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Treatment-resistant schizophrenia is a lack of adequate response to antipsychotic medications resulting in incomplete functional and social recovery from the illness. Different definitions have been proposed for clinical practice and research work. Antipsychotics that are used in the management of schizophrenia mainly act on multiple dopaminergic pathways which are implicated in the development of symptoms of schizophrenia. Newer antipsychotics also are implicated to affect the serotonergic pathways. Clozapine is the only evidence-based treatment available for the management of treatment-resistant cases. Neurobiologically, there is a considerable overlap between treatment-resistant and treatment-responsive cases. The factors that are implicated in the evolution of treatment resistance are still not conclusive. These make the management of such patients a challenge. However, certain peculiarities of treatment-resistant schizophrenia have been identified which can guide us in the early identification and precise treatment of the treatment-resistant cases.
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Introduction

Schizophrenia is a serious mental disorder characterized by distortion of thought, perception of reality, difficulties in executive functions, and expression of emotions and behavior. Schizophrenia affects around 0.5–0.8% of world's population (1). Even after a century of its clinical description, schizophrenia continues to puzzle researchers with its variety of presentations and complex etiology involving the role of genetics and its interaction with environmental factors. It has always been described as a chronic illness with a relatively guarded prognosis.



Evolution of the concept of treatment-resistant schizophrenia

Before the twenty-first century, patients suffering from psychosis or other serious mental disorder were either living on the streets or homed in asylums or jails. In the twenty-first century with the introduction of insulin shock therapy and electroconvulsive therapy, which were successful in improving symptoms of schizophrenia, there arose a possibility of remission from symptoms of schizophrenia. The discovery of chlorpromazine, the first antipsychotic medication in the 1950s, quite successfully improved the positive symptoms of schizophrenia resulting in a marked decline in long hospitalizations and the integration of people suffering from schizophrenia back to their families (2). With the development of second-generation antipsychotics, there was better control of negative symptoms in addition to the positive symptoms, with fewer side effects improving the prognosis of illness and the quality of life of patients suffering from schizophrenia.

Before the development of antipsychotic medication in the early part of the twenty-first century, the concept of treatment non-response was based on the need of placing the patient in an asylum. Cabaleiro Goas described patients with schizophrenia based on their level of social functioning. He said that complete remission in schizophrenia occurs when symptoms subside completely, or even with the defect, the affected individual can live a normal life. Incomplete remission occurred when illness or defect only allowed the patient a reduced level of social and family life and in cases with no remission, there was no improvement in symptoms and patients had to be kept in asylums (3). It is noteworthy that these earlier criteria considered the level of social and familial functioning and not only the symptomatic improvement. In the 1970s after the development of antipsychotics, quantitative criteria were included in defining treatment resistance in schizophrenia, like hospitalization for more than 2 years and persistence of positive symptoms despite appropriate treatment with antipsychotics (4).

In the 1980s, researchers began to include pharmacological treatment in their definition of treatment-resistant schizophrenia (5). Deniker et al. defined treatment resistance in schizophrenia when there was the persistence of symptoms for more than 2 years even after 6 months of treatment with antipsychotic medicines in adequate doses (6). The first scientifically acknowledged definition of treatment-resistant schizophrenia was given by Kane and his coworkers during their multicenter Clozapine Trial in 1988, where they also indicated that clozapine was the gold standard treatment for resistant cases (7). Later on, the criteria given by him underwent certain modifications with respect to the duration of treatment, number of failed trials, and pharmacological doses of drugs, which were incited by the finding that 400 mg of chlorpromazine would block 80–90% of dopaminergic receptors (8–11). This made the criteria less restrictive, and based on modified Kane's criteria, the prevalence of treatment-resistant schizophrenia reached 42.9% from 12.9% when unmodified Kane's criteria were used (12). Kane categorically separated treatment-resistant cases from non-resistance. However, this is not the case in day-to-day practice, and various levels of response are observed. He also gave much importance to positive symptoms ignoring the heterogeneity of symptoms of schizophrenia, residual symptoms, and social functioning of patients suffering from schizophrenia.

May et al. and many other researchers postulated that treatment response is not an all-or-none phenomenon, but there are different levels of responses in clinical practice (5). He also emphasized on the integration of social consequences of illness and psychosocial interventions available for the illness (13). Brenner et al. described the response to treatment in schizophrenia on a continuum ranging from clinical remission to severe treatment refractoriness where there is the persistence of psychotic symptoms with significant social and behavioral dysfunction despite continuous pharmacological and non-pharmacological interventions. They also emphasized on the fact that in some patients, the response to treatment worsens over time (2, 14). Treatment-resistant schizophrenia is defined as failure to respond to two trials of antipsychotics or adequate dose and duration other than clozapine in most clinical guidelines (15).



