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Abstract

Imaging studies of treatment-resistant depression (TRD) have examined brain activity, structure, 

and metabolite concentrations to identify critical areas of investigation in TRD as well as 

potential targets for treatment interventions. This chapter provides an overview of the main 

findings of studies using three imaging modalities: structural magnetic resonance imaging (MRI), 

functional MRI (fMRI), and magnetic resonance spectroscopy (MRS). Decreased connectivity and 

metabolite concentrations in frontal brain areas appear to characterize TRD, although results are 

not consistent across studies. Treatment interventions, including rapid-acting antidepressants and 

transcranial magnetic stimulation (TMS), have shown some efficacy in reversing these changes 

while alleviating depressive symptoms. However, comparatively few TRD imaging studies have 

been conducted, and these studies often have relatively small sample sizes or employ different 

methods to examine a variety of brain areas, making it difficult to draw firm conclusions from 

imaging studies about the pathophysiology of TRD. Larger studies with more unified hypotheses, 

as well as data sharing, could help TRD research and spur better characterization of the illness, 

providing critical new targets for treatment intervention.
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1 Introduction

Treatment-resistant depression (TRD) is broadly defined as lack of remission in response 

to at least one antidepressant pharmacological treatment trial that was administered at 

an adequate dose for an adequate length of time (Ionescu et al., 2015). Given that 

approximately one-third of individuals diagnosed with depression fail to respond to 

treatment, one priority in depression research involves using neuroimaging techniques 

to help identify brain areas that serve as markers for diagnosing TRD or determining 

potential treatment strategies. This chapter explores imaging research in TRD, with a focus 

on functional magnetic resonance imaging (fMRI), structural MRI (MRI), and magnetic 

resonance spectroscopy (MRS). From the outset, it is worth noting that the aforementioned 

definition of TRD is one of several currently in use. Certain research studies employ 

very stringent criteria to classify patients with depression as treatment-resistant. However, 

because a limited number of such studies exist, this chapter used a more lenient set 

of criteria to select imaging studies of TRD. The studies are summarized below, with 

an emphasis on highlighting brain areas most likely to reflect altered activity, structure, 

and metabolite concentrations in TRD as well as imaging evidence describing which 

interventions—pharmacological or not—may reverse or improve these changes. The insights 

and challenges of TRD imaging research are also discussed.

2 Functional magnetic resonance imaging and TRD

Functional magnetic resonance imaging (fMRI) is a non-invasive neuroimaging technology 

that measures and maps brain activity based on changes in blood oxygenation. When 

neurons are active, they require more oxygen, resulting in locally increased cerebral blood 

flow to those regions. The slight concentration and signal difference between oxygenated 

(diamagnetic) and de-oxygenated (paramagnetic) hemoglobin leads to the blood oxygen 

level dependent (BOLD) contrast. The BOLD signal enables researchers to identify, with 

high spatial resolution, intrinsic brain fluctuations in regions that are active at rest (resting-

state fMRI or rs-fMRI) or while performing a specific task. Both task-based and rs-fMRI 

studies have provided key insights into the pathophysiology of depression in general and 

TRD in particular. For example, the “triple network model”, which suggests that depression 

is due to abnormalities in the salience network (SN), central executive network (CEN), 

and default mode network (DMN) partly relied on findings obtained via rs-fMRI (Menon, 

2011). In addition, several task-based and rs-fMRI studies comparing individuals with TRD 

to healthy volunteers (HVs) before and after particular interventions found that abnormal 

functional connectivity in the DMN may be particularly important in TRD (Lener and 

Iosifescu, 2015; Runia et al., 2022).

The fMRI studies that compared individuals with TRD to treatment responders as well 

as to HVs are discussed below. Baseline differences that underlie TRD depression are 

discussed in the context of how brain activity and connectivity in TRD change in response 

to treatment. Those brain areas whose baseline activity and connectivity could predict 

treatment response are also highlighted; these studies are summarized in Table 1 and Fig. 1.
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3 Brain connectivity and activity in TRD

3.1 Evidence from rs-fMRI studies

Regional rs-fMRI brain connectivity studies in individuals with TRD use brain regions 

of interest (ROIs) important to emotional (amygdala, thalamus, hippocampus) and reward 

(striatal areas) processing and which are known to be implicated in the pathophysiology of 

depression. One study found increased amygdalar and hippocampal connectivity to the SN 

and CEN between the right amygdala and right CEN for individuals with TRD compared to 

