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specific monoamine systems is indirect and based
largely on examination of bodily fluids, such as
CSF (van Praag et al. 1970), or inferred from
abnormal neuroendocrine responses to specific
probes (van Praag, 1982). Cell bodies of the
monoamine systems are localized to the brain-
stem and send relatively diffuse projections to
subcortical and cortical structures. Whether the
proposed abnormalities are anatomically local-
ized or globally distributed is not specified by
the monoamine theories, although the limbic
system is frequently invoked as a likely site of
perturbed function. Consequently the precise
neuroanatomical systems involved in depression
and its associated impairments such as the
cognitive impairment of depression have not
been defined.

Developments in functional imaging tech-
niques offer new possibilities for exploring brain
behavioural relationships in the major psychi-
atric syndromes. In the adult brain neuronal
activity is closely linked to regional blood flow
(rCBF) and metabolism of oxygen and glucose.
Positron  Emission Tomography  (PET)-
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derived measures of rCBF and metabolism are a
sensitive and reliable index of local neuronal
function (Raichle, 1987), and such measures
may be used to explore the functional anatomy
of specific psychiatric disorders. Using PET,
regional decreases in glucose metabolic rates
have been reported in bipolar and unipolar
depressed patients with normalization on clinical
recovery (Baxter et al. 1985). We report a PET
study of regional cerebral blood flow in de-
pressed subjects, combined with statistical para-
metric mapping (Friston & Frackowiak, 1991),
which identifies dissociations between focal
abnormalities in cerebral function due to mood
disturbance on the one hand and associated
cognitive impairment on the other.

METHOD
Patients and Controls

Patients with an upper age limit of 75 years were
recruited from a regional psychiatric service and
from a national referral centre. Potential partici-
pants were approached to ascertain willingness
to co-operate with the study and ability to give
informed consent. In those who consented, the
Schedule for Affective Disorders and Schizo-
phrenia (SADS) (Endicott & Spitzer, 1978) was
administered. Patients who met Research Di-
agnostic Criteria (RDC) (Spitzer et al. 1977) for
major depressive disorder were further evalu-
ated, and excluded if there was a history of
organic brain disease, drug or alcohol abuse or
significant medical illness as assessed by clinical
examination and haematological, biochemical
and endocrinological parameters. Subjects were
also excluded if they scored over 4 on the
Hachinski ischaemic scale (Hachinski et al. 1975)
or had evidence of focal abnormality on CT or
MRI scans. Patients on psychotropic medication
(19 of the 33) were entered into the study, as it
was predicted that patterns of rCBF would
reflect their depressed mental state rather than
medication — a prediction which could be tested.
The inclusion of medicated patients also allowed
the examination of patients in whom drug
washout was not ethical. Of the medicated
patients nine were taking tricyclic antidepres-
sants alone and one was taking a monoamine
oxidase inhibitor. In the remaining nine patients
medication additional to tricyclics included
neuroleptics (N = 5), lithium (N = 2), carba-
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(Friston er al. 1989). The 43 planes of data were
then resliced into the standard stereotactic space
(Talairach & Tournoux, 1988). In this space
each pixel represents 2 x 2 mm and the 26 new
planes are 4 mm thick. The images were
smoothed with a Gaussian filter to reduce the
effect of individual variability in cortical gyral
anatomy. Smoothing allows the constructive
interference of equivalent sites of difference
when images are averaged. This initial trans-
formation of the data allowed subsequent
analysis to be entirely data led and not subject to
bias imposed by observer placement of regions
of interest on the images.

Following stereotactic normalization the CBF
images were adjusted for individual differences
in global blood flow using an analysis of
covariance (ANCOVA), as previously described
(Friston et al. 1990). This procedure generated
an adjusted mean blood flow map for each of
the pooled groups (e.g. depressed and controls)
and permitted an estimate of the error variance
of the rCBF in each pixel. Group-by-group
comparisons were then made on a pixel-by-pixel
basis using the ¢ statistic to compare adjusted
(for whole-brain CBF) group means. The
resulting statistical parametric maps (SPMs) of ¢
values were displayed within the standard
stereotactic space, plane by plane and as
projections on to sagittal, coronal and transverse
renderings of the brain.