Understanding treatment-resistant schizophrenia

Approximately one-third of all patients with Schizophrenia are treatment-resistant (2). Treatment resistance in schizophrenia may occur from the first episode or it may occur later in the course of the illness (16–18). The cases that are unresponsive from the beginning indicate that these cases are more severe cases with neurodevelopment underpinnings. When it occurs later in the course of illness after the initial response, it is preceded by many relapses, which can be due to non-adherence to medication or treatment discontinuation (19–22) or even co-occurrence of other illnesses including physical ones. It is important that we differentiate true treatment resistance from pseudo-resistance as early as possible so that appropriate steps can be taken to eliminate the factors leading to pseudo-resistance and improve the outcome for the patients. Pseudo-resistant cases are those who have been misdiagnosed or patients who have compliance issues or those who have received inadequate dose, duration, or attain sub-therapeutic plasma levels of antipsychotic medication, and cases with medical or psychiatric comorbidities or side effects of medications overshadowing the response to antipsychotic medications (19, 23, 24).

It is hypothesized that treatment-responsive schizophrenia is different from treatment-resistant schizophrenia (25). Also, the cases responsive to treatment at the beginning and those that are resistant from the beginning differ from each other (21). Increased dopamine activity in the striatum is the most accepted cause of the development of psychotic symptoms (26–28). Positron emission tomographic studies have shown that not all patients with schizophrenia have increased striatal dopaminergic activity. Instead, some patients with treatment-resistant schizophrenia have shown normal or even hypodopaminergic activity (25, 28, 29). Studies have also shown that treatment-resistant cases that do respond to clozapine treatment have lower dopamine synthesis in the striatum (30). This indicates that some cases of treatment-resistant schizophrenia may be neurobiologically distinct from treatment-responsive cases.

Dopamine hypersensitivity has been proposed to explain resistance, which develops in cases who were initially responsive to treatment. It proposes that dopamine receptor blockade by antipsychotic medications leads to dopamine receptor upregulation such that the patients relapse and need increasing doses of antipsychotic medication for symptomatic control. Although tolerance to antipsychotic medication doses is seen and higher doses of antipsychotic medications are required in controlling the symptoms during relapse following initial response, this theory does not completely explain the failure of response to antipsychotic medication (31–35).

Other hypothesis based on animal experiment proposes that dopaminergic hyperactivity is a secondary loss of GABA-ergic neurons, which modulates the activity of dopamine in the midbrain. Even a short duration of dopamine receptor blockade to control the effects of the hyper-dopaminergic state leads to the failure of GABA receptors to respond to its modulators, which would have otherwise corrected the fault that lead to the hyperdopaminergic state (34, 36, 37).

Dysfunction of neurotransmitters other than dopamine has also been implicated in schizophrenia. Glutamate and GABA dysregulation leading to dopaminergic hyperactivity in schizophrenia has also been proposed (38–41). Studies have shown increased levels of glutamate concentration in the anterior cingulate cortex in treatment-resistant cases but not in all cases of schizophrenia who respond to first-line antipsychotic treatment (25, 42).

Studies have also shown that genetic variants associated with treatment-resistant schizophrenia are related to dopamine-related genes. Genes involved in glutamatergic and serotonergic systems are also affected in TRS (43–45). In a Genome-Wide Association Study of Schizophrenia, it is found that the common genetic variants associated with schizophrenia were distinctively associated with treatment resistance. In previous studies, this association was not found due to a broad definition of schizophrenia that was used to conduct the studies (46).

A meta-analysis of neuropsychological functions has shown differences between treatment-resistant and treatment-responsive schizophrenia. Neuropsychological deficits in patients with schizophrenia distinguish them from healthy controls. This study even found that the treatment-resistant cases differed from treatment-responsive cases in deficits in the domain of memory and learning and also language function. In general, language and verbal intelligence deficits are not the most differentiating finding in schizophrenia compared with healthy controls; however, the deficit in this domain was the most distinguishing feature between treatment-resistant and treatment-responsive schizophrenia on neuropsychological testing (47). Neurolinguistic research may be an important area of work even in a globalized world where language and culture are continually adapting to the migration of people.

Many structural and functional differences are also seen in the brains of treatment-responsive cases of schizophrenia and non-treatment-responsive cases. Treatment-resistant cases have a greater reduction in the gray matter, especially in frontal regions, a decreased thickness of the dorsolateral prefrontal cortex, and an increased basal ganglia white matter volume in comparison to those who respond to treatment (48–51). Studies have found disrupted resting state functional connectivity in patients with schizophrenia. Functional neuroimaging techniques have found decreased global functional connectivity in treatment-resistant cases (52–54). The disruption was not only in thalamocortical circuits but also within the thalamic subregions in treatment-resistant cases (55). Although studies have found differences in treatment responsive and resistant schizophrenia, the differences are not always found which means that there is considerable overlap in the neurobiology and they are not a completely separate entity. Again it is difficult to implicate the neurodevelopmental and neurodegenerative theories in etiology specifically in treatment responsive and resistant schizophrenia.

