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Abstract
Objectives—This study compared regional cerebral metabolic rates of glucose (rCMRglu)
determined by [18F]-fluoro-2-deoxyglucose positron emission tomography (FDG-PET) in suicide
attempters and non-attempters.

Methods—Medication-free patients with major depression (n=29) had FDG-PET after single-
blind administration of placebo (day 1) and fenfluramine (day 2). Suicide attempt history was
obtained before scanning and at assessments over two subsequent years. Statistical parametric
mapping evaluated associations between attempt status and rCMRglu, controlling for age.

Results—The study included 13 patients with and 16 without a history of suicide attempt within
2 years before or after scanning. After placebo, rCMRglu in attempters was lower in right
dorsolateral prefrontal regions and higher in ventromedial regions than in non-attempters. After
fenfluramine, relatively hypometabolic areas enlarged, and no hypermetabolic areas were
detected.

Conclusion—Distinct rCMRglu patterns may be serotonin-sensitive biomarkers of suicide risk.
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Introduction
Positron emission tomography studies using [18F]-fluoro-2-deoxyglucose (FDG-PET) find
differences in relative regional cerebral metabolic rates of glucose (rCMRglu) in patients
with major depression compared with healthy volunteers (Baxter et al. 1989; Biver et al.
1994; Brody et al. 2001a; Hurwitz et al. 1990; Ketter et al. 2001; Kimbrell et al. 2002;
Martinot et al. 1990) (Drevets et al. 2002; Ketter et al. 2001), and rCMRglu has been found
to normalize in depressed patients after successful treatment (Baxter et al. 1989; Brody et al.
2001b; Kennedy et al. 2001; Martinot et al. 1990). A blunted rCMRglu response has been
observed in major depressed compared with healthy groups after administration of dl-
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fenfluramine (FEN), which stimulates serotonin release and inhibits serotonin transporter
function (Mann et al. 1996a).

However, only one prior study has used FDG-PET to investigate correlates of suicidal
behavior directly. In suicide attempters with major depression (Oquendo et al. 2003), lower
rCMRglu was found in high-lethality compared with low-lethality suicide attempters in
superior and inferior frontal gyri and anterior cingulate, and these areas of difference double
in size after FEN administration. Suicide intent correlated with part of these areas of
difference in rCMRglu, and also correlated with suicide attempt lethality. Suicide risk has
been consistently associated with low serotonergic functioning, as indicated by low levels of
5-HIAA in cerebrospinal fluid in suicide attempters in vivo (Asberg 1997; Mann et al. 2006)
and low midbrain levels postmortem in suicides (Arango, Underwood and Mann 1997). Two
pilot studies have utilized serotonin-specific PET ligands to explore serotonergic functioning
in vivo in suicide attempters compared with healthy volunteers. Leyton, et al. (Leyton et al.)
studied normalized alpha-[11C]methyl-L-tryptophan trapping, a debated measure of
serotonin synthesis, and found lower uptake in suicide attempters in orbital and
ventromedial prefrontal cortex. Van Heeringen et al. (van Heeringen et al. 2003) found
lower binding potential of prefrontal 5-HT2A receptors in depressed attempters, although
some postmortem studies of suicides found higher 5-HT2A receptor binding in prefrontal
cortex (Arango et al. 1990; Perroud et al. 2010).

The present FDG-PET study sought to determine whether patterns of rCMRglu in patients in
a Major Depressive Episode (MDE) could differentiate depressed suicide attempters from
non-attempters, and whether stimulation of serotonin release by FEN would affect rCMRglu
differentially in the two groups. Additional exploratory analyses were performed to
determine whether sex, diagnosis (Major Depressive Disorder [MDD] vs. Bipolar disorder
[BD]), or suicidal ideation accounted for attempter/non-attempter rCMRglu differences.

