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Abstract
Purpose To identify the neurobiological traits of amyotro-
phic lateral sclerosis (ALS) and to elucidate functional
differences between ALS of spinal and bulbar onset. We
hypothesized that glucose metabolism distribution might
vary between groups.
Methods The study groups comprised 32 patients with
ALS of either bulbar (n=13) or spinal (n=19) onset
and 22 subjects as controls. They were investigated by
[18F]fluorodeoxyglucose (FDG) positron emission tomog-
raphy (FDG PET), comparing the patient groups with
each other and with the controls by statistical parametric
mapping.
Results Highly significant relative increases in glucose
metabolism distribution were found in the group
comprising all 32 ALS patients as compared with the
controls in the bilateral amygdalae, midbrain, pons and
cerebellum. Relative hypermetabolism was also found in
patients with spinal onset as compared with the controls
in the right midbrain. In patients with bulbar onset

compared with the controls and with patients with
spinal onset, large relatively hypometabolic areas were
found in the bilateral frontal cortex, right insula,
anterior cingulate, precuneus and inferior parietal lobe.
Patients with spinal onset had significantly higher scores
in a neuropsychological test assessing verbal fluency
compared with patients with bulbar onset.
Conclusion This large FDG PET investigation provided
unprecedented evidence of relatively increased metabolism
in the amygdalae, midbrain and pons in ALS patients as
compared with control subjects, possibly due to local
activation of astrocytes and microglia. Highly significant
relative decreases in metabolism were found in large frontal
and parietal regions in the bulbar onset patients as
compared with the spinal onset patients and the controls,
suggesting a differential metabolic and neuropsychological
state between the two conditions.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal late-onset
neurodegenerative disorder of adult life, characterized by a
progressive impairment of motor function at the bulbar and
spinal levels. Described for the first time by Charcot in 1869, it
is characterized by selective loss of cells in the anterior horns of
the spinal cord and in the lower motor cranial nerve nuclei as
well as by corticospinal tract degeneration. The clinical
diagnosis of ALS is still based on clinical history and
neurological examination and is supported by neuropsycholog-
ical examination and by the exclusion of other disorders [1]. It
is usually delayed by 1 year after a patient’s first referral. The
incidence of ALS is 2–3/100,000 new cases per year [2]. The
onset is at the spinal level (with weakness and hypotrophy of
the muscles of upper or lower limbs) in two-thirds of patients
and at the bulbar level (with dysphagia and dysarthria) in one-
third of patients [2]. However, increasing evidence suggests
that ALS also affects extramotor systems and may be regarded
as a multisystem disorder [3–5]. Executive [4, 6, 7] and
memory [8, 9] deficits have been detected using a variety of
neuropsychological tests. Furthermore, impaired verbal fluen-
cy has been correlated with the attenuated response during a
motor paradigm in several frontal and subcortical regions
independently of physical disability [9–11]. A reduction in
extramotor white matter volume has been found in cognitively
impaired ALS patients, especially in regions corresponding to
the frontal and frontotemporal association fibres [11, 12] in
which white matter hyperintensities have also been found with
magnetic resonance imaging [13, 14].

In some early [18F]2-fluoro-2-deoxy-D-glucose (FDG)
positron emission tomography (PET) studies, ALS was
associated with frontal lobe dysfunction [15] and eventually
dementia [16]. A pioneering study in a limited number of
patients showed a generalized metabolic reduction in cortex
and basal ganglia which worsened with progression of the
disease in ALS patients with predominant upper motor neuron
signs but not in patients with predominant lower motor neuron
signs [17]. A further finer analysis in the same cohort of
patients highlighted a larger degree of hypometabolism in the
motor sensory area as well in the parietal and occipital cortex
[18]. However, Ludolph et al. [7] found a diffuse reduction
in frontal and occipital cortical FDG uptake in 18 ALS
patients displaying upper and lower motor neuron signs and
mild executive dysfunction without a significant correlation
between glucose consumption and disease and clinical
neurological deficit duration. Moreover, reduced FDG and
[11C]-flumazenil binding have been seen in rolandic and
perirolandic areas [19–21] in three different PET studies
investigating primary lateral sclerosis.

