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<h1>Neuropsychology of Depression: Recent Neuroimaging Insights (2019-2024)</h1>

<p>Major Depressive Disorder (MDD) is associated with measurable changes in brain structure and
function. Over the past five years, advanced neuroimaging - including functional MRI (fMRI), positron
emission tomography (PET), and diffusion tensor imaging (DTI) - has deepened our understanding of
how depression manifests in the brain. Key regions implicated in the neuropsychology of depression
include the <strong>amygdala</strong>, <strong>prefrontal cortex (PFC)</strong>,
<strong>hippocampus</strong>, <strong>anterior cingulate cortex (ACC)</strong> and broader
networks like the <strong>default mode network (DMN)</strong>. Below we review recent findings on
structural and functional differences in these areas, highlight developmental comparisons between
adolescents and adults, and discuss how brain features correlate with core symptoms (anhedonia,
rumination, emotional dysregulation). We then examine implications for diagnosis and treatment, from
potential biomarkers to novel therapeutic targets.</p>

<h2>Structural and Functional Brain Differences in Depression</h2>

<h3>Amygdala</h3> <p><em>Structural:</em> The amygdala, a key limbic structure for emotion
processing, often exhibits subtle volume reductions in MDD. A targeted review of recent studies
reported that depressed patients’ amygdalae are on average about 5%-7% smaller than healthy
controls’ (about 93-95% of control volume) 1 . Not all studies agree, and amygdala volumetric findings
have been somewhat inconsistent compared to the pronounced hippocampal atrophy (see below).
Nonetheless, large consortium analyses confirm that depression-related volumetric changes do occur
in medial temporal lobe structures, albeit with smaller effect sizes for the amygdala than the
hippocampus ' 2 . Chronic stress and recurrent depressive episodes are thought to contribute to
these volume changes 3 4 .</p>

<p><em>Functional:</em>  Functional neuroimaging consistently = demonstrates amygdala
hyperreactivity to negative emotional stimuli in depression. Patients show greater amygdala activation
than controls when viewing sad or fearful faces, even at subconscious (“subliminal”) presentation 5 .
This heightened reactivity occurs alongside blunted responses to positive stimuli (e.g. happy faces) 5 ,
reflecting a bias toward negative emotional processing. Depressed adolescents without comorbid
conditions likewise display abnormally elevated amygdala responses to negative social feedback,
suggesting this hyperactivity is present early in the illness course. Concurrently, resting-state fMRI
reveals altered amygdala connectivity with regulatory regions: for instance, depression has been linked
to abnormal coupling between the amygdala and brainstem or prefrontal areas 6 . In summary, an
overactive amygdala in the face of negative information is a hallmark of depression’s neural signature,
potentially underlying exaggerated negative emotional experience.</p>

<h3>Prefrontal Cortex (PFC)</h3> <p><em>Structural:</em> Depression involves distributed changes in
prefrontal cortical anatomy. MRI studies report cortical thinning and reduced gray matter in regions of
the PFC that subserve mood regulation and executive function 7 8 . Notably, reductions have been
observed in the <strong>dorsomedial and dorsolateral PFC</strong> (involved in self-referential
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thought and cognitive control), and the <strong>orbitofrontal cortex (OFC)</strong> (involved in reward
and emotion valuation) 7 . For example, a large meta-analysis found consistent cortical thickness
deficits in parts of the medial and lateral PFC (e.g. rostral anterior cingulate and OFC) in adults with
MDD 7 . These structural differences are modest in size but broadly distributed, suggesting a diffuse
prefrontal vulnerability in depression. White matter integrity in fronto-cortical tracts is also
compromised: diffusion MRI meta-analyses indicate lowered fractional anisotropy (FA) in frontal white
matter pathways like the anterior corpus callosum and corona radiata, consistent with disrupted
prefrontal connectivity 2 10 . Such microstructural changes point to subtle disconnection in PFC-
limbic circuits.</p>

<p><em>Functional:</em> The prefrontal cortex exhibits altered activity patterns during both resting
state and task performance in depression. In general, regions responsible for cognitive control and
emotion regulation tend to be under-active, while certain medial prefrontal regions involved in self-
focused thought can be over-active. For instance, depressed patients often show
<strong>hypoactivation of the dorsolateral PFC (dIPFC)</strong> during tasks requiring attention,
memory, or reappraisal of emotions 11 . This reduced engagement of the dIPFC may impair patients’
ability to exert top-down control over negative thoughts and feelings. In contrast, the
<strong>ventromedial PFC</strong>, including the subgenual region, can exhibit hyperactivity
associated with ruminative self-focus and negative mood. A 2020 meta-analysis highlighted the
subgenual anterior cingulate (a ventromedial prefrontal region; discussed further below) as one area of
convergent abnormality across many studies 12 . Together, these findings support a model in which
depression reflects a dysbalance: decreased activity in lateral PFC “control” regions and elevated activity
in medial PFC regions tied to maladaptive self-referential processing. Functionally, this manifests as
inefficient regulation of emotion - for example, neurocimaging at 7-Tesla has shown that excessive
emotional reactivity in the amygdala is coupled with diminished activation of prefrontal regulatory
circuits 11 . This PFC dysfunction not only underlies cognitive symptoms (like poor concentration) but
also contributes to persistent negative thinking.</p>