Treatment-resistant schizophrenia affects roughly 30% of people who suffer from schizophrenia (2). In clinical practice, patients who do not respond to two adequate doses and duration of antipsychotic medication are treated as treatment-resistant cases of schizophrenia. Clozapine is the only effective medication for treatment-resistant schizophrenia (56, 57). Notably, 60–70% of cases of treatment-resistant schizophrenia respond to clozapine (58). Clozapine is, however, an underutilized medication, and nearly 50% of patients with treatment-resistant schizophrenia fail to receive a proper trial of clozapine in fear of its side effects and the need for therapeutic blood monitoring and other investigations. Precision medicine and pharmacogenomics can help to enhance the use of clozapine and also development to new medicines for treatment-resistant cases of schizophrenia (59–62). Precision medicine utilizes genetic and other biomarkers to give tailored medication to individuals, thereby increasing safety, effectiveness, and ultimately the overall outcome of health (63). Pharmacogenomics helps to understand how the entire genetic constitutions of an individual affect their response to medication whether or not the genes are involved in the pathogenesis of the disease (64). With the utilization of precision medicine, it will be possible to identify genetic variants who respond to clozapine and genes which are associated with adverse drug reactions, and it will also help in the development of new drugs. This will probably be a positive development in care of the individuals with this dreaded disabling disease in the coming years.

Clozapine is metabolized in the liver by CYP1A2 primarily. The minimum effective plasma clozapine concentration is 0.35 mg/L (65). CYP1A2 is a highly inducible enzyme making smokers, requiring higher doses of clozapine. Many variants of CYP1A2 have been identified affecting clozapine metabolism. CYP1A2*1F has been associated with resistant schizophrenia (66–68). CYP1A2*1F mutation in the region of intron 1 makes the gene highly inducible in smokers, thus quickly metabolizing clozapine and rendering them unresponsive to it (69). Single nucleotide polymorphism in the ABCD1 region of the CYP1A2 gene is also associated with response to clozapine (70). However, these studies are still in their infancy, and pharmacogenetic testing for CYP enzymes for prescribing is not recommended in current treatment guidelines.

Clozapine is an atypical antipsychotic, which acts on many neurotransmitter systems. A functional polymorphism of Ser9Gly in type 3 dopamine receptors is found to be associated with response to clozapine in many studies though it was not found to be statistically significant in a meta-analysis (71, 72). Polymorphism of serotonin receptor type 2A has been associated with response to clozapine (73). Pimavanserin is a new drug approved for levodopa-induced psychosis in patients suffering from Parkinson's disease. It has actions mainly on 5HT2A and 5HT2C receptors with no appreciable affinity for other receptors (74). Initially, it was found to be ineffective in schizophrenia when it was tried on non-treatment-resistant cases. Recently, it has been found to be effective in controlling positive symptoms in treatment-resistant non-clozapine responding cases of schizophrenia (75). The glutamatergic system has also been implicated in treatment-resistant cases of schizophrenia, where there is a normodopaminergic or hypodopaminergic state with an increased level of glutamate in the anterior cingulated cortex (25, 29). Many preclinical and human studies have found that clozapine interacts with the glutamatergic system and enhances its neurotransmission which is responsible for the clinical effects of clozapine in treatment-resistant cases. Many genes have been studied in this regard. GRIN2B gene which codes for the 2B subunit of NMDA receptor variations is being particularly studied in regard to response to clozapine (76).

Based on the neurobiological understanding of treatment-resistant schizophrenia, new drugs are being tried. Molecules such as glycine, D-serine, and D-cycloserine have been tried in schizophrenia to enhance glutamatergic neurotransmission but they were found to be ineffective. Sodium benzoate, which is a D-amino acid oxidase, metabolizes D-amino acids and activates NMDA receptors, thereby improving glutamatergic transmission, has been found to be effective in clozapine-resistant cases of schizophrenia at doses of 2 g per day in a 6-week clinical trial (77). Muscarinic receptor agonist xanomeline is a new molecule found to be successful in some studies (78, 79). Chronic inflammation and oxidative stress have also been associated with treatment resistance and response. Elevated levels of inflammatory markers have been seen in treatment-resistant cases, which can be potent targets for the utilization of immunotherapy as an adjunct in treatment-resistant cases of schizophrenia (80). To enhance the functional connectivity of neural circuits, transcranial magnetic stimulation, and transcranial direct current stimulation are being used (81, 82).