Methods
Sample

Participants gave written informed consent as approved by the Review Board of the New
York State Psychiatric Institute at Columbia University. Participants (N=29) met DSM-IV
criteria for current major depressive episode in context of MDD (N=23) or BD (N=6) based
on the Structured Clinical Interview (SCID)(First et al. 1997), and a score of greater than 16
on the 17-item Hamilton Depression Rating Scale (HDRS-17) (Hamilton 1960) at time of
enrollment. Participants were free of major medical illness based on history, physical
examination, and laboratory tests, and were off psychotropic medications for at least 14 days
prior to the PET scan (6 weeks for fluoxetine, 4 weeks for oral antipsychotics). Lorazepam
(up to 3 mg daily) was permitted until 3 days before scanning, but rarely used.

Baseline assessments included the the HDRS-17 and the Scale of Suicidal Ideation (SSI)
(Beck, Kovacs and Weissman 1979). Participants were evaluated for a lifetime history of
suicide attempts using the Columbia Suicide History Scale (Oquendo, Halberstam and Mann
2003); ambiguous, interrupted, or aborted attempts were not counted. Participants were re-
evaluated at 3, 12, and 24 months after the PET scans, and information was gathered
concerning suicide attempts in the interim. The attempter group was defined as patients who
had made suicide attempts within a time window of two years before or after scanning, thus
excluding patients who had made attempts in the more remote past. The non-attempter
group was defined as patients who had never made a suicide attempt. We limited the sample
to recent attempters in order to mitigate possible diminution over time of cerebral
physiological effects associated with suicide attempts, i.e. to prevent a dilution of effect by
inclusion of individuals in whom the tendency to suicidal behaviors and associated
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neuropathology may have resolved with time. The period of 2 years before and after FDG-
PET was selected also because it created a symmetrical observation window with regard to
the index scan, since we had a 2-year follow-up period. Suicide attempters and non-
attempters were compared in terms of clinical and demographic characteristics, using a one-
way ANOVA for continuous variables or Chi square tests for categorical variables with IBM
SPSS Statistics Version 19 (Release 19.0.0) for Mac OS X.

Pet Imaging
As previously described (Mann et al. 1996b), fasting participants had identical PET scans on
two consecutive days, briefly described below. Participants received oral doses of placebo
on the first day and approximately 0.8 mg/kg of FEN on the second day, as identical
capsules, in a single-blind design. The order was not randomized because of the potential for
FEN effects to persist into the next day. During each PET scan, blood was drawn prior to the
scan and then hourly for five hours. Fenfluramine and norfenfluramine levels were measured
by a gas-liquid chromatography method (Krebs, Cheng and Wright 1984; Myers et al.
1994). This study was conducted under an investigational drug (IND) permit prior to the
removal of FEN from the US market.

At the predicted time of maximal prolactin and symptomatic response to FEN, 3 hours after
drug administration, a bolus injection of approximately 5 mCi [18F]FDG was administered.
Participants gazed at a uniform visual stimulus (cross hairs) in a dimmed, quiet room during
the first 15 min of the 45 min [18F]FDG distribution phase, after which they were transferred
to the scanner and positioned with the lowest scanning plane parallel to and approximately
1.0 cm above the canthomeatal line. Head movement was minimized with a custom-made
thermoplastic mask. A Siemens ECAT EXACT 47 scanner (in plane spatial resolution 5.8
mm, axial resolution 4.3 mm FWHM at center) acquired a 60-min emission scan in 2D
mode as twelve 5-min frames. Attenuation correction was based on a 15-min 68Ge/68Ga
transmission scan. Images were reconstructed with a Shepp radial filter, cutoff frequency of
35 cycles per projection rays and a ramp axial filter, cutoff frequency of 0.5 S.

Image analysis
PET images were processed using automated image coregistration (AIR) (Woods, Cherry
and Mazziotta 1992) to align the 12 frames within each scan, that were then summed and
then transformed into Montreal Neurological Institute (MNI) atlas standard stereotaxic
space. Images were smoothed by applying an isotropic 12 mm Gaussian kernel. Global
normalization and proportional scaling were applied to control for individual differences in
rCMRglu and other global effects.

