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ABSTRACT 

 

Major depressive disorder (MDD) has a high prevalence among Canadians and places 

extensive burden on the health care system. Due to the heterogeneity of the disorder, adequate 

treatment is difficult, highlighting a need for new therapeutic strategies to provide symptomatic 

relief in individuals with treatment-resistant depression. Importantly, the novel antidepressant 

strategy, ketamine, has been shown to reduce depressive symptoms in a significant proportion of 

individuals with treatment-resistant depression. Abnormalities in the endocrine and immune 

systems are well documented in patients with MDD, however, the mechanisms by which 

repeated ketamine infusions influence these physiological systems are unclear. This study 

examined the effects of repeated ketamine infusions on the endocrine and immune systems using 

the peripheral biomarkers C-reactive protein (CRP) and cortisol. Plasma CRP and salivary 

cortisol were measured from biological specimens collected from participants at various time 

points during a repeated ketamine infusions clinical trial conducted at the Royal’s Institute of 

Mental Health Research (IMHR) from January 2013 to December 2017. Neither plasma CRP nor 

salivary cortisol predicted antidepressant treatment response to ketamine. Pre-treatment plasma 

CRP was correlated with pre-treatment severity of depressive symptom severity and suicidal 

ideation severity. While both depressive symptoms and suicidal ideation were reduced with 

repeated ketamine treatment, there was no significant change in plasma CRP levels throughout 

the clinical trial. Morning salivary cortisol did change throughout the clinical trial in a sex-

specific way. At baseline, males exhibited a blunted cortisol awakening response (CAR) 

compared to females. After ketamine treatment, males exhibited an increase in cortisol upon 

awakening indicating a reversal (normalization) of their blunted CAR. In contrast, females’ 

morning cortisol output was reduced after repeated ketamine infusions. Further sex-specific 
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investigation into ketamine’s effect on glucocorticoid expression is needed to advance the 

knowledge of the underlying mechanisms of ketamine’s rapid antidepressant effects to more 

effectively treat patients with depression.  
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INTRODUCTION 

 

Major Depressive Disorder 

 

 Major depressive disorder (MDD) is a common mental disorder that is both prevalent and 

debilitating. More than 264 million people suffer from this disorder worldwide, making it one of 

the leading causes of disability (James et al., 2018; World Health Organization, 2020). It affects 

4.7% of Canadians every year and 11.3% of the Canadian population have met MDD criteria at 

some point in their lifetime (Pearson et al., 2013). Despite advances in treatment strategies, the 

prevalence in Canada has not significantly changed over the last couple of decades (Patten, 

Williams, Lavorato, Fiest, et al., 2015). However, there is variation in reported depression 

prevalence between countries from 0.4% in Vietnam to 15.7% in Morocco (Rai, Zitko, Jones, 

Lynch, & Araya, 2013). Taking this variance into consideration, the global prevalence is 

estimated to be approximately 5% with higher rates found in Africa, the Middle East and South 

Asia (Ferrari et al., 2013).  

Furthermore, there is a well-documented difference in prevalence of MDD between 

males and females. In Canada, the annual rate of depression in females is 5.8% and only 3.6% in 

males (Pearson et al., 2013). The disparity in prevalence between males and females is reported 

globally with females being 1.7 times more likely to experience MDD than males (Ferrari et al., 

2013). This difference is consistent across different cultures and countries of varied 

socioeconomic status suggesting a biological component to the disorder (Rai et al., 2013). 

Accordingly, females are more vulnerable to depression during periods of sex hormone 

fluctuations including puberty, prior to menstruation, postpartum and perimenopause (Albert, 

2015). In fact, the difference in prevalence first appears in adolescence, while preadolescent boys 

and girls report similar rates of depression (Cyranowski, Frank, Young, & Shear, 2000; Nolen-
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Hoeksema & Girgus, 1994). The sex difference is the greatest during adolescence and early 

adulthood and decreases with age (Patten, Williams, Lavorato, Wang, et al., 2015; Pearson et al., 

2013).  

 The Diagnostic and Statistical Manual of Mental disorders, 5th edition, (DSM-5) defines 

the diagnostic criteria for MDD (American Psychiatric Association, 2013). The symptoms 

include: depressed mood; diminished interest or pleasure; significant change in weight or 

appetite; insomnia or hypersomnia; psychomotor agitation or retardation; fatigue or loss of 

energy; feelings of worthlessness or excessive or inappropriate guilt; diminished ability to think 

or concentrate or indecisiveness; and recurrent thoughts of death or suicide. To be diagnosed 

with MDD one must experience at least 5 symptoms, including either depressed mood or 

anhedonia for a two-week period that causes significant distress or impairment (American 

Psychiatric Association, 2013). Using these criteria, it is possible for two people to share an 

MDD diagnosis without sharing a single symptom. Additionally, some symptoms are seemingly 

opposite: weight loss and weight gain; insomnia and hypersomnia; as well as restlessness and 

lethargy. A study by Fried & Nesse (2015) found there were over a thousand unique symptom 

profiles in a sample of 3703 patients with depression. The heterogeneous presentations of MDD 

illuminate a need to examine biological correlates to better understand this multifaceted disorder.  