In order to identify foci of significant dif-
ference throughout the brain volume without
false positives, a threshold for significance was
used to take into account the multiple sim-
ultaneous ¢ tests performed. The (1)SPMs were
therefore thresholded with a Bonferroni cor-
rection for repeated measurements (Friston et
al. 1991). Although in practice the ¢ tests were
carried out on every pixel, the number of truly
independent sites was far fewer, because neigh-
bouring pixels are correlated due to averaging
and smoothing. The correction applied corre-
sponds to an expected false-positive rate of | per
20 planes.

RESULTS

Comparing the 33 depressed patients and 23
controls the (¢)SPM identified two areas in the
depressed group which showed significantly
reduced rCBF. These areas were the left anterior
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Table 2a. Co-ordinates of the pixels where the most significant d
Co-ordinates refer to the stereotaxic atlas of Talairach and Tournoyy. The
mi/dl tissue/min, and have been adjusted Jor a global mean blood flow of 50 my
Is a measure of the degree of significance of the diffe ,
the mean t value in the (t) statistical map of the t value for the

ifferences in blood

rence and is the numpey of stang
{{

Co-ordinates

OSt significant p

Regional (_‘.Bf-‘—_

Location % ¥ z Controls Dep:u;;_e:

(L} Anterior cingulate cortex —14 24 36 574 54-_5__
—16 18 40 571 54-3
(L} Dorsolateral prefrontal cortex -38 34 20 50-0) 474

** P < 0-05 Bonferroni-corrected.

Table 2b. Blood flow in medicated and unmedicated patients at the regions where maxi
was found in depressed patients compared with normal controls. The groups have been
an unpaired t test. The CBF values are in units of ml/dl tissue /min, and have been adj
mean blood flow of 50 ml/dl/min. Statistical maps at a threshold of P < 0-01 (non-corre
detect any significant change at these co-ordinates when medicated and unmedicated

tistical paran

compared d group as a who
————————— — e 6'gn_iﬁ03m- de
Co-ordinates Regional CBF survive

: - ) : S ' ical detail a

Location X ¥ z Unmedicated Mcdi(ﬁd_ _:_ 1:](3};:31(1:(:5 The cha

(L} Anterior cingulate cortex —~ 14 24 36 549 543 0-64 ith blue COHSSIF

—16 18 40 549 537 115 the transverse slic

(L) Dorsolateral prefrontal cortex —38 34

20 479 471 093 bjects’ right is

cingulate and the left dorsolateral prefrontal
cortex respectively (Fig. 1). The CBF values for
the pixels of maximum significance normalized
to a global mean of 50 ml/dl/min are presented
in Table 2. The first area identified was in the
superior/anterior cingulate cortex (Brodman’s
Area 32). This was centred at +36 mm with
respect to the AC-PC line and extended from
+32mm to +40mm. Results for the left
dorsolateral prefrontal cortex (DLPFC) (BA
9,46) were of a similar order of significance and
spread from + 16 mm to +28 mm with respect
to the AC-PC line. The most significant pixel
was at +20 mm. The right DLPFC showed a
strong trend to decreased blood flow (+24 to
+28 mm), but did not survive Bonferroni
correction. Two other regions in the depressed-
patient sample also showed strong trends toward
significant differences in rCBF (P < 0-001 non-
Bonferroni-corrected). An increase in CBF was
localized to the left posterior cingulate gyrus
(BA 23,30). A decrease in CBF was localized to
the left angular gyrus (BA 39) confluent with the

superior aspect of the superior temp
(Fig. 1).