HVs (Vasavada et al., 2021). Another study examined connectivity within the limbic system

—including the amygdala, hippocampus, and nucleus accumbens as well as connectivity 

of the subgenual anterior cingulate cortex (sgACC) with the rest of the brain—and found 

increased connectivity between regions of the limbic system and between the sgACC and the 

DMN in individuals with TRD compared to HVs (Siegel et al., 2021). The same study also 

found decreased connectivity between the right intermediate hippocampus and limbic areas 

in individuals with TRD that correlated with the duration of the depressive episode. Another 

study that examined connectivity between the habenula and the rest of the brain identified 

increased connectivity between the right habenular nucleus and the medial superior frontal 

gyrus as well as between the anterior cingulate cortex (ACC) and medial orbitofrontal gyrus 

(Luan et al., 2019). Decreased connectivity with the corpus callosum was also observed in 

individuals with TRD compared to HVs. For the left habenular seed, increased functional 

connectivity between this seed and the inferior temporal gyrus and decreased functional 

connectivity with the insula was also observed in individuals with TRD (Luan et al., 2019).

Network connectivity studies in TRD have mainly focused on the DMN and SN, given that 

depression is associated with DMN hyperconnectivity (Menon, 2011) and reward processing 

deficits are linked to anhedonia (Kelly et al., 2022). Hyperconnectivity within the DMN 

was identified in two studies comparing individuals with TRD to HVs (Siegel et al., 2021; 

Sun et al., 2023). In contrast, Evans and colleagues reported decreased connectivity of the 

DMN with the dorsal lateral prefrontal cortex (DLPFC) and the left post-central gyrus in 

individuals with TRD (Evans et al., 2018b). Increased connectivity within the SN has also 

been identified in individuals with TRD (Sun et al., 2023).

3.2 Evidence from task-based fMRI

Emotional and reward processing tasks as well as tasks that engage attentional and 

inhibitory processes have been used to examine the changes in brain activity that underlie 

TRD. The main target area of the emotional processing tasks is the amygdala, as deficits in 

emotional processing in depression have been linked to hyperactivation of that brain area, 

especially for negative information. Blunted amygdala activity in response to emotional 

processing has been identified and linked to greater severity of depressive symptoms (Ferri 

et al., 2017), although another study found no differences in the amygdala activity of 

individuals with TRD versus HVs during the processing of sad and happy faces (Loureiro 

et al., 2020). When the activation of other brain areas was examined, individuals with TRD 

showed reduced neural responses to positive faces within the right caudate (Murrough et 

al., 2015). During the processing of pairs of positive and negative pictures and captions, 

a relative decrease in ACC activation during the processing of both negative and positive 
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pictures was noted for individuals with TRD, as well as a decrease in the medial frontal 

gyrus and left hippocampus with positive picture-caption pairs. Increased responses were 

also observed in individuals with TRD in the right inferior and left middle temporal gyri 

with negative picture-caption pairs, and in the right parahippocampal gyrus, left inferior 

frontal gyrus, right sgACC, right striatum, and left brain stem with positive picture-caption 

pairs (Kumari et al., 2003).

Inhibition control has been examined using the Go/NoGo task, which requires participants 

to withhold responses to certain items in a series of stimuli. The task engages brain areas 

associated with cognitive control, including frontal and parietal regions as well as the 

somatosensory cortex (SMA), the striatum, the thalamus, and the cerebellum (Simmonds et 

al., 2008). In this task, no differences in brain activity were seen between individuals with 

TRD and HVs (Sahib et al., 2020).

3.3 TRD compared to major depressive disorder (MDD)

To better understand TRD, it is necessary to examine the changes in brain activity and 

connectivity that distinguish individuals with TRD not only from HVs but also from 

individuals with major depressive disorder (MDD) who responded to treatment. In one study 

that examined the synchronization of fMRI signal oscillations using an rs-fMRI connectivity 

approach, both TRD and non-TRD participants showed higher synchronization in temporal 

and limbic brain areas compared to HVs; the opposite pattern was observed in frontal and 

parietal regions as well as the caudate. When compared to treatment responders, individuals 

with TRD showed higher synchronization in the right middle temporal gyrus, right insula, 

and middle cingulate, and lower synchronization in the left precuneus and left inferior 

frontal gyrus (Wu et al., 2011). Another study examined differences between the SN, the 

cognitive control network (CCN), and the DMN and found that, compared to HVs and 

individuals with MDD who responded to treatment, individuals with TRD showed decreased 

connectivity between the CCN and DMN and reduced connectivity between the anterior and 

posterior DMN (De Kwaasteniet et al., 2015). Finally, another study that examined brain 

connectivity between 13 ROIs found significantly reduced connectivity within prefrontal-

limbic-thalamic areas bilaterally when individuals with TRD and treatment responders with 

MDD were compared to HVs. Direct comparison of individuals with TRD and treatment 

responders with MDD revealed decreased connectivity within the left amygdala-ACC-right 

insula-precuneus region for those with TRD (Lui et al., 2011).

