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Abstract

Late-onset late-life depression (LLD, depression with an age of onset above 
60 years) appears to differ from depression with early onset in its association 
with cerebral small vessel disease, beta-amyloid and tau deposition, and neuro-
degenerative processes. Multimodality imaging (SPECT, PET, MRI) supports 
this concept and the notion that late-life depression relies on dysfunctioning of 
the frontal lobe, but also highlights that mechanisms underlying late-onset 
depression are heterogeneous and diverse. The future of PET and SPECT imag-
ing in depression research relies on progress in data analysis, the development of 
novel molecular probes for specific cerebral targets, and combination of different 
imaging modalities (e.g., PET and MRI). Relatively unexplored areas for future 
research are gender differences, longitudinal changes of brain function associ-
ated with subclinical and clinical depression, and analysis of the default network 
activity.

5.1  The Concept of Late-Life Depression

5.1.1  Prevalence and Burden of LLD

Depressive disorder is a syndromal diagnosis most often classified according to the 
criteria of DSM-V or ICD-10. Depressive disorder is diagnosed when at least five 
out of nine symptoms have been present including at least one of the two core symp-
toms, i.e., (1) a persistently depressed mood or (2) loss of pleasure in normal daily 
activities, also called anhedonia. Additional symptoms include cognitive-affective 
symptoms—i.e., (3) diminished ability to think or concentrate or indecisiveness; (4) 
feelings of worthlessness or excessive, inappropriate guilt; (5) recurrent thoughts of 
death, suicidal ideation, or suicide attempt—as well as somatic-affective symptoms, 
i.e., (6) significant weight loss when not dieting or weight gain, (7) psychomotor 
agitation or retardation, (8) fatigue or loss of energy, and (9) altered sleep-wake 
cycle. Furthermore, these symptoms should occur in combination, during the same 
2-week period and should cause clinically significant distress or impairment in daily 
functioning.

Although it is generally assumed that the prevalence of depressive disorder 
increases with age, epidemiological data show the opposite. A hallmark publication 
showed that the pooled prevalence rate for major depressive disorder (MDD) among 
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community-dwelling elderly aged 55  years or older was 1.8% (Beekman et  al. 
1999), being one-third of prevalence rates generally found in younger aged popula-
tions (Ferrari et al. 2013). A meta-analysis challenged these findings identifying a 
pooled prevalence rate of 7.2% (95% CI, 4.4–10.6%) for MDD in persons aged 
75 years and over living in the community and/or residential care facilities (Luppa 
et al. 2012). In addition to a real difference, partially explained by taking nursing 
home residents into account, the higher prevalence rates of the latter meta-analyses 
might be inflated by overdiagnosing depression due to motivational problems in the 
oldest age group (Prince et al. 1999).

Interestingly, minor depression (depressed mood or anhedonia accompanied by 
one to three additional symptoms) has been found to be more prevalent in older 
adults than full-threshold MDD. The previously reported meta-analyses identified a 
pooled prevalence of 9.8 % for minor depression (Beekman et al. 1999), and values 
of 13.5% and 17.1 % were found for clinically relevant depressive symptoms based 
on cutoff score on a depression severity measure (Beekman et al. 1999; Luppa et al. 
2012). These “subthreshold” disorders are associated with impairments similar to 
those of MDD, including decreased levels of physical function, poorer self-rated 
health, and increased days lost due to disability (Beekman et al. 1995). Thus, one 
may ask whether current classification systems are valid for older people.

LLD is a devastating condition for both individual patients and society. Patients 
suffering from LLD experience greater functional disability and cognitive decline 
than those without (Dombrovski et al. 2007; Lenze et al. 2005). Moreover, LLD has 
been linked prospectively to an increased risk of several age-related somatic dis-
eases and mortality (Ganguli et  al. 2002). Meta-analyses of prospective studies 
show a 60% increased risk on incident cardiovascular disease (Van der Kooy et al. 
2007), increased mortality risk, and recurrent cardiovascular events in cardiac 
patients (Meijer et al. 2011), diabetes (Mezuk et al. 2008), stroke (Dong et al. 2012), 
dementia—both Alzheimer’s disease and vascular dementia (Gao et al. 2013)—and 
even cancer (Gross et al. 2010). This increased risk is assumed to be caused by both 
maladaptive health risk behaviors and physiological abnormalities intrinsically 
related to LLD. Moreover, the association between chronic somatic diseases and 
LLD is bidirectional, which means that depression not only magnifies the negative 
consequences of chronic somatic condition but somatic diseases also negatively 
affect the course of depression (Katon et al. 2009; Kennedy et al. 1991). These lines 
of research have culminated in an overarching theory proposing depression as a 
disease of accelerated aging (Wolkowitz et al. 2011).

LLD has a chronic course and higher relapse rates compared to depression in 
younger adults (Licht-Strunk et al. 2007; Mitchell and Subramaniam 2005; Mueller 
et al. 2004). In a community-based sample, 44% of the persons with LLD showed a 
fluctuating course, and 32% had a severe chronic course during 6 years of follow-up 
(Beekman et al. 2002). This poor prognosis has been related to the abovementioned 
comorbidity with somatic diseases, especially cerebrovascular disease and cogni-
tive decline (Comijs et al. 2001), besides the presence of anxiety disorders which 
leads to longer time to remission as well as higher recurrence rates (Andreescu 
et al. 2007).
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Although age-specific diagnostic criteria for depression are lacking, numerous 
studies point to distinctive clinical and neuroimaging features in LLD compared to 
depression in younger people (Alexopoulos 2005; Brodaty et al. 2001; Herrmann 
et al. 2007; Hickie and Scott 1998; Hickie et al. 2009; Thomas et al. 2009). The 
etiology of depression becomes more heterogeneous with aging, consisting of both 
long-term illness-specific effects of early-onset depression and underlying cerebro-
vascular damage and prodromal neurodegenerative disease which give rise to late-
onset depression.

5.1.2  Late-Onset Depressive Disorder

To date, no consensus exists on the age cutoff that defines late-onset depression. The 
age cutoff varies from 50 to 65  years, with 60  years most commonly applied. 
Although empirical results point to important differences between early and late- 
onset depression, well-designed longitudinal studies are lacking. Therefore, many 
studies simply compared symptom profiles between LLD and early-life depression. 
Compared to younger depressed adults, older depressed persons were found to 
show more psychomotor dysregulation, cognitive impairment, and somatic distur-
bances such as fatigue and sleep disturbance (Brodaty et al. 1991, 1997) and to have 
much more apathy without the more traditional symptoms of sadness (Adams 2001; 
Gallo et  al. 1997; Newmann et  al. 1991). A meta-analysis of studies comparing 
younger and older depressed persons on the Hamilton Depression Rating Scale 
revealed more agitation, hypochondriasis, and general as well as gastrointestinal 
somatic symptoms, but less guilt and loss of sexual interest (Hegeman et al. 2012). 
Negative findings have also been published, but it should be taken into account that 
most studies selected younger and older patients on the same criteria for diagnosing 
depression, thereby limiting the variability between samples.

The identified differences in symptom profiles might be hypothesized to result 
from differences in the underlying causative factors between early-life depression 
and LLD. Several studies, although mainly cross-sectional, suggest that personality 
characteristics, a family history of affective disorders, and work and family relation-
ship dysfunctions may play a larger role in the onset of depression at early age, 
whereas LLD has been hypothesized to be more strongly associated with (cerebro)
vascular disease, frailty-associated processes, and neurodegenerative biological 
abnormalities (Brodaty et  al. 2001; Baldwin and Tomenson 1995; Hickie et  al. 
1995a). Interestingly, the relevance of genetic risk to vascular risk factors increases 
with a later age of onset, whereas genetic risk factors associated with early-onset 
depression decline in later life (Kendler et al. 2008, 2009). Presumed differences are 
highly relevant for daily practice where approximately half of the patients present-
ing with a major depression do have a late onset.