Future perspective and conclusion

Treatment resistance in schizophrenia has manifold aspects. At present, no definition encompasses all the aspects, and this is because the current understanding of the pathogenesis of illness is not complete. The current neurobiological finding clearly indicates that treatment-resistant cases differ from treatment-responsive cases of schizophrenia. More research in the identification of clinical, genetic, imaging, and immunological biomarkers should be performed, which would help in spotting treatment-resistant cases of schizophrenia in the earliest stages and early initiation of appropriate treatment. It will also help in the application of precision medicine in schizophrenia and the quest for the discovery of newer targets and drugs for schizophrenia.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving human participants were reviewed and approved by IEC, LGBRIMH. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author contributions

AP: first draft of the article. KK: initial communication, selected the topic and designed the article, did literature search, corrected the draft, and checked for plagiarism. All authors contributed to the article and approved the submitted version.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyt.2022.994425/full#supplementary-material



References

 1. Saha S, Chant D, Welham J, McGrath J. A systematic review of the prevalence of schizophrenia. PLoS Med. (2005) 2:e141. doi: 10.1371/journal.pmed.0020141

 2. Meltzer HY. Treatment-resistant schizophrenia-the role of clozapine. Curr Med Res Opin. (1997) 14:1–20. doi: 10.1185/03007999709113338

 3. Goás MC. Problemas Actuales De La Psicosis Esquizofrénicas. Madrid: Editorial Paz Montalvo (1954). 

 4. Schulz SC, Buckley PF. Treatment-Resistant Schizophrenia. London: Blackwell Science (1995). 

 5. Cervera Enguix S, Seva Fernandez A. Esquizofrenia resistente al tratamiento farmacológico. Actas Esp Psiquiatr. (2006) 34:48–54. 

 6. Deniker P, Loo H, Cottereau MJ. Parenteral loxapine in severely disturbed schizophrenic patients. J Clin Psychiatry. (1980) 41:23–6.

 7. Kane J, Honigfeld G, Singer J, Meltzer H. Clozapine for the treatment-resistant schizophrenic: a double-blind comparison with chlorpromazine. Arch Gen Psychiatry. (1988) 45:789–96. doi: 10.1001/archpsyc.1988.01800330013001

 8. Kane JM, Marder SR. Psychopharmacologic treatment of schizophrenia. Schizophr Bull. (1993) 19:287–302. doi: 10.1093/schbul/19.2.287

 9. Kinon BJ, Kane JM, Chakos M, Munne R. Possible predictors of neuroleptic-resistant schizophrenic relapse: influence of negative symptoms and acute extrapyramidal side effects. Psychopharmacol Bull. (1993) 29:365–9.

 10. Barnes TR, McEvedy CJ. Pharmacological treatment strategies in the non-responsive schizophrenic patient. Int Clin Psychopharmacol. (1996) 11 (Suppl. 2):67–71. doi: 10.1097/00004850-199605002-00011

 11. Farde L, Nordström AL, Wiesel FA, Pauli S, Halldin C, Sedvall G. Positron emission tomographic analysis of central D1 and D2 dopamine receptor occupancy in patients treated with classical neuroleptics and clozapine: relation to extrapyramidal side effects. Arch Gen Psychiatry. (1992) 49:538–44. doi: 10.1001/archpsyc.1992.01820070032005

 12. Juarez-Reyes MG, Shumway M, Battle C, Bacchetti P, Hansen MS, Hargreaves WA. Effects of stringent criteria on eligibility for clozapine among public mental health clients. Psychiatr Serv. (1995) 46:801–6. doi: 10.1176/ps.46.8.801

 13. May PR, Tuma AH, Dixon WJ, Thiele DA, Kraude WH. Schizophrenia: a follow-up study of the results of five forms of treatment. Arch Gen Psychiatry. (1981) 38:776–84. doi: 10.1001/archpsyc.1981.01780320056006

 14. Brenner HD, Dencker SJ, Goldstein MJ, Hubbard JW, Keegan DL, Kruger G, et al. At issue: defining treatment refractoriness in schizophrenia. Schizophr Bull. (1990) 16:551–61. doi: 10.1093/schbul/16.4.551

 15. Kuipers E, Yesufu-Udechuku A, Taylor C, Kendall T. Management of psychosis and schizophrenia in adults: summary of updated NICE guidance. BMJ. (2014) 348:g1173. doi: 10.1136/bmj.g1173

 16. Demjaha A, Lappin JM, Stahl D, Patel MX, MacCabe JH, Howes OD, et al. Antipsychotic treatment resistance in first-episode psychosis: prevalence, subtypes and predictors. Psychol Med. (2017) 47:1981–9. doi: 10.1017/S0033291717000435

 17. Lally J, Ajnakina O, Di Forti M, Trotta A, Demjaha A, Kolliakou A, et al. Two distinct patterns of treatment resistance: clinical predictors of treatment resistance in first-episode schizophrenia spectrum psychoses. Psychol Med. (2016) 46:3231–40. doi: 10.1017/S0033291716002014

