Chapter 14
Brain Imaging Correlates of Anhedonia

Adrian Preda

Abstract In this chapter we will review the structural and functional neuroimaging
correlates of anhedonia.

Regions associated with anhedonia range from the reward processing circuits of
the medial orbitofrontal cortex in healthy subjects to the fear processing neurocir-
cuitry of amygdala in patients with schizophrenia. The emerging picture of the
hedonic brain imaging literature is one of a hedonic continuum, with a remarkable
continuity between healthy and across affected individuals, suggesting that anhedo-
nia might be a useful endophenotype or potential trait marker related to vulnerabil-
ity to major psychiatric disorders such as depression and schizophrenia. However,
the relatively small number of brain imaging studies to date, lack of precision in the
definition of anhedonia, diagnostic heterogeneity of the study populations and het-
erogeneity of study methods indicate that this remains an incipient field of research.
We conclude that the evidence to date about the brain correlates of anhedonia is
preliminary and further research is indicated.
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Abbreviations

ACC Anterior Cingulate Cortex

fMRI functional MRI

MRS Magnetic Resonance Spectroscopy

OFC Orbitofrontal cortex

NAc Nucleus Accumbens

[vm/dl]PFC [ventromedial/dorsolateral] Prefrontal cortex
PET Positron Emission Tomography

SN Substantia Nigra

VS Ventral striatum

“For it is then that we have need of pleasure, when we feel pain
owing to the absence of pleasure.” Epicurus (341-270 B.C.)

14.1 Introduction

Anhedonia is a key symptom of depression and schizophrenia as well as a well
described and commonly reported symptom in a variety of neuropsychiatric dis-
orders including Parkinson’s disease, Alzheimer’s dementia, and substance use
disorders [1, 2].

14.2 The Neuroimaging of Anhedonia: Challenges
and Opportunities

When compared to clinical syndromes such as depression and schizophrenia anhe-
donia would arguably make for a better neuroimaging target: anhedonia presents
more homogeneity than clinical syndromes such as depression or schizophrenia; in
addition, one can argue that measurements of anhedonia are less confounded than
measurements of psychiatric clinical syndromes. Further, anhedonia has been con-
ceptualized as a neurobiological endophenotype possibly mediating the occurrence
of major neuropsychiatric disorders such as schizophrenia and depression [3, 4].
Accordingly, understanding the neural correlates of anhedonia can illuminate the
neuropathological correlates of major psychiatric and neurological disorders as well
as help identify individuals at risk.

At the same time, the ability to perceive pleasure is the result of a complex set of
processes involving processing of sensorial stimuli, mitigated by higher cognitive
inputs associated with perceived costs and rewards, including effort, resolving cog-
nitive dissonance, and decision making. As each of these processes has a putative
different neurocircuitry basis, separating the neural foundation of anhedonia is not
a straightforward proposal.
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Further, while the neural correlates of pleasure and reward are fairly well studied
[5] the number of studies directly correlating brain structure and function with
anhedonia severity is surprisingly low. A brief review of the specific challenges that
any neuroimaging study of anhedonia faces will help understand this rather para-
doxical and disconcerting state of affairs.

14.2.1 Anhedonia Lacks Diagnostic Specificity

Most clinical brain imaging studies compare affected subjects with a control
group. As anhedonia is not a disorder per se data from brain imaging studies are
limited to comparisons between patients diagnosed with a disorder where anhedo-
nia is one of the many manifesting symptoms [6, 7]. An immediate limitation of
any topographical location of anhedonia defined this way is that associated symp-
toms will be unaccounted for variables that could greatly affect the accuracy of
the mapping. For example, the associated symptoms of anhedonia differ in patients
with depression:schizophrenia which may affect the brain signature of anhedonia
in these different patient groups [7].