3.4 TRD brain connectivity and activity in response to interventions

Rapid-acting antidepressants, including ketamine and psilocybin, have shown great promise 

in alleviating depressive symptoms in individuals with TRD (Bratsos and Saleh, 2019). 

Evidence from clinical and preclinical studies suggests that these compounds exert their 

antidepressant action by inducing changes in brain plasticity (Zanos and Gould, 2018). 

However, the effects of these compounds on brain activity and connectivity remain largely 

unexplored. In addition, identifying brain areas that predict treatment response to these 

compounds would enable patient stratification and a more effective and personalized 

approach for the treatment of TRD.
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3.5 Ketamine—Evidence from rs-fMRI studies

The effects of two doses of ketamine (0.2 and 0.5 mg/kg) were compared to placebo in 

an rs-fMRI study focusing on connectivity of the prefrontal cortex (PFC), mainly the ACC 

and DLPFC. Twenty-four hours post-infusion, both ketamine doses reduced connectivity of 

the left dorsal ACC and DLPFC with frontal and parietal brain areas. For the lower dose, 

increased connectivity was also observed between the DLPFC and the left superior parietal 

lobe and between the right ACC and the right anterior middle temporal gyrus (Chen et al., 

2019). When habenula connectivity was examined in individuals with TRD at baseline and 

24hours after a single ketamine infusion, changes in depressive symptoms, as assessed by 

two questionnaires—the Montgomery-Asberg Depression Rating Scale (MADRS) and the 

Quick Inventory of Depressive Symptomatology (Self-Report) (QIDS-SR)—were associated 

with increased connectivity between the right habenula and a cluster in the right frontal pole 

and between the right habenula and clusters in the right occipital pole, right temporal pole, 

right parahippocampal gyrus, and left lateral occipital cortex, respectively (Rivas-Grajales et 

al., 2021).

These studies, though limited in number and lacking replication, are useful for 

understanding the connectivity changes that accompany ketamine administration. They do 

not, however, offer any insight into the direction of those changes. Studies comparing HVs 

and individuals with TRD before and after treatment suggest that ketamine normalizes the 

altered brain activity and connectivity associated with TRD. For example, Vasavada and 

colleagues demonstrated that, 24hours after a total of four ketamine infusions administered 

two to three times a week, connectivity between limbic regions and resting state networks 

trended towards normalization; ketamine decreased connectivity between the left amygdala 

and the SN that had appeared to be increased at baseline in individuals with TRD 

compared to HVs (Vasavada et al., 2021). In the same study, ketamine also increased 

connectivity between limbic regions and the CEN, an effect that was interpreted as ketamine 

restoring top-down control of emotional processing, and normalized connectivity of the 

SMA and ventral attention network. Other studies found that ketamine increased fronto-

striatal connectivity (Mkrtchian et al., 2021) and decreased DMN connectivity with the 

visual cortex (Sahib et al., 2022), sgACC (Siegel et al., 2021), and insula (Evans et al., 

2018b) to levels similar to those of HVs. However, when connectivity was examined 

approximately 10 days after a single ketamine infusion (Evans et al., 2018b; Mkrtchian et 

al., 2021), the effects of the drug had already dissipated, indicating that these changes were 

neither permanent nor long-lived, and that multiple infusions might be required to sustain 

ketamine’s antidepressant effects. With regard to predicting treatment response, decreased 

connectivity between the left amygdala and the SN at baseline predicted improvement 

in anxiety symptoms 24hours and 4 weeks post-ketamine, while connectivity of the left 

hippocampus with the CEN predicted decreased anhedonia post-ketamine (Vasavada et al., 

2021). In another study, connectivity between the amygdala and the sgACC at baseline 

predicted treatment response to ketamine in individuals with TRD (Nakamura et al., 2021).