 18. Robinson DG, Woerner MG, Alvir JM, Geisler S, Koreen A, Sheitman B, et al. Predictors of treatment response from a first episode of schizophrenia or schizoaffective disorder. Am J Psychiatry. (1999) 156:544–9. doi: 10.1176/ajp.156.4.544

 19. Altamura AC, Bassetti R, Cattaneo E, Vismara S. Some biological correlates of drug resistance in schizophrenia: a multidimensional approach. World J Biol Psychiatry. (2005) 6:23–30. doi: 10.1080/15622970510030027

 20. Emsley R, Nuamah I, Hough D, Gopal S. Treatment response after relapse in a placebo-controlled maintenance trial in schizophrenia. Schizophr Res. (2012) 138:29–3 doi: 10.1016/j.schres.2012.02.030

 21. Takeuchi H, Siu C, Remington G, Fervaha G, Zipursky RB, Foussias G, et al. Does relapse contribute to treatment resistance? Antipsychotic response in first-vs. second-episode schizophrenia. Neuropsychopharmacology. (2019) 44:1036–42. doi: 10.1038/s41386-018-0278-3

 22. Lehman AF, Lieberman JA, Dixon LB, McGlashan TH, Miller AL, Perkins DO, et al. Practice guideline for the treatment of patients with schizophrenia. Am J Psychiatry. (2004) 161 (2 Suppl):1–56. 

 23. Dold M, Leucht S. Pharmacotherapy of treatment-resistant schizophrenia: a clinical perspective. Evid Based Ment Health. (2014) 17:33–7. doi: 10.1136/eb-2014-101813

 24. Kane JM, Agid O, Baldwin ML, Howes O, Lindenmayer JP, Marder S, et al. Clinical guidance on the identification and management of treatment-resistant schizophrenia. J Clin Psychiatry. (2019) 80:2783. doi: 10.4088/JCP.18com12123

 25. Demjaha A, Egerton A, Murray RM, Kapur S, Howes OD, Stone JM, et al. Antipsychotic treatment resistance in schizophrenia associated with elevated glutamate levels but normal dopamine function. Biol Psychiatry. (2014) 75:e11–3. doi: 10.1016/j.biopsych.2013.06.011

 26. Laruelle M, Abi-Dargham A. Dopamine as the wind of the psychotic fire: new evidence from brain imaging studies. J Psychopharmacol. (1999) 13:358–71. doi: 10.1177/026988119901300405

 27. Howes OD, Bose SK, Turkheimer F, Valli I, Egerton A, Valmaggia LR, et al. Dopamine synthesis capacity before onset of psychosis: a prospective [18F]-DOPA PET imaging study. Am J Psychiatry. (2011) 168:1311–7. doi: 10.1176/appi.ajp.2011.11010160

 28. Jauhar S, Veronese M, Nour MM, Rogdaki M, Hathway P, Turkheimer FE, et al. Determinants of treatment response in first-episode psychosis: an 18F-DOPA PET study. Mol Psychiatry. (2019) 24:1502–12. doi: 10.1038/s41380-018-0042-4

 29. Demjaha A, Murray RM, McGuire PK, Kapur S, Howes OD. Dopamine synthesis capacity in patients with treatment-resistant schizophrenia. Am J Psychiatry. (2012) 169:1203–10. doi: 10.1176/appi.ajp.2012.12010144

 30. Kim E, Howes OD, Veronese M, Beck K, Seo S, Park JW, et al. Presynaptic dopamine capacity in patients with treatment-resistant schizophrenia taking clozapine: an [18F] DOPA PET study. Neuropsychopharmacology. (2017) 42:941–50. doi: 10.1038/npp.2016.258

 31. Chouinard G, Jones BD, Annable L. Neuroleptic-induced supersensitivity psychosis. Am J Psychiatry. (1978) 135:1409–10. 

 32. Suzuki T, Kanahara N, Yamanaka H, Takase M, Kimura H, Watanabe H, et al. Dopamine supersensitivity psychosis as a pivotal factor in treatment-resistant schizophrenia. Psychiatry Res. (2015) 227:278–82. doi: 10.1016/j.psychres.2015.02.021

 33. Chouinard G, Samaha AN, Chouinard VA, Peretti CS, Kanahara N, Takase M, et al. Antipsychotic-induced dopamine supersensitivity psychosis: pharmacology, criteria, and therapy. Psychother Psychosom. (2017) 86:189–219. doi: 10.1159/000477313

 34. Gill KM, Cook JM, Poe MM, Grace AA. Prior antipsychotic drug treatment prevents response to novel antipsychotic agent in the methylazoxymethanol acetate model of schizophrenia. Schizophr Bull. (2014) 40:341–50. doi: 10.1093/schbul/sbt236