14.2.2 Anhedonia Is a Poorly Defined Neuroimaging Target

Ideal functional neuroimaging targets are clearly and objectively defined states.
That is not the case with anhedonia, an essentially subjective state which interpreta-
tion is to a good extent subject-dependent [8]. Is the intense negative emotion expe-
rienced by the depressed patient who is no longer able to enjoy anything [9] the
same with the lack of emotion experienced by the patient with schizophrenia who
finds himself indifferent to almost everything [10]? Both patients will likely score
high on any given anhedonia scale but it is debatable if the same concept is mea-
sured all along.

In fact, several types of anhedonia have been described, including sensorial or
physical anhedonia as distinct from interpersonal or social anhedonia [11], as well
as anticipatory anhedonia as distinct from consummatory anhedonia [12]. Further,
it is not clear if patients reporting anhedonia experience a deficit in their ability to
experience pleasure [a predominantly emotional deficit] or rather an undervaluation
of reward stimuli (a predominantly cognitive deficit) [13].

Secondly, ideal functional imaging targets are circumscribed states that can be
easily, reliably and rapidly turned on and off. This unfortunately is not the case with
anhedonia, a rather persistent and lingering state : trait, without clear modifying
factors [7, 14].

Lastly, both the intensity and quality of any hedonic occurrence are essentially
subjective experiences; as such, difficult targets for any scientific, i.e. objective
data-driven, investigation.
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A way of overcoming the stated challenges is to investigate the hedonic:anhedonic
spectrum in non-clinical populations. As mentioned, the very nature of anhedonia allows
its conceptualization not only as a state (associated with other clinical symptoms) but
also as a trait; as such, present to some extent in all people. However, with the exception
of resting state studies, neuroimaging trait studies are limited by the fact that trait sever-
ity neural correlates cannot be directly assessed. The alternative is to estimate trait sever-
ity correlates via surrogate state-dependent measures, with the added inherent limitation
of any indirect measurement.

Considering these important limitations we decided to review the brain imaging
correlates of anhedonia within the boundaries of predefined functional neural cor-
relates of reward-hedonic capacity processing, specifically:

1. Hedonic Appraisal: Orbitofrontal Cortex (OFC) and Ventral Striatum (VS)

2. Reward Appraisal and Executive-Decision Making: the Prefrontal Cortex (PFC)
and the Anterior Cingulate Cortex (ACC)

3. (The Mesolimbic) Reward Detection System: Nucleus Accumbens (NAc) and
the Ventral Tegmental Area/Substantia Nigra (VTA/SN)

4. Emotional Context: the Insula Cortex and Amygdala

5. Other Regions of Interest: Cerebellum, Raphe Nuclei

Of note, as a number of brain regions belong to more than one reward/hedonic
neurocircuits, we will attempt to sketch a functionally driven (as opposed to a struc-
turally driven) map of the territory.

Thus our brain mapping review will follow a cross-diagnostic function-based
neuroimaging strategy [15]. For each specific region of interest we will discuss find-
ings from a variety of neuroimaging studies, including studies of anhedonia:hedonic
capacity in clinical:non-clinical populations.

Last but not least, as a way of overcoming some of the mentioned difficulties,
we will also review reward/pleasure based neuroimaging data under the assump-
tion that the neural substrates of anhedonia and reward/pleasure overlap to a
good extent [15].

14.3 Hedonic Appraisal: Orbitofrontal Cortex (OFC)

The OFC is a major information integration hub providing support for a variety of
cognitive processes from decision making to sensory, reward and hedonic process-
ing [16]. From a neural connectivity perspective, the OFC is an important center for
integrating sensory-autonomic input with visceral-motor systems output [16]; as
such an important hedonic focal point.

From the perspective of neuroimaging studies the OFC however is not the easiest
target to investigate. Due to its proximity to the air-filled sinuses the quality of OFC
MRI findings can be diminished by signal dropout, geometric distortion or suscep-
tibility artifacts [17, 18]. Hence negative findings of fMRI OFC studies need to be
considered with caution [16].
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Limitations considered, the medial OFC activation has been consistently correlated
with reinforcers pleasantness for a variety of gustative and olfactory stimuli (for review
see Ref. [16]).