Within the symptoms of MDD, suicidal ideation is among the most concerning. Suicidal 

ideation is a common symptom of MDD and it can progress to suicidal plans, attempts, and death 

by suicide. Approximately half of Canadians with MDD experience suicidal ideation in their 

lifetime and 23% report developing a suicide plan (Patten, Williams, Lavorato, Wang, et al., 

2015). Comparatively, the lifetime prevalence in suicidal ideation and plans in the general 

Canadian population is 12% and 4% respectively (Government of Canada, 2020). Furthermore, 
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people with MDD have a five times greater risk of suicide attempt with reported rates ranging 

from 2-71% depending on numerous factors including setting (inpatient or outpatient), income, 

and region (Dong et al., 2019; Nock, Hwang, Sampson, & Kessler, 2010). In Canada, 17% 

people with MDD report attempting suicide in their lifetime which is six times greater than the 

rate for the general Canadian population (Government of Canada, 2020; Patten, Williams, 

Lavorato, Wang, et al., 2015). Consequently, patients with depression are also more likely to die 

by suicide, with rates ranging from 2.2% in outpatient populations to 8.6% in patients with a 

history of hospitalization for suicide risk (Bostwick & Pankratz, 2000).  

As is the case for depression rates, there are sex differences in suicide-related outcomes 

as well. Death by suicide is more prevalent in males than females (Navaneelan, 2017; Nock et 

al., 2008) whereas suicidal ideation and behaviours including plans and attempts are more 

prevalent in females (Nock, Borges, Bromet, Alonso, et al., 2008; Nock, Borges, Bromet, Cha, et 

al., 2008). An estimated 800,000 people die by suicide every year, (World Health Organization, 

2019) including 4,000 Canadians (Government of Canada, 2020) with people meeting criteria for 

mood disorders making up approximately half of all suicide deaths (Arsenault-Lapierre, Kim, & 

Turecki, 2004; Conwell et al., 1996; Harwood, Hawton, Hope, & Jacoby, 2001; Henriksson et 

al., 1993). Given the potential fatal consequences of MDD, improvement in treatment strategies 

to alleviate both depression and accompanying suicidal ideation are necessary to reduce the lives 

lost. 

  

Common Treatment Strategies for MDD 

 

 Currently, there are diverse treatment strategies for depression including 

pharmacological, psychological, and neurostimulatory therapies (Gelenberg et al., 2010). The 



 5 

majority of pharmacological treatments for depression target the monoamine systems: serotonin, 

norepinephrine, and dopamine. This is based on the monoamine hypothesis of depression which 

posits that impairments in serotonin, norepinephrine, and dopamine systems contribute to the 

pathology of depression (Hirschfeld, 2000). This hypothesis was articulated more than 50 years 

ago, supported by the discovery of the antidepressant properties of agents that enhance the 

monoamine systems including monoamine oxidase inhibitors (MAOIs) and tricyclic 

antidepressants (TCAs) (Hillhouse & Porter, 2015). Presently, MAOIs and TCAs are 

recommended less frequently due to their potential for serious side effects and drug interactions 

(Kennedy et al., 2016). Instead, the Canadian Network for Mood and Anxiety Treatments 

(CANMAT) recommends the use of selective serotonin reuptake inhibitors (SSRIs), serotonin 

norepinephrine reuptake inhibitors (SNRIs), agomelatine, bupropion, mirtazapine, and 

vortioxetine as first line pharmacological treatments for depression (Kennedy et al., 2016). These 

agents all modulate the monoamine systems in different ways: SSRIs and SNRIs increase the 

amount of serotonin, or serotonin and norepinephrine respectively, by blocking their reuptake 

(Owens, Morgan, Plott, & Nemeroff, 1997; Wong, Horng, Bymaster, Hauser, & Molloy, 1974); 

agomelatine is a serotonin antagonist that enhances norepinephrine and dopamine signalling 

(Millan et al., 2003); bupropion inhibits the reuptake of norepinephrine and dopamine (Stahl et 

al., 2004); mirtazapine acts on norepinephrine and serotonin receptors to enhance their release 

(Anttila & Leinonen, 2001); and vortioxetine is a serotonin agonist, antagonist and transporter 

inhibitor (Bang-Andersen et al., 2011; Sanchez, Asin, & Artigas, 2015). Additionally, 

psychological therapies including cognitive behavioural therapy (CBT), interpersonal therapy, 

and behavioural psychotherapies are recommended both on their own to treat mild depression or 

in adjunct to pharmacological therapies (Kennedy et al., 2016; Parikh et al., 2016). Lastly, 
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electroconvulsive therapy (ECT) and repetitive transcranial magnetic stimulation (rTMS) have 

shown to be effective at reducing depression symptomology (Berlim, Van Den Eynde, Tovar-

Perdomo, & Daskalakis, 2014; Kellner et al., 2010) but are rarely recommended before 

pharmacological avenues have been explored (Milev et al., 2016). Despite multiple treatment 

options, both pharmacological and nonpharmacological, MDD remains a difficult disorder to 

treat due to low remission rates, high rates of relapse, and residual symptoms in treatment 

responders (Warden, Rush, Trivedi, Fava, & Wisniewski, 2007). 