Taken together these findings suggest that extramotor
structures of the central nervous system are affected in
ALS. In particular, there is growing evidence suggesting

that frontal lobes are impaired in some patients. However,
currently no neuroimaging technique provides positive
support for the diagnosis of ALS.

The aim of this study was to use PET to investigate FDG
brain distribution in a large cohort of ALS patients
characterised by bulbar or spinal onset. Based on previous
literature suggesting differences in extramotor white and
grey matter involvement in bulbar and spinal ALS, we
hypothesized that glucose metabolism distribution might
vary between the two groups of patients and differentiate
the two forms of ALS neurobiologically.

Materials and methods

Participants

The ALS patients comprised 15 women and 17 men (mean
age 63.3, SD 13.1, range 85–42 years; disease duration
17.8±16 months) seen consecutively at the Turin ALS
Centre where they had been referred for FDG PET. The
patients received probable laboratory-supported or definite
ALS diagnosis according to the revised El Escorial ALS
criteria [1]. Patients were classified according to the site of
onset: bulbar (n=13) or spinal (n=19). The presence of
frontotemporal cognitive and behavioural syndromes in
ALS was assessed with a battery of neuropsychological
tests with an emphasis on executive functions including the
phonological verbal fluency test (FAS), the trail making test
(TMT, forms A and B), the Stroop colour–word test and
the Wisconsin card-sorting test [22], which were scored
according to Italian normative values, correcting for age
and level of education. Depression was evaluated using the
hospital anxiety and depression scale.

The control group comprised 8 women and 14 men
(mean age 62, SD 14, range 80–34 years) found to be
completely free of disease by 18F-FDG PET and with a
normal neurological assessment. Exclusion criteria were
the presence of major systemic illness, major vision
disturbances, psychiatric illnesses, epilepsy, head trauma,
parkinsonism, previous stroke or TIA, and a brain mass
as well as current use of benzodiazepines and tricyclic
antidepressants.

All participants signed a written informed consent
form in accordance with the principles outlined in the
Declaration of Helsinki.

18F-FDG PET

Subjects fasted for at least 6 hours. Before radiophar-
maceutical injection, blood glucose was measured
(<130 mg/dl in all patients). After a 10-min rest in a
silent and darkened room, with eyes closed and ears
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unplugged, the subjects were injected with approximate-
ly 185 MBq of 18F-FDG through an intravenous cannula.
PET/CT scanning was started approximately 60 min after
the injection and lasted for a further 10 min. A
polycarbonate head holder was applied to reduce head
movements during the scan.

The PET/CT scans of the brain were acquired using a
Discovery STE system (GE Healthcare). FDG PET/CT
images were acquired with two sequential scans: a CT scan
(thickness 3.75 mm, 140 kV, 60–80 mAs) and a PET scan
(one transaxial FOV of 30 cm). The PET scan was initiated
immediately after the CT scan, in order to use the CT data
for attenuation correction of the PET data. Data were
collected in 128×128 matrices with a reconstructed voxel
of 2.34×2.34×2.00 mm.

Statistical analysis

A two-sample unpaired t-test was used to differentiate groups
based on age and executive tests scores, while the chi-
squared test was used to evaluate gender differences. Using
statistical parametric mapping (SPM2; Wellcome Depart-
ment of Cognitive Neurology, London, UK) implemented in
Matlab 6.5 (Mathworks, Natick, MA), PET data were subject
to affine and nonlinear spatial normalization into the MNI
space. The spatially normalized sets of images were then
smoothed with an 8-mm isotropic gaussian filter to blur
individual variations in gyral anatomy and to increase the
signal-to-noise ratio. The resulting statistical parametric
maps, SPM{t}, were transformed into normal distribution
(SPM{z}) units. SPM coordinates were corrected to match
the Talairach coordinates by the subroutine implemented by
Matthew Brett (http://brainmap.org/index.html). Brodmann
areas (BAs) were then identified at a range of 0 to 3 mm
from the corrected Talairach coordinates of the SPM output
isocentres, after importing the corrected coordinates, by
Talairach client (http://www.talairach.org/index.html).