Quite a few studies focused on finding the hedonia “spot” in the OFC; however,
very few studies approached the subject of anhedonia relationship to OFC.

In their comprehensive meta-analysis of neuroimaging and neuropsychological
studies focused on the OFC Kringelbach and Rolls found that the OFC specializes
in different types of hedonic processing along its medial-lateral and antero-posterior
axes [19]. Specifically, reward-based processing correlates with activity in the
medial while punishment processing correlates mostly with activity in the lateral
OFC. Also, abstract/complex reinforcers associations (e.g. financial incentives)
appear to be based in the anterior OFC, while more concrete/simple reinforcers
associations are mostly based in the posterior OFC.

In a PET study using musical dissonance as an anhedonic-equivalent, OFC activ-
ity was correlated with the level of consonance/hedonic experience [20]. A more
recent fMRI study, using an anhedonic stimulus in the form of a reinforcer devalu-
ation paradigm found that the mid-anterior OFC and amygdala activity decreased in
parallel with the reinforcer perceived hedonic value [21].

Trait-anhedonia negatively correlated with OFC activity in healthy subjects [22].

Consistent with the OFC and ventral striatum (VS) role in hedonic experiences,
anhedonic patients with major depressive disorder (MDD) [23, 24] and schizo-
phrenia [25, 26] usually present with lower than expected activity in both the OFC
and. Of note, task-dependent increased or decreased OFC activation correlated
with anhedonia severity in depressed patients [24].

14.4 Reward Appraisal and Executive-Decision Making:
The Prefrontal Cortex (PFC) and the Anterior
Cingulate Cortex (ACC)

The prefrontal cortex has long been known for its executive role including decision
making, reward appraisal, and cost-benefit analysis as distinct functions contribut-
ing to normal cognitive processes such as learning and motivation, or pathological
dysfunction such as addiction [27], negative symptoms in schizophrenia [28], or
impaired decision making in depression [29].

Based on different connectivity patterns, the PFC is usually divided in two
regions: the ventromedial PFC (vmPFC) and dorsolateral PFC (dIPFC), with the
vmPFC traditionally seen as underlying emotional/affective processing (‘“‘what”
function), while the dIPFC providing support for cognitive/executive processing
(“how” function) [30].

In non-clinical subjects physical anhedonia inversely correlated with vmPFC and
ACC activity [25, 31], anterior PFC activity [31], as well as with ACC and dIPFC
resting state activity [32]. High levels of social anhedonia inversely correlated with
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medial PFC activity during emotional discrimination tasks [33]. However, vimPFC
activity has also been reported to positively correlate with the level of anhedonia-trait
severity in both healthy individuals [34] and depressed patients [24].

In patients addicted to opioids anhedonia severity negatively correlated with
activity in PFC and ACC [31].

In MDD patients anhedonia severity correlated with ventrolateral PFC and dor-
sal cingulate gyrus responses to sad stimuli but inversely correlated with ventral
ACC activation to happy stimuli [24].

Anterior cingulate cortex GABA levels, as measured by proton magnetic reso-
nance spectroscopy, negatively correlated with the severity of anhedonia in adoles-
cents with MDD [35]. Emotional intensity ratings, an anhedonia surrogate, correlated
with glutamate and N-acetylaspartate concentrations and inversely correlated with
glutamine concentration and pregenual anterior cingulate activation in highly anhe-
donic depressed patients [36].

In patients with schizophrenia, in addition to an inverse correlation with activity
in the OFC and VS [25] physical anhedonia has also been correlated with decreased
activity in the vmPFC [25]. Structural and functional MRI as well as PET studies
also suggest that in patients with schizophrenia physical anhedonia might be associ-
ated with volume deficits and hypo-activity in the default-mode neurocircuitry
including the ventromedial prefrontal cortex [37].