 

Treatment-Resistant Depression 

 

While treatment-resistant depression (TRD) has varying definitions, the most common 

definition is: failure to respond to at least two medications for depression from different 

pharmacological classes administered at adequate dose and duration (Gaynes et al., 2020; Souery 

et al., 1999). Using this definition, Rizvi et al. (2014) found that 21.7% of MDD patients are 

treatment-resistant in Canada. The literature is inconclusive on the presence of sex differences in 

TRD. Rizvi et al. (2014) reported no difference in TRD prevalence between males and females. 

Contrarily, Kubitz et al. (2013) found TRD was more common among females. Oppositely, 

Trivedi et al. (2006) reported females having higher remission rates implying they are more 

treatment-responsive. In any case, there is evidence that TRD patients report lower quality of life  

(Johnston, Powell, Anderson, Szabo, & Cline, 2019; Mrazek, Hornberger, Altar, & Degtiar, 

2014), longer episode duration (Kubitz et al., 2013; Rizvi et al., 2014), and more comorbid 

mental health disorders, specifically anxiety and personality disorders as well as comorbid 

chronic pain, fibromyalgia, and migraines (Ivanova et al., 2010; Souery et al., 2007). 

Furthermore, TRD patients are at increased risk of suicide (Souery et al., 2007) with 30% 
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reporting suicide attempt history compared to 8.4% of their non-resistant counterparts (Bernal et 

al., 2007; Hantouche, Angst, & Azorin, 2010; Nelsen & Dunner, 1995). TRD patients therefore 

pose an increased economic burden due to disability and increased healthcare costs (Ivanova et 

al., 2010; Johnston et al., 2019). 

The prevalence and poor prognosis of TRD illuminates a need for novel treatment 

strategies for TRD. Currently, patients that do not respond to first line pharmacotherapy have 

several options. Firstly, they can switch to another medication for depression or add an 

adjunctive medication such as lithium, triiodothyronine, serotonin-dopamine antagonists, or 

stimulants to augment response (Gelenberg et al., 2010; Kennedy et al., 2016). This trial and 

error process can take many months as each medication trial is recommended to last 4-8 weeks 

before switching to another strategy (Gelenberg et al., 2010). Furthermore, the likelihood of 

remission decreases as the number of failed treatment strategies increases (Rush et al., 2006). 

Secondly, neurostimulatory therapies including ECT and rTMS are recommended for MDD 

patients that do not respond to pharmacotherapy (Milev et al., 2016). ECT has been used to 

effectively treat depression for decades but has many common adverse side effects including 

headaches, disorientation and memory loss (Geddes et al., 2003; Milev et al., 2016). While not as 

effective as ECT, rTMS is a novel therapy that does not cause cognitive side effects and 

therefore is better tolerated than ECT (Chen, Zhao, Liu, Fan, & Xie, 2017; Serafini et al., 2015). 

Other neurostimulation techniques that have shown some efficacy for TRD include transcranial 

direct current stimulation (tDCS) (Sharafi, Taghva, Arbabi, Dadarkhah, & Ghaderi, 2019); vagus 

nerve stimulation (VNS) (Berry et al., 2013); deep brain stimulation (DBS) (Berlim, McGirr, 

Van Den Eynde, Fleck, & Giacobbe, 2014); and magnetic seizure therapy (MST) (Kayser et al., 

2015). However, these treatments are not commonly used because more evidence into their 
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efficacy and tolerability is necessary before they become recommended and widely available 

treatments (Milev et al., 2016). Despite existing treatment strategies, there still remains an unmet 

need for rapid, efficient and well-tolerated treatments for TRD. Leading to the investigation into 

the therapeutic agent, ketamine, whose rapid antidepressant effects in TRD patients (Berman et 

al., 2000; Kryst et al., 2020) have been described as the most significant discovery in the 

treatment of depression in the last 50 years (Duman & Aghajanian, 2012).  

 

Ketamine 

Pharmacology 

Ketamine is referred to as an NMDA receptor antagonist because its primary mechanism 

of action is binding to the phencyclidine (PCP) binding site on the N-methyl-D-aspartate 

(NMDA) glutamate receptor and blocking ion influx (Black et al., 1996; Vincent, Kartalovski, 

Geneste, Kamenka, & Lazdunski, 1979; Zukin & Zukin, 1979). Ketamine has also been shown 

to have effects on muscarinic and nicotinic acetylcholine receptors (Coates & Flood, 2001; 

Hirota, Hashimoto, & Lambert, 2002); cholinesterase (Schuh, 1975); opioid receptors (Hustveit, 

Maurset, & Øye, 1995); dopamine receptors (Kapur & Seeman, 2002); serotonin receptors 

(Kapur & Seeman, 2002); and monoamine transporters (Nishimura et al., 1998). Due to its chiral 

center, ketamine has two enantiomers: S(+) and R(-) 2-(2-chlorophenyl)-2-(methylamino) 

cyclohexanone (Calvey, 1995). While ketamine is commonly used as a racemic mixture, some 

studies have investigated S and R ketamine separately and revealed differences in 

pharmacokinetics, pharmacodynamics and clinical effects between the two enantiomers (Muller, 

Pentyala, Dilger, & Pentyala, 2016; Vollenweider, Leenders, Øye, Hell, & Angst, 1997). 