The typical presentation of late-onset depression is supposed to rely on dysfunc-
tioning of the frontal lobe due to ischemic disease as well as neurodegenerative 
processes. Compared with early-onset depression, neurobiological models of late- 
onset depression intrinsically place less emphasis on functioning of the limbic 

T. S. Vieira et al.



213

system. Instead, they highlight the critical nature of vascular and other intercurrent 
medical risk factors that result in structural disruptions of fronto-subcortical cir-
cuits. Structural damage to fronto-subcortical circuits is also hypothesized to under-
lie the negative longitudinal course (Schweitzer et al. 2002; Sheline et al. 2010), as 
both vascular disease burden and executive dysfunctioning have been associated 
with a delayed treatment response and higher risk of relapse. These concepts are 
mainly based on an increased burden of white matter lesions (WMLs), seen as 
“hyperintense” on T2-weighted images. Such lesions have been specifically linked 
to LLD with a late onset (e.g., (Alexopoulos et  al. 1997a; Hickie et  al. 1995b; 
Krishnan et al. 1997; O’Brien et al. 1996)).

Cognitive impairment in depressed older people has been well described and 
predominantly includes impairments in processing speed, executive functions (i.e., 
“frontal” or higher-order functions), and to a minor degree learning and memory 
(Herrmann et  al. 2007; Kohler et  al. 2010a; Naismith et  al. 2006; Sheline et  al. 
2006). While it was previously thought that such deficits would abate with adequate 
treatment, it appears that at least some degree of cognitive dysfunction may persist 
with symptom resolution (Devanand et al. 2003; Kohler et al. 2010b). Executive 
dysfunctioning in LLD and specifically in late-onset depression includes deficits in 
planning, organization, sequencing, response inhibition, problem-solving, and set 
shifting (Herrmann et al. 2007; Naismith et al. 2003; Pisljar et al. 2008; Salloway 
et al. 1996). The presence of executive deficits is associated with symptom persis-
tence, recurrence, and poor treatment responsiveness (Sheline et al. 2010; Baldwin 
et al. 2004; Sneed et al. 2007), which has led to the introduction of the “depression- 
executive dysfunction syndrome” aimed to describe a subtype of LLD with promi-
nent executive and psychomotor change, apathy, disproportionate disability, and 
less guilt and insight (Alexopoulos et al. 2002). Although executive dysfunctioning 
is generally considered as the most important underlying cognitive deficit, a meta- 
analysis has shown that psychomotor speed may be impaired to the same degree as 
executive function in subjects with late-onset depression (Herrmann et al. 2007). 
Such central deficits have been suggested to underlie impairments in other domains 
of functioning (Sheline et al. 2006).

5.2  Neuroimaging Findings

Neuroimaging has evolved tremendously in the past decades. Increasing availability 
of magnetic resonance imaging (MRI) since the 1990s has stimulated many research 
projects on the volumetric analyses of key structures including prefrontal, striatal, and 
limbic regions (Soares and Mann 1997; Steffens and Krishnan 1998). Simultaneously, 
greater resolution of the white matter offered by MRI compared to computed tomog-
raphy has led to an increased awareness of WMLs associated not only with age and 
vascular risk factors but also with a vulnerability for depression and cognitive impair-
ment. Further sophistication of neuroimaging acquisition and analysis techniques has 
enabled more detailed examination of disrupted white matter tracts using diffusion 
tensor imaging. In this chapter, PET and SPECT findings concerning cerebral blood 
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flow and metabolism in LLD will be reviewed. Imaging data concerning alterations of 
dopaminergic and serotonergic neurotransmission in depression are extensively 
reviewed in another chapter of this volume (Ruhé et al. 2020).

5.2.1  Imaging of Cerebral Blood Flow

The regional distribution of cerebral blood flow is related to neuronal activity 
(Ingvar 1979). For this reason, cerebral perfusion PET and SPECT imaging have 
been widely used for evaluation of functional abnormalities in patients with neuro-
psychiatric disorders, including subjects with LLD. Such studies employed the trac-
ers 99mTc-hexamethylpropyleneamine oxide (also known as exametazime, or 
HMPAO), 99mTc-ethyl cysteinate dimer (ECD), N-isopropyl-p-123I-iodoamphetamine 
(IMP), 133Xe, 15O-water, and C15O2 (see Table 5.1).

Cerebral blood flow is usually expressed in relative units by comparing tracer 
uptake in a studied region to uptake in a well-perfused reference region (e.g., cere-
bellum). Absolute quantification of flow is more difficult as it requires simultaneous 
registration of the time course of radioactivity in cerebral tissue and arterial blood. 
Flow can be examined in the resting condition but also after the subjects have been 
asked to perform a well-defined task. By using such “activation paradigms,” flow 
changes related to execution of the task can be assessed, both in patients and in 
healthy volunteers, and abnormal brain activation identified.

Results of SPECT and PET studies concerning cerebral perfusion are summa-
rized in Table 5.1. Some general conclusions may be drawn:

 1. Alterations of regional blood flow in depressed individuals have been consis-
tently observed. Most studies suggest that flow in the frontal lobe (particularly 
the prefrontal area (Bench et  al. 1992; Dolan et  al. 1994; Cho et  al. 2002; 
Akiyama et al. 2008; Levy-Cooperman et al. 2008; Nagafusa et al. 2012; Hayashi 
et al. 2016)) is reduced, but the involvement of other areas remains controversial. 
Discrepancies between investigations may be due not only to differences in scan 
methodology (tracer, imaging modality, and data analysis) but also to patient 
selection and heterogeneity of the mechanisms underlying 
MDD.  Treatment- resistant depression may be associated with perfusion reduc-
tions in a greater number of areas than treatment-responsive depression (Nagafusa 
et al. 2012). Since the prefrontal cortex has been linked to selective attention, 
short-term memory, emotion, and volition, reductions of flow in this area may be 
related to losses of attention, mood changes, and psychomotor inhibition in sub-
jects with depression. Most imaging findings are in agreement with the hypoth-
esis that LLD relies on dysfunctioning of the frontal lobe. Frontal dysfunction 
has been reported not only in primary depression but also in depression associ-
ated with neurodegenerative diseases such as Parkinson’s (Jagust et  al. 1992; 
Ring et  al. 1994; Palhagen et  al. 2009; Kim et  al. 2016a), Huntington, and 
Alzheimer’s disease (Vercelletto et al. 2002; Liao et al. 2003; Hanada et al. 2006; 
Akiyama et al. 2008; Levy-Cooperman et al. 2008; Staffen et al. 2009; Kataoka 
et al. 2010; Honda et al. 2014).
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Table 5.1 SPECT and PET studies of regional cerebral blood flow in LLD

Study groups and 
subject numbers

Age 
(years) Tracer Findings (depression-related) Reference

MDD (41) 60 ± 12 133Xe rCBF reduced in several 
cortical regions (frontal, 
central, superior temporal, 
anterior parietal). Extent of 
reduction related to age and 
depression severity

Sackeim 
et al. (1990)Matched normal 

controls (40)

MDD (18) 54–91 99mTc- 
HMPAO

rCBF in cortical areas of MDD 
patients intermediate between 
controls and demented subjects, 
i.e., modestly but 
nonsignificantly reduced

Upadhyaya 
et al. (1990)Alzheimer’s  

disease (14)
Healthy controls (12)

Elderly with suspected 
dementia (160)

64 ± 8 99mTc- 
HMPAO

Nondemented patients with 
depression or anxiety show 
frequently (16/21) abnormal 
pattern of rCBF resembling that 
in multi-infarct dementia

Launes 
et al. (1991)

Primary depression 
without (23) and with 
(10) cognitive 
impairment

57 ± 13 15O-Water Depression is associated with 
reduced rCBF in left prefrontal 
and left anterior cingulate 
cortex, depression-related 
cognitive impairment with 
additional changes

Bench et al. 
(1992)

Age-matched  
controls (23)
Parkinson patients 
(20)

68 ± 6 123I-IMP Depression in PD appears to be 
associated with decreased 
perfusion in the dorsolateral 
frontal lobe

Jagust et al. 
(1992)

Demented Alzheimer’s 
patients (21)
Healthy controls (24)
MDD (20) 60–81 99mTc- 

HMPAO
Depression-related flow deficits 
in anterior cingulate and frontal 
cortex found in men only

Curran et al. 
(1993)Alzheimer’s  

dementia (20)
Age-matched  
controls (30)
MDD (10) 77 ± 8 99mTc- 

HMPAO
Flow reduced in parietal, left 
temporal, and left occipital 
cortex, not correlated with 
severity of depression but 
rather with psychotic 
symptoms. Flow reductions in 
frontal cortex related to anxiety

Philpot 
et al. (1993)Healthy controls (9)

MDD (29) 58 ± 13 C15O2 Neuropsychological 
(intellectual) deficits in 
depression are related to 
reduced flow in medial 
prefrontal cortex