Statistical parametric mapping analyses were performed using SPM8 (Institute of
Neurology, University College of London, London, England; http://www.fil.ion.ucl.ac.uk/
spm/software/spm8/) (Friston et al. 1995) implemented in Matlab Version 7.9.0.529
(R2009b) (The Mathworks Inc, Natick, Mass). For each analysis, the adjusted mean
rCMRglu and variance were computed at each voxel. For specified contrasts, whole brain
parametric maps were constructed (Friston et al. 1995) based on t-values displaying all
voxels above height thresholds set a priori to p<0.01 and voxel clusters found to be
significant at an extent threshold of p ≤ 0.05 after family-wise error (FWE) correction for
multiple comparisons. No additional statistical corrections were made for the effects of
multiple testing associated with post-hoc SPM analyses. We note that subjects from this
FDG-PET dataset have been included in other studies (Anderson et al. 2004; Keilp et al.
2010; Milak et al. 2005; Milak et al. 2009; Oquendo et al. 2005a; Oquendo et al. 2005b;
Oquendo et al. 2003; Sublette et al. 2009) addressing different research questions.
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The primary analyses compared suicide attempters with non-attempters on each of the two
scan days (after placebo and after FEN), controlling for age. Secondary analyses were
performed 1) to test for effects of sex by including sex as a covariate in the model
comparing attempters and non-attempters with respect to rCMRglu; 2) to clarify the
relevance of diagnostic differences between MDD and BD, by rerunning the primary model
excluding subjects with BD; 3) to provide an alternative assessment of an association
between suicide risk and rCMRglu, by independently testing the effects of suicidal ideation
on rCMRglu in the entire sample; and 4) a sensitivity analysis for effects of handedness, by
removing the 3 non-attempters who were left-handed and repeating the main analyses for
days 1 and 2.

Clusters were identified anatomically by transforming the SPM-generated MNI coordinates
into Talairach space (Brett 1999) and entering into the Talairach Client (Lancaster et al.
2000) (University of Texas Health Science Center, SanAntonio); additional detail regarding
breakdown of the clusters into the proportions of voxels in specific anatomical regions was
obtained via the MNI Space utility, as visualized and reported through xjview (http://
www.alivelearn.net/).

Results
The sample comprised sixteen depressed subjects who had never attempted suicide, and
thirteen subjects who attempted suicide within 2 years before (n=5), after (n=1), or both
before and after (n=7) the PET scans. There were no significant group differences on any
clinical or demographic characteristics (see Table 1).

After placebo, in attempters compared with non-attempters, and controlling for age,
rCMRglu was lower in a right dorsolateral prefrontal cortical region (DLPFC) where
precentral gyrus and middle, superior and inferior frontal gyri comprised 92% of voxels
(Table 2). rCMRglu was higher in a ventromedial region that primarily included left anterior
cingulate, caudate, and putamen, with smaller contributions from inferior and medial frontal
gyri and insula; this cluster extended bilaterally to a lesser extent (see Figure 1A and B and
Table 2). Although significant at the cluster level by a priori standards, in this region
identifiable gray matter anatomic regions accounted for only 40% of voxels (Table 2).
Including sex in the model post-hoc did not reduce voxel intensity or extent of any clusters
(data not shown). To explore whether suicide attempter and non-attempter differences were
affected by diagnostic group, analyses were re-run without the 6 BD subjects. In this smaller
sample of MDD only, essentially the same pattern of low and high rCMRglu clusters
observed in the combined sample was detected at the same p value threshold for voxel
intensity (p < 0.01) but did not reach significance in cluster extent (data not shown).
However, post-hoc analysis leaving out the 3 left-handed non-attempters found a larger
region with greater significance in which rCMRglu was higher in attempters compared with
non-attempters: the total cluster extent was 1.6 times greater than in the entire sample
(pFWE=0.002), comprising a larger left medial prefrontal region with a higher significance
level (voxel extent=3725, pFWE=0.004) and an additional cluster in the right cerebellum
(voxel extent= 2872, pFWE=0.016). The voxel cluster in which rCMRglu was lower in
attempters appeared in the same right-sided brain region as in the entire sample but was 53%
smaller (voxel extent 1323) and no longer significant (pFWE=0.225), likely due to a loss of
statistical power.