Furthermore, ketamine generates multiple metabolites which are found in the bloodstream after 
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an infusion, some of which have been shown to be psychoactive (Hashimoto, 2019; Zarate et al., 

2012). Thus, ketamine’s effects on multiple neurotransmitter systems, differences between its 

enantiomers and potential effects of its metabolites must be investigated to understand the full 

spectrum of ketamine’s pharmacological effects on the brain and rest of the body. 

 

History 

Ketamine, a PCP derivative, was first discovered in the 1960’s for its dissociative 

anesthetic properties (Domino, 2010; Domino, Chodoff, & Corssen, 1965). In 1970, it was 

approved by the Food and Drug Administration (FDA) for use as an anesthetic and analgesic and 

remains a commonly used anesthetic for emergency procedures (Green, Roback, Kennedy, & 

Krauss, 2011; U.S. Food & Drug Administration, 1970).  Shortly after its approval for clinical 

use, there were reports of illicit use of ketamine for its dissociative and psychedelic properties 

(Ahmed & Petchkovsky, 1980; Siegel, 1978). Consequently, ketamine was classified as a 

controlled substance in 1999 (Drug Enforcement Agency, 1999) and remains a schedule 1 

controlled drug presently in Canada meaning that it is illegal to manufacture, possess, or 

distribute ketamine without the proper authorization (Government of Canada, 2019). While it is 

speculated that some recreational users of ketamine were aware of its antidepressant properties in 

the 1970s and 1980s (Domino, 2010), it was not until 2000 when the first clinical trial reported 

the antidepressant effects of ketamine (Berman et al., 2000). Six years later, Zarate et al. (2006) 

replicated these initial findings, followed by numerous others: Murrough et al. (2013); Sos et al. 

(2013); Lapidus et al. (2014); Lenze et al. (2016); Li et al. (2016); and Singh et al. 2016. In 2019, 

Spravato® a nasal spray of esketamine, the s-enantiomer of ketamine, was approved by the FDA 

to be used in the treatment of TRD in conjunction with an oral medication for depression such as 
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an SSRI or SNRI (U.S. Food & Drug Administration, 2019). In July 2020, Spravato® became 

available to Canadians with TRD, following Health Canada’s Notice of Compliance (NOC) 

indicating that it has met safety, efficacy, and quality requirements (Health Canada, 2020; 

Janssen, 2020).  

 

Ketamine for Depression 

 

 Ketamine is a novel treatment strategy for depression that provides two benefits 

compared to traditional treatment strategies: rapid onset of antidepressant effects and higher rates 

of response and remission in TRD. Since the first study conducted by Berman et al. (2000), 

numerous trials have demonstrated ketamine’s rapid antidepressant effects (Kryst et al., 2020).  

Meta-analyses have found that a single administration of a subanesthetic dose of ketamine causes 

a significant reduction of depressive symptoms that appears as early as 40-60 minutes after 

administration, peaks at 24 hours post-administration, and lasts approximately one week 

(Kishimoto et al., 2016; Kryst et al., 2020). These effects occur much faster than traditional 

pharmacotherapies used to treat depression which often take several weeks to be effective (Rush 

et al., 2006). Furthermore, the average response and remission rates 24 hours after a single 

administration of ketamine are approximately 54% and 34% respectively (Kishimoto et al., 

2016). In comparison, the largest pharmacotherapy trial for depression to date, STAR*D, had a 

response rate of 47% and a remission rate of 27.5% with an SSRI (Trivedi et al., 2006). Since 

multiple studies have included patients with unipolar and bipolar depression, meta-analyses have 

used subgroup analysis to determine efficacy and found that a single administration of ketamine 

was effective at reducing depressive symptoms in both psychiatric disorders (Kryst et al., 2020; 

Newport et al., 2015). 



 11 

Furthermore, ketamine has a beneficial effect on suicidal ideation that is partially 

independent from its decrease in depressive symptoms (Wilkinson, Ballard, et al., 2018). 

Ketamine significantly reduces suicidal ideation 24 hours to 1 week after treatment and a 

significant proportion of participants were free of suicidal ideation on days 1-3 after 

administration (Wilkinson, Ballard, et al., 2018). Ketamine’s beneficial and rapid effect on 

suicidal ideation holds promise for treatment of acutely suicidal patients. Similarly, ketamine is 

very promising for the treatment of TRD. Kryst et al. (2020) found that ketamine’s 

antidepressant effects were more pronounced in TRD whereas the response rate for traditional 

pharmacotherapies for depression, generally decrease in treatment-resistant populations (Sinyor, 

Schaffer, & Levitt, 2010). Another advantage of ketamine is that it’s effective when used as both 

a monotherapy and as an adjunctive therapy (Kryst et al., 2020). This is a further benefit to 

patients with TRD as they are able to use ketamine as adjunctive therapy to treat residual 

symptoms if they are experiencing some symptom relief from their current medication. 

Unfortunately, the antidepressant effects of a single administration of ketamine are transient 

lasting only about a week with no significant benefit compared to control after 10 days post-

administration (Kishimoto et al., 2016).  

In order to maintain antidepressant effects, repeated administration of subanesthetic doses 

of ketamine can be used. The first study to report that repeated administrations of ketamine can 

sustain antidepressant effects was conducted by Murrough et al. (2013b). Murrough et al. 