Dolan et al. 
(1994)

Depressed  
patients (39)

>50 133Xe Flow reduced bilaterally in 
orbitofrontal and temporal 
areas particularly in male 
patients

Lesser et al. 
(1994)

Healthy controls (20) 99mTc- 
HMPAO

(continued)
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Table 5.1 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer Findings (depression-related) Reference

Depressed  
patients (10)

64 ± 10 C15O2 Depression in PD related to 
bilateral reductions of flow in 
medial prefrontal and cingulate 
cortex. Similar reductions seen 
in patients with primary 
depression

Ring et al. 
(1994)

Parkinson patients 
with (10) and without 
(10) depression
Healthy controls (10)
Geriatric  
depression (17)

66 ± 11 99mTc- 
HMPAO

rCBF in cortical areas of 
depressed patients intermediate 
between controls and demented 
subjects, greater perfusion 
deficits in left parieto-occipital 
cortex in dementia

Stoppe et al. 
(1995)

Alzheimer’s  
dementia (23)
Age-matched  
controls (12)
MDD (20) 59 ± 10 99mTc- 

HMPAO
Flow deficits related to 
depression severity. Flow 
increased in responders, 
unchanged in nonresponders 
after ECT

Bonne et al. 
(1996)

Alzheimer’s  
disease (39)

70 ± 10 99mTc- 
HMPAO

Lower CBF in both 
hemispheres is correlated with 
higher geriatric depression 
scores

Sabbagh 
et al. (1997)

MDD (18) 66 ± 7 99mTc- 
HMPAO

Flow reductions in many brain 
areas, not related to severity of 
depression. Further decline in 
second scan, particularly in 
anterior cingulate and 
prefrontal cortex, is related to 
refractoriness or chronification 
of depression

Awata et al. 
(1998)Age-matched  

controls (13)

Elderly depressed 
patients (39)

74 ± 5 99mTc- 
HMPAO

Demented patients show more 
perfusion abnormalities than 
late-onset depressives and these 
more than early-onset 
depressives

Ebmeier 
et al. (1998)

Alzheimer’s  
dementia (15)
Healthy  
volunteers (11)
Elderly depressed 
patients (175)

65–91 99mTc- 
HMPAO

Perfusion in cingulate increased 
in patients who improved after 
treatment. But no reliable 
predictor of clinical outcome 
identified

Halloran 
et al. (1999)

39 subjects scanned 
and followed up after 
2 years, 10 scanned 
twice
Alzheimer’s with 
depression (17)

64–99 99mTc- 
HMPAO

AD patients with depression 
show less flow in the left 
temporal area than AD patients 
without depression

Ritchie 
et al. (1999)

Alzheimer’s without 
depression (11)
Age-matched 
volunteers (57)
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Table 5.1 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer Findings (depression-related) Reference

Alzheimer’s  
dementia (25)

74 ± 8 99mTc- 
HMPAO

Reductions of flow in frontal 
cortex associated with negative 
symptom severity but not with 
depressive symptoms or 
cognitive impairment

Galynker 
et al. (2000)

Elderly depressed (6) 59–82 15O-Water Patients have bilateral 
activation deficits during paced 
word generation in anterior 
cingulate gyrus and 
hippocampus

de Asis 
et al. (2001)Healthy controls (5)

MDD (30) 72 ± 8 99mTc- 
HMPAO

Flow reduced in anterior frontal 
regions, particularly left

Navarro 
et al. (2001)

Healthy controls (20) No correlation with symptom 
severity

MDD (9) 63 ± 4 99mTc- 
HMPAO

Flow reduced in anterior 
cingulate and caudal 
orbitofrontal cortex 
(bilaterally), insular cortex, and 
posterior middle frontal gyrus 
(right). Increased after 
ECT. Persistent reductions of 
flow in anterior paralimbic 
regions may indicate risk of 
relapse, medication failure, and 
chronic illness

Awata et al. 
(2002)Age-matched healthy 

subjects (9)

Depressed 
nondemented (7)

67 ± 8 99mTc- 
HMPAO

Left frontal flow in depressed 
subjects significantly reduced

Cho et al. 
(2002)

Depressive 
pseudodementia (7)

Depressive pseudodementia 
group showed right temporal 
and bilateral parietal flow 
reductions similar to AD group

Alzheimer’s  
dementia (7)

AD group has additional right 
frontal perfusion deficit

Healthy controls (7)
Alzheimer’s  
disease (32)

77 ± 6 99mTc- 
ECD

Frontal hypoperfusion appears 
correlated with negative 
symptoms but correlation is at 
limit of significance

Vercelletto 
et al. (2002)

Healthy controls (19)

MDD (35), scanned 
during acute 
depression and in 
remission, after 
12 months

73 ± 8 99mTc- 
HMPAO

Flow significantly reduced in 
left anterior frontal region

Navarro 
et al. (2002)

Age-matched healthy 
controls (20)

This deficit disappears during 
successful treatment
No correlation between flow 
reduction and clinical 
symptoms

(continued)
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Table 5.1 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer Findings (depression-related) Reference

Nonvascular 
depression (11)

67 ± 11 123I-IMP Patients with vascular 
depression have lower left 
anterior frontal flow than 
patients with nonvascular 
depression

Kimura 
et al. (2003)

Vascular depression 
(9)

Perfusion improves in both 
groups during remission, 
particularly in left anterior 
temporal region

Scanned before/after 
remission
Alzheimer’s with 
depression (8)

73 ± 5 99mTc- 
HMPAO

Depression in AD associated 
with hypoperfusion in cingulate 
gyri and precuneus, same regions 
affected in primary depression. 
Flow inversely correlated with 
depression scores

Liao et al. 
(2003)

Alzheimer’s without 
depression (35)

MDD, in remission 
after ECT (14) and 
after drug treatment 
(22)

74 ± 11 99mTc- 
HMPAO

After 12 months in remission, 
no perfusion deficits were 
observed anymore in both 
patient groups

Navarro 
et al. 
(2004a)

Age-matched healthy 
controls (25)
MDD, before and after 
12-week 
antidepressant 
treatment (34 
remitters, 13 
non-remitters)

74 ± 7 99mTc- 
HMPAO

Perfusion ratio (left anterior 
frontal cortex to cerebellum) at 
baseline is predictive of 
treatment outcome, particularly 
if age of onset and duration of 
index episode are taken into 
account as co-variables

Navarro 
et al. 
(2004b)

MDD (10) 57 ± 5 123I-IMP Depressed group had lower flow 
in lateral and medial frontal 
areas and left thalamus than AD 
group. Flow patterns in AD and 
MDD can be distinguished

Hanada 
et al. (2006)Early Alzheimer’s 

disease (10)

Depression (32) 56 ± 12 99mTc- 
HMPAO

Smaller increases of blood flow 
in the patients after proceeding 
to the more complex task are 
associated with longer choice 
reaction times (psychomotor 
slowing)

Hickie et al. 
(2007)Age-matched healthy 

controls (17)
Scanned performing a 
simple and a more 
complex reaction time 
task
Alzheimer’s disease 
with (26) and without 
(18) depression

74 ± 6 99mTc- 
ECD

Depression in AD is associated 
with hypoperfusion in left 
prefrontal area

Akiyama 
et al. (2008)

Depressed patients 
(25) before and after 
drug treatment (avg 
13.7 weeks)

70 ± 8 99mTc- 
ECD

Patients show decreased rCBF 
in anterior medial prefrontal 
cortex. Therapy results in 
increased flow in part of this 
area (left dorsolateral prefrontal 
cortex) but not in the other parts

Ishizaki 
et al. (2008)
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Table 5.1 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer Findings (depression-related) Reference

Alzheimer’s disease 
with (27) and without 
(29) depression

78 ± 7 99mTc- 
ECD

Depression in AD is associated 
with relative hypoperfusion in 
prefrontal cortex—Partially due 
to atrophy

Levy- 
Cooperman 
et al. (2008)

Nondemented elderly 
subjects (61)

69 ± 7 
(at scan 
1)

15O-water Higher scores for depression 
associated with longitudinal 
decreases of flow in frontal (♂, 
♀) and temporal (♂) regions

Dotson 
et al. (2009)

Scanned twice with 
interval of 9 years

Similar flow patterns in 
subclinical and clinical 
depressionScreened annually for 

depression
M. Parkinson with 
depression (11)

64 ± 10 99mTc- 
HMPAO

Major depression in PD 
appears associated with 
“spotted” hypoperfusion in 
lower part of right frontal lobe

Palhagen 
et al. (2009)

Idem without 
depression (14)

Perfusion deficits become 
smaller after treatment

Depression only (12) But none of these effects were 
statistically significantDepressed scanned 

before/after citalopram 
treatment (12 weeks)
Depression + cogn 
impairment (127)

63 ± 11 99mTc- 
HMPAO

Depressed, cognitively 
impaired subjects have reduced 
flow in medial temporal cortex, 
thalamus, lentiform nucleus

Staffen 
et al. (2009)

Mild cognitive 
impairment (149)

Frontal perfusion deficits seen 
only in AD, associated with 
conversion from MCI to 
AD. Depression early symptom 
of neurodegeneration?