 35. Oda Y, Kanahara N, Iyo M. Alterations of dopamine D2 receptors and related receptor-interacting proteins in schizophrenia: the pivotal position of dopamine supersensitivity psychosis in treatment-resistant schizophrenia. Int J Mol Sci. (2015) 16:30144–63. doi: 10.3390/ijms161226228

 36. Gill KM, Grace AA. Corresponding decrease in neuronal markers signals progressive parvalbumin neuron loss in MAM schizophrenia model. Int J Neuropsychopharmacol. (2014) 17:1609–19. doi: 10.1017/S146114571400056X

 37. Gill KM, Lodge DJ, Cook JM, Aras S, Grace AA. A novel α5GABAAR-positive allosteric modulator reverses hyperactivation of the dopamine system in the MAM model of schizophrenia. Neuropsychopharmacology. (2011) 36:1903–11. doi: 10.1038/npp.2011.76

 38. Howes OD, Kapur S. A neurobiological hypothesis for the classification of schizophrenia: type A (hyperdopaminergic) and type B (normodopaminergic). Br J Psychiatry. (2014) 205:1–3. doi: 10.1192/bjp.bp.113.138578

 39. Schwartz TL, Sachdeva S, Stahl SM. Glutamate neurocircuitry: theoretical underpinnings in schizophrenia. Front Pharmacol. (2012) 3:195. doi: 10.3389/fphar.2012.00195

 40. Lodge DJ, Behrens MM, Grace AA. A loss of parvalbumin-containing interneurons is associated with diminished oscillatory activity in an animal model of schizophrenia. J Neurosci. (2009) 29:2344–54. doi: 10.1523/JNEUROSCI.5419-08.2009

 41. Lodge DJ, Grace AA. Aberrant hippocampal activity underlies the dopamine dysregulation in an animal model of schizophrenia. J Neurosci. (2007) 27:11424–30. doi: 10.1523/JNEUROSCI.2847-07.2007

 42. Mouchlianitis E, Bloomfield MA, Law V, Beck K, Selvaraj S, Rasquinha N, et al. Treatment-resistant schizophrenia patients show elevated anterior cingulate cortex glutamate compared to treatment-responsive. Schizophr Bull. (2016) 42:744–52. doi: 10.1093/schbul/sbv151

 43. Bilic P, Jukic V, Vilibic M, Savic A, Bozina N. Treatment-resistant schizophrenia and DAT and SERT polymorphisms. Gene. (2014) 543:125–32. doi: 10.1016/j.gene.2014.03.050

 44. Sagud M, Tudor L, Uzun S, Perkovic MN, Zivkovic M, Konjevod M, et al. Haplotypic and genotypic association of catechol-O-methyltransferase rs4680 and rs4818 polymorphisms and treatment resistance in schizophrenia. Front Pharmacol. (2018) 9:705. doi: 10.3389/fphar.2018.00705

 45. Ruderfer DM, Charney AW, Readhead B, Kidd BA, Kähler AK, Kenny PJ, et al. Polygenic overlap between schizophrenia risk and antipsychotic response: a genomic medicine approach. Lancet Psychiatry. (2016) 3:350–7. doi: 10.1016/S2215-0366(15)00553-2

 46. Pardiñas AF, Smart SE, Willcocks IR, Holmans PA, Dennison CA, Lynham AJ, et al. Interaction testing and polygenic risk scoring to estimate the association of common genetic variants with treatment resistance in schizophrenia. JAMA Psychiatry. (2022) 79:260–9. doi: 10.1001/jamapsychiatry.2021.3799

 47. Millgate E, Hide O, Lawrie SM, Murray RM, MacCabe JH, Kravariti E. Neuropsychological differences between treatment-resistant and treatment-responsive schizophrenia: a meta-analysis. Psychol Med. (2022) 52:1–3. doi: 10.1017/S0033291721004128 

 48. Mitelman SA, Buchsbaum MS. Very poor outcome schizophrenia: clinical and neuroimaging aspects. Int Rev Psychiatry. (2007) 19:345–57. doi: 10.1080/09540260701486563

 49. Molina V, Reig S, Sanz J, Palomo T, Benito C, Sarramea F, et al. Differential clinical, structural and P300 parameters in schizophrenia patients resistant to conventional neuroleptics. Prog Neuro Psychopharmacol Biol Psychiatry. (2008) 32:257–66. doi: 10.1016/j.pnpbp.2007.08.017

 50. Quarantelli M, Palladino O, Prinster A, Schiavone V, Carotenuto B, Brunetti A, et al. Patients with poor response to antipsychotics have a more severe pattern of frontal atrophy: a voxel-based morphometry study of treatment resistance in schizophrenia. BioMed Res Int. (2014) 2014:325052. doi: 10.1155/2014/325052

 51. Anderson VM, Goldstein ME, Kydd RR, Russell BR. Extensive gray matter volume reduction in treatment-resistant schizophrenia. Int J Neuropsychopharmacol. (2015) 18:pyv016. doi: 10.1093/ijnp/pyv016