(2013b) administered 6 infusions of ketamine over a 12-day period and found that not only did 

the repeated infusions sustain the antidepressant effects, they also delayed relapse with the 

median time to relapse after the last infusion being 18 days. Since then, multiple studies have 

replicated the finding that repeated administrations of ketamine both sustain antidepressant 
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effects and extend duration of response after administration (Diamond et al., 2014; Rasmussen et 

al., 2013; Shiroma et al., 2014). Using the same protocol as Murrough et al. (2013b), 6 infusions 

over 12 days, Shiroma et al. (2014) and Zheng et al. (2018) found that repeated infusions 

increased participants’ rates of response and remission compared to previous studies using single 

infusions (Kryst et al., 2020) indicating that ketamine may have cumulative antidepressant 

effects with repeated administrations. This has since been confirmed by the direct comparison of 

single and repeated infusions administered in the same patients in the current clinical trial 

conducted in our lab (Phillips et al., 2019). While it is evident that repeated ketamine 

administrations can sustain antidepressant response for 2-3 weeks (Kryst et al., 2020), more 

research is needed to determine how ketamine’s antidepressant effects can be maintained in the 

long-term (Papakostas, 2020). Thus far, there is evidence that ketamine treatment at a reduced 

frequency (weekly or biweekly) after repeated administrations can maintain ketamine’s 

antidepressant effects and decrease risk of relapse (Daly et al., 2019; Phillips et al., 2019).  

 

Ketamine Administration 

 

Varied dose, rates, and routes of drug administration of ketamine have been used for the 

purpose of treating depression. The most commonly administered subanaesthetic dose for the 

treatment of depression is 0.5mg/kg (Andrade, 2017), although doses ranging from 0.1mg/kg-

0.75mg/kg have been examined (Cusin et al., 2017; Lai et al., 2014; Loo et al., 2016). This dose 

range is still lower than the average dose used for anesthesia which is approximately 2mg/kg 

(JHP Pharmaceuticals LLC, 2012; Lanning & Harmel, 1975) and common recreational doses of 

100-200mg (Weiner, Vieira, McKay, & Bayer, 2000). Furthermore, in most clinical trials 

examining ketamine for the treatment of depression, intravenous ketamine is generally infused 
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over a 40 minute period, thus with a slow rate of administration (Andrade, 2017). A longer 

duration of 100 minutes has also been used and this rate was both tolerable and effective at 

reducing depressive symptoms (Rasmussen et al., 2013; Vande Voort et al., 2016). On the other 

hand, shorter administration durations of 2-5 minutes, while effective, can cause significant 

adverse psychotomimetic effects (Lai et al., 2014). It follows that a faster administration rate is 

often used to obtain the desired dissociative and anesthetic effects for recreational or anesthetic 

purposes (JHP Pharmaceuticals LLC, 2012; Sassano-Higgins, Baron, Juarez, Esmaili, & Gold, 

2016). Lastly, multiple routes of ketamine administration have been explored for the treatment of 

depression including intranasal (Lapidus et al., 2014), oral (Irwin & Iglewicz, 2010), sublingual 

(Lara, Bisol, & Munari, 2013), subcutaneous (Loo et al., 2016), intramuscular (Chilukuri et al., 

2014; Loo et al., 2016), and most commonly intravenous (Andrade, 2017). Despite these 

variations in dose, rate, and route of administration, many studies replicate the methodology first 

used by Berman and colleagues (2000): a 0.5mg/kg dose of racemic ketamine administered 

intravenously for 40 minutes (Aan Het Rot et al., 2010; Murrough, Iosifescu, et al., 2013; Zarate 

et al., 2006).   

 

Tolerability and Safety 

 

 While ketamine is considered safe and well-tolerated, it is not without side effects (Wan 

et al., 2015). The most common side effects of ketamine at subanaesthetic doses include 

drowsiness, dissociation, dizziness, confusion, visual disturbances, nausea, and vomiting (Berlim 

et al., 2014) . However, these effects are transient and often resolve within a couple hours (Aan 

Het Rot et al., 2010; Murrough, Iosifescu, et al., 2013; Zarate et al., 2006). Interestingly, 

dissociative side effects have been correlated with increased clinical efficacy after a single 
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administration of ketamine (Newport et al., 2015; Sos et al., 2013; Zarate et al., 2006). Yet, these 

side effects decrease with repeated ketamine administrations while clinical efficacy increases 

(Phillips et al., 2019). Other commonly reported side effects during ketamine administration 

include hemodynamic changes such as elevations in blood pressure and heart rate but they also 

resolve within a few hours (Lapidus et al., 2014; Murrough, Iosifescu, et al., 2013; Newport et 

al., 2015; Zarate et al., 2006). Therefore, although there are common side effects associated with 

ketamine administration, they are relatively benign and transient (Fond et al., 2014; Wan et al., 

2015).  

Ketamine’s history of abuse does raise concerns about its potential addictive properties. 