<h3>Hippocampus</h3> <p><em>Structural:</em> Among brain changes in depression, hippocampal
volume reduction is one of the most robust findings. The hippocampus, critical for memory and stress
regulation, is consistently smaller in depressed individuals. A recent review of nearly 40 studies found
the hippocampi of MDD patients to be only ~92% of the volume of healthy controls’ (bilaterally) 1 .
Meta-analytic efforts by large consortia (e.g. ENIGMA) confirm significantly lower hippocampal volumes
in MDD, with an overall effect size in the small-to-moderate range (Cohen's d = -0.14) 13 . Importantly,
hippocampal shrinkage appears to progress with illness duration and recurrence: patients with multiple
depressive episodes or longer histories show more pronounced atrophy than first-episode patients 14 .
This suggests hippocampal volume loss may accumulate over chronic stress exposure in recurrent
depression, rather than being entirely a premorbid trait 3 4 . Indeed, longitudinal studies indicate
that persistent depressive symptoms are associated with ongoing hippocampal atrophy 15 .
Conversely, evidence shows hippocampal volume can partially recover with effective treatment and
remission 4 , hinting at reversible neuroplasticity. On a finer scale, depression seems to preferentially
affect specific hippocampal subregions (e.g. the dentate gyrus and CA2/3 subfields involved in
neurogenesis) 16 . Overall, a smaller hippocampus in MDD aligns with the hypothesis that chronic
stress and elevated cortisol (common in depression) injure this brain region.</p>

<p><em>Functional:</em> Although structural findings on the hippocampus are prominent, functional
differences are also noted. The hippocampus communicates with the prefrontal cortex and amygdala as
part of contexts and memory-modulated emotion processing. In depression, some studies report
reduced hippocampal activation during memory tasks or impaired pattern separation (consistent with
memory complaints in MDD). The hippocampus is also part of the brain's <em>default mode network</
em>; its reduced volume and altered connectivity might contribute to the maladaptive inward-focus and
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rumination seen in depression (discussed under DMN below). Furthermore, blunted hippocampal
response to positive stimuli or contexts may relate to difficulty experiencing pleasure or positive recall
in depression. While these functional aspects are still being clarified, it's clear the hippocampus is a
vulnerable node in the depressive brain, with volume loss serving as a potential marker of illness
burden 3 .</p>

<h3>Anterior Cingulate Cortex (ACC)</h3> <p><em>Structural:</em> The ACC, particularly its subgenual
part (Brodmann area 25) and rostral division, is a region of high interest in depression research.
Structurally, depression has been linked to reduced volume and cortical thickness in the ACC. For
example, MRI morphometry finds that individuals with MDD often have a smaller anterior cingulate
gyrus compared to controls 17 . The ENIGMA consortium'’s findings showed significant cortical thinning
in the rostral ACC among depressed adults & . These changes may reflect loss of synaptic density or
glial cells in ACC circuits. Given the ACC’s role in integrating emotional and cognitive information, such
structural deficits could impair its ability to mediate healthy emotional responses. It's noteworthy that
ACC structural differences may vary by subregion: while subgenual ACC (part of ventromedial PFC) is
frequently implicated in mood disorders, dorsal ACC (part of the cognitive control network) might also
show changes. Some pediatric studies suggest ACC volume reductions are detectable even in early-
onset depression, though findings are mixed. In summary, a smaller or thinner ACC is often observed in
depression, aligning with this region’s central role in mood regulation.</p>

<p><em>Functional:</em> Functionally, the anterior cingulate is often regarded as a nexus for
depression-related brain activity changes. The subgenual ACC (sgACC) has been identified as
hyperactive in depressed states - for instance, PET studies have long shown elevated metabolism in
SgACC during depressive episodes, which tends to normalize with successful treatment. This
hyperactivity is thought to generate depressive affect and has made sgACC a target for interventions
(notably deep brain stimulation, discussed later). A 2020 coordinate-based meta-analysis singled out the
subgenual cingulate as one of the few regions with consistent functional and structural abnormalities in
MDD 12 . Meanwhile, the <strong>dorsal ACC</strong> (dACC), which is involved in effortful emotional
regulation and cognitive control, may be underactive or show altered connectivity. During tasks
requiring conflict monitoring or regulating emotion, depressed patients sometimes fail to appropriately
engage the dACC. Interestingly, in reward-processing tasks, a recent meta-analysis found that
depressed <em>adolescents</em> uniquely showed decreased activation in the mid-cingulate (a region
near dorsal ACC) when receiving rewards, whereas adults showed more subgenual ACC differences 18 .
This indicates that ACC dysregulation in depression can manifest differently across development (with
adolescents possibly having more dorsal ACC deficits). In resting-state analyses, the ACC's connectivity
to other networks (default mode, salience network) is altered in MDD 19 . The rostral ACC, in particular,
is a hub linking emotional and default-mode circuits; its disrupted connectivity may underlie the
tendency for depressive brains to become “stuck” in self-focused, negative thought patterns. Overall,
both hyperactivity (in subgenual ACC) and hypoactivity (in dorsal ACC) have been observed in
depression, reflecting the complex role of this region in mood symptomatology.</p>

