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Abstract Objective Although
previous studies have shown that
the human frontal cortex is in-
volved in the experience of emo-
tions as well as in social behavior,
data regarding the exact anatomi-
cal substrates of behavioral and af-
fective deficits in frontal lobe
pathologies are still scarce. The aim
of this study was to investigate the
metabolic correlates of these
deficits in a group of non-selected
consecutive patients with frontal
lobe lesions. Patients and Methods
Clinicometabolic correlations be-
tween several emotional and social
parameters and metabolic patterns
in the frontal cortex and amygdala
were investigated in 32 patients
with frontal lobe pathologies. The
behavioral disturbances were eval-
uated using the Lhermitte’s infor-
mant questionnaire. Regional cere-
bral glucose metabolism was
measured with ['8F] fluorodeoxy-
glucose and high-resolution
positron emission tomography.

Statistical analysis was performed
using both single variable correla-
tion and multiple regression analy-
ses. Results Both single variable
and multivariate analyses demon-
strate that decreased regional
glucose metabolism in the right
medial area 10 was associated with
apathy. There were also significant
negative relationships between
metabolism in the right orbito-
frontal cortex and stereotypy and
indifference to rules. Impulsive-
ness, personality disturbances and
loss of emotional control were as-
sociated with decreased metabo-
lism in the left amygdala. Conclu-
sions In terms of clinicometabolic
correlations, the present data sup-
port the implication of different
functional anatomic systems in
frontal lobe-related behavioral and
affective disturbances. In particu-
lar, they imply that the classically
described symptoms of impaired
behavioral control may be related
to right orbitofrontal cortex hy-
pometabolism whereas impaired
regulation of emotions may result
from a functional damage of the
left amygdala.
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Introduction

Experimental work in both humans with brain lesions
as well as in non-human primates support the notion of
a functional specialization within the frontal cortex [10].
In a positron emission tomography (PET) study of the
regional distribution of cerebral glucose metabolism in
patients with frontal lobe damage, we previously showed
a dissociation between the performance of executive
tasks, related to the regional metabolism of the dorso-
lateral prefrontal cortex, and behavioral disturbances,
associated with the regional metabolism of the or-
bitofrontal cortex in patients with frontal lobe lesions
[39]. These findings indicate that impaired executive
functions and social skill deficits are related to distinct
metabolic patterns in patients with frontal lobe pathol-
ogy.

However, behavioral changes associated with frontal
lobe damage are highly heterogeneous. They include
emotional and personality changes such as euphoria
and irresponsibility, flat affect, decreased concern for
the present or the future, impairment in the recognition
of emotional expression, diminished empathy and so-
cial awareness, poor tolerance to frustration, increasing
levels of aggressiveness and impulsiveness [7]. The hu-
man frontal cortex has been shown to be involved in the
experience and appraisal of emotion and complex be-
havior as well as in primary and secondary mood disor-
ders and social skills [11, 33]. However, the precise neu-
roanatomical correlates of frontal lobe-related
behavioral and affective disorders have yet to be de-
fined.

The present study applied a clinico-metabolic ap-
proach, using PET, to identify anatomical areas related
to behavioral and affective disturbances in a group of
non-selected consecutive patients with frontal lesions.
The underlying principle was that if a frontal lobe area
were involved in a given behavioral or emotional
process, a correlation should be observed between the
score of patients in scales assessing this process and the
level of metabolic activity in this area. This type of ex-
perimental design has been successfully used in earlier
studies on patients with Alzheimer’s disease or frontal
lobe damage [8, 39].

Patients and methods

Sample description

The sample included 32 right-handed non-selected consecutive pa-
tients (20 women, 62.5+ 1.8 years old; 12 men, 64.1 £2.2 years old)
with frontal lobe lesions. Inclusion criteria were age between 25 and
75 years, documented frontal lobe pathology, informed written con-
sent of the patient or appropriate surrogate, and the presence of an in-
formant to assess behavioral abnormalities and changes in activities
of daily living. All of the cases in the present report displayed severe
deficits in executive functions that were assessed with an extensive

neuropsychological battery which included Wisconsin and California
card-sorting tests for conceptual elaboration [30], Stroop test for se-
lective activation [16], lexical fluency [6], Trail Making Test [36],
graphic series for cognitive flexibility [23], go-no go and conflicting
instructions for motor control and inhibition [23], assessment of pre-
hension, imitation and use behaviors for environmental dependency
[21],and Grober and Buschke test for verbal learning and recall [17].