Suicidal ideation (SSI) scores at the time of enrollment in the study correlated negatively
with rCMRglu (pFWE = 0.011) in a region that overlapped the DLPFC region in which
attempters were relatively hypometabolic, by 30% (see Figure 2). The SSI-correlated region
was greater in size than the attempter-specific region (cluster extent [voxels]= 3174 vs.
2814, respectively), and comprised a larger segment of both the middle and superior frontal

Sublette et al. Page 4

Arch Suicide Res. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.alivelearn.net/
http://www.alivelearn.net/


gyri. Middle, superior, and inferior frontal and precentral gyri accounted for 96% of the
voxels in this cluster.

After FEN administration, areas of relative hypometabolism approximately doubled in
extent by essentially becoming totally bilateral (see Figure 1C and Table 2), while areas of
relative hypermetabolism were decreased in size by about half, becoming nonsignificant. In
the post-hoc analysis after removing 3 left-handed non-attempters, the same pattern was
seen: areas of relative hypometabolism were more than doubled in size and bilateral after
FEN, in this case altering from not statistically significant to a larger and more significant
area than in the total sample (voxel extent=30590 for right-sided cluster, pFWE=0.010; voxel
extent=32470 for left-sided cluster, pFWE<0.001). Areas of relative hypermetabolism, left
medial prefrontal and cerebellar regions, likewise decreased by about half, becoming
nonsignificant.

Summed plasma levels of FEN and norfenfluramine at 3 and 4 hour time points did not
differ significantly between groups (mean summed levels for attempters, in ng/ml (SD): 47.0
(14.7); for non-attempters: 59.9 (27.1); t-score = −1.36, df = 22, p = 0.188).

Discussion
This study identified two brain regions in which relative differences in rCMRglu
distinguished MDE patients who made suicide attempt(s) within two years of the index
FDG-PET scan from those with MDE but no lifetime history of suicide attempt. The major
findings were relative hypometabolism in a right DLPFC region and hypermetabolism in a
left ventromedial region.

The right DLPFC region hypometabolic in attempters compared with non-attempters (BA
6,8,9) overlapped with regions in which hypometabolism was also found to be associated
with greater suicidal ideation (see Figure 2). This DLPFC region may therefore represent a
brain location for cognitive processes related to suicide risk, an idea that has face validity
since the DLPFC, including BA 6 and 9, is involved in complex planning (Elliott et al.
1997), and the right DLPFC in particular (Cho et al. 2010) is involved in inhibitory control
of impulsive decision making.

Since this study was limited to a depressed sample, the differences between attempters and
nonattempters are not due to the effects of depression. However, no direct conclusions can
be drawn concerning differences between depressed and healthy groups, nor concerning
characteristics of non-depressed suicide attempters. Comparison of our current findings with
those of FDG-PET studies in depression suggests a broad hypothesis in which rCMRglu
patterns may be a biomarker of suicide risk, as follows: We here observe that lower
rCMRglu in certain DLPFC regions (BA 6,8,9) differentiated attempters from non-
attempters, and previously reported that it differentiated high-lethality from low-lethality
attempters (Oquendo et al. 2003). Moreover, the depression literature finds lower rCMRglu
in depressed patients compared with healthy volunteers in similar prefrontal cortical areas
(Baxter et al. 1989; Biver et al. 1994; Hurwitz et al. 1990; Ketter et al. 2001; Kimbrell et al.
2002; Martinot et al. 1990) (although findings are not always consistent with regard to
laterality). Finally, we have also reported (Milak et al. 2010) lower rCMRglu in a region that
included BA 6,8,9 associated with higher factor scores for subjective depression as assessed
by the Beck Depression Inventory (BDI) (Beck et al. 1961). BDI depression scores have
been significantly associated with suicide risk (Mann et al. 2008; Mann et al. 1999). We
therefore hypothesize that relative levels of rCMRglu in the BA 6,8,9 regions of the
superior, middle, inferior, and precentral gyri might serve as an indicator of suicide risk in
which rCMRglu deficit increases along a continuum from virtually no risk (non-depressed
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individuals) to very low risk (depressed non-attempters) to some risk (low-lethality
depressed attempters) to highest risk (high-lethality depressed attempters). This hypothesis
ideally should be tested in an independent sample.