Thus far, there have been no reports of increased substance use in clinical trials of ketamine for 

depression (Wan et al., 2015). Although, there have been two case studies reporting ketamine 

abuse after its use for antidepressant purposes (Bonnet, 2015; Schak et al., 2016). One anesthetic 

nurse self-administered ketamine to cope with her depression which escalated to a ketamine 

addiction and one man with a history of alcohol use disorder who was prescribed ketamine for 

his depression used higher doses than prescribed causing significant impairment in his home and 

work life (Bonnet, 2015; Schak et al., 2016). These case studies highlight the importance of 

ketamine treatment being used as prescribed and administered under the care of a health care 

professional. Given ketamine’s potential for abuse and dependence, the risk of addiction should 

be considered when administering ketamine as a treatment for depression, in particular in 

patients with a history of substance use disorder (Strong & Kabbaj, 2018).  

Lastly, the effects of long-term ketamine treatment for depression on health remain 

unknown. Evidence from chronic recreational ketamine users indicate that long-term ketamine 

use can adversely affect the urinary and gastrointestinal system and cognitive function (Bokor & 
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Anderson, 2014; Morgan, Muetzelfeldt, & Curran, 2010; Sassano-Higgins et al., 2016).  

However, chronic recreational ketamine users consume ketamine at much higher doses than 

those used to treat depression (Sassano-Higgins et al., 2016; Weiner et al., 2000), therefore it is 

unclear whether prolonged administration of ketamine at the clinically relevant dose for 

depression will induce these effects. Multiple clinical studies using subanaesthetic dose ketamine 

to treat depression have reported no cognitive deficits and conversely, have even found increased 

cognitive function correlated with the alleviation of depressive symptoms (Basso et al., 2020; 

Chen et al., 2018a; Zheng et al., 2019). Due to the novelty of ketamine as a treatment for 

depression, studies on the long-term effects of ketamine treatment are limited. Thus far, a study 

of over 200 participants that received ketamine treatment for over a year found that there were no 

additional side effects than those identified with short term use (Daly et al., 2019). Similar 

findings were demonstrated in a smaller sample receiving ketamine treatment for two years 

(Wilkinson, Katz, et al., 2018) and in a case report of a patient receiving ketamine treatment for 

five years (Chan et al., 2018). Thus, while current evidence indicates that the use of ketamine for 

depression is safe and well-tolerated, larger and longer-term studies are needed to confirm the 

lack of long-term adverse effects. 

 

Ketamine’s Mechanism of Antidepressant Action 

 

 In the last few decades, focus has shifted away from the monoamine hypothesis of 

depression as more preclinical and clinical evidence emerges implicating the glutamatergic 

system in the pathophysiology of depression (Mitchell & Baker, 2010; Sanacora, Treccani, & 

Popoli, 2012). Importantly, preclinical work conducted by Skolnick and colleagues in the 1990’s 

was pivotal in discovering the role of the NMDA glutamate receptor in depressive pathology. In 
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1990, Trullas and Skolnick found that NMDA receptor antagonists (2-amino-7-

phophonoheptanoic acid [AP-7], dizolcipine [MK-801], and 1-aminocylopropanecarboxylic acid 

[ACPS]) reduced depressive-like symptoms in mice on tests of antidepressant efficacy including 

the forced swim test and tail suspension test. Additionally, they found that chronic use of many 

of the most common treatment strategies for depression affected NMDA receptor binding, 

implicating the NMDA receptor as a common pathway for the therapeutic effects of depression 

treatment strategies (Paul, Nowak, Layer, Popik, & Skolnick, 1994; Skolnick et al., 1996). Given 

this preclinical evidence, Skolnick (1999) proposed that NMDA receptor antagonists had the 

potential to be novel and faster-acting medications for depression which was supported one year 

later when Berman et al., (2000) demonstrated the rapid antidepressant effects of the NMDA 

receptor antagonist, ketamine.   

Since the pivotal findings of the rapid antidepressive effects of ketamine and other 

NMDA receptor antagonists, there have been numerous studies investigating their potential 

mechanism of action. While the mechanism of action has not been completely elucidated, there 

are a couple theories explaining how NMDA receptor antagonism could induce antidepressant 

effects (Hermes & Sanacora, 2016). The first theory stipulates that the antidepressant effects of 

NMDA antagonists are dependent on an increase in -amino-3-hydroxy-5-methyl-4-

isoxazolepropionic (AMPA) receptor activity (Aleksandrova, Phillips, & Wang, 2017) which is 

supported by the finding that AMPA antagonists attenuate these effects (Maeng et al., 2008).  

This theory postulates that the increased AMPA receptor activity occurs as a result of NMDA 

receptor antagonism on inhibitory gamma aminobutyric acid (GABA) interneurons inducing an 

increase in glutamatergic signalling in the prefrontal cortex (PFC) (Moghaddam, Adams, Verma, 

& Daly, 1997) and consequently increased AMPA receptor activity (Björkholm, Jardemark, 



 17 

Schilström, & Svensson, 2015). Alternatively, another theory hypothesizes that the 

antidepressant effects are dependent on the deactivation of eukaryotic elongation factor 2 (eEF2), 

an enzyme that regulates protein translation, induced by NMDA receptor antagonism (Autry et 

al., 2011; Monteggia, Gideons, & Kavalali, 2013). However, both theories posit that the 

antidepressant effects of NMDA receptor antagonists are caused by the downstream effects 