Alzheimer’s dementia 
(131)
Cognitively normal 
controls (123)
Alzheimer’s dementia 
with (17) and without 
(18) depression

73 ± 7 99mTc- 
ECD

Depressive symptoms in AD 
are associated with reduced 
perfusion in left frontal cortex

Kataoka 
et al. (2010)

MDD (37) 55 ± 16 99mTc- 
HMPAO

Depressed, cognitively impaired 
subjects with white matter 
hyperintensities (WMH) in basal 
ganglia have greater perfusion 
deficits than less depressed 
subjects with WMH in other 
regions (or absent) but respond 
equally well to antidepressants

Vardi et al. 
(2011)Healthy controls (27)

Alzheimer’s disease 
(81), of these 9 with 
depression and 9 with 
apathy, 18 age- 
matched without either 
depression or apathy

75 ± 6 99mTc- 
HMPAO

Depression subscores inversely 
correlated with flow in left 
inferior frontal and right middle 
frontal gyri, apathy with other 
regional deficits. Apathy and 
depression in AD may involve 
distinct functional circuits

Kang et al. 
(2012)

(continued)
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Table 5.1 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer Findings (depression-related) Reference

MDD (61) 30–79 99mTc- 
ECD

Depressed subjects have 
reduced flow in prefrontal area 
(predominantly left), no 
age-specific pattern detected

Nagafusa 
et al. (2012)Healthy controls (107)

MDD after 8 weeks of 
SSRI treatment, 12 
responders, 33 
nonresponders

69 ± 7 99mTc- 
ECD

Nonresponders had greater 
hypoperfusion in middle frontal 
cortex than responders. This 
difference may already have 
been present before treatment 
(but no baseline scan was 
made)

Hanada 
et al. (2013)

Healthy controls (30)

Men with borderline 
or mild depression 
(31)
Control group (89)

82 99mTc- 
HMPAO

Similar CBF in the case and 
control groups. In the case 
group, a negative correlation 
between depressive symptoms 
and CBF in subcortical areas, 
left and right thalamus, and 
basal nuclei. No such 
correlation in the control group. 
In the case group, worse 
peripheral circulation in the 
legs, and higher systolic blood 
pressure determined decreased 
CBF in frontal lobes and 
especially in parietal areas.

Siennicki- 
Lantz et al. 
(2013)

AD (76), 46 with low 
depression score and 
30 with high 
depression score

77 ± 7 99mTc- 
ECD

Patients with high scores 
showed significant 
hypoperfusion in the left 
inferior frontal region.

Honda et al. 
(2014)

AD (116) 77 ± 8 99mTc- 
ECD

Significant correlation between 
positive affect scores and rCBF 
in the left precentral and 
superior frontal gyri

Hayashi 
et al. (2016)

Parkinson’s disease 
(78), 35 patients 
depressed and 43 
patients nondepressed

69 ± 9 99mTc- 
HMPAO

Perfusion in the left cuneus was 
increased, while that in the 
right superior temporal gyrus 
and right medial orbitofrontal 
cortex was reduced in the 
depressed as compared with 
nondepressed patients. rCBF 
decreased also in the amygdala, 
anterior cingulate cortex, 
hippocampus, and 
parahippocampal gyrus in the 
depressed group. Positive 
correlation between depression 
scores and rCBF in the left 
cuneus cluster in depressed 
patients

Kim et al. 
(2016a)

T. S. Vieira et al.
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 2. Several investigators have examined whether the magnitude or regional extent of 
flow changes is correlated with the severity of depressive symptoms. In many 
published articles, flow values and scores on depression scales were significantly 
and inversely correlated (Sackeim et al. 1990; Bonne et al. 1996; Sabbagh et al. 
1997; Liao et al. 2003; Kang et al. 2012; Siennicki-Lantz et al. 2013; Honda 
et al. 2014; Hayashi et al. 2016; Kim et al. 2016a). However, in other studies no 
significant correlation between flow and depression severity was observed 
(Philpot et al. 1993; Dolan et al. 1994; Awata et al. 1998; Galynker et al. 2000; 
Navarro et al. 2001, 2002; Vercelletto et al. 2002), although flow was sometimes 
correlated with other phenomena, such as psychosis, anxiety, negative symp-
toms, or intellectual deficits. Combination of the data of an initial scan with data 
of a second scan made after an interval of at least 1 year may provide meaningful 
information. Longitudinal decreases of flow can indicate refractoriness and 
chronification of depression (Awata et al. 1998) or be related to higher depres-
sion scores (Dotson et al. 2009).

 3. Many studies have focused on persistence or reversibility of flow deficits during 
treatment, which comprised either electroconvulsive therapy (ECT) or adminis-
tration of antidepressant drugs. Increases of regional cerebral blood flow were 
noticed in responders but were absent or nonsignificant in nonresponders to the 
applied therapy (Bonne et  al. 1996; Halloran et  al. 1999; Awata et  al. 2002; 
Navarro et al. 2002, 2004a; Kimura et al. 2003; Ishizaki et al. 2008; Palhagen 
et al. 2009). The ratio of perfusion in the left anterior frontal cortex and cerebel-
lum at baseline may be predictive of treatment outcome, low values being associ-
ated with a greater risk of therapy resistance, particularly if age of onset and 
duration of index episode are included as co-variables (Navarro et  al. 2004b; 
Hanada et al. 2013). Complete reversal of the initial perfusion abnormalities was 
observed in some studies during successful therapy (Navarro et al. 2002, 2004a), 
but other researchers found both reversible and persistent perfusion deficits 
(Awata et al. 2002; Ishizaki et al. 2008), suggesting that flow reductions in cer-

Table 5.1 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer Findings (depression-related) Reference

Dementia (847)
Depression (3269)
Dementia and 
depression (425)

68
59
65

99mTc- 
HMPAO

In general, persons with 
cognitive disorders have 
decreased perfusion compared 
to those with depression in 
multiple regions including the 
hippocampus, amygdala, 
frontal, and temporal regions 
among others. Persons with 
cognitive disorders and 
depression generally showed a 
higher magnitude of additive 
hypoperfusion in these regions 
compared to those with either 
diagnosis

Amen et al. 
(2017)
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tain brain regions are disease state-related, whereas deficits in other areas may 
reflect traits underlying vulnerability to depression.

 4. Some studies reported gender differences in flow patterns associated with 
LLD. Curran et al. detected perfusion deficits in anterior cingulate and frontal 
cortex only in male patients (Curran et al. 1993). Lesser et al. observed reduced 
flow in orbitofrontal and temporal areas of depressed individuals which were 
more striking in men than in women (Lesser et al. 1994). Dotson et al. found 
more widespread decreases of flow in elderly depressed males than in females 
(Dotson et  al. 2009). These findings may be related to the fact that clinical 
depression is associated with greater decreases in frontal volumes in men than in 
women (Lavretsky et al. 2004) and depressive symptoms are associated with an 
increased risk for dementia in men but not in women (Dal Forno et al. 2005; 
Fuhrer et al. 2003). Most published imaging studies involved subject groups con-
sisting of individuals from both sexes. It would be interesting to examine longi-
tudinal blood flow changes associated with subclinical and clinical depression in 
a sex-specific manner.