<h3>Default Mode Network (DMN)</h3> <p><em>Structural/Connectivity:</em> The default mode
network is a set of regions (medial PFC, posterior cingulate cortex (PCC)/precuneus, angular gyrus,
hippocampal formation, etc.) that are active during rest and inward-focused thought. Given the
prominence of rumination and self-referential thinking in depression, the DMN has been a focus of
recent research. Structurally, some DMN nodes (like the subgenual anterior cingulate and precuneus)
show gray matter reductions in depression 7 . More salient are functional connectivity changes. Earlier
studies often reported <strong>increased</strong> DMN connectivity in depression, hypothesizing that
hyperconnectivity within this network could drive persistent self-critical rumination. For example, a
meta-analysis noted reliably increased functional connectivity between the DMN and subgenual PFC in
depressed individuals, linking it to maladaptive repetitive thought 20 . In young, first-episode patients,
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one study observed elevated connectivity within the DMN's dorsal medial PFC subsystem and between
DMN subsystems, correlating with higher rumination scores 21 . These findings support the idea that
an over-engaged DMN contributes to the “default” of a depressed brain being negative self-focus.</p>

<p><em>Functional:</em> Newer large-sample analyses have somewhat nuanced this view. A 2021
meta-analysis of resting-state data from >600 MDD patients found that, on average, <strong>functional
connectivity within the DMN core (medial PFC-PCC)</strong> is actually <em>slightly reduced</em> in
depression relative to controls 22 23 . The reduction was small (effect size g ~ -0.25) and variable
across studies, indicating heterogeneity. Connectivity in other DMN subsystems (like dorsal medial PFC
and medial temporal lobe subsystems) showed no significant uniform difference 22 . Moreover, that
analysis found trait rumination did not robustly predict DMN connectivity changes 24 . These results
suggest that while DMN abnormalities exist in depression, they may not simply be a global
hyperconnection - certain pathways might be overactive (e.g. DMN coupling with subgenual ACC or
between specific nodes), whereas the core DMN coherence might also be disrupted in ways that impair
its normal function. Another perspective is the <strong>dynamics</strong> of the DMN: depressed
brains may have difficulty disengaging from the DMN when asked to perform external tasks, or may
show greater DMN activity variability. Indeed, recent work using dynamic connectivity modeling
identified the <strong>dorsomedial PFC</strong> as a key node: unstable or excessive connectivity of
dmPFC with other regions predicted higher rumination and depression severity 25 . In summary,
depression involves an imbalance in the DMN: either overly strong self-focused loops (facilitating
rumination) or inefficient, dysregulated default network activity. This DMN dysfunction ties closely to
the cognitive symptoms of depression, like inability to stop dwelling on the negative.</p>

<h2>Developmental Considerations: Adolescents vs. Adults</h2> <p>Depression often first emerges in
adolescence, a period of dynamic brain development. While many neural abnormalities are common to
both adolescent and adult depression, developmental neuroimaging studies highlight some differences
in degree and pattern. Both depressed teens and adults show aberrations in limbic and frontal regions,
but there are age-specific nuances:</p>

<ul> <li><strong>Structural Differences:</strong> Adolescent-onset depression can already feature the
structural changes seen in adults. For instance, hippocampal volume reduction is observed even in
depressed adolescents 26 , especially those with childhood trauma histories. ENIGMA data indicated
that patients with an onset <21 years had smaller hippocampi than peers, similar to adult depression