(either increased AMPA receptor activity or the deactivation of eEF2) on brain-derived 

neurotrophic factor (BDNF), mammalian target of rapamycin (mTOR) signalling pathways and 

the consequent increase in synaptogenesis and spine density in the PFC (Duman, Li, Liu, Duric, 

& Aghajanian, 2012; N. Li et al., 2010; Monteggia et al., 2013; Naughton, Clarke, Oleary, 

Cryan, & Dinan, 2014). Furthermore, recent work has highlighted the importance of eukaryotic 

initiation factor 4E-binding proteins (part of mTOR signalling) in ketamine’s antidepressant 

action (Aguilar-Valles et al., 2021).  However, other NMDA receptor antagonists are not as 

effective as ketamine at reducing depressive pathology (Newport et al., 2015), indicating a need 

to explore additional potential mechanisms of antidepressant action for ketamine involving other 

biological systems (Sanacora & Schatzberg, 2015).  

 

Inflammation 

 

There is extensive data implicating inflammation in depressive pathology (Miller & 

Raison, 2016). Inflammation is one of the body’s immune responses to injury or infection 

(Lackie, 2019). While beneficial in the short-term, inflammation can become detrimental to the 

body if it becomes chronic (Blakemore & Jennett, 2001). Some cytokines including interleukin-6 

(IL-6), interleukin-1 (IL-1) and tumor necrosis factor- (TNF-), promote inflammation and 

therefore are often used as markers of inflammation (Monastero & Pentyala, 2017). Patients with 
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MDD have been found to have elevated levels of proinflammatory cytokines (Howren, Lamkin, 

& Suls, 2009; Valkanova, Ebmeier, & Allan, 2013) indicating the presence of low-grade 

inflammation thought to contribute to depression (Miller, Maletic, & Raison, 2009). 

Correspondingly, depression treatment strategies often reduce pro-inflammatory markers 

(Strawbridge et al., 2015; Więdłocha et al., 2018). Additionally, inducing inflammation in non-

depressed individuals induces depressive symptoms (Bonaccorso et al., 2002; Capuron et al., 

2002; Eisenberger, Inagaki, Mashal, & Irwin, 2010; Harrison et al., 2009; Reichenberg et al., 

2001) whereas anti-inflammatory treatments can reduce depressive symptoms (Köhler et al., 

2014), particularly in MDD patients with elevated baseline inflammation (Raison et al., 2013). 

This suggests the use of inflammatory biomarkers as potential predictors of treatment response in 

depression (Audet & Anisman, 2013; Lopresti, Maker, Hood, & Drummond, 2014). Generally, 

higher levels of inflammatory markers are associated with non-responsiveness to 

pharmacotherapies for depression (Lanquillon, Krieg, Bening-Abu-Shach, & Vedder, 2000; 

Strawbridge et al., 2015). However, for treatment strategies with anti-inflammatory properties 

elevated inflammation holds promise as a biomarker for treatment response (Hashimoto, 2015; 

Raison et al., 2013; Yang, Wardenaar, Bosker, Li, & Schoevers, 2019). 

 

Ketamine and Inflammatory Markers 

 
Ketamine has been shown to affect multiple aspects of the immune system to prevent 

inflammation (Loix, De Kock, & Henin, 2011). Interestingly, ketamine only has anti-

inflammatory effects when there is an inflammatory stimulus and therefore it is considered 

immunomodulatory, not immunosuppressive (De Kock, Loix, & Lavand’homme, 2013). 

However, this information is derived from preclinical data and clinical data using anesthetic 
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doses of ketamine. Thus far, clinical studies that administered single subanesthetic doses of 

ketamine have inconsistently found changes in inflammatory markers. Both Chen et al. (2018) 

and Yang et al. (2015) found that IL-6 decreased after ketamine treatment and that higher 

baseline IL-6 was associated with greater treatment response to ketamine. In contrast, Park et al. 

(2017) found that IL-6 increased after ketamine treatment and Kiraly et al. (2017) did not find 

baseline IL-6 to be a reliable marker for predicting treatment response. Yang et al. (2015) also 

found that elevated IL-1 and TNF- predicted treatment response but again these findings were 

not replicated by Park et al. (2017) or Kiraly et al. (2017). Therefore, current knowledge is 

inconclusive on the effects of a single subanesthetic dose of ketamine on inflammatory markers 

and larger studies with replicated results are needed to draw conclusions (Cui et al., 2019). 

There have been two studies to date that have investigated inflammatory markers after 

repeated ketamine infusions with conflicting results. The first study conducted by Allen et al., 

(2018) found that the inflammatory markers IL-6, interleukin-8 (IL-8), interleukin-10 (IL-10) 

and interferon- (IFN-) did not change with ketamine treatment and were not predictive of 

treatment response. Contrarily, a more recent study conducted by Zhan et al., (2020) found that 

IFN-, TNF-, and various interleukins including IL-6 and IL-10 were decreased after repeated 

ketamine infusions. This discrepancy may be attributed to differences in pre-treatment 

inflammatory markers. Allen et al. (2018) found that depressed participants did not have 

significantly higher inflammatory markers than healthy controls prior to treatment initiation 