 5. It is a pity that deficiencies of cerebral blood flow have only rarely been linked 
to structural findings obtained with MRI. Particularly in neurodegenerative dis-
ease, two different mechanisms may contribute to relative hypoperfusion: (1) an 
actual loss of tissue in the target region and (2) a reduced function of existing 
tissue. The regional distribution and number of white matter hyperintensities in 
T2-weighted MRI images may reflect cerebral small vessel disease and can be 
compared to the regional pattern of hypoperfusion in the brain of patients with 
LLD (Lesser et al. 1994; Ebmeier et al. 1998, 1997; Kimura et al. 2003; Vardi 
et al. 2011). The term “vascular depression” has been coined to describe a sub-
type of depression which occurs in the context of cerebrovascular disease 
(Alexopoulos et al. 1997a, b; Krishnan et al. 1997). The response of regional 
blood flow to successful therapy in depressed individuals may depend on the 
underlying pathophysiology. Whereas perfusion deficits in nonvascular depres-
sion can disappear completely during remission (Navarro et al. 2002, 2004a), 
rCBF in the frontal lobe of subjects with vascular depression may remain sub-
normal both in the depressed and remitted states (Kimura et al. 2003).

 6. Only a few reports have examined flow differences between individuals with 
early-onset and late-onset depression. Initial studies found no significant effect 
of age at onset upon rCBF (Curran et al. 1993; Philpot et al. 1993), although 
patients with late-onset depression tended to have lower relative flow in affected 
brain areas (Lesser et  al. 1994). Later reports have suggested that late-onset 
depression is associated with more perfusion abnormalities, particularly in the 
left temporal lobe, than early-onset depression and also with more periventricu-
lar white matter changes in MRI (Ebmeier et al. 1998, 1997). Thus, late-onset 
depression may be associated more frequently with cerebral small vessel disease.

 7. Flow studies have supported the concept of a continuum of severity of depressive 
syndromes. Subthreshold depressive symptoms are associated with relatively 
small alterations in regions implicated in clinical depression (Dotson et al. 2009). 
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SPECT with automated, semiquantitative techniques of data analysis can dis-
criminate Alzheimer’s dementia from depression with cognitive impairment 
(Staffen et  al. 2009; Amen et  al. 2017), but may not be accurate enough to 
 differentiate Alzheimer’s dementia from mild cognitive impairment, or mild 
cognitive impairment from depression with cognitive impairment. Early diagno-
sis of degenerative dementias may require the combination of SPECT with other 
molecular imaging techniques.

 8. The symptoms of mild depression in the elderly may be multifaceted and be 
based on various underlying mechanisms. Both vascular and degenerative pro-
cesses may play a significant role (Siennicki-Lantz et al. 2013).

5.2.2  Imaging of Cerebral Glucose Metabolism

Regional blood flow and metabolism are tightly coupled in the normal brain (Baron 
et al. 1982; Fox et al. 1988; Wong et al. 2006). It is thus not surprising that measure-
ments of cerebral glucose metabolism using the PET tracer 18F-FDG have produced 
findings which are quite similar to those acquired with flow tracers (see Table 5.2). 
FDG-PET studies also support the concept that LLD relies on dysfunctioning (i.e., 
reduced metabolism) of the frontal lobe (Kuhl et  al. 1985; Mayberg et  al. 1990; 
Kumar et  al. 1993; Hirono et  al. 1998; Mentis et  al. 2002; Holthoff et  al. 2005; 
Herting et  al. 2007; Fujimoto et  al. 2008; Lee et  al. 2010; Sakurai et  al. 2017; 
Nicholas et  al. 2017; Youn et  al. 2018), whereas the involvement of other brain 
regions has also been reported (Krell-Roesch et al. 2016), but seems more variable 
and controversial. In one study, successful antidepressant treatment was found to be 
associated with increases of glucose metabolism (Marano et  al. 2013). Another 
study noted that hypometabolism in various regions of the cortex is significantly 
related to some symptoms of depression (apathy and anhedonia), but is not related 
to other symptoms (anxiety and dysphoria) (Donovan et al. 2015). However, in a 
few studies, a surprising elevation of rCMRglu was observed in subjects with geri-
atric depression (Smith et al. 2009; Auning et al. 2015). Such findings have been 
interpreted as a compensatory response to atrophy.

A recent study (involving PET imaging with [18F]FDG and [18F]florbetaben) has 
suggested that cerebral glucose metabolism in depressed and mild cognitively 
impaired elderly subjects may be a surrogate marker that reflects cerebral amy-
loidopathy. Subjects with an amyloid-positive brain scan showed rCMRglu values 
comparable to AD, whereas subjects with an amyloid-negative scan displayed more 
heterogeneous patterns of FDG uptake, Thus, FDG-PET could contribute to early 
identification of subjects at risk of progressing to AD (Youn et al. 2018). However, 
in another study the regional pattern of glucose hypometabolism in depressed and 
cognitively impaired subjects was observed to be extremely variable, and the con-
clusion was reached that subjects with LLD cannot be accurately distinguished 
from AD, or subjects with LLD progressing to AD from subjects with LLD with 
another prognosis, based on FDG data alone (Liguori et al. 2018).
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Table 5.2 PET studies of regional cerebral glucose metabolism in LLD

Study groups and 
subject numbers

Age 
(years) Tracer

Findings 
(depression-related) Reference

LLD (7) [18F]FDG Depressed patients have 
reduced rCMRglu in 
posterior-inferior frontal 
cortex, otherwise normal 
pattern of glucose 
metabolism

Kuhl et al. 
(1985)Multiple-infarct 

dementia (6)
Alzheimer’s 
disease (6)
Healthy controls 
(6)
M. Parkinson 
with (**) and 
without (**) 
depression

[18F]FDG rCMRglu in orbital- 
inferior area of the frontal 
lobe is inversely correlated 
with depression scores. 
Depression in PD 
associated with 
hypometabolism in that 
frontal lobe area and in 
caudate

Mayberg 
et al. (1990)

Age-matched 
controls (**)

LLD (8) 71 ± 6 [18F]FDG Depression associated with 
reduced rCMRglu in 
frontal, temporal, and 
parietal cortex, anterior 
cingulate and orbitofrontal 
cortex, and caudate

Kumar 
et al. (1993)Alzheimer’s 

disease (8)
Age-matched 
controls (8)

Alzheimer’s 
disease (53), of 
these 19 subjects 
with depression

69 ± 8 [18F]FDG Depression scores 
correlated with rCMRglu 
in bilateral superior frontal 
gyri and left anterior 
cingulate cortex

Hirono 
et al. (1998)

M. Parkinson, 
nondemented 
(15)

59 ± 9 [18F]FDG Dysphoria in PD correlated 
with decreased rCMRglu 
in lateral frontal and 
anterior limbic cortex

Mentis 
et al. (2002)

Alzheimer’s 
disease (53)

69 ± 8 [18F]FDG Depression in AD 
associated with 
hypometabolism in 
dorsolateral prefrontal 
regions

Holthoff 
et al. (2005)

Multiple system 
atrophy (11)

64 ± 7 [18F]FDG Depression (both in MSA 
and PSP) associated with 
dorsolateral prefrontal 
glucose hypometabolism.

Herting 
et al. (2007)

Progressive 
supranuclear 
palsy (9)
Age-matched 
controls (25)
MDD (10), 
nonresponders to 
antidepressants

51 ± 4 [18F]FDG rCMRglu decreased not 
only in prefrontal but also 
in cingulate and parietal 
regions (bilaterally) and 
right temporal area

Fujimoto 
et al. (2008)

T. S. Vieira et al.
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Table 5.2 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer

Findings 
(depression-related) Reference

Geriatric 
depression (16)

65 ± 9 [18F]FDG (+MRI) Surprising elevation of 
rCMRglu in superior 
frontal gyrus, precuneus, 
inferior parietal lobule. 
May be a compensatory 
response to atrophy

Smith et al. 
(2009)

Age-matched 
controls (13)

Mild cognitive 
impairment with 
(18) and without 
(18) depression

69 ± 10 [18F]FDG Depression in MCI is 
associated with reduced 
rCMRglu in the right 
superior frontal gyrus

Lee et al. 
(2010)

Healthy controls 
(16)
LLD (9)
Control subjects 
(7)
Scanned at 
baseline, after 
8 weeks of 
citalopram 
(patients only) 
and after 2 years 
of follow-up

68 ± 8 [18F]FDG Patients show greater 
increases of rCMRglu in 
anterior cingulate and 
insula than controls. Seven 
out of nine patients 
remitted

Marano 
et al. (2013)

LLD (16)
Elderly controls 
(12)
Young controls 
(20)