Following Bennett et al. [23], the p<0.05 threshold,
corrected for multiple comparisons with the False Discov-
ery Rate (FDR) option, was used to explore SPM t-maps
at the voxel level. If statistical significance was not

reached, the threshold at the voxel level was explored at
p<0.001 uncorrected for multiple comparisons. The
significance of the identified area was established at p<

Table 1 Executive function
tests: scores and significance
of differences. Values are mean
scores ±SD

Test Spinal group (n=19) Bulbar group (n=13) p value

FAS 37.9±12.8 24.8±11.8 0.006

TMT-A 50.3±39.0 64.10±42.6 NS

TMT-B 64.1000±66.9 126.8889±90.4 0.046

TMT B-A 18.4500±42.8 66.8889±71.4 0.031

Stroop word 11.9000±3.6 5.8000±3.5 0.000

Stroop colour 7.9000±3.3 7.2000±4.0 NS

Stroop colour–word 6.4000±3.4 6.5556±4.1 NS

Wisconsin card sorting 63.9421±40.5 85.0000±28.4 NS

Fig. 1 Three-dimensional rendering showing those regions in which
18F-FDG uptake was significantly higher in ALS patients (n=32) than
in the controls (n=22) (threshold p<0.05, corrected for multiple
comparisons with the FDR at the voxel level): top row left medial left
view; top row right medial right view; second row left posterior view;
second row right frontal view; third row left right-side view; third row
right left-side view; bottom row left view from below; bottom row
right view from above. Coordinate and regional details are presented
in Table 2
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0.05 corrected for multiple comparisons at the cluster
level. Only clusters containing more than 64 voxels were
considered to be significant. The following comparisons
were evaluated: (1) control vs. ALS and vice versa; (2)
control vs. bulbar and vice versa; (3) control vs. spinal and
vice versa; and (4) bulbar vs. spinal and vice versa. All the
analyses were performed using age and gender as
‘nuisance’ variables.

Following the finding of relative hypermetabolism in
all patient groups in comparison with the controls, all
analyses were repeated in a post-hoc analysis by modify-
ing the 0.8 default SPM value of the ‘grey matter
threshold’. This value is a grey matter uptake cut-off
value that is included as a reference value in the global
mean normalization step of SPM. With the threshold set
to 0.8, voxels with a mean value less than 80% of the
mean are excluded. We thus increased this number to 1.0
in order to exclude white matter voxels and voxels from
hypometabolic regions to minimize the risk that findings
indicating hypermetabolism were an artefact of global
mean normalization [24].

Results

No significant differences were found in age and sex
distribution between patients and controls or between the
bulbar and spinal groups. Of all the neuropsychological
tests exploring executive functions, the FAS, the TMT-B,
the TMT B-A and the Stroop word tests showed statisti-
cally significant difference between the spinal and bulbar
groups, with the latter group scoring worse (Table 1).

Controls vs. all patients

Large clusters of relative hypermetabolism in the ALS
patients as compared with the controls were identified,
including the bilateral amygdalae, midbrain, pons and
cerebellar tonsils, as well as the right lateral globus pallidus
(Fig. 1, Table 2). The reverse comparison showed relatively
hypometabolic clusters in ALS patients in the bilateral
premotor cortex (BA 6) and lingual gyrus (BA 18), in the
right primary visual cortex (BA 17) and fusiform gyrus (BA
19), and in the left precentral gyrus (BAs 8 and 9; Table 2).

Table 2 Numerical results of SPM comparisons between 18F-FDG uptake in the controls and ALS patients

Comparison Cluster level Voxel level

Cluster extent
(no. of voxels)