3.6 Ketamine—Evidence from task-based fMRI studies

In emotional processing tasks 24hours post-administration, ketamine increased response 

in the right caudate during the processing of positive faces in individuals with TRD 
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(Murrough et al., 2015). When the effects of four ketamine infusions were compared to 

14 sessions of electroconvulsive therapy (ECT) in individuals with TRD, both interventions 

were found to decrease amygdala activity for positive and negative emotional processing; 

in contrast, increased activity in response to fearful faces was observed in the insula and 

DLPFC (Loureiro et al., 2020). These findings suggest that the two interventions share 

common brain targets through which they may exert antidepressant effects. Another study of 

ketamine’s effects on response inhibition (the Go/NoGo task) found that ketamine decreased 

brain activity in the inhibitory control network, as well as in large scale brain networks 

(including the DMN and the SN) 24hours post-administration (Sahib et al., 2022). In that 

study, individuals with TRD who achieved remission post-ketamine had lower functional 

activation in the SMA pre-treatment that normalized post-ketamine. Another study that used 

the same Go/NoGo task found that individuals with TRD who remitted post-ketamine had 

decreased connectivity of the cerebellum with frontoparietal regions and the SMA network 

that normalized after ketamine treatment (Sahib et al., 2022).

3.7 Psilocybin—Evidence from fMRI studies

In individuals with TRD, psilocybin was found to increase functional connectivity in the 

DMN post-treatment (Carhart-Harris et al., 2017). Psilocybin also increased response to 

fearful faces (Roseman et al., 2018) in the right amygdala and decreased connectivity 

between the right amygdala and the ventral medial prefrontal cortex (vmPFC) during 

emotional processing (Mertens et al., 2020). The same studies found increased resting-

state connectivity between the vmPFC and the bilateral inferior lateral cortex (Carhart-

Harris et al., 2017; Mertens et al., 2020); in addition, decreased connectivity between the 

parahippocampal regions and the PFC predicted treatment response (Carhart-Harris et al., 

2017), while increased amygdala response, at baseline and in relation to fearful faces, 

predicted improvement in depressive symptoms (Roseman et al., 2018).

3.8 Other non-pharmacological interventions

TMS, which involves magnetic focal stimulation of brain areas critical to mood regulation 

and depression, is mainly executed in the DLPFC (Gaynes et al., 2014). One study 

that compared individuals with TRD to HVs found that, in those with TRD scanned at 

baseline and 12 weeks after TMS, treatment response was associated with lower functional 

connectivity of the sgACC with the right DLPFC and higher connectivity of the right 

ACC with the left lateral parietal cortex measured at baseline (Ge et al., 2020). The same 

study found that hyperconnectivity between the sgACC visual cortex normalized to a level 

comparable to that of HVs. When individuals who responded to TMS were compared to 

those who did not, TMS responders were found to have higher functional connectivity 

within the DMN and the SN (Ge et al., 2017). Finally, another study of individuals with 

TRD found that clinical response to TMS correlated with reduced functional connectivity 

from baseline to post-TMS within the SN (Godfrey et al., 2022).

4 Structural MRI changes in TRD

Structural MRI allows both the anatomy and pathology of the brain to be examined. 

Analyses, including voxel-based morphometry (VBM), can be applied to process structural 
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MRI images and quantify the amount of grey matter, white matter, and cerebrospinal fluid 

(CSF) contained in each brain voxel, yielding measures of total brain volume and grey and 

white matter integrity in specific brain areas. White matter integrity can also be assessed 

using diffusion tensor imaging (DTI), where the intensity of the MR signal is based on 

water diffusivity. Following the direction of water molecules, which tend to diffuse parallel 

to nerve fibers due to the presence of myelin, DTI allows white matter tracts in the brain 

to be assessed. Different DTI measures are used to assess different aspects of white matter 

integrity, including fractional anisotropy (FA), which gives information about the integrity of 

tissue microstructure, mean diffusivity (MD), which assesses white matter density, and mode 

of anisotropy, which provides information about crossing fibers.

Structural MRI studies examining the grey and white matter brain changes associated with 

depression found that MDD is characterized by decreased brain volume in the ACC and 

have highlighted the importance of the hippocampus and amygdala as brain areas where 

structural changes could be linked to depressive symptoms (for a review, see Scheepens et 

al., 2020). Greater structural brain changes also seem to be directly associated with duration 

of illness (Lorenzetti et al., 2009). This could be particularly interesting with regard to TRD, 

as the refractory nature of the illness could lead to comparatively longer-lasting depressive 

episodes. In that case, greater structural brain changes could be at least partly responsible for 

the greater cognitive deterioration that usually characterizes individuals with TRD (Rao et 

al., 2019).