Exclusion criteria were the presence of severe psychiatric disor-
ders such as bipolar illness, schizophrenia, and major depression ac-
cording to DSM-IV diagnostic criteria, coexistence of non frontal
brain lesions on magnetic resonance imaging (MRI), and contraindi-
cation for MRI or for arterial radial catheter. Among the patients stud-
ied, twelve presented with a focal frontal lobe lesion on MRI. Post-
stroke vascular lesions were present in nine cases: seven in the
territory of anterior cerebral arteries (four in the right hemisphere,
three in the left hemisphere) and two in the territory of the prefrontal
branch of the left middle cerebral artery. Traumatic lesions confined
to the frontal cortex were found in two cases (extensive bifrontal dam-
age involving both the orbitofrontal and frontopolar regions) whereas
in one case there was a post-surgical lesion (resection of a menin-
gioma with subsequent damage of the orbitofrontal region [39]). In
all these patients, lesions had occurred more than three months be-
fore the study. The remaining patients showed early frontal sympto-
matology, dysexecutive syndrome, decreased verbal fluency, and mild
memory impairment and were classified as having frontotemporal
dementia according to the Manchester and Lund diagnostic criteria
[24].

Behavioral assessment

The behavioral disturbances were evaluated with the scale of Lher-
mitte and collaborators [21],administered to the patients’ informants
by the same experienced psychiatrist (P. G.) who was not aware of the
PET results. The scale includes 80 randomly distributed questions de-
signed to assess the differences between the premorbid and current
state of the patient regarding the following 16 behavioral items: apa-
thy, restlessness, stereotypy, impulsiveness, indifference, euphoria,
disinterestedness, cheerfulness, dependence on social environment,
indifference to rules, attention deficits, dependence on stimuli from
the physical environment, programming deficits, personality distur-
bances, loss of intellectual and emotional control. Each item was as-
sessed by five questions giving a score from 0 (absence of abnormal-
ity) to 5 (severe abnormality) for each item. The validity of this
semi-structured interview for frontal lobe-related behavioral deficits
has been previously established [21, 34, 39]. In particular, behavioral
scores were significantly higher in patients with frontal lobe lesions
than retrorolandic lesions [21] and in patients with subcorticofrontal
dementia (progressive supranuclear palsy or Parkinson’s disease)
than in Alzheimer’s disease [34]. Using this scale, our previous study
in patients with frontal lobe lesions showed a strong correlation be-
tween most item scores and PET values in the orbitofrontal and fron-
topolar cortex bilaterally, whereas no significant correlation was
found between behavioral data and metabolism at rest in other neo-
cortical areas [39].

Imaging procedures

Brain imaging included a structural evaluation by MRI and a mea-
surement of the glucose metabolism with ['8F] fluorodeoxyglucose
([*F] FDG) and high-resolution PET. MRI was performed with a 1.5-
T unit as previously described [39]. Briefly, patients were positioned
in a plane parallel to the anterior-posterior commissures. Contiguous
axial T1-weighted slices were taken with a slice interval of 3.37 mm to
obtain MRI scans superimposable on the PET images. Coronal T2 im-
ages were also obtained in all cases. PET scans were performed on a
high-resolution head-dedicated PET camera with a 5.8-mm in plane
and 5-mm axial resolution, which provided 31 slices at 3.37-mm in-