65 ± 9
67 ± 8
28 ± 8

[18F]FDG Increased fasting serum 
glucose correlated with 
decreased cerebral glucose 
metabolism in heteromodal 
association cortices 
involved in mood 
symptoms and cognitive 
deficits (bilateral middle 
frontal gyrus, left putamen, 
right insula, and left 
fusiform gyrus), in LLD 
patients to a greater extent 
than in elderly controls. In 
young controls, negative 
correlations were observed 
in sensory and motor 
regions

Marano 
et al. (2014)

Subjective 
cognitive 
impairment (22)
Mild cognitive 
impairment (38)

59 ± 7
61 ± 7

[18F]FDG
(+MRI)

Significantly higher 
glucose metabolism in 
orbital cortex of depressed 
patients compared to those 
without depressive 
symptoms. Similar finding 
when SCI and MCI were 
assessed separately

Auning 
et al. (2015)

(continued)
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Table 5.2 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer

Findings 
(depression-related) Reference

Cognitively 
normal 
individuals with 
subthreshold 
symptoms of 
depression (SSD) 
(248)

66 ± 6 [18F]FDG
PiB
(+MRI)

Higher depression score 
was marginally related 
(p = 0.06) to FDG 
hypometabolism. Higher 
apathy- anhedonia was 
significantly related to FDG 
hypometabolism in bilateral 
temporal, parietal, and 
posterior cingulate cortices, 
but other sub-domains 
(anxiety-concentration or 
dysphoria) of depressive 
symptoms were not. SSD 
were not related to the 
amyloid burden

Donovan 
et al. (2015)

Cognitively 
normal 
participants (668)

70 or 
older

[18F]FDG Two hundred and five 
participants had an 
abnormal FDG-PET in 
AD-related regions. 
Abnormal FDG-PET was 
associated with depression, 
even further in ApoE ε4 
carriers. Significant 
association between 
abnormal FDG-PET and 
depressive and anxiety 
symptoms when treated as 
continuous measures

Krell- 
Roesch 
et al. (2016)

Community- 
dwelling 
participants 
without major 
depression (158)

65–85 [18F]FDG Higher depression scores 
were associated with lower 
normalized rCMRglc in the 
ventrolateral prefrontal and 
orbitofrontal cortices. 
Adjusting for frequency of 
going outdoors, the 
association between 
depression score and 
normalized rCMRglc in the 
orbitofrontal cortex was 
attenuated, whereas the 
relationship between 
depression score and the 
ventrolateral prefrontal 
cortex remained significant

Sakurai 
et al. (2017)
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Table 5.2 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer

Findings 
(depression-related) Reference

Participants 
cognitively 
normal and 
absent of a major 
psychiatric 
diagnosis (133)

63 ± 6 
(age at 
PET)

[18F]FDG Greater positive affect was 
associated with higher 
cerebral glucose 
metabolism in the bilateral 
posterior cingulate gyrus/
precuneus, left angular/
supramarginal gyrus, left 
middle/inferior temporal 
gyrus, and left middle/
frontal gyrus

Nicholas 
et al. (2017)

Depression + MCI 
(31):
With amyloid-β 
(16)
Without 
amyloid-β (15)
Normal cognition 
group (21)

76 ± 8
75 ± 6
69 ± 5

[18F]FDG (all 
participants) + [18F]
Florbetaben 
(depression + MCI)

Reduced regional glucose 
metabolism in the right 
precuneus, left inferior 
temporal, right middle 
temporal, and right angular 
regions in the group with 
amyloid-β compared to the 
cognitively normal group
Glucose metabolism in the 
left inferior orbitofrontal 
and the right anterior 
cingulate was lower in the 
amyloid negative than the 
amyloid-positive group

Youn et al. 
(2018)

Depressed and 
demented 
patients (256): 
AD group (201) 
and LLD group 
(55)
Age- and 
sex- matched 
controls

≥65 [18F]FDG AD patients showed a 
significant reduction of 
uptake in temporoparietal 
regions compared to both 
controls and LLD. LLD 
and control groups did not 
differ at PET analysis, 
although LLD patients 
showed heterogeneous 
patterns of glucose 
hypometabolism involving 
cortical and subcortical 
brain areas: Putaminal and 
thalamic nuclei, insula, 
right parietal and temporal 
cortex, left limbic cortex, 
left frontal cortex, left 
rectal gyrus, medial frontal 
gyrus, and anterior 
cingulate cortex

Liguori 
et al. (2018)
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5.2.3  Imaging of Cerebral Neurotransmitter Systems 
and of Cerebral Protein Deposition

The monoamine hypothesis assumes that the biological or neuroanatomical basis 
for depression is a deficiency of central noradrenergic and/or serotonergic systems. 
Unfortunately, suitable PET or SPECT tracers for central beta-adrenergic receptors 
are not available (Van Waarde et al. 2004) in contrast to the noradrenaline trans-
porter for which ligands such as (S,S)-[11C]methylreboxetine exist (Ding et  al. 
2005). Many PET and SPECT tracers have been developed for visualization and 
quantification of elements of the serotonergic system. These include the 5-HT2A 
receptor ligands [11C]MDL100,907 and [18F]altanserin, the 5-HT1A receptor ligands 
[11C]WAY100635 and [18F]MPPF, the serotonin transporter ligands [11C]DASB and 
[123I]ß-CIT, and the serotonin precursor [11C]5-hydroxytryptophan. Such tracers 
have been applied to study alterations of the serotonergic system in depression. The 
resulting imaging findings are extensively reviewed in another chapter of this vol-
ume (Ruhé et al. 2020).

PET and SPECT tracers for imaging elements of the dopaminergic system are 
also available, such as the dopamine DA1 receptor ligands [11C]NNC-112 and 
[11C]SCH23390, the dopamine DA2 receptor ligands [11C]raclopride and [11C]FLB 
457, the monoamine oxidase inhibitor [11C]clorgyline, the dopamine transporter 
ligands [11C]CFT and [99mTc]TRODAT, and the dopamine storage tracer [18F]fluoro-
dopa. Findings acquired with these ligands are also discussed in (Ruhé et al. 2020).

Since LLD is considered as both a risk factor and a premonitory symptom of 
dementia (Gao et al. 2013; Schweitzer et al. 2002; Kohler et al. 2010a; Dal Forno 
et al. 2005; Marano et al. 2013; Lieberman 2006), studies with cholinergic tracers 
and probes for ß-amyloid or tau deposition are of particular interest (see Table 5.3). 
Two reports have suggested that depression is associated with cholinergic hypo-
function in elderly subjects with Parkinson’s disease. Cortical acetylcholinesterase 
activity, measured with the PET tracer [11C]methyl-4-piperidinyl propionate, is 
inversely correlated with depression scores in this patient group, and losses of 
enzyme activity tend to be more prominent when dementia is present (Bohnen et al. 
2007). Binding potential of the α4ß2 nicotinic acetylcholine receptor ligand 
2-[18F]FA85380 in various brain regions (anterior cingulate cortex, occipital cortex, 
putamen, and midbrain) is also inversely correlated with depressive symptoms in 
Parkinson’s disease (Meyer et al. 2009). More extensive investigation of cholinergic 
mechanisms in geriatric depression, including patients with mild cognitive impair-
ment, dementia, and parkinsonian syndromes, is definitely required.