Corrected
p valuea

Cortical region
of voxel

Maximum Z score Talairach
coordinates

Cortical regionb BAb

Controls
vs. ALS patients

256 0.009 Left frontal 4.11 −40, 7, 35 Precentral gyrus 9

Left frontal 4.00 −33, 8, 55 Middle frontal gyrus 6

Left frontal 3.80 −42, 10, 42 Middle frontal gyrus 8

Left occipital 3.67 −5, −74, −5 Lingual gyrus 18

433 0.001 Right frontal 4.56 32, −17, 59 Precentral gyrus 6

Right occipital 3.74 23, −79, −12 Fusiform gyrus 19

Right occipital 3.45 21, −89, 12 Middle occipital gyrus 18

Right occipital 3.41 23, −84, 13 Cuneus 17

ALS patients
vs. controls

1291 0.000 Left sublobar 4.85 −23, −12, −10 Amygdala

Left pons 4.58 −6, −19, −30
Left temporal 3.83 −43, −9, −14 Superior temporal

gyrus
21

Left midbrain 3.42 −8, −22, −18
Left posterior 3.38 −25, −62, −31 Pyramis

Left posterior 3.27 −25, −39, −41 Cerebellar tonsil

379 0.002 Right midbrain 4.69 7, −18, −19
Right pons 4.52 7, −21, −30
Right posterior 3.53 5, −51, −31 Cerebellar tonsil

Right limbic 3.36 31, −4, −12 Amygdala

Right sublobar 3.27 21, −18, −6 Lateral globus pallidus

a Threshold p<0.05 corrected for multiple comparisons with the FDR at the voxel level. A value of ≤0.05, corrected for multiple comparison at the
cluster level, was accepted as statistically significant.
b The corresponding cortical region and BA are reported for each significant cluster. If the maximum correlation is achieved outside the grey
matter, the nearest grey matter (within a range of 3 mm) is indicated with the corresponding BA
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Controls vs. spinal group

Statistically significant relative hypermetabolism was found
bilaterally in the spinal group in the right midbrain and
pons as compared with the controls (Fig. 2; Table 3).
Relative hypometabolism was found in the spinal group in
small clusters in the bilateral lingual gyrus (BA 18) and in
the right fusiform gyrus (BA 19) (Table 3).

Controls vs. bulbar group

Relative hypermetabolism was found in the bulbar group in
a small cluster of voxels limited to the bilateral pons

(Table 4). On the other hand, a large cluster of voxels was
found to be relatively hypometabolic in the bulbar group as
compared to the controls in the bilateral prefrontal cortex
(BAs 9, 46 and 47) and the premotor cortex (BA 6) as well
as in the right insula (BA 13), anterior cingulate (BA 24),
precuneus (BA 39) and inferior parietal lobe (BA 40)
(Fig. 3, Table 4).

Bulbar vs. spinal group

Large relatively hypometabolic clusters were found in
bulbar patients as compared with spinal patients in large
prefrontal and frontal regions superimposed on those found
to be relatively hypometabolic in the control vs. bulbar
comparison. No significant differences were found when
spinal group data were subtracted from bulbar group data.

All findings were confirmed by post-hoc analysis,
which showed minimal changes in the number of signifi-
cant voxels or in the Z-scores when the FDR option
was used.

Discussion

The present study is to the best of our knowledge the
largest 18F-FDG PET investigation in ALS, taking into
account the functional differences between patients with
bulbar and spinal onset. The results strongly suggest a
differential metabolic state between the two conditions, the
common finding being the relative increase in metabolism
in subcortical structures as compared to control subjects,
described here for the first time. The second important
finding is the highly significant relative decrease in
metabolism in the large prefrontal, frontal and parietal
regions in the bulbar onset group as compared with the
spinal onset and control groups. The rather unexpected
relative increase in 18F-FDG uptake in our study was
specifically located in the bilateral midbrain and pons, two
regions containing corticospinal fibers, as well as, in ALS,
in brainstem nuclei of degenerating neurons.

Recently Lloyd et al. [25] reported reductions in regional
[11C]-flumazenil volumes of distribution (an index of
neuronal density in pyramidal cells and interneurons) in
several frontal, parietal and visual association areas,
including the motor and premotor cortices, in patients with
ALS. Turner et al. using [11C](R)-PK11195 in ten ALS
patients, found widespread microglial activation (an index
of neuroinflammatory reaction) in the motor cortex, pons
and thalamus, the uptake being positively correlated with
the burden of upper motor neuron clinical signs [26].
Astrocytosis has also been shown to increase in regions of
neurodegeneration in patients with ALS, suggesting that
astrocytes are the main determinant of disease progression