26 , However, some cortical changes may be more pronounced in adults: cortical thinning in frontal
regions and white matter integrity loss tend to associate with adult-onset or longer illness duration 27 .
This could mean that while limbic structures (hippocampus, amygdala) are vulnerable early, protracted
illness into adulthood leads to broader network changes (e.g., fronto-cortical atrophy and connectivity
loss).</li> <li><strong>Functional Activation Patterns:</strong> Meta-analyses directly comparing
depressed youth vs adults find both overlapping and distinct neural alterations. A 2024 systematic
meta-analysis of reward-processing fMRI provides a clear example 18 . Both groups showed common
decreased activation in reward-related striatal regions (bilateral putamen/caudate) and subgenual ACC
when receiving rewards, indicating blunted reward circuitry (anhedonia) across ages 8 . But
differences emerged: depressed <em=>adults</em> had uniquely lower reactivity in the right putamen
and subgenual ACC, whereas depressed <em>adolescents</em> showed decreased activation in the
left mid-cingulate and right caudate, along with an unexpected increase in activity in the somatosensory
cortex (postcentral gyrus) during reward outcome '8 . These separable patterns suggest that
adolescent depression may involve more atypical engagement of regions outside classic reward
circuitry (possibly reflecting developmental stage-specific responses to rewards or punitive feedback).
For emotional-processing tasks, some studies report that adolescents with MDD have even greater
limbic reactivity (amygdala, insula) than adults, potentially due to still-maturing prefrontal regulation. In
contrast, adults might show more deficits in prefrontal activation during cognitive reappraisal than


https://www.nature.com/articles/srep43105#:~:text=%28MTL%29,focus%20in%20MDD%20patients
https://pubmed.ncbi.nlm.nih.gov/33540370/#:~:text=symptoms%20of%20anxiety%2Fdepression%20and%2048,the%20independent%20sample%20we%20collected
https://pubmed.ncbi.nlm.nih.gov/33540370/#:~:text=did%20not%20predict%20connectivity%20within,characteristic%20distinguishing%20a%20subgroup%20of
https://pubmed.ncbi.nlm.nih.gov/33540370/#:~:text=symptoms%20of%20anxiety%2Fdepression%20and%2048,the%20independent%20sample%20we%20collected
https://pubmed.ncbi.nlm.nih.gov/33540370/#:~:text=Core%20and%20DMPFC%20%28I,could%20only%20detect%20it%20at
https://www.nature.com/articles/s41467-023-39142-9#:~:text=based%20on%20the%20variance%20of,functional%20connectivity%20marker%20for%20rumination
https://www.nature.com/articles/s41398-020-0842-6#:~:text=remission%20or%20treatment%20of%20MDD48%2C50%2C51,%E2%A9%BD21%20years%3B%20N
https://www.nature.com/articles/s41398-020-0842-6#:~:text=remission%20or%20treatment%20of%20MDD48%2C50%2C51,%E2%A9%BD21%20years%3B%20N
https://www.nature.com/articles/s41398-020-0842-6#:~:text=and%20white%20matter%20abnormalities%20are,fractional%20anisotropy%2C%20RD%20radial%20diffusivity
https://www.medrxiv.org/content/10.1101/2024.02.27.24303428v2.full.pdf#:~:text=controls%2C%20both%20age%20groups%20exhibited,putamen%20and%20mid%20cingulate
https://www.medrxiv.org/content/10.1101/2024.02.27.24303428v2.full.pdf#:~:text=controls%2C%20both%20age%20groups%20exhibited,putamen%20and%20mid%20cingulate
https://www.medrxiv.org/content/10.1101/2024.02.27.24303428v2.full.pdf#:~:text=controls%2C%20both%20age%20groups%20exhibited,putamen%20and%20mid%20cingulate

adolescents, who are in the process of developing those frontal networks.</li> <li><strong>Network
Connectivity:</strong> Brain network maturation in adolescence (e.g., strengthening of fronto-limbic
connections and refinement of the default mode vs. salience network interactions) means depression’s
impact on connectivity can differ by age. For example, one resting-state study in adolescent MDD found
weakened effective connectivity between the DMN and the salience network compared to healthy peers

28 | This could reflect an immature or disrupted coordination between networks that track internal
thoughts (DMN) and salient external or interoceptive cues (salience network). In adults, by contrast,
depression often shows <em>increased</em> coupling between these networks (e.g., hyper-
connectivity of DMN with subgenual ACC of the salience network 20 ). Thus, the trajectory from
adolescence to adulthood might involve a shift from inefficient segregation of networks to maladaptive
hyper-integration of certain networks as depression becomes more chronic.</li> <li><strong>Symptom
Presentation and Brain Correlates:</strong> Adolescents with depression more frequently exhibit
irritability and somatic complaints, whereas adults more commonly report classic depressed mood and
hopelessness. These symptom differences may mirror neural differences. For instance, irritability in
youth could be tied to greater amygdala reactivity and lower prefrontal restraint. Consistent with this,
depressed adolescents show exaggerated amygdala responses to peer rejection or anger cues in some
fMRI studies, aligning with difficulty regulating emotion in the teenage years. Adults, on the other hand,
demonstrate neural correlates of entrenched negative bias (e.g., sustained activation of default-mode/
self-critical networks) that correspond to habitual rumination developed over longer illness duration.
Additionally, adolescents’ brains are more plastic, which might explain why depression in youth can
sometimes remit with treatment more readily than in adults - their neural circuits may recalibrate faster
once mood improves.</li> </ul>