The sections that follow summarize the key structural MRI findings in TRD. Changes 

in brain volume and white matter integrity are reviewed in an effort to identify brain 

areas whose structure is altered in TRD and how these areas could be linked to TRD 

symptomatology.

4.1 Brain volume and grey matter integrity in TRD

Studies exploring structural changes in individuals with TRD versus HVs have mainly 

focused on the frontal and medial temporal cortical areas as well as the ACC and 

hippocampus (for a review, see Klok et al., 2019). Specifically, reduced brain volume was 

identified in the ACC and the adjacent area of the corpus callosum (CC) (Zhang et al., 

2009) as well as in a cluster that included the medial frontal gyrus, the ACC, and the medial 

orbital frontal cortex (Lan et al., 2016). Significant reductions in brain volume were also 

identified in individuals with TRD in the right superior frontal gyrus, the left medial frontal 

gyrus, and the left cingulate gyrus (Serra-Blasco et al., 2013). When the brain volume of 

the ACC was examined in more detail, both the dorsal and ventral components of the ACC 

had decreased brain volume in individuals with TRD (Machino et al., 2014). The structural 

integrity of the hippocampus has also been investigated in individuals with TRD compared 

to HVs, with studies reporting reduced volume in the left hippocampus (Mervaala et al., 

2000; Shah et al., 1998) and the hippocampal tail (Maller et al., 2012) as well as bilaterally 

(Young, 2013). Other brain areas associated with reduced brain volume in TRD include the 

amygdala and the insula (Lan et al., 2016; Young, 2013), striatal areas including the caudate 

(Ma et al., 2012; Shah et al., 2002), medial frontal areas (Serra-Blasco et al., 2013; Shah et 

al., 2002), and medial temporal areas (Lan et al., 2016; Ma et al., 2012). Interestingly, when 
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gender-based structural differences in the entorhinal cortex were examined, females with 

TRD had reduced volume compared to female HVs, a finding that did not reach statistical 

significance when male participants were compared to male HVs (Furtado et al., 2008).

4.2 White matter integrity in TRD

In TRD, white matter integrity studies examined with DTI have focused on white matter 

tracts that interconnect brain areas that present with altered structure and function. Elevated 

FA has been observed in the left angular bundle and the right uncinate fasciculus, while 

elevated MO has been identified in the right uncinate fasciculus (Young, 2013). The angular 

bundle is a group of white matter tracts that serve as the primary route for neocortical 

inputs to reach the hippocampus, and the uncinate fasciculus connects the anterior temporal 

lobe to medial and lateral orbital frontal areas. In contrast to previous findings, reduced 

FA was found in different white matter tracts that connect neocortical and limbic elements, 

specifically the limbic lobe uncus and the middle frontal gyrus (Peng et al., 2013) as 

well as the superior and inferior longitudinal fascicule (De Diego-Adeliño et al., 2014) in 

individuals with TRD. When compromised, tracts that connect cortical and limbic brain 

areas could contribute to the cognitive difficulties observed in TRD. When the integrity of 

the CC—a major bundle of white matter tracts that connects the two hemispheres—was 

examined, one study found no changes in white matter integrity and volume (Sun et al., 

2009), while others reported significant reductions in the body (Guo et al., 2012) and FA (De 

Diego-Adeliño et al., 2014) of the CC tracts in individuals with TRD. Structural MRI study 

findings in patients with TRD compared to HVs are schematically presented in Fig. 2.

4.3 The relationship between structural changes, TRD symptoms, illness duration, and 
treatment interventions

Several researchers have examined whether changes in the structure and white matter 

integrity of different brain areas are linked to the severity and duration of depressive 

symptoms. One study found that the brain volume of the bilateral inferior temporal gyrus 

was negatively correlated with depression scores (Zhang et al., 2009), while another study 

found that age and illness duration negatively correlated with the reduced FA observed in 

the left limbic lobe uncus, left middle frontal gyrus, and right cerebellum of individuals with 