Fig. 2 Three-dimensional rendering showing those regions in which
18F-FDG uptake was significantly higher in SPI (n=19) as compared
with CTR (n=22) (threshold p<0.001, uncorrected for multiple
comparisons at voxel level): top row left medial left view; top row
right medial right view; second row left posterior view; second row
right frontal view; third row left right-side view; third row right left-
side view; bottom row left view from below; bottom row right view
from above. Coordinate and regional details are presented in Table 3
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in some forms of ALS [27, 28]. Another mechanism that
might account for the increased number of astrocytes in
brain regions affected by ALS is their role in replacing the
dead neurons filling the space left empty by shrinkage of
neurons in the end stage of the disorder [29, 30]. These
putative local increases in microglia and astrocytes may
in turn result in higher 18F-FDG uptake in ALS patients
as compared to controls, even though results reporting
a positive correlation between microglia activation and
glucose metabolism were not consistent [31, 32].

The mechanism of 18F-FDG accumulation in the brain
has been investigated in several studies highlighting the
role of astrocytes as the preferential site of glucose
metabolism during brain activation and accounting for
about 50% of the glucose consumption at rest [33–35]. In
this model glutamate-induced glycolysis in astrocytes
provides lactate as a substrate for neuronal firing. Activated
astrocytes, by taking up glucose directly from intraparen-
chymal capillaries, couple synaptic activity to energy
metabolism. Under glutamate excess, such a neurometa-

Table 3 Numerical results of SPM comparisons between 18F-FDG uptake in the controls and spinal patients

Comparison Cluster level Voxel level

Cluster extent
(no. of voxels)

Corrected
p valuea

Cortical region
of voxel

Maximum Z score Talairach
coordinates

Cortical
regionb

BAb

Controls vs.
spinal patients

786 0.000 Right cerebellum 4.07 2, −70, −8
Left occipital 3.73 −5, −74, −5 Lingual gyrus 18

Left occipital 3.4 −5, −89, −10 Lingual gyrus 18

238 0.02 Right occipital 3.83 19, −94, −19 Fusiform gyrus 18

Right occipital 3.65 23, −79, −12 Fusiform gyrus 19

Spinal patients
vs. controls

191 0.05 Right brainstem 4.51 7, −19, −17 Midbrain

Right brainstem 3.9 9, −23, −34 Pons

a Threshold p<0.001, uncorrected at voxel level. A value of ≤0.05, corrected for multiple comparison at the cluster level, was accepted as
statistically significant.
b The corresponding cortical region and BA are reported for each significant cluster. If the maximum correlation is achieved outside the grey
matter, the nearest grey matter (within a range of 3 mm) is indicated with the corresponding BA

Table 4 Numerical results of SPM comparisons between 18F-FDG uptake in the controls and bulbar patients

Comparison Cluster level Voxel level

Cluster extent
(no. of voxels)

Corrected
p valuea

Cortical region
of voxel

Maximum Z score Talairach
coordinates

Cortical regionb BAb

Controls vs.
bulbar patients

20,094 0.000 Left frontal 5.46 −44, 4, 44 Middle frontal gyrus 6

Left frontal 4.51 −30, 33, −2 Inferior frontal gyrus 47

Left frontal 4.22 −40, 7, 35 Precentral gyrus 9

Left frontal 4.17 −46, 25, 19 Middle frontal gyrus 46

Right sublobar 5.16 40, 23, 16 Insula 13

Right frontal 4.93 47, −4, 46 Precentral gyrus 6

Right frontal 4.76 51, 7, 29 Inferior frontal gyrus 9

Right frontal 4.60 53, 6, 17 Inferior frontal gyrus 44

Right frontal 4.51 29, 32, −1 Inferior frontal gyrus 47

Right frontal 4.41 6, 33, 47 Superior frontal gyrus 8

Right frontal 4.13 45, 33, 15 Middle frontal gyrus 46

Right limbic 4.07 2, 9, 32 Cingulate gyrus 24

Bulbar patients
vs. controls

75 0.024 Right brainstem 4.88 7, −16, −23 Pons

124 0.004 Left brainstem 4.42 −8, −25, −29 Pons

a Threshold p<0.05 corrected for multiple comparisons with the FDR at the voxel level. A value of ≤0.05, corrected for multiple comparison at the
cluster level, was accepted as statistically significant.
b The corresponding cortical region and BA are reported for each significant cluster. If the maximum correlation is achieved outside the grey
matter, the nearest grey matter (within a range of 3 mm) is indicated with the corresponding BA
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bolic loop might cause an increase in 18F-FDG accumula-
tion in ALS, even in the presence of neuronal degeneration.