<p>In summary, while the “core” neurobiological features of depression - hyperactive limbic regions,
hypoactive control regions, and altered connectivity - appear in both adolescents and adults, the
balance differs. Adolescents might have relatively greater limbic-driven dysregulation (due to an
immature prefrontal brake), whereas adults manifest more long-term network changes and cortical
alterations. Recognizing these differences is important for developmentally tailored interventions.</p>

<h2>Neural Correlates of Key Depressive Symptoms</h2> <p>Depression is a heterogeneous
syndrome. Specific symptoms like anhedonia, rumination, and emotional dysregulation each have
identifiable neural signatures. Recent neuroimaging studies have begun mapping these symptom
dimensions to particular circuits:</p>

<h3>Anhedonia (Loss of Pleasure)</h3> <p>Anhedonia - the inability to feel pleasure or lack of
reactivity to reward - is strongly linked to dysfunction in the brain’s reward circuitry. Neuroimaging
consistently finds that depressed individuals show blunted activation of the <strong>ventral striatum</
strong> (including the nucleus accumbens) and related structures when anticipating or receiving
rewards. For example, in reward task fMRI, patients fail to activate the striatum to the same degree as
controls in response to positive feedback or monetary rewards 18 . A recent meta-analysis confirmed
significantly decreased reactivity in the striatum (putamen and caudate) during reward processing in
both adult and adolescent depression 18 . This hypo-responsiveness of striatal regions aligns with the
clinical experience of “reward emptiness.” Additionally, frontal regions tied to reward valuation, such as
the orbitofrontal cortex (OFC), may be under-engaged. Interestingly, some studies have noted that in
depressed people, higher anhedonia severity correlates with hyperactivity in certain frontal regions,
perhaps reflecting a compensatory effort or altered processing. For instance, one analysis found
anhedonia was associated with decreased nucleus accumbens activity but increased activation in the
ventromedial PFC and dorsolateral PFC, as well as greater recruitment of the dorsal ACC during reward
anticipation 29 30, This suggests that when the normal reward centers fail to respond, other brain
regions may inappropriately attempt to compensate, leading to inefficient reward processing.
Furthermore, connectivity within the reward network is disrupted: functional connectivity between the
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ventral striatum and PFC tends to be reduced in depression, and lower fronto-striatal connectivity has
been linked with higher anhedonia and even elevated inflammation levels 37 . In summary, anhedonia
in depression corresponds to a brain that does not properly register reward - the dopamine-rich ventral
striatum is underactive, and communication between motivational (striatum) and evaluative (PFC/OFC)
regions is impaired. This neural dulling of the reward circuit explains why patients find formerly
enjoyable activities unrewarding.</p>

<h3>Rumination</h3> <p>Rumination refers to repetitive, passive focusing on negative thoughts and
one’s distress. It is a hallmark cognitive symptom of depression and has a clear neural basis in the
default mode and self-referential networks. High ruminators (including those with MDD) show elevated
activity in the <strong>medial prefrontal cortex</strong> and <strong>posterior cingulate cortex</
strong> - the core hubs of the default mode network - especially when their minds wander or when
thinking about themselves. In depression, this often manifests as difficulty switching off these regions.
A number of studies directly correlate rumination scores with DMN connectivity measures. For example,
Zhu et al. (2017) found that in first-episode depressed youth, greater rumination was positively
correlated with stronger connectivity within the dorsal nexus of the DMN (dorsomedial PFC subsystem)
and between the DMN's dorsomedial PFC and medial temporal (memory-related) subsystems 2! . This
suggests that individuals who ruminate more have a DMN that is more tightly coupled internally,
particularly linking self-focused thought (dmPFC) with memory and semantic retrieval regions - a recipe
for continually dredging up and re-evaluating negative memories and feelings. Other work points to
hyperconnectivity between the DMN and subgenual ACC as a driver of rumination 20, essentially
coupling self-referential thinking with emotional pain. However, as noted earlier, not all studies find a
simple linear relationship; some large-sample analyses did not see trait rumination predicting DMN
connectivity differences 24 . It may be that the timing and context (state rumination during scanning vs.
trait tendency) matter. Beyond the DMN, rumination also involves deficient engagement of “anti-
rumination” circuits - namely, the <strong>executive control network</strong> centered on the
dorsolateral PFC. Depressed patients who struggle with rumination often show low activity in these
control regions when they need to shift thoughts, suggesting they cannot easily redirect the mind away
from default-mode activity. In essence, rumination happens when the brain's default mode (which
generates self-focused thought) is hyperactive or hyperconnected, and the control systems that might
interrupt it are underactive. This neural pattern explains why rumination feels involuntary and
exhausting: the brain's brakes (PFC control) aren't effectively stopping the repetitive negative
introspection fueled by DMN circuits.</p>