tervals [5]. Just before the PET scan was performed, a 20-gauge 32-
mm Teflon cannula was placed in a radial artery under local anaes-
thesia to obtain blood measurements of ['®F] FDG and glucose con-
centrations. The patient’s head was positioned in the bicommisural
plane by aligning the skin marks drawn during the MRI with the
crossed laser beam of the PET camera. Fifteen minutes were allowed
to pass for patients to regain a comfortable state. All studies were con-
ducted in a quiet, dimly lit environment with no background noise to
minimize visual and auditory stimuli during the brain uptake phase.
Patients were studied in an awake resting state with eyes closed. After
an intravenous injection of 5 mCi of [*F] FDG, twenty four blood
samples (one per 10 seconds during the first 2 minutes following in-
jection) were collected from the radial artery to obtain blood mea-
surements of ['8F] FDG and glucose concentration. Image acquisition
started 30 minutes after this injection and ended 20 minutes later
[39]. Local cerebral metabolic rate for glucose (rCMRGlu expressed in
mg/min/100 g tissue) was then calculated according to the model of
Reivich and collaborators for human PET studies [37]. This study was
approved by the Pitié-Salpétriere Hospital Ethical Committee.

PET and MRI scans were transferred to a workstation and super-
imposed using automatic three-dimensional registration software
[25]. Regions of interest (ROIs) were drawn manually on the axial im-
ages of MRI with the help of a stereotactic atlas [40] (Fig. 1). The seg-
mentation of the cortical areas was based on Brodmann’s nomencla-
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ture. Twenty ROIs were defined in the prefrontal cortex (bilaterally ar-
eas 8,9, and 10 further divided into medial and lateral parts; areas 45
as a ventrolateral region; area 47; areas 11,12, 13 and 14 pooled as a
single orbitofrontal region; areas 24 and 32 pooled as a single anterior
cingulate area), and eight ROIs outside the frontal lobes were also
considered (bilaterally area 7, visual area V1, hippocampus, amyg-
dala). ROIs drawn on the MRI scans were then transposed onto the
PET scans and regional CMRGlu were calculated for each ROI.

Statistical analysis

Relationships between PET values in ROIs and behavioral item scores
were first assessed by single variable correlation analysis using Spear-
man’s coefficient (r;). For this analysis, correction for multiple com-
parisons was made by adopting a significance threshold value of
p <0.005. In addition, maximum likelihood ordered logistic regres-
sion analyses were built to examine whether metabolic data can pre-
dict the presence of a given behavioral disturbance. PET values in
ROIs which significantly correlated with behavioral scores in the sin-
gle variable analysis as well as possible confounding factors such as
age and Mini Mental State Examination scores [13] were used as in-
dependent variables in this model with each behavioral score as the
dependent variable. This method can evaluate the relationship be-

Fig.1 Schematic representation of ROl on a Talairach brain. Dashed areas represent areas of interest where behavioral dysfunctions are correlated with local metabolic im-

pairment.

& apathy/right medial area 10

¢ Impaired behavioral control/left and right orbitofrontal cortex
€ Impaired emotional control/left and right amygdala
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tween an ordinal outcome variable and several independent variables
[14]. All statistical analyses were performed using Stata™ software
Release 5 (College Station, TX).

Results

The distribution of metabolic values in frontal lobe and
control areas in the present series is illustrated in Fig. 2.
Data from single variable analyses are summarized in
Tables 1 and 2. A similar pattern of correlations was
found in both hemispheres, although the number of sig-
nificant correlations was higher in the right one. In both
hemispheres, statistically significant correlations were
all negative. Significant correlations were found between
behavioral deficits and glucose metabolism in the or-
bitofrontal cortex and area 10 bilaterally: they concern
apathy (with a correlation coefficient that reaches 0.93
in the right medial area 10), stereotypy, euphoria, disin-
terestedness, dependence on the social and physical en-
vironment, indifference to rules, attention and pro-
gramming deficits and loss of intellectual control.
Metabolic values in amygdala correlated highly with im-
pulsiveness, personality disturbances and loss of emo-
tional control. No significant correlations were found
between these behavioral items and regional metabo-
lism values in frontal areas. Metabolic values in areas 8,
9, and 47, ventrolateral frontal and anterior cingulate
cortex as well as in control areas 7 V1 and hippocampus