 52. Paul S, Sharfman N. Functional connectivity as a means to delineate differences between treatment-resistant and treatment-responsive schizophrenia. J Neurophysiol. (2016) 116:229–31. doi: 10.1152/jn.01127.2015

 53. McNabb CB, Tait RJ, McIlwain ME, Anderson VM, Suckling J, Kydd RR, et al. Functional network dysconnectivity as a biomarker of treatment resistance in schizophrenia. Schizophr Res. (2018) 195:160–7. doi: 10.1016/j.schres.2017.10.015

 54. Ganella EP, Bartholomeusz CF, Seguin C, Whittle S, Bousman C, Phassouliotis C, et al. Functional brain networks in treatment-resistant schizophrenia. Schizophr Res. (2017) 184:73–81. doi: 10.1016/j.schres.2016.12.008

 55. Kim WS, Shen J, Tsogt U, Odkhuu S, Chung YC. Altered thalamic subregion functional networks in patients with treatment-resistant schizophrenia. World J Psychiatry. (2022) 12:693. doi: 10.5498/wjp.v12.i5.693

 56. Chakos M, Lieberman J, Hoffman E, Bradford D, Sheitman B. Effectiveness of second-generation antipsychotics in patients with treatment-resistant schizophrenia: a review and meta-analysis of randomized trials. Am J Psychiatry. (2001) 158:518–26. doi: 10.1176/appi.ajp.158.4.518

 57. Wahlbeck K, Cheine M, Essali A, Adams C. Evidence of clozapine's effectiveness in schizophrenia: a systematic review and meta-analysis of randomized trials. Am J Psychiatry. (1999) 156:990–9. doi: 10.1176/ajp.156.7.990

 58. Meltzer HY. Treatment of the neuroleptic-nonresponsive schizophrenic patient. Schizophr Bull. (1992) 18:515–42. doi: 10.1093/schbul/18.3.515

 59. Downs J, Zinkler M. Clozapine: national review of postcode prescribing. Psychiatr Bull. (2007) 31:384–7. doi: 10.1192/pb.bp.106.013144 

 60. Nielsen J, Røge R, Schjerning O, Sørensen HJ, Taylor D. Geographical and temporal variations in clozapine prescription for schizophrenia. Euro Neuropsychopharmacol. (2012) 22:818–24. doi: 10.1016/j.euroneuro.2012.03.003

 61. Stroup TS, Gerhard T, Crystal S, Huang C, Olfson M. Geographic and clinical variation in clozapine use in the United States. Psychiatr Serv. (2014) 65:186–92. doi: 10.1176/appi.ps.201300180

 62. Howes OD, Vergunst F, Gee S, McGuire P, Kapur S, Taylor D. Adherence to treatment guidelines in clinical practice: study of antipsychotic treatment prior to clozapine initiation. Br J Psychiatry. (2012) 201:481–5. doi: 10.1192/bjp.bp.111.105833

 63. Faulkner E, Annemans L, Garrison L, Helfand M, Holtorf AP, Hornberger J, et al. Challenges in the development and reimbursement of personalized medicine—payer and manufacturer perspectives and implications for health economics and outcomes research: a report of the ISPOR personalized medicine special interest group. Value Health. (2012) 15:1162–71. doi: 10.1016/j.jval.2012.05.006

 64. Relling MV, Evans WE. Pharmacogenomics in the clinic. Nature. (2015) 526:343–50. doi: 10.1038/nature15817

 65. Bell R, McLaren A, Gaianos J, Copolov D. The clinical use of plasma clozapine levels. Austral N Zeal J Psychiatry. (1998) 32:567–74. doi: 10.3109/00048679809068332

 66. Eap CB, Bender S, Sirot EJ, Cucchia G, Jonzier-Perey M, Baumann P, et al. Nonresponse to clozapine and ultrarapid CYP1A2 activity: clinical data and analysis of CYP1A2 gene. J Clin Psychopharmacol. (2004) 24:214–9. doi: 10.1097/01.jcp.0000116646.91923.2f

 67. Balibey H, Basoglu C, Lundgren S, Babaoglu MO, Yasar U, Herken H, et al. CYP1A2* 1F polymorphism decreases clinical response to clozapine in patients with schizophrenia. Bull Clin Psychopharmacol. (2011) 21:93–9. doi: 10.5455/bcp.20110622071701 

 68. Özdemir V, Kalow W, Okey AB, Lam MS, Albers LJ, Reist C, et al. Treatment-resistance to clozapine in association with ultrarapid CYP1A2 activity and the C → A polymorphism in intron 1 of the CYP1A2 gene: effect of grapefruit juice and low-dose fluvoxamine. J Clin Psychopharmacol. (2001) 21:603–7. doi: 10.1097/00004714-200112000-00011