To test the prediction that the
medication were not confounding the
due to psychopathology, a second comp
was made between medicated (N=
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of differences in rCBF between the depre
patients and controls. The rCBF values
medicated and unmedicated patients are pr
ted in Table 2b. i
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"FIG. 1. Statistical parametric maps (1)SPM showing location of ificant decrea
: ein n.umpamon with the normal controls. White areas are ¢ \«d]ueﬁ at P<0-001.
creases, in the left dorsolateral prefrontal cortex (DLPFC) and the anterior
irvive Bonferroni correction (P<0-05). The group image is included for reference to
ail and is the average of the stereotactically normalized CBF data set from the 23
ormal subjects. The choice of colour scale of the group image is arbitrary; in this case a rainbow scale
sed with blue mndmg to lowest blood flow and white to hwhr.:,l Numb g. +16) refer to
¢ slices in millimetres relative to the AC—PC line. Anterior is at the top of the image
ht is at the right. The grid corresponds to that used by Talairach & Tournoux (1988).
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nble 3. Characteristics of depressed patients
yith and without cognitive impairment as defined
fy their scores on  the Mini-Mental Stare
Fyamination

Cognitively Cognitively
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depressed depressed

(MMSE < 25)

(MMSE = 24)

Namber 10 10
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o} HAM-D 17-item (mean +s..) 257 (+42) 244 (+3:5)
872 4/6

‘mwchotropic medication (4)

Sate examination (MMSE). On this measure
o patients were unimpaired (score = 29) and
n were impaired (score < 25), while the
®maining 13 patients achieved intermediate
ores and were excluded from the subsequent
analysis. These impaired patients also scored 85
M lss on the CAMCOG subscale of the
CAMDEX, which incorporates all of the items
correlation  between
scores within the de-
; 'd group was 093 (P< 0-001). The
paired and unimpaired groups were matched
'4E¢ and severity of depression (Table 3).
Paring scans from the impaired and un-

Broups the (7)SPM, Bonferroni-
s Identified foci of significant change in
fessed cognitively impaired group. These
4 of decreases in rCRE in the left medial
onta] cortex (BA 10) (0 mm to 412 mm)
€4ses in rCBF in the right aspect of the
VEIMIS (— 12 mm to —4 mm) (Fig. 2).
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The co-ordinates of the most significant pixels
and magnitude of changes are shown in Table 4.

A fourth and final comparison was made
between the cognitively impaired depressed
group (N = 10) and the controls (N = 23). As
predicted, this analysis showed significant
changes in rCBF characteristic of both the
cognitive impairment of depression and major
depression, i.e. decreases in the left medial
frontal and dorsolateral prefrontal cortices and
the anterior cingulate, and increases in the
cerebellar vermis.

DISCUSSION

These findings indicate that functional changes
in the left anterior cingulate and the DLPFC are
associated with the syndrome of major de-
pression, while additional changes in the medial
prefrontal cortex are associated with the cog-
nitive impairment of depression, so-called de-
pressive pseudodementia. The findings offer
direct in vivo evidence of limbic system in-
volvement, specifically the anterior cingulate
cortex, in the pathogenesis of depression. Using
the Xenon-133 inhalation technique, reductions
in rCBF have been described in selective frontal,
central, superior temporal and anterior parietal
regions (Sackeim et al. 1990). Previous PET
studies of depressed patients have found
decreased metabolism in the inferior frontal lobe
(Buchsbaum et a/. 1984). More specific findings
include lower hemispheric metabolic rates in
bipolar patients (Baxter er al. 1985), relative
caudate hypometabolism in unipolar patients

in blood flow were identified.
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Jor a global mean blood Sflow
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1974). A non-significant increase in rCBF was
noted in the left posterior cingulate (BA 23). The
anterior and posterior cingulate have reciprocal
anatomical connections, and the increase in
rCBF supports a notion of functional as well as
anatomical coupling (Baleydier & Mauguiére,
1980).

The importance of the pre-frontal focal
abnormalities described in the present study is
highlighted by primate studies which indicate a
pattern of reciprocal connections between the
anterior cingulate, the dorsolateral pre-frontal
cortices and the medical frontal cortices (Pandya
et al. 1981). The pre-frontal areas are therefore
sites of convergence for limbic inputs with highly
processed associative information, and may
serve the function of integration of thought and
emotion (Mesulam, 1986). Such structures
would, therefore, seem to be part of an extended
neural network, whose functions include the
regulation of mood and directed attention, which
is disturbed in major depression.
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