Table1 Statistically significant correlations betwen behavioral items and PET
values in the left hemisphere

Area Spearman'’s coefficient  Statistical significance
Apathy

10M -0.74 p < 0.005

OFL -0.80 p < 0.001
Impulsiveness

Amygdala -0.75 p < 0.005
Indifference to rules

OFL -0.71 p < 0.005
Dependence on the
physical environment

10L —-0.69 p < 0.005
Personality disturbances

Amygdala -0.78 p < 0.001
Loss of emotional control

Amygdala -0.79 p < 0.001

Results represent Spearman’s correlation coefficients between behavioral item
scores and regional glucose metabolism in each area. 70L lateral part of area 10;
10M medial part of area 10; OFL orbitofrontal cortex. See text for details

did not display any significant correlation with behav-
ioral items in either hemisphere.

In multivariable models, decreased regional glucose
metabolism in right medial area 10 was a strong predic-
tor of apathy explaining 57 % of the variability in apathy
scores [regression coefficient: -2.32, 95% Confidence
intervals: (-4.60,-1.90), p <0.005, Fig. 1].
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Fig.2 Distribution of regional glucose metabolic values in frontal lobe subdivisions and control areas. Note the higher values in areas 7 and V1 compared to those observed
in areas involved in behavioral deficits. ATOML left medial area 10; ATOMR right medial area 10; OFL left orbitofrontal cortex; OFR right orbitofrontal cortex; A7L left area 7;
A7Rright area 7; AV1L left area V1; AV1Rright area V1



Table2 Statistically significant correlations betwen behavioral items and PET
values in the right hemisphere

Area Spearman’s coefficient  Statistical significance
Apathy
10M -0.93 p < 0.001
0L -0.69 p < 0.005
Stereotypy
OFL -0.68 p < 0.005
Euphoria
10M —-0.70 p < 0.005
10L -0.74 p < 0.005
OFL -0.74 p < 0.005
Disinterestedness
10M -0.75 p < 0.005
0L -0.69 p < 0.005
OFL -0.76 p < 0.001
Dependence on the
social environment
10M -0.71 p < 0.005
OFL -0.77 p < 0.001
Indifference to rules
OFL -0.74 p < 0.005
Attention deficits
OFL -0.79 p < 0.001
Dependence on the
physical environment
10M -0.80 p < 0.001
10L -0.77 p <0.001
OFL -0.86 p < 0.001
Programming deficits
10M —-0.70 p < 0.005
OFL -0.78 p < 0.001
Personality disturbances
Amygdala -0.74 p < 0.005
Loss of intellectual control
10M -0.82 p < 0.001
0L -0.73 p < 0.005
OFL -0.85 p < 0.001

Results represent Spearman’s correlation coefficients between behavioral item
scores and regional glucose metabolism in each area. 70L lateral part of area 10;
10M medial part of area 10; OFL orbitofrontal cortex. See text for details

Significant relationships were found between de-
creased glucose metabolism in the right orbitofrontal
cortex and stereotypy. This metabolic variable ac-
counted for 43 % of the variability in stereotypy scores
[regression coefficient: -1.63,95 % Confidence intervals:
(-2.08, -0.98), p <0.01]. Decreased glucose metabolism
in the right [R?=0.63, regression coefficient: -1.82,95 %
Confidence intervals: (-2.37,-1.27),p <0.01] and left or-
bitofrontal cortex [R?=0.73, regression coefficient:
-1.92,95% Confidence intervals: (-2.34,-1.60),p <0.01]
was also associated with indifference to rules (Fig.1).
Because inappropriate behavioral control was present in
these two deficits we grouped them under the term of
“impaired behavioral control”.