<h3>Emotional Dysregulation</h3> <p>Emotional dysregulation in depression refers to the inability to
properly modulate emotional responses - patients may experience intense sadness, irritability, or
anxiety that they struggle to control. Neural correlates of this dysregulation center on a disconnect
between hyper-responsive emotion-generating circuits and hypo-responsive regulatory circuits. The
clearest example is the <strong>amygdala-prefrontal interplay</strong>. In healthy individuals, when
negative emotions arise, prefrontal regions (like the dorsomedial and dorsolateral PFC and the dorsal
ACC) ramp up to regulate and dampen the amygdala. In MDD, this system is perturbed: the amygdala
often reacts strongly to emotional triggers, while the prefrontal regulators are late or under-powered in
responding 1 . This was succinctly demonstrated in a 2021 high-field fMRI study, which found that an
“overburden of emotional reactivity in the amygdala may inversely affect cognitive control processes in
prefrontal cortices, leading to diminished regulatory actions” 11 . In other words, when the amygdala
fires excessively, it functionally suppresses the capacity of the PFC to exert control. This neural signature
explains why depressed individuals can feel “flooded” by emotions or unable to stop crying or panicking
even when they cognitively understand the need to calm down. The ACC also plays a critical role here:
as part of the salience network, the ACC (especially the dorsal/rostral ACC) helps detect emotional
conflict and engage regulation. Depression is associated with reduced activation of the dorsal ACC
during tasks requiring emotion regulation, correlating with poorer down-regulation of negative affect.
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Meanwhile, regions like the insula (which processes interoceptive emotional states) may be hyperactive,
contributing to an overwhelming sense of internal distress. Emotional dysregulation in MDD can also be
observed in physiological responses - for instance, heightened limbic reactivity can drive stronger
autonomic responses (heart rate, etc.) to stress, unchecked by cortical modulation. In summary, the
neural basis of emotional dysregulation in depression is an overactive emotional limbic system
(amygdala, insula, subgenual ACC generating negative affect) combined with underactive or ineffective
cortical regulation (dIPFC, dmPFC, dACC), leaving patients at the mercy of their mood swings and
negative emotional impulses.</p>

<h2>Implications for Diagnosis and Treatment</h2> <p>The growing understanding of depression’s
neuropsychology carries important implications for improving diagnosis and guiding treatment.
Neuroimaging findings have spurred efforts to identify biomarkers for depression, suggested new
targets for interventions (pharmacological and neuromodulatory), and illuminated how treatments
affect the brain. Here we highlight key translational takeaways:</p>

<h3>Neuroimaging Markers and Diagnostic Advances</h3> <p>Although clinical diagnosis of MDD still
relies on symptoms, neuroimaging research is paving the way for objective markers that might
complement clinical evaluation. The past five years have seen large-scale studies (e.g., ENIGMA, UK
Biobank) confirming subtle but reliable brain differences in depression 13 7 . For example, an MRI
scan showing significantly reduced hippocampal volume or thinning of the subgenual ACC could in
theory support a depression diagnosis or indicate high risk (especially if tracked longitudinally).
However, it's important to note that individual predictive power remains limited. Many brain differences
in depression have modest effect sizes and overlap with other disorders. A recent meta-analysis
concluded that while depressed patients as a group showed reduced DMN core connectivity, this
measure was highly variable and “has significant limitations as a potential clinical or prognostic marker”
on its own 23 . Rather than a single “depression scan,” current thinking envisions multivariate
signatures - e.g. a combination of patterns (like hyperactive amygdala response + low striatal response
+ certain connectivity profile) that together improve identification of MDD or subtypes. Machine
learning approaches applied to fMRI and EEG data are being explored to distinguish depressed vs. non-
depressed individuals and even to differentiate depression subtypes (e.g., melancholic vs. atypical)
based on brain connectivity patterns. Additionally, neuroimaging may help predict who is likely to
develop depression. Studies of adolescents at familial risk have found abnormalities (like increased
DMN activity or reduced reward circuit responses) in currently healthy youth that correlate with later
depression onset 32 . Such markers could, in the future, guide early interventions. In summary, while
no neuroimaging test for depression is ready for routine use, the detailed brain maps of depression
provide a foundation for developing objective tools. The hope is that as reproducible neural signatures
are refined, they may augment diagnostic precision, identify at-risk individuals before symptoms
become severe, and track biological response to treatments in a way symptoms alone cannot.</p>