Since rCMRglu is measured while the participant is lying quietly, unengaged in specific
cognitive tasks, FDG-PET provides information about the default mode network, a group of
brain regions that are activated during self-referential mentation. Relative dominance of
default-mode network activity on BOLD fMRI in depressed compared to healthy adults in
the resting state is associated with increased maladaptive ruminative thinking (Hamilton et
al. 2011). As ruminative thinking is closely associated with suicidal ideation and behavior
(Morrison and O'Connor 2008), this ties in conceptually with our observations of relatively
elevated rCMRglu in default mode network region BA 24 in the anterior cingulate, in
suicide attempters over non-attempters. Elevated activation of anterior cingulate and
prefrontal cortex was also seen on BOLD fMRI in combat-exposed veterans with a history
of suicidal ideation compared with non-ideators in association with error processing, a form
of self-monitoring, during a stop task (Matthews et al. 2012). In contrast to these findings of
increased rCMRglu or BOLD activity during resting state or self-monitoring, decreased
anterior cingulate activation in suicide attempters is seen during cognitively challenging
tasks: compared with depressed non-attempters during response inhibition of a go no-go task
(Pan et al. 2011), and compared with healthy volunteers on a category verbal fluency task
(Audenaert et al. 2002).

The combination we observed in suicide attempters, of relatively decreased rCMRglu in
DLPFC and increased rCMRglu in anterior medial regions, is also consistent with BOLD
fMRI activity in suicide attempters in whom recall of mental pain during suicidal episodes
was associated with lower prefrontal cortical activity (BA 6,10,46) while recall of suicide
action was associated with higher activity in the medial PFC, the anterior cingulate cortex,
and the hippocampus. (Reisch et al. 2010). In parallel with these findings, in right-handed
men with a past history of MDD, suicide attempters compared with non-attempters showed
decreased BOLD fMRI activity in right superior frontal cortex (BA 6) and increased activity
in right lateral orbitofrontal cortex (BA 47), in response to angry vs neutral face stimuli
(Jollant et al. 2008).

The latter study (Jollant et al. 2008) additionally found increased BOLD fMRI activity in
right cerebellum, which we did not find in our main analysis. However, our post-hoc
analysis excluding left-handed participants likewise found increased rCMRglu in right
cerebellum in attempters over non-attempters, while our previous report on lethality
(Oquendo et al. 2003) also found increased rCMRglu in cerebellum bilaterally in right-
handed high-lethality compared with low-lethality attempters. It has been suggested that the
cerebellum, which has reciprocal connections with various limbic structures, may play a role
in the regulation of emotion (Schutter and van Honk 2009).

Blunted rCMRglu responses to FEN are thought to be due to lower available serotonin and
thus an impaired ability to respond to an acute serotonergic stimulus (Mann et al. 1996a).
This model is consistent with evidence of reduced prolactin levels in response to FEN,
another proxy for serotonergic functioning, in suicide attempters with major depression
(Correa et al. 2000; Keilp et al. 2010) or personality disorders (Coccaro, Lee and Kavoussi
2010) relative to psychiatric control non-attempters (Coccaro, Lee and Kavoussi 2010;
Correa et al. 2000) or healthy controls (Correa et al. 2000; Keilp et al. 2010), and in high-
lethality attempters compared with low-lethality attempters with MDD (Malone et al. 1996;
Oquendo et al. 2003).
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We observed that after FEN administration, brain areas where attempters were relatively
hypometabolic were enlarged, and previously hypermetabolic brain regions shrank in extent
below the level of significance. Since these results are all relative, a parsimonious
explanation is that non-attempters responded to FEN with globally increased rCMRglu and
attempters exhibited more blunted responses. Thus, in regions where rCMRglu is lower in
attempters at baseline, if FEN selectively increases rCMRglu in non-attempters, the disparity
between the groups becomes even greater. In contrast, in regions where baseline rCMRglu is
higher in attempters, after FEN the rCMRglu increase in non-attempters would cause the
difference to disappear. This is consistent with our results.