 69. Dobrinas M, Cornuz J, Oneda B, Kohler Serra M, Puhl M, Eap CB. Impact of smoking, smoking cessation, and genetic polymorphisms on CYP1A2 activity and inducibility. Clin Pharmacol Ther. (2011) 90:117–25. doi: 10.1038/clpt.2011.70

 70. Krivoy A, Gaughran F, Weizman A, Breen G, MacCabe JH. Gene polymorphisms potentially related to the pharmacokinetics of clozapine: a systematic review. Int Clin Psychopharmacol. (2016) 31:179–84. doi: 10.1097/YIC.0000000000000065

 71. Scharfetter J, Chaudhry HR, Hornik K, Fuchs K, Sieghart W, Kasper S, et al. Dopamine D3 receptor gene polymorphism and response to clozapine in schizophrenic Pakistani patients. Euro Neuropsychopharmacol. (1999) 10:17–20. doi: 10.1016/S0924-977X(99)00044-9

 72. Shaikh S, Collier DA, Sham PC, Ball D, Aitchison K, Vallada H, et al. Allelic association between a Ser-9-Gly polymorphism in the dopamine D3 receptor gene and schizophrenia. Hum Genet. (1996) 97:714–9. doi: 10.1007/BF02346178

 73. Arranz MJ, Collier DA, Sodhi MO, Ball D, Roberts GW, Sham P, et al. Association between clozapine response and allelic variation in 5-HT2A receptor gene. Lancet. (1995) 346:281–2. doi: 10.1016/S0140-6736(95)92168-0

 74. Sahli ZT, Tarazi FI. Pimavanserin: novel pharmacotherapy for Parkinson's disease psychosis. Expert Opin Drug Discov. (2018) 13:103–10. doi: 10.1080/17460441.2018.1394838

 75. Nasrallah HA, Fedora R, Morton R. Successful treatment of clozapine-nonresponsive refractory hallucinations and delusions with pimavanserin, a serotonin 5HT-2A receptor inverse agonist. Schizophr Res. (2019) 208:217–20. doi: 10.1016/j.schres.2019.02.018

 76. Taylor DL, Tiwari AK, Lieberman JA, Potkin SG, Meltzer HY, Knight J, et al. Genetic association analysis of N-methyl-d-aspartate receptor subunit gene GRIN2B and clinical response to clozapine. Hum Psychopharmacol Clin Exp. (2016) 31:121–34. doi: 10.1002/hup.2519

 77. Lin CH, Chen YM, Lane HY. Novel treatment for the most resistant schizophrenia: dual activation of NMDA receptor and antioxidant. Curr Drug Targets. (2020) 21:610–5. doi: 10.2174/1389450120666191011163539

 78. Shekhar A, Potter WZ, Lightfoot J, Lienemann D Pharm J, Dubé S, Mallinckrodt C, et al. Selective muscarinic receptor agonist xanomeline as a novel treatment approach for schizophrenia. Am J Psychiatry. (2008) 165:1033–9. doi: 10.1176/appi.ajp.2008.06091591

 79. Dean B, Hopper S, Scarr E. Muscarinic M1 receptors: involvement in the pathophysiology and treatment of schizophrenia. Schizophr Bull. (2018) 44 (Suppl 1):S70. doi: 10.1093/schbul/sby014.180

 80. Leboyer M, Godin O, Terro E, Boukouaci W, Lu CL, Andre M, et al. Immune signatures of treatment-resistant schizophrenia: a FondaMental academic centers of expertise for schizophrenia (FACE-SZ) study. Schizophr Bull Open. (2021) 2:sgab012. doi: 10.1093/schizbullopen/sgab012

 81. Brady Jr RO, Gonsalvez I, Lee I, Öngür D, Seidman LJ, Schmahmann JD, et al. Cerebellar-prefrontal network connectivity and negative symptoms in schizophrenia. Am J Psychiatry. (2019) 176:512–20. doi: 10.1176/appi.ajp.2018.18040429

 82. Valiengo LD, Goerigk S, Gordon PC, Padberg F, Serpa MH, Koebe S, et al. Efficacy and safety of transcranial direct current stimulation for treating negative symptoms in schizophrenia: a randomized clinical trial. JAMA Psychiatry. (2020) 77:121–9. doi: 10.1001/jamapsychiatry.2019.3199







OPS/images/crossmark.jpg
(®) Check for updates





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Treatment-resistant schizophrenia: How far have we traveled?



		Introduction



		Evolution of the concept of treatment-resistant schizophrenia



		Understanding treatment-resistant schizophrenia



		Future perspective and conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
@ frontiers | Frontiers in Psychiatry

Treatment-resistant
schizophrenia: How far have we
traveled?





OPS/images/logo.jpg
& frontiers | Frontiers in Psychiatry