Finally, hypometabolism in left amygdala could pre-
dict scores of impulsiveness [R?=0.38, regression coef-
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ficient: —2.34, 95% Confidence intervals: (-3.95, -1.66),
p <0.01], personality disturbances [R?=0.28, regression
coefficient: -2.36, 95% Confidence intervals: (-3.31,
-1.40),p <0.01] and loss of emotional control [R?>=0.47,
regression coefficient: -2.68, 95 % Confidence intervals:
(-3.44,-1.91),p <0.005]. A weak but significant associa-
tion was also found between decreased metabolism in
right amygdala and personality disturbances [R*=0.23,
regression coefficient: -1.90, 95 % Confidence intervals:
(-2.26,-1.22), p <0.05, Fig. 1]. Because these items con-
cerned all emotional and affective changes, we grouped
them under the term of “impaired emotional control”.

No statistically significant relationships were found
between the remaining behavioral items and PET values
with either multivariable analysis. Importantly, there
was no significant correlation between patterns of hy-
pometabolism and structural changes (documented by
MRI) in patients with high scores for apathy, “impaired
behavioral control” and “impaired emotional control”
supporting the added value of PET data in predicting
behavioral deficits. In agreement with our previous
work [39], there were no statistically significant correla-
tions between neuropsychological test performances
and behavioral ratings in the present study. Confirming
our previous observations [39], neuropsychological data
in the present series showed a strong correlation with
PET values in dorsolateral frontal areas 8 and 9 but not
in medial area 10, orbitofrontal cortex and amygdala
(data not shown).

Discussion

Strengths of the present study are the large series of
prospectively studied cases with various frontal lobe
pathologies, the fact that behavioral data were collected
by a single experienced psychiatrist, blinded to other
findings, as well as the rigorous statistical methodology
including both single variable correlation analysis cor-
rected for multiple comparisons and multivariable
models. The single variable analysis revealed a much
higher number of statistically significant correlations in
the right than in the left frontal cortex. This finding par-
allels several earlier studies suggesting a hemispheric
asymmetry in the processing of emotion and social be-
havior in the frontal cortex. For instance, the right hemi-
sphere is more active than the left during the processing
of facial emotion [29], and patients with right frontal
cortex lesions show difficulties in addressing emotional
communication information [38]. Based on these obser-
vations, it has been proposed that the functional
anatomic organization of emotional communication in
the right hemisphere mirrors that of propositional lan-
guage in the left hemisphere [38]. Importantly, a recent
functional imaging study in patients with frontotempo-
ral dementia showed that the right frontal lobe also plays
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a key role in maintaining the essential qualities distin-
guishing one person from another referred to as self
concept [26].

Apathy scores in this series were associated with de-
creased metabolism in right medial area 10 [31]. This
observation parallels several recent lines of evidence in-
dicating that the ventromedial system participates in the
intentional prospective control of behavior related to in-
ternal information [15].In particular, the medial frontal
region may be primarily involved in self-initiated ac-
tions from an inner source as proposed by Laplane and
Dubois in their description of the syndrome of auto-ac-
tivation deficit [19]. Importantly, in a recent fMRI study;,
Pochon and collaborators also reported an activation of
medial area 10 after reward during working memory ac-
tivation in healthy controls and proposed that this area
plays a specific role in monitoring the reward value of
ongoing cognitive processes [35]. The specific associa-
tion described here between decreased metabolism in
the right medial area 10 and apathy agrees with earlier
observations of Craig and collaborators who showed a
prefrontal hypoperfusion in apathetic patients with
Alzheimer’s disease and postulated that apathy results
from a damage of the medial frontal-subcortical circuit
in this condition [8,9].

The present results also provide new insights into the
metabolic basis of complex behavioral and emotional
phenomena classically attributed to the frontal lobe. In
respect to behavioral disturbances, they support an as-
sociation between hypometabolism in the orbitofrontal
cortex and “impaired behavioral control” in frontal lobe
pathologies [9, 31, 41]. They also indicate a strong rela-
tionship between left amygdala hypometabolism and
“impaired emotional control” symptoms such as impul-
siveness, personality changes (including irritability, in-
creased anger, and frequent loss of patience) and loss of
emotional control. These observations should be inter-
preted in the light of current hypotheses regarding the
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