<h3>Pharmacological Targets and Novel Therapeutics</h3> <p>Understanding depression’s neural
circuitry has illuminated targets for medication and other biological treatments. Traditional
antidepressants (like SSRIs) have long been thought to work by increasing serotonin, but imaging
studies show they also induce gradual brain changes - for instance, restoring volume in stress-sensitive
regions and normalizing hyperactivity in limbic areas. Chronic SSRI treatment has been associated with
increased hippocampal volume, consistent with animal studies of enhanced neurogenesis 4 .
Functionally, SSRIs and other antidepressants reduce amygdala over-activity and can diminish
connectivity within the default mode network (as depressive ruminations lift). One study found that
SSRIs led to decreased amygdala and insula reactivity to negative stimuli, and this reduction correlated
with clinical improvement 33 34 | These effects suggest that monoamine-based treatments ultimately
converge on the neural circuits identified above, tamping down the “hot” limbic regions and bolstering
frontal control. Beyond monoamines, recent rapid-acting treatments target different neural
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mechanisms: <strong>ketamine</strong>, an NMDA receptor antagonist, can relieve depression within
hours. fMRI studies post-ketamine show increased functional connectivity between the PFC and reward
circuits and decreased activity in the habenula (a region that signals disappointment). Ketamine's ability
to quickly reboot frontal-limbic networks and enhance synaptic plasticity (notably in PFC and
hippocampus) aligns with patients reporting a lifting of anhedonia and hopelessness after treatment.
Likewise, emerging treatments like <strong>psilocybin (psychedelic therapy)</strong> appear to “reset”
the default mode network: one fMRI study of psilocybin for depression found decreased cerebral blood
flow in the amygdala and subgenual ACC post-treatment, correlating with symptom improvement 35 .
Another frontier is targeting the inflammation-brain circuit connection: anti-inflammatory drugs and
metabolic therapies (e.g., glutamate modulators) are being tested to see if reducing inflammation will
normalize hyperactive threat circuits (like the amygdala) in patients with high inflammation profiles 36 .
In summary, neuroimaging is guiding pharmacology toward circuit-specific interventions - whether it's
drugs that promote hippocampal health, modulators of glutamate to rapidly engage frontal control
circuits, or anti-stress compounds targeting hyperactive limbic sites. The ultimate goal is personalized
medicine: for example, a patient with prominent anhedonia and low reward-circuit activity might benefit
from a dopamine-enhancing drug or behavioral activation (which engages the reward system), whereas
one with severe rumination and DMN hyperconnectivity might respond to a treatment that quiets the
default network (perhaps via mindfulness techniques or psychedelics under guidance).</p>

<h3>Brain Stimulation Therapies</h3> <p>Interventional neurostimulation approaches have embraced
imaging findings to refine their techniques. <strong>Repetitive transcranial magnetic stimulation
(rTMS)</strong>, a noninvasive method, targets the dorsolateral PFC to treat depression. This choice
was informed by evidence of dIPFC hypoactivity in MDD. Moreover, studies have found that the
effectiveness of left dIPFC TMS correlates with its downstream impact on the subgenual ACC:
responders often have stimulation sites that functionally connect to subgenual ACC, leading to its
downregulation 37 . As a result, some clinics now use MRI-guided targeting to find the specific left
prefrontal spot whose connectivity profile (via resting-state fMRI) indicates the strongest anti-sgACC
network effect. This personalized targeting has improved remission rates. Another modality,
<strong>electroconvulsive therapy (ECT)</strong>, though an older treatment, has been shown via
neuroimaging to acutely modulate key regions: ECT can dramatically reduce hyperactivity in the
amygdala and ventral medial PFC (which is associated with the immediate relief from mood symptoms
post-ECT) 38 . Over a course of ECT, patients often exhibit increased hippocampal volume and
enhanced connectivity in cognitive networks, reflecting a “reset” of networks that were dysregulated by
depression.</p>

<p>For the most refractory cases, <strong>deep brain stimulation (DBS)</strong> offers a direct way to
influence pathological circuits. DBS involves implanting electrodes to provide chronic stimulation to a
specific target. Based on neuroimaging and PET findings highlighting the subcallosal (subgenual) ACC
as a critical hub in depression, this region was chosen for experimental DBS in treatment-resistant
depression. Long-term follow-ups have shown that chronic DBS of the subcallosal cingulate can
produce sustained antidepressant effects in a majority of patients, with response rates around 60% in
otherwise intractable depression 39 . Importantly, imaging during DBS has revealed that effective
stimulation doesn't just stay local - it causes downstream changes across the mood network (for
example, normalizing activity in the frontal cortex and ventral striatum, and reducing overactivity in the
amygdala). Some patients treated with subgenual ACC DBS have even shown positive personality
changes (e.g., reduced neuroticism, increased cognitive flexibility) alongside symptom relief 40,
underlining how recalibrating a key node can re-tune whole-person affective dynamics. Other DBS
targets under investigation (e.g., the ventral capsule/ventral striatum, medial forebrain bundle) are
likewise motivated by neurocircuit models of depression (targeting reward circuitry or cognitive control
hubs). As neuromodulation technology advances, there is growing interest in closed-loop systems that
respond to neural signals in real time - for instance, detecting hyperactivity in an area like the amygdala
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or sgACC and delivering a corrective stimulation burst. These innovations all stem from identifying the
circuit abnormalities we've discussed and attempting to directly rectify them.</p>