Abe et al. [36] suggested that ALS patients can be
divided into groups based on their specific cognitive
impairment. Impairment of executive functions has been
reported in ALS patients, accounting for 5 to 44% of cases
[12, 22]. Verbal fluency has been regarded as the most
effective neuropsychological test in identifying cognitively
impaired patients [37]. This finding is confirmed by our
results showing a significant difference in executive test
scores between patients with bulbar and spinal onset
(Table 1). Patients with bulbar onset scored worse than
patients with spinal onset in the FAS test, Stroop word test

(impaired attention), and TMT-B and B-A tests (indicating
poorer sustained and switching attention). Poorer scores in
the Wisconsin and other Stroop tests did not reach
statistical significance. Such a profile is consistent with
moderately impaired frontal lobe function in patients with
bulbar onset. Furthermore, the relative decrease in 18F-FDG
in the extramotor cortex comparing all ALS patients with
control subjects was mostly due to its presence in the
patients with bulbar onset in the former group. This was
confirmed by the highly significant hypometabolism in the
prefrontal and frontal cortex in the patients with bulbar
onset as compared to those with spinal onset, in accordance
with the results of previous studies showing evidence of
diffuse cortical involvement in patients with both upper and
lower motorneuron disease [17, 18, 38]. Our findings
support the growing evidence of cognitive and extramotor
changes in bulbar pathology [39] and seem to be in favour
of different neuropsychological and functional patterns in
ALS patients between those with bulbar and spinal onset.

The use of a group of subjects with negative PET scans
as a control group is suboptimal. However, we underline
that the control group was specifically set up for this study
and the same protocol and scanner were used in both
patients and controls. Furthermore, the stringent exclusion
criteria were the same as those applied in previous
investigations into other neurodegenerative disorders [40,
41]. On the other hand, investigating neurologically normal
subjects undergoing a PET scan for other reasons, and also
negative for any disease, avoids the exposure of healthy
individuals to radiation and makes the technology available
to most PET centres sparing the costs and effort necessary
to build up control groups of completely healthy subjects
[42].

Another issue is the rather unexpected finding of
relative hypermetabolism in neurodegenerative diseases.
It has been argued that such hypermetabolism might be
an artefact of global mean normalization in SPM, and
hence some alternative normalization procedures have
been suggested [43]. For instance, cerebellar or thalamic
normalization would result in the inclusion of only the
highest uptake values in the reference value, but these
procedures would require an a priori assumption, namely
that neither of the two structures shall be affected by
hypo- or hypermetabolism, a condition that does not
necessarily apply to ALS. We approached the problem by
allowing the normalization value to incorporate only
those voxels with a value higher than the global mean
(grey matter threshold of 1.0), thus minimizing the risk of
artefactual hypermetabolism [24]. The result of our test
confirmed the choice made about the default threshold
(0.8), since both FDR-corrected significances and Z-
scores were confirmed in all comparisons performed with
a grey matter threshold of 1.0.

Fig. 3 Three-dimensional rendering showing those regions in which
18F-FDG uptake was significantly higher in CTR (n=22) as compared
with BUL (n=13) (threshold p<0.05, corrected for multiple compar-
isons with the FDR at voxel level): top row left medial left view; top
row right medial right view; second row left posterior view; second row
right frontal view; third row left right-side view; third row right left-side
view; bottom row left view from below; bottom row right view from
above. Coordinate and regional details are presented in Table 4
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Conclusion

The results of the study involving the largest cohort of ALS
patients studied by PET provide evidence of both relatively
increased and decreased metabolism in various areas of the
brain in patients with either bulbar or spinal onset.
Relatively increased midbrain metabolism was found for
the first time in both groups and appears to be the metabolic
trait in ALS, although this finding needs to be confirmed by
quantification of absolute glucose consumption. Reduced
relative prefrontal and frontal metabolism is exclusive to
patients with bulbar onset who were suffering from
significantly reduced verbal fluency, confirming the higher
rate of frontal impairment in this group.
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