TRD (Serra-Blasco et al., 2013). When specific behaviors associated with depression were 

examined, rumination was significantly associated with reduced brain volume in the right 

temporal gyrus (Serra-Blasco et al., 2013). When connectivity of the DMN and the reward 

processing circuit were examined, brain areas that presented with altered connectivity also 

presented with reduced brain volume (Ma et al., 2012), which suggests a potential link 

between structural changes and connectivity changes that could underlie the cognitive 

and reward processing deficits observed in TRD. Finally, TMS was found to significantly 

increase the grey matter volume of individuals with TRD in several brain clusters, including 

the ACC, left middle temporal gyrus, left insula, and right angular gyrus (Lan et al., 2016), 

suggesting that structural changes might not be irreversible and that their restoration could 

be linked to symptom improvement. The structural MRI studies on TRD are summarized in 

Table 2.
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5 MRS and TRD

MRS enables researchers to non-invasively observe biochemical processes in the body 

by examining metabolite concentrations, based on the fact that atomic nuclei in 

different molecules experience slightly different magnetic fields due to distinctive electron 

distributions. The resulting unique signals produce a spectrum with distinct peaks for each 

metabolite. MRS results are typically quantified as ratios to stable metabolites found in 

tissue, like creatine.

MRS studies in TRD mainly focus on gamma-aminobutyric acid (GABA) and glutamate 

levels, which are inhibitory and excitatory neurotransmitters, respectively. GABA and 

glutamate are also linked biochemically, as GABA is synthesized by glutamate with 

the action of glutamic acid decarboxylase. Depression has been associated with both 

GABA-ergic and glutamatergic abnormalities (the “glutamate hypothesis” of depression) 

with supporting evidence drawn from pharmacological, post-mortem, and genetic studies 

(Sanacora et al., 2012; Yüksel and Öngür, 2010). These studies indicate that glutamatergic 

excitatory synaptic transmission appears dysfunctional in depression, especially in brain 

areas that have been linked to affective and reward processing, which would contribute 

to the emotional and hedonic processing deficits observed in depression. MRS studies in 

depression have also explored metabolites such as myo-inositol (m-Ino), N-acetyl aspartate 

(NAA), choline (Cho), creatinine (Cr) and lactate (Lac), all of which may help investigators 

understand the pathophysiology of TRD.

MRS may be useful for differentiating treatment responders from non-responders, for 

developing novel therapeutics that target the glutamatergic and GABA-ergic systems, and 

for understanding how depression treatments in general may affect brain metabolism. 

The sections below review TRD studies that examined neurotransmitter level differences 

between individuals with TRD and HVs as well as changes in neurotransmitter 

resulting from pharmacological and non-pharmacological interventions, with a focus on 

understanding which of these changes could be related to and predictive of successful 

treatment response. The reviewed non-pharmacological interventions include TMS and ECT, 

which is conducted by electrically stimulating the brain, and which can be performed 

unilaterally, bilaterally, or bifrontally (Kellner et al., 2012).

5.1 Neurotransmitter levels in TRD at baseline

Studies of GABA levels in TRD have mainly focused on cortical areas. Compared to HVs, 

individuals with TRD showed decreased GABA levels in the occipital cortex (Price et 

al., 2009; Sanacora et al., 2004), although no differences in GABA levels were observed 

in several other cortical areas, including the DLPFC (Baeken et al., 2017) and ACC 

(Persson et al., 2021; Price et al., 2009). Another study found that levels of Glx—a 

measure that combines glutamate and glutamine—were significantly lower in the left 

amygdala of treatment-resistant individuals with MDD, but not in HVs or in individuals 

with treatment-resistant bipolar disorder (Michael et al., 2003b). Another study found that 

Glx concentrations in the left DLPFC were significantly lower in individuals with TRD than 

in HVs (Baeken et al., 2017; Persson et al., 2021) but significantly higher in the left ACC 

(Pfleiderer et al., 2003). Other studies, however, reported no differences in the ACC between 
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individuals with TRD and HVs with regard to Glx levels (Zheng et al., 2015) or glutamate 

levels (Evans et al., 2018a; Persson et al., 2021; Price et al., 2009). When GABA and Glx 

levels were compared between individuals with depression who responded to treatment and 

those with TRD, GABA levels were found to be decreased in the occipital cortex of those 

with TRD compared to treatment responders, but Glx levels did not differ between the two 

groups.

MRS studies have also focused on other neurotransmitters of interest. For instance, three 

studies examined levels of NAA—a brain metabolite linked to neuronal integrity and 

viability—in the amygdala, hippocampus, thalamus, and DLPFC. One study noted a 

significant decrease in NAA/Cr levels in the bilateral thalamus of individuals with TRD 

compared to HVs (Mu et al., 2007), and another study found lower NAA levels in the 

hippocampus of young individuals with TRD that inversely correlated with left hippocampal 

volume (Lefebvre et al., 2017). In contrast, other studies reported no differences in NAA 

levels measured in the amygdala, hippocampus (Michael et al., 2003b), and DLPFC (Zheng 

et al., 2015) of individuals with TRD compared to HVs.