In conclusion, decreased activity in the both the vmPFC and dIPFC as well as the
ACC appear to contribute to anhedonia in affected and healthy individuals. This
importance of this circuit in the genesis of anhedonia is emphasized by the fact that
clinical findings have been consistent in both adolescent and adult samples.

14.5 (The Mesolimbic) Reward Detection System (MRDS):
Nucleus Accumbens (NAc) and the Ventral Tegmental
Area/Substantia Nigra (VTA/SN)

The ventral striatum (VS), and especially nucleus accumbens, with its strong OFC
input, has been long associated with the pathology of addiction and reward [38].
More specifically, nucleus accumbens is an important reward-contingent as well
as reward-independent pleasure processing center. NAc forms a functional unit with
the VTA/SN via the medial forebrain bundle connection [39]. The NAc-VTA circuit
is essential in detecting rewards and thus modulating responses to natural rewards
such as food, sexual, and social intercourse. The activation of this circuit results
increases the likelihood that a certain activity [labeled as pleasurable] will be
repeated in the future. As such the MRDS plays in important role in the control of
hedonic experiences and putatively MRDS dysfunctions may result in anhedonia.
Consistent with this understanding of the MRDS role, Wacker et al. [32] found
that in a non-clinical sample anhedonia was inversely correlated with both NAcc
volume and NAcc responses to reward feedback. In contrast to an initial finding of
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a lack of correlation between anhedonia-trait and NAc activity [34] in a recent fMRI
study healthy subjects activation in response to a musical stimulus in the right NAc,
basal forebrain and bilateral hypothalamus was negatively correlated with trait
anhedonia [22].

In depressed patients anhedonia severity did not correlate with NAc volume [40].
Blood et al. [41]. found that MDD patients have microstructural VTA abnormalities
compared to health subjects; however, they also reported that in their sample anhe-
donia did not correlate with the severity of VTA abnormalities.

Lee et al. reported a significant percent signal change in NAc and hippocampus
activity correlated with physical anhedonia severity in patients with schizophrenia
compared to healthy controls, indicating that specific parts of the limbic and reward
circuitry may be associated with physical anhedonia in schizophrenia [42].

Patients with schizophrenia differ from healthy individuals in that their anhedo-
nia level inversely correlated with VS response to positive stimuli compared to
negative and neutral stimuli [43].

In summary, decreased volume and activity in the (MRDS) appears to contribute
to anhedonia in healthy and affected individuals. However, the relationship between
the MDRS and anhedonia in clinical populations is less clear than in healthy indi-
viduals; this lack of clarity may be in part due the difficulties in higher level of
confounding as well as more difficulties in reliably measuring primary:secondary
anhedonia in clinical samples.

14.6 Emotional Context: The Insula Cortex and Amygdala

Alongside with the orbitofrontal, cingulate, and medial prefrontal the insular corti-
ces complete the who’s who list of hedonic hotspots [44].

In an fMRI study of healthy subjects Keller et al. [22] found that trait-anhedonia
negatively correlated with activity in the anterior insula.

In a study of healthy individuals with high:low social anhedonia Germine et al.
[33] reported that social anhedonia severity did not correlate with amygdala activ-
ity; however the study findings might be limited by amygdala’s rapid habituation in
the context of the study’s rapid block-design, continuous presentation of faces, and
emotion labeling demands, that might have resulted in a low signal:noise ratio.

In an early PET schizophrenia study Crespo-Facorro et al. [45] found that
patients with schizophrenia had decreased activity in the insular cortex in response
to unpleasant odors only. Of note, the patients showed impairment in the experience
of pleasant odors when compared to healthy controls — consistent with an anhedonic
presentation — but this experiential difference did not result in PET activity differ-
ences; on the contrary, it was their response to the unpleasant odors, which was
experientially similar to healthy volunteers, that resulted in PET differences. It
appears that the insular cortex functional abnormalities may contribute to anhedonia
in schizophrenia; however further studies are recommended to clarify the direction-
ality of this relationship.
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In a recent PET resting-state paradigm study Park et al. [37] reported that in
patients with schizophrenia physical anhedonia correlated with hypo-activity in the
default-mode neurocircuitry including the insular cortex.

