lobe was
seen more often than expected from the clini-
cal picture of the patients. It has been sug-
gested that frontal hypometabolism relates to
severity of dementia.'8 In our study patients
with frontal hypoperfusion did not have a
longer duration of disease or a lower MMS
score than those without, and there was no
significant correlation between frontal rCBF
and the MMS scores although it is possible
that more extensive cognitive tests would have
revealed a significant correlation. No patient
presented with severe depression or frontal
type behavioural symptoms suggesting a pure
frontal lobe dementia, such as Pick's disease.
Severe frontal hypoperfusion was seen even in
the patient in whom the diagnosis of
Alzheimer's disease was later confirmed by
neuropathological examination (fig 4).
Frontal changes was found in previous PET
studies"3-15 38 as well as in sporadic reports
on SPECT with [99mTc]-d,l-HMPAO.6 9 32
Perfusion deficits outside the temporoparietal
cortex in patients with a clinical diagnosis of
early Alzheimer's disease were also described
by Holman et al39 in a recent [99mTc]-d,l-
HMPAO SPECT study of patients with
memory disturbances and cognitive abnor-
malities who were prospectively followed up
for a final clinical diagnosis. Therefore, bi-
lateral posterior hypoperfusion must not be
regarded as the only criterion to diagnose
Alzheimer's disease.

Only 13 patients had abnormal rCBF in the
hippocampus, a region in which neuropatho-
logical and neurochemical changes are seen
even in the early phase of the disease. Because
of the proximity to cranial bone, however,
partial volume effect, and the small size of the
region compared with the spatial resolution,
the determination of rCBF in the hippo-
campus region was associated with errors.

Although global CBF correlated signifi-
cantly with the total cortical atrophy score on
CT, there was no evidence that the focal and
often asymmetrical reductions in rCBF were
associated with severe focal atrophy. Even
patients with no atrophy on CT had abnormal
[99mTc]-d,l-HMPAO distribution images.
Therefore, the heterogeneity of the rCBF
patterns could not be explained by incidental
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focal pathology on CT. Thus the limited spa-
tial resolution and the resulting partial volume
phenomenon are not the causes of the focal
reductions in cerebral blood flow seen in
Alzheimer's disease. The hypoperfusion must
reflect a reduced metabolism per g of brain
tissue.

At postmortem examination neuritic
plaques and neurofibrillar tangles are distrib-
uted quite evenly in the frontal and temporal
neocortex and in the hippocampus.33440
There is a pronounced loss of neurons in
frontal as well as temporal regions.4'
Heterogeneity of the topography of cortical
neuropathological changes and of neurotrans-
mitter deficiency during the course of disease
progression represents one possible explana-
tion for the heterogeneity of rCBF patterns.
Deafferentation from pathologically changed
regions of central white matter could also con-
tribute to the heterogeneity of cortical rCBF
deficits. In a neuropathological study Brun et
a135 found changes in white matter in 60% of
patients with Alzheimer's disease, and a het-
erogeneity of white matter lesions in
Alzheimer's disease shown by MRI has
recently been reported.42 There are still con-
troversies, however, concerning the hypotheti-
cal association of white matter pathology with
Alzheimer's disease, and it is not known to
what extent this may affect the topography of
cortical hypoperfusion.

This study provided evidence that the het-
erogeneity of rCBF patterns may in part
reflect different stages of the disease. The
number of affected regions (out of four possi-
ble) in the rCBF patterns correlated signifi-
cantly with the duration of disease. This
implies that patients initially develop rCBF
reduction primarily in one of the four brain
regions, and that during the course of progres-
sion, adjacent regions are becoming involved
(fig 2). This hypothesis was further supported
by the fact that in patients with triad shaped
rCBF patterns, the reduction of rCBF was
most pronounced in the intermediate of the
three regions. There was no relation between
the duration of disease and the laterality of the
patterns or the presence of frontal rCBF
reduction. The heterogeneity of these two
aspects probably reflects different behavioural
and cognitive subtypes of Alzheimer's dis-
ease.'4 Longitudinal studies with the inclusion
of preclinical cases will be necessary to clarify
to what extent the heterogeneity of rCBF pat-
terns can be attributed to stages of the disease
or to disease subtypes.
We conclude that Alzheimer's disease is

associated with heterogenous patterns of focal
neocortical rCBF reductions as measured
with SPECT and [99mTc]-d,l-HMPAO. Hypo-
perfusion in the frontal cortex was seen more
often than previously reported, and no single
Alzheimer's disease pattern could be derived
from our data. Cortical atrophy could not
explain the heterogeneity of rCBF patterns
that was partly related to the duration of dis-
ease. An analysis of individual rCBF data as
performed in the present study, adds impor-
tant information in the investigation of

diseases with heterogeneous effects on the
brain.
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