Finally, two MRS studies examined m-Ino, Cho, and Cr levels. Zheng and colleagues found 

reduced m-Ino levels in the left lateral PFC of individuals with TRD compared to HVs, 

but no differences in the amygdala or hippocampus; in addition, no differences in Cho or 

Cr levels were observed in any of these brain regions (Zheng et al., 2015). Another study 

found that Cho levels were significantly increased in the DLPFC of adolescents with TRD 

compared to HVs (Zheng et al., 2010).

5.2 Non-pharmacological interventions

In MRS studies, increased Glx levels have been linked to successful response to ECT. 

Specifically, when the effects of ECT were examined in the amygdala and hippocampus of 

individuals with TRD, treatment response was associated with increased Glx in those brain 

areas (Michael et al., 2003a). The same study also identified increased Glx levels at the 

DLPFC following ECT treatment. Glx/Cr increases were also identified after 15 days of 

ECT and were positively correlated with increased brain volume in the medial temporal lobe 

and the right pregenual ACC.

With regard to TMS, one study found that Glx levels significantly increased in the DLPFC 

after 4 weeks of daily, repeated TMS treatments (Godfrey et al., 2021). Another study 

observed an increased glutamate/glutamine ratio in the DLPFC and ACC of individuals with 

TRD following TMS; interestingly, levels remained increased after a six-month follow-up 

period (Croarkin et al., 2016). The Glx/NAA ratio also increased in the left caudal middle 

frontal area following continuous but not intermittent TMS (Spurny-Dworak et al., 2022). 

However, another study found that Glx levels in the DLPFC remained unaltered after only 

4 days of TMS (Baeken et al., 2017). GABA levels also appear to increase following 

successful TMS treatment (Baeken et al., 2017; Levitt et al., 2019), though one study 

reported no change in GABA levels in the DLPFC (Godfrey et al., 2021).

ECT and TMS studies have also examined NAA levels and how those levels change before 

and after treatment. Because NAA levels are considered a marker of neuronal health and 
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integrity, changes in NAA concentrations after ECT and TMS could offer some insight 

into the mechanisms underlying successful response to these treatments. In individuals with 

TRD who responded positively to ECT, NAA levels in the amygdala and hippocampus 

increased compared to baseline (Michael et al., 2003b); furthermore, ECT response was 

associated with decreased NAA/Cr concentrations that positively correlated with increased 

medial temporal lobe volume (Cano et al., 2017). In another study of individuals with 

TRD who responded to TMS, higher levels of NAA were identified in the left ACC 

that were positively correlated with improvement in executive function; in contrast, no 

metabolite changes were observed in TRD participants who did not respond to TMS (Zheng 

et al., 2015). Fig. 3 provides a schematic representation of the structural MRS findings in 

individuals with TRD compared to HVs.

5.3 Pharmacological interventions

Glx and GABA levels were assessed in the mPFC of individuals with TRD who received 

a single ketamine infusion (0.5mg/kg). In one study, increased Glx and GABA levels were 

observed during ketamine infusion compared to baseline (Milak et al., 2016). Another study 

of individuals with TRD found that peak GABA levels in the ACC correlated with reduced 

depressive symptoms 24 hours post-ketamine infusion (Singh et al., 2021). However, 

another double-blind, placebo-controlled study found no changes between the ketamine and 

placebo groups when neurotransmitter levels were assessed 24 hours post-ketamine infusion, 

suggesting that ketamine’s effects might be attenuated over time (Evans et al., 2018a).

Finally, another MRS study examined Cr levels before and after the administration of 

creatinine monohydrate (CM) as an augmentation therapy to selective serotonin reuptake 

inhibitors (SSRIs). Individuals with TRD who had not responded to the SSRI fluoxetine 

after 8 weeks of treatment received CM in addition to fluoxetine, which increased Cr levels 

in the frontal lobe (Kondo et al., 2011, 2016). MRS studies in TRD are summarized in Table 

3.