<h3>Psychotherapy and Neuroplasticity</h3> <p>Psychotherapeutic interventions, particularly
Cognitive Behavioral Therapy (CBT) and related therapies, also have measurable effects on the brain’s
depression circuitry. While talk therapy works through psychological mechanisms, neuroimaging
demonstrates that successful therapy reshapes brain function in ways paralleling pharmacological
treatments. For instance, CBT for depression has been found to reduce activity in limbic and default-
mode regions and increase engagement of frontal regions during emotional tasks. In one meta-analysis
of psychotherapy neuroimaging studies, patients showed decreased activation in the precuneus (a
default-mode hub) and in the ACC and lateral PFC after completing CBT 47 42 , These changes suggest
less self-focused rumination and more efficient prefrontal control post-therapy. A review of individual
studies noted that “reductions in insula and amygdala activity are a sign of successful CBT intervention
in MDD” 43, indicating that therapy helped dampen hyperactive emotion-generating regions.
Concurrently, CBT can lead to increased connectivity within the cognitive control network and improved
coordination between the PFC and limbic system when managing negative stimuli. Not only functional,
but structural neuroplasticity has been observed: one study reported that CBT for social anxiety (a
related condition) led to reduced gray matter volume in the amygdala and insula, correlating with
symptom improvement 44, hinting that therapy can induce anatomical remodeling in emotion circuits
as patients learn new coping skills.</p>

<p>Beyond CBT, other therapies like mindfulness-based programs also specifically target neural circuits
of rumination by training patients to shift attention and observe thoughts non-judgmentally.
Neuroimaging of mindfulness practice in depressed individuals shows decreased DMN activity and
increased dorsolateral PFC activity during meditation, essentially reinforcing the neural “muscle” of
attentional control over the wandering mind. Even behavioral interventions like exercise or behavioral
activation (BA) have been linked to brain changes: BA, which encourages engagement in rewarding
activities, likely works by gradually enhancing the reactivity of the reward circuit (nucleus accumbens)
and normalizing OFC responses to positive events 45 46 . In summary, psychotherapy leverages the
brain’s plasticity. As symptoms improve with therapy, we see the brain shifting: hyperactive regions
(amygdala, insula, subgenual ACC) calm down, hypofunctional regions (dIPFC, dorsal ACC) ramp up, and
connectivity imbalances move toward a healthier state. This is encouraging, as it means talk therapies
are not “less biological” - rather, they too operate on the level of circuits and synapses, just via different
routes. Clinically, this implies that combining therapy with neuroimaging could help optimize treatment:
for example, patients with pronounced default-mode hyperconnectivity might particularly benefit from
mindfulness or cognitive techniques aimed at interrupting rumination. Moreover, observing brain
changes can validate patients’ progress and encourage continued practice of therapeutic skills.</p>

<h2>Conclusion</h2> <p>In the last five years, research into the neuropsychology of depression has
solidified a picture of MDD as a brain network disorder. Key limbic structures (the amygdala and
hippocampus) are physically stressed and functionally hyperactive to negative information, prefrontal
regulatory circuits are under-engaged or structurally diminished, and network-level interactions
(especially within the default mode network and between emotional and cognitive networks) are
disrupted. These neurobiological deviations map onto core symptoms: anhedonia arises from reward
circuit blunting, rumination from default-mode hyperconnectivity, and emotional volatility from limbic-
frontal imbalances. Adolescence through adulthood, these mechanisms persist, though their
manifestations evolve with brain development.</p>

<p>Crucially, these insights are not only explanatory but also actionable. They have guided the advent
of circuit-based treatments - from targeting the subgenual ACC with deep brain stimulation, to
designing TMS protocols that modulate fronto-limbic connectivity, to developing fast-acting
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antidepressants that restore synaptic health in key regions. Psychotherapy too can be understood and
optimized in neural terms, as it rewires maladaptive patterns into healthier ones. While challenges
remain in translating group-level findings to individual patient care, the trajectory is set toward more
personalized psychiatry: one where a patient's MRI or EEG might help choose the treatment that best
targets their specific neural pathology. The ongoing research into biomarkers, whether it be a signature
of connectivity that predicts relapse or a neurochemical PET signal indicating likely SSRI responders,
holds promise for improving outcomes.</p>

<p>In conclusion, the neuroimaging advances of the past half-decade affirm that depression is not “all
in the mind” in a dismissive sense - it is in the mind <em>and</em> the brain, inextricably. Appreciating
the structural and functional brain differences in depression helps reduce stigma (by validating
depression’s neurobiological reality) and opens new avenues to intervene. As we continue to refine our
understanding of the amygdala’s over-activity, the hippocampus’s vulnerability, the ACC's pivotal
position, and the DMN's grip on negative self-focus, we inch closer to relieving the burden of depression
with interventions that are as precise and multifaceted as the illness itself. The integration of
neuroscience with clinical care heralds a future in which diagnoses are enriched by biology and
treatments by targeted brain change - offering hope for more effective relief from the pain that
depression causes.</p>
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