Amyloid senile plaques and tau neurofibrillary tangles are neuropathologic hall-
marks of Alzheimer’s disease and may be present in the aging brain long before the 
diagnosis of dementia, possibly in association with mild cognitive impairment or 
symptoms of depression. Such protein deposits can be visualized with various PET 
tracers, e.g., [11C]-labeled Pittsburgh Compound B (PiB) and [18F]FDDNP. An early 
study with [11C]PiB in a small group of subjects suggested that tracer retention in 
the brain of depressed elderly without cognitive impairment is not significantly 
elevated. However, in subjects with major depression and associated cognitive 
impairment, tracer retention is increased. The amount of retention is variable and 
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Table 5.3 PET studies with cholinergic and ß-amyloid tracers in LLD

Study groups and 
subject numbers

Age 
(years) Tracer Findings (depression-related) Reference

Parkinson’s disease 
with (6) and without 
(12) dementia

73 ± 9 [11C]
Methyl-4- 
piperidinyl- 
propionate

Cortical acetylcholinesterase 
activity is inversely correlated 
with scores on Cornell scale 
for depression in dementia

Bohnen 
et al. 
(2007)

Normal controls 
(10)
Parkinson’s disease 
(22)

63 ± 9 2-[18F]
FA85380

α4ß2 nicotinic acetylcholine 
receptor binding in anterior 
cingulate cortex, putamen, 
midbrain, and occipital cortex 
is inversely correlated with 
depressive symptoms (and 
reduced vs. controls)

Meyer 
et al. 
(2009)Healthy controls (9)

Remitted major 
depression with (7) 
and without (2) 
cognitive 
impairment

72 ± 6 [11C]PiB Normal tracer retention in 
LLD without MCI

Butters 
et al. 
(2008)

Healthy elderly (7) Increased retention in LLD 
with MCI, ranging to levels 
observed in AD

Mild cognitive 
impairment (23)

66 ± 12 [18F]FDDNP Depression in MCI is 
correlated with lateral 
temporal tracer retention. 
Depression in control group 
is correlated with medial 
temporal tracer retention

Lavretsky 
et al. 
(2009)Cognitively normal 

(20)

MDD (20) 67 ± 8 [18F]FDDNP Depressed subjects have 
increased tracer retention in 
lateral temporal regions and 
cingulate

Kumar 
et al. 
(2011)

Age-matched 
healthy controls 
(19)
Remitted from 
depression (28)

50–76 [11C]PiB  
(+ MRI)

Previous depressive episodes 
not associated with increased 
tracer retention in the brain

Madsen 
et al. 
(2012)

Healthy control 
subjects (18)

But associated with vascular 
damage as depressed group 
had more white matter lesions

Subcortical vascular 
cognitive 
impairment (127)

74 ± 7 [11C]PiB (+ 
MRI)

Cortical-to-cerebellum ratios 
of tracer uptake are not 
correlated with depressive 
symptoms but with delusions 
and irritability

Kim et al. 
(2013)

Mild cognitive 
impairment (35)

40–85 [18F]FDDNP Less tracer retention in 
posterior cingulate cortex is 
associated with higher scores 
on the POMS vigor-activity 
subscale

Chen et al. 
(2014)

Normal cognition 
(35)

(continued)
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Table 5.3 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer Findings (depression-related) Reference

Depressed patients 
(25)
Nondepressed 
comparison subjects 
(11)

68 ± 5 [18F]AV-45 Significantly higher SUVR in 
parietal and precuneus cortex 
of depressed than comparison 
subjects. SPM indicated a 
wider distribution of tracer 
uptake over frontal, parietal, 
temporal, and occipital areas 
in depressed than in 
comparison subjects. The 
greatest differences were 
observed in bilateral 
precuneus and right middle 
temporal cortex. Global and 
regional SUVR did not show 
a significant correlation with 
age at onset of depression, 
number of major depressive 
episodes, time since onset of 
depression, or late-onset 
major depression

Wu et al. 
(2014)

MCI (371):
Aβ+ nondepressed 
(141)
Aβ+ depressed (65)
Aβ− nondepressed 
(124)
Aβ− depressed (41)

72 [18F]AV-45 
[18F]FDG
(+MRI)

Aβ+ depressed subjects 
showed large clusters with a 
higher amyloid load in the 
frontotemporal and insular 
cortices with coincident 
hypermetabolism in the 
frontal cortices than 
nondepressed subjects. Faster 
progression to AD was 
observed in subjects with 
depressive symptoms and in 
Aβ+ subjects. Coincident 
depressive symptoms 
additionally shortened the 
conversion time in all Aβ+ 
subjects and to a greater 
extent in those with a high 
amyloid load

Brendel 
et al. 
(2015)

Remitted LLD with 
MCI (36)
Remitted LLD with 
normal cognitive 
function (44)

≥65 [11C]PiB 
(+MRI)

No differences in gray matter 
volume or brain Aβ
Deposition between groups

Diniz et al. 
(2015)

MCI with history of 
major depressive 
episodes (33)

77 ± 4 [18F]AV-45 
(+MRI)

The rate of Aβ positivity and 
the SUVR were higher in 
late-onset than in early-onset 
depression

Tateno 
et al. 
(2015)

Healthy control 
group (22)

72 ± 5
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Table 5.3 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer Findings (depression-related) Reference

Cognitively normal 
participants (118) at 
baseline and 66 at 
follow-up after 1 yr

73 ± 5 [11C]PiB Changes in mood from 
baseline to 1-year follow-up 
were associated with CSF and 
PET biomarkers, greater 
mood disturbances (anxiety, 
depression, confusion) being 
related to biomarker values in 
the absence of cognitive 
decline

Babulal 
et al. 
(2016)

Patients with history 
of MDD and with 
subjective memory 
complaint (13)

72 ± 4 [18F]
Florbetaben

Ten subjects were judged as 
Aβ− and 3 subjects as Aβ+. 
Depressive symptom severity 
did not differ between the 
Aβ−and Aβ+ groups

Kim et al. 
(2016b)

Cognitively normal 
participants without 
MDD history (29)

> 55 [11C]PiB Positive correlation between 
depressive symptoms and 
binding potential in the 
precuneus/posterior cingulate.

Yasuno 
et al. 
(2016)

Current LLD (48) 
age- and 
gender-matched
Healthy comparison 
subjects (53)

74 ± 8 [18F]
Flutemetamol 
(+MRI)

Mean normalized total 
hippocampal volume was 
significantly lower in patients 
relative to comparison 
subjects, but there was no 
group difference in the 
distribution or median 
amyloid load. There was no 
significant association 
between amyloid levels and 
onset of depression

De Winter 
et al. 
(2017)

MDD (16) 73 ± 7 [18F]FDDNP [18F]FDDNP binding in the 
anterior cingulate cortex was 
negatively associated with the 
apathy score (where lower 
apathy score corresponds to 
higher apathy severity), but 
regional levels of tracer 
binding were not significantly 
associated with depression 
severity

Eyre et al. 
(2017)

Cognitively normal 
subjects without 
history of moderate 
to severe MDD 
(111)

76 ± 7 [18F]AV-1451 
[11C]PiB

Higher depression score was 
significantly associated with 
greater inferior temporal tau 
and marginally associated 
with greater entorhinal cortex 
tau. No significant association 
of depression score with 
amyloid.

Gatchel 
et al. 
(2017)

(continued)
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Table 5.3 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer Findings (depression-related) Reference

Nondemented 
community- 
dwelling subjects 
(27)

78 ± 6 [18F]
Flutemetamol

No association between [18F]
flutemetamol binding and 
depression levels

Hammers 
et al. 
(2017)

Cognitively normal 
subjects without 
depression:

[11C]PiB or 
[18F]AV-45 or 
[18F]
flutemetamol, 
at baseline

No difference in probable 
depression between groups at 
baseline; incidence of 
clinically significant 
depressive symptoms was 4.5 
times greater within the high 
Aβ group than the low Aβ 
group at the assessment after 
54 months

Harrington 
et al. 
(2017)

High Aβ (81)
Low Aβ (n = 278)

74 ± 7
69 ± 6

Cognitively affected 
subjects:
MCI (225)
AD (31)
Cognitively 
unaffected subjects 
(153)
From the 
cognitively affected, 
subjects with 
subsyndromal 
depression (73) 
subdivided to:

[18F]AV-45 
(+MRI) at 
baseline and 
2-year 
follow-up

Cognitive performance in 
SSRI(+) subjects with 
depressive symptoms showed 
less deterioration at 2-year 
follow-up compared to 
SSRI(−) subjects with such 
symptoms, independent of 
amyloid load at baseline. 
SSRI treatment reduced the 
progression of gray matter 
atrophy, notably in 
frontotemporal cortex. A 
slight trend toward lower rate 
of amyloid deposition was 
observed in SSRI(+) versus 
SSRI(−) subjects with 
depressive symptoms, most 
notably in the frontal cortex

Brendel 
et al. 
(2018)

Those receiving 
SSRI medication 
(24)
Those without SSRI 
(49)

72 ± 9
72 ± 8

Cognitively normal 
community- 
dwelling subjects 
(270) scored below 
cutoff for mild 
depression

74 ± 6 [11C]PiB at 
baseline

Higher [11C]PiB binding 
predicted accelerated rates of 
increase in depression score 
over time, adjusting for 
depression history

Donovan 
et al. 
(2018)
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Table 5.3 (continued)

Study groups and 
subject numbers

Age 
(years) Tracer Findings (depression-related) Reference

Cognitively normal 
subjects without 
depression:

[11C]PiB or 
[18F]AV-45 or 
[18F]
flutemetamol, 
at baseline

Incident cases of screen- 
positive depression were not 
increased in high Aβ 
cognitively normal subjects, 
although small increases in 
overall depressive symptoms 
severity and apathy-anxiety 
symptoms were
No associations between 
cognitively normal 
individuals whose clinical 
disease stage progressed to 
either MCI or AD and 
incidence of screen-positive 
depression or increase in 
depressive symptoms were 
observed

Perin et al. 
(2018)

High Aβ (136)
Low Aβ (449)

75 ± 7
71 ± 6

MDD (63): [18F]AV-45 
(+MRI)

A greater proportion of the 
MDD/MCI group (12.5%) 
exhibited both amyloid 
positivity and hippocampal 
atrophy as compared to 4.5% 
in the control and 5.1% in the 
MDD/non-MCI group
A considerable proportion of 
the MDD/MCI group (29.2%) 
showed only hippocampal 
atrophy and no amyloid 
deposition, as compared to 
0% in the control and 5.1% in 
the MDD/non-MCI group

Wu et al. 
(2018)

– MCI (24)
– Non-MCI (39)
Control group (22)

67 ± 6
65 ± 7
67 ± 7

Nondemented LLD 
subjects (34) treated 
twice weekly with 
electroconvulsive 
therapy until 
remission

73 ± 8 [18F]
Flutemetamol 
(+MRI), at 
baseline

No correlation between 
amyloid load at baseline and 
baseline depression severity. 
Hippocampal volume, WMH, 
and amyloid load at baseline 
did not predict response or 
remission at 1 and 4 weeks 
post ECT, nor relapse at week 
4 nor depression free interval 
after 6 months of follow-up

Bouckaert 
et al. 
(2019)
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can in some cases be as high as that observed in patients with Alzheimer’s disease 
(Butters et al. 2008). This preliminary result, and data from some subsequent stud-
ies (Wu et al. 2014; Brendel et al. 2015; Harrington et al. 2017), is consistent with 
the hypothesis that depression is a premonitory symptom of dementia because of a 
shared underlying neurobiological mechanism. However, other authors have 
hypothesized that the increased risk of AD in subjects with LLD is not directly 
related to abnormal metabolism of Aß, but rather to a reduced brain reserve in 
depressed elderly individuals that makes their brains more vulnerable to down-
stream toxic effects of Aß deposition (Diniz et  al. 2015). An early PET study 
observed significant correlations between depression scores in elderly subjects and 
retention of the tracer [18F]FDDNP in temporal areas, suggesting that relatively 
mild mood symptoms may be associated with measurable increases of ß-amyloid 
and tau deposition in the human brain (Lavretsky et al. 2009). Significantly increased 
retention of [18F]FDDNP was later indeed observed in lateral temporal and cingu-
late brain regions of elderly patients with MDD (Kumar et al. 2011), and several 
subsequent studies have suggested that accumulation of ß-amyloid (and/or tau) in 
specific brain regions may be related to depression (Lavretsky et al. 2009; Kumar 
et al. 2011; Wu et al. 2014; Brendel et al. 2015; Babulal et al. 2016; Yasuno et al. 
2016; Gatchel et al. 2017; Harrington et al. 2017; Donovan et al. 2018). One study 
has indicated a particularly strong link between Aß positivity and late-onset LLD 
(Tateno et al. 2015). Another PET study reported that psychological well-being in 
subjects with mild cognitive impairment is associated with lower retention of 
[18F]FDDNP in the posterior cingulate cortex (Chen et al. 2014).

In contrast to these positive findings, many other PET studies (Donovan et al. 
2015; Madsen et al. 2012; Kim et al. 2013, 2016b; De Winter et al. 2017; Eyre et al. 
2017; Hammers et al. 2017; Perin et al. 2018; Bouckaert et al. 2019) did not observe 
any relationship between the cerebral retention of Aß tracers and previous or present 
depressive symptoms, although in one study (Kim et al. 2013), tracer uptake was 
positively correlated with the frequency of delusions and irritability, whereas in 
other studies (Eyre et al. 2017; Perin et al. 2018), it corresponded to the severity of 
apathy. Various findings have indicated that the relationship between increased lev-
els of Aß and symptoms of depression or the presence of a depressive disorder is not 
causal or direct: (i) SSRI medication improved the declining cognitive performance 
and attenuated gray matter atrophy in cognitively affected elderly patients with 
depressive symptoms, although binding of the Aß tracer [18F]AV-45 was not reduced 
(Brendel et al. 2018), and (ii) cognitive normal elderly subjects can show high levels 
of Aß in their brains and not have any symptoms of depression (Perin et al. 2018).

In summary, many PET studies support the hypothesis that deposition of amy-
loid plaques and tau tangles in the aging brain can result in both cognitive and non-
cognitive behavioral symptoms, although depressive symptoms are probably not a 
direct consequence of Aß accumulation. The neurobiological processes in elderly 
patients with MDD appear to be quite heterogeneous. Some patients with MDD and 
MCI showed evidence of neurodegeneration and were in the prodromal stage of 
AD, whereas others were amyloid negative but showed abnormal atrophy of the 
hippocampus. The latter subjects could be in the prodromal stage of other (non-AD) 
types of dementia (Wu et al. 2018).
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5.2.4  Imaging of Metabotropic Glutamate Receptors 
and of Neuroinflammation

Other processes, such as the availability of metabotropic glutamate receptors in the 
brain and neuroinflammation, have been implicated in the underlying pathology of 
depression. An overview of PET studies about these subjects is provided in Table 5.4.

The metabotropic glutamate receptors bind glutamate within a large extracellular 
domain and transmit signals through the receptor protein to intracellular signaling 
partners, and its widespread expression makes these receptors particularly attractive 
targets for drugs. One study analyzed brain metabotropic glutamate receptor sub-
type 5 binding by performing [11C]ABP688 PET in elderly patients suffering from 
MDD, and in contrast to previously published research in younger individuals, no 
significant difference in binding was observed between elderly subjects with MDD 
and healthy volunteers. [11C]ABP688 binding was also similar between subgroups 
with early-onset depression and late-onset depression, suggesting that there are dif-
ferences in the pathophysiology of elderly depression and depression earlier in life 
(DeLorenzo et al. 2015).

The radioligand [11C]PK11195 selectively binds to the translocator protein 
(TSPO), a receptor expressed on activated microglia, and is used to evaluate neuro-
inflammation in vivo by PET. Interestingly, [11C]PK11195 binding has been found 
to be raised in brain regions associated with depression in patients with LLD com-
pared with controls.

5.3  Conclusion

Imaging studies, particularly the results of multimodality imaging, support the 
concept that late-onset depression differs from depression with early onset in its 
association with cerebral small vessel disease, beta-amyloid and tau deposition, 
and neurodegenerative processes. Although imaging data also support the hypoth-
esis that late-onset depression relies on dysfunctioning of the frontal lobe, many 

Table 5.4 PET studies of metabotropic glutamate receptors and of neuroinflammation in LLD

Study groups 
and subject 
numbers

Age 
(years) Tracer Findings (depression-related) Reference

MDD (20) 63 ± 6 [11C]
ABP688

No significant difference in [11C]
ABP688 binding between subjects with 
MDD and healthy volunteers. [11C]
ABP688 binding was also similar 
between subgroups with early- or 
late-onset depression

DeLorenzo 
et al. (2015)Age-matched 

healthy 
volunteers 
(22)

LLD (5) 65–78 [11C]
PK11195

Participants with depression had 
significantly higher [11C]PK11195 
binding compared with controls in left 
subgenual anterior cingulate cortex and 
right parahippocampus

Su et al. 
(2016)Controls (13)
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studies highlight the fact that the mechanisms underlying late-onset depression are 
heterogeneous and diverse. Divergent findings in imaging studies are not only due 
to heterogeneity of disease mechanisms but also to progress in scanner technology 
and data analysis techniques. Simple ratio methods of data analysis have been 
replaced by more advanced analytical tools such as statistical parametric mapping 
(SPM), principal (or independent) component analysis, and other data-driven 
research methods. The future of PET and SPECT imaging in depression research 
seems to rely on progress in data analysis, the development of novel molecular 
probes for specific targets in the aging human brain, and combination of different 
imaging modalities. Interesting (and relatively unexplored) areas for future 
research are gender differences, longitudinal changes of brain function associated 
with subclinical and clinical depression, and analysis of the default network 
activity.
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