6 Insights, challenges, and future steps

The imaging studies reviewed above highlight the complexity of TRD. Brain areas that 

play a key role in emotional (amygdala) and reward (striatal areas) processing and that 

are part of brain networks that include the DMN and the SN appear to display altered 

activity, connectivity, metabolism, and structure in individuals with TRD compared to HVs 

and, often, to individuals with MDD who responded to treatment. Notably, when findings 

across different imaging modalities are integrated, a picture of deficits in TRD emerges that 

almost consistently reflects decreased connectivity and metabolite concentrations in frontal 

brain areas. However, firm conclusions regarding the direction of these changes and the 

reproducibility of these findings remain difficult to draw, largely because the number of 

studies that have focused on TRD is relatively small, and because several studies report 

contradictory findings. Another complicating factor is that existing hypotheses examined by 

imaging individuals with TRD derive from known deficits in brain function, metabolism, 

and structure observed in individuals with depression who responded to treatment. Such 

studies have thus not only influenced the focus of TRD research by guiding the selection 

Kotoula et al. Page 11

Prog Brain Res. Author manuscript; available in PMC 2023 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of brain regions to examine but also by guiding the methodology that these studies employ, 

including the selection of fMRI tasks and the analytical approaches.

Non-pharmacological interventions such as ECT and TMS, as well as novel rapid-acting 

antidepressants such as ketamine and psilocybin effectively alleviate depressive symptoms 

in individuals with TRD. Imaging findings from studies that examined the efficacy of these 

interventions found that these agents can reverse some of the changes in brain activity, 

connectivity, metabolism, and structure identified in individuals with TRD at baseline 

versus post-treatment. However, to date, such research has offered very little insight into 

the neuronal and molecular mechanisms that underlie these interventions, leaving many 

questions about these treatments unanswered. Some of these questions concern the duration 

of the effect that these interventions exert and how the brain changes that they produce 

develop over time. It also remains unclear whether response to these treatments could 

be predicted based on specific patterns of brain function, metabolism, and structure in 

individuals with TRD.

At least some of the unanswered questions surrounding TRD and how pharmacological and 

non-pharmacological interventions improve symptoms in this type of depression are due 

to the particular challenges of TRD research. First, the specialized TRD diagnosis makes 

it difficult to enroll large patient populations. Second, the long-term treatment of TRD 

with multiple antidepressants and their poorly characterized effects on the brain introduce 

extra heterogeneity into this population over time. Specifically, because the long-term neural 

effects of antidepressants are not well characterized, these perturbatory effects increase 

the difficulty of determining the underlying features of TRD. Third, while the existing 

variability in the acquisition and tasks that imaging studies often employ reflects the 

innovative nature of these research studies, it also hinders our ability to directly compare 

results across these small studies. Finally, the relationship between clinical rating scales and 

imaging metrics has not firmly been established; as a result, it is difficult to map specific 

symptoms to patterns of brain activity and metabolism and to identify treatment targets that 

could help resolve specific TRD symptoms.

Several solutions could address at least some of these issues. For instance, data from smaller, 

currently available cohort studies could be combined in multi-variate models that may have 

important predictive value. Alternately, or in addition to this approach, large multi-site 

studies that could assemble large data sets (Spellman and Liston, 2020) could also help 

increase the power and reliability of imaging findings, although they face the challenge of 

coordinating data collection from multiple sites while ensuring data quality and consistency. 

In addition, developing standardized batteries and protocols could help address some of the 

issues of data sharing across different studies. These steps could help advance collaborative 

research and lead to more robust finding in imaging TRD research that could improve our 

understanding of TRD and spur development of novel interventions and treatment targets.
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FIG. 1. 
Schematic representation of the increases and decreases in connectivity and brain activations 

in treatment-resistant depression (TRD). The increases and decreases in connectivity 

between brain networks and brain areas are identified in comparison to healthy volunteers 

(HVs).
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FIG. 2. 
General findings from structural magnetic resonance imaging (MRI) research in treatment-

resistant depression (TRD) at baseline. Increases and decreases in brain volume and 

fractional anisotropy (FA) are with respect to healthy volunteers (HVs).
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FIG. 3. 
Schematic displaying general regions of interest in magnetic resonance spectroscopy (MRS) 

research in treatment-resistant depression (TRD) at baseline. 1: occipital cortex; 2: anterior 

cingulate cortex (ACC); 3: dorsolateral prefrontal cortex (DLPFC); 4: thalamus; 5: left 

amygdala, 6: hippocampus. Increases and decreases in metabolite concentration are with 

respect to healthy volunteers (HVs). GABA: Gamma-aminobutyric acid; Glx: Glutamine/

glutamate; NAA: N-acetyl-aspartate.
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