In studies of depressed patients compared with healthy volunteers, there is a blunted
response to FEN in the depressed group that also involves increased left-sided
hypometabolism in superior frontal, middle frontal, and inferior frontal gyri (BA
4,8,9,10,44,45,46) compared with healthy subjects (Anderson et al. 2004). In a similar
design, in higher-lethality compared with lower-lethality suicide attempters (Oquendo et al.
2003), FEN administration also caused increased hypometabolic regions, bilaterally, and
disappearance of hypermetabolic areas. However, in the lethality study the regional pattern
of increase involved extension to the anterior cingulate along with loss of medial and lateral
PFC components, not observed in the current analyses; and the hypermetabolic area which
disappeared was in the cerebellum, observed in the present study only after exclusion of left-
handed participants. In concept, however, these combined findings suggest blunting of
response to FEN-stimulated serotonin release along an illness severity gradient.

Taken together, our current findings and previous literature support a hypothesis that
alterations in glucose metabolism in specific brain regions associated with suicide attempter
status in depression are related to altered serotonergic function and vary across a continuum
from lowest to highest suicide risk. The rCMRglu patterns we observed were consistent with
findings using other neuroimaging modalities assessing brain regional association with
suicide attempter status (Jollant et al. 2008; Reisch et al. 2010).

Limitations
Since all but one subsequent suicide attempter had prior attempt history, indicating a trait
susceptibility to suicidal behavior, it was not possible to determine whether rCMRglu prior
to the first suicide attempt could predict future suicide attempt. Although subjects from this
study overlap with our previous study of suicide lethality (Oquendo et al. 2003), for the
present study we added a non-attempter group on the basis of depressed individuals who had
data from a 2-year follow-up after their FDG-PET scan. Also, to increase the chance of
detecting neurobiologic differences between attempters and non-attempters, we only
included those suicide attempters whose attempt had occurred within 2 years before or after
the FDG-PET. Too few bipolar subjects were included to evaluate BD separately. The
sample size also did not permit correction for additional covariates such as age at onset of
depression or length of current major depressive episode. The findings are not likely to be
due to the presence of comorbid BPD among suicide attempters since the rates did not differ
in the two groups, and in fact there was a trend in toward fewer BPD among the suicide
attempters in this sample. Moreover, the brain regions that distinguished attempters from
non-attempters are not consistent with those previously reported by us in MDD subjects with
and without BPD (Oquendo et al. 2005b). Findings are not likely due to differences in FEN
pharmacokinetics between suicide attempters and non-attempters, because no between-
group differences in FEN metabolite levels were seen on quantitative metabolite analysis.
As this study included only patients with a major depressive episode, it is not known
whether these findings reflect brain pathology in non-depressed suicide attempters.
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Conclusions
This pilot study finds a link between specific brain regions and suicidal behavior/ideation in
MDD that may be related to altered serotonergic functioning. Future studies must determine
whether these regional brain differences in glucose uptake may be a predictive biomarker for
suicide attempt risk.
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Figure 1. Statistical parametric maps of relative regional cerebral metabolic rates of glucose
uptake (rCMRglu) in depressed participants reporting attempted suicide within 2 years before
or after PET scanning, compared with depressed non-attempters, after placebo and after dl-
fenfluramine hydrochloride (FEN)
A: rCMRglu less in depressed attempters than non-attempters after placebo. B: rCMRglu
greater in depressed attempters than non-attempters after placebo. C: rCMRglu less in
depressed attempters than non-attempters after fenfluramine. Left panels show statistical
parametric maps as maximum intensity projections on ‘glass brains’. Right panels illustrate
the same maps superimposed on standardized MRI brain slices.
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Figure 2. Statistical parametric maps of relative regional cerebral metabolic rates of glucose
uptake (rCMRglu) after placebo: correlation with suicidal ideation (SSI) scores (yellow)
superimposed on the comparison of rCMRglu in suicide attempters less than non-attempters
(red)
Using the toolbox utility, xjview, SPM-derived t-score maps are overlaid on a series of
transaxial slices [4 mm apart] of a coregistered magnetic resonance image template.
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