Dowd et al. [43] reported that physical anhedonia correlated with decreased
bilateral amygdala activation to positive versus negative stimuli in patients with
schizophrenia.

14.7 Other Regions of Interest: Cerebellum, Raphe
Nuclei (RN)

In a recently published meta-analysis Kuhn et al. [46] found both positive and nega-
tive correlates of subjective pleasantness in the right cerebellum.

Using PET Park et al. [37] reported that cerebellum activity did not correlate
with trait physical anhedonia severity in patients with schizophrenia.

In summary, the evidence to date does not support the hypothesis that cerebellum
plays a significant role in the pathology of anhedonia.

Reward/castigatory stimuli correlated with neural activation within the dorsal
RN indicative of a change in serotonergic transmission elicited by hedonic pro-
cessing [47].

14.8 Conclusions and Future Directions

In summary, anhedonia is associated with decreased reactivity and connectivity in
the neural substrates underlying sensing and appraisal of pleasant stimuli and
rewards (OFC and VS/NAc), cost/benefit analysis and decision making (ACC,
vmPFC and dIPFC), reward processing and consolidation (the mesolimbic system:
VS/NAc, VTA/SN, and hippocampus connections), salience labeling (amygdala),
as well as related limbic and paralimbic regions (Table 14.1).

A clear interpretation of the literature is limited by a lack of coherence in approach-
ing the topic of anhedonia. Despite a wealth of studies on the neural substrates of
reward and hedonia, there are relatively few studies addressing the subject of anhe-
donia per se. Moreover, the relationships between state:trait anhedonia or the differ-
ent specific types of anhedonia (e.g. physical:social, anticipatory:consumatory) is yet
to be explored in a well-articulated manner.

Despite the evidence to date shortcomings, the emerging picture of the hedonic
brain imaging literature is one of a hedonic continuum, with a remarkable continu-
ity between healthy and affected individuals.

This emerging theme of a linked set of neural hedonic circuits supports the view
that anhedonia might be a useful endophenotype or potential trait marker related to
vulnerability to major psychiatric disorders such as depression and schizophrenia.
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Table 14.1 The neural substrates of anhedonia

Brain area Role (in hedonic circuits) Relevant efferents
Hedonic appraisal
Orbitofrontal cortex [2, 16, Sensory integration NAc, ACC

19, 21, 25, 27] Reward/punishment appraisal
Ventral striatum [15, 23, Reward appraisal

25-27, 43, 46]
Reward appraisal and executive-decision making
PFC [2, 15, 24-26, 31, 33, Reward value, effort and NAc

34,37, 48] reinforcement cost/benefit

appraisal

Anterior cingulate cortex [32] Effort appraisal vmPFC, dIPFC

Decision making
The Mesolimbic Reward Detection System (MRDS)

N Accumbens [2, 22, 23, motivation VTA, vimPFC
32, 40] Goal directed activity
Ventral Tegmental Area [22, Reward Mesocortical
31, 41]
Substantia Nigra [41] Motivation PFC, insula
Orgasm Mesolimbic
Limbic, NAc, amygdala,
hippocampus,
Emotional context
Insular cortex [22, 26] Sensory-emotional integration Amygdala
Amygdala [21, 24, 43] Salience VS

Emotional valence

Other regions of interest
Raphe nuclei [47] Reward processing VTA

In light of the relatively small number of brain imaging studies of anhedonia to
date, lack of precision in the definition of anhedonia, diagnostic heterogeneity of the
study populations and heterogeneity of study methods, the brain imaging of anhe-
donia remains an incipient field of research at this time.

The evidence to date about the brain correlates of anhedonia while promising,
remains preliminary. Further research is indicated.
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