(Allen et al., 2018) whereas Zhan et al., (2020) found that inflammatory markers were correlated 

with depressive symptom severity. Further investigation into changes in inflammatory markers 

with repeated ketamine infusions is warranted with consideration of potential influence of pre-

treatment levels of inflammation.  
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C-reactive protein (CRP) 

 

 C-reactive protein (CRP), a plasma protein produced by the liver and adipocytes in 

response to IL-6, TNF-, and IL-1 (Nagasawa, 2008), is widely used as a clinical marker of 

systemic inflammation (Aguiar et al., 2013). There is a robust association between elevated 

levels of CRP and MDD confirmed by a meta-analysis of 20 studies (p<0.0001; Haapakoski et 

al., 2015). Often measured peripherally, plasma CRP is strongly correlated with CRP in the 

cerebrospinal fluid (CSF) in patients with MDD (Felger et al., 2020) 

There is also some evidence that that ketamine may affect CRP. The addition of 

subanesthetic doses of ketamine was shown to decrease CRP compared to controls in patients 

undergoing anesthesia for cardiac surgery and emergency caesarean section (Hudetz et al., 2009; 

Jaya et al., 2016). Therefore, it is hypothesized that low dose ketamine treatment for depression 

will cause a reduction in CRP levels. Furthermore, some studies have shown that elevated CRP 

is predictive of treatment response for depression treatment strategies with anti-inflammatory 

properties (Kruse et al., 2018; Papakostas et al., 2014; Raison et al., 2013). Given the anti-

inflammatory properties of ketamine (Loix et al., 2011), it is hypothesized that elevated pre-

treatment CRP levels will also predict antidepressant response to ketamine. Thus far however, 

two studies have investigated the effects of a single ketamine infusion on CRP and found that 

there was no significant change in CRP after treatment and that CRP was not predictive of 

treatment response (Chen et al., 2018b; Kruse et al., 2021). However, these studies were limited 

as CRP levels were only examined for up to 7 days after a single ketamine infusion. Therefore, 

the effects of repeated ketamine infusions on CRP remain unknown.  
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Hypothalamic-Pituitary-Adrenal (HPA) Axis  

 

 Chronic stress has been linked to depression in both clinical (McGonagle & Kessler, 

1990) and preclinical studies (Antoniuk, Bijata, Ponimaskin, & Wlodarczyk, 2019). This link 

between chronic stress and depression has prompted investigation of the hypothalamic-pituitary-

adrenal (HPA) axis. The HPA axis responds to stressors by releasing glucocorticoids (Bellavance 

& Rivest, 2014). This is achieved first by the secretion of corticotropin releasing hormone (CRH) 

from the hypothalamus into the median eminence; consequently CRH stimulates the pituitary to 

secrete adrenocorticotropic hormone (ACTH); and lastly, ACTH stimulates the adrenal cortex to 

release cortisol which has widespread effects throughout the body (Ulrich-Lai and Herman, 

2009). Decades of research have documented dysregulation of the HPA axis in MDD patients 

(Stetler & Miller, 2011). It is hypothesized that in a subset of patients with depression, 

specifically melancholic depression, the HPA axis is hyperactive causing elevated levels of 

ACTH and cortisol (Juruena, Bocharova, Agustini, & Young, 2018; Karlović, Serretti, Vrkić, 

Martinac, & Marčinko, 2012; Pariante & Lightman, 2008; Stetler & Miller, 2011; M. L. Wong et 

al., 2000). HPA axis hyperactivity is thought to be, in part, promoted by reduced glucocorticoid-

mediated feedback inhibition demonstrated by non-suppression on the dexamethasone 

suppression test (DST; in healthy individuals dexamethasone results in a suppression of cortisol 

secretion) (Carson, Halbreich, Yeh, Asnis, & Goldstein, 1988; Pariante & Lightman, 2008).  

Given the extensive effects of glucocorticoids in the body, the dysregulation of the HPA 

axis in depression affects other systems, including the immune system. Glucocorticoids act on 

almost all immune cells and exhibit both anti-inflammatory and pro-inflammatory properties 

(Cruz-Topete & Cidlowski, 2014). However with chronic stress, a risk factor for MDD, the pro-

inflammatory effects of glucocorticoids prevail resulting in low grade inflammation (Dantzer, 



 22 

2018).  It is hypothesized that the lack of the anti-inflammatory effects of glucocorticoids in 

depression can be attributed to the loss of glucocorticoid receptor (GR) density and thus 

desensitization of glucocorticoid mediated feedback (Pariante & Lightman, 2008). In summary, 

reduced glucocorticoid mediated feedback may promote both HPA axis hyperactivity and 

inflammation resulting in patients with MDD presenting with both elevated glucocorticoids and 

elevated inflammatory factors (Troubat et al., 2021). Furthermore, the interaction between the 

HPA axis and inflammatory processes is bidirectional such that inflammatory factors promote 

activation of the HPA axis and glucocorticoid release (Anisman, 2009; Rivest, 2010). Thus, the 

HPA axis and inflammatory processes both upregulate and sensitize the other which is thought to 

contribute depressive pathology.   

The literature is inconsistent on the effects of depression treatment on the HPA axis 

(Schüle, 2007; McKay and Zakzanis, 2010). While some studies have shown normalization of 

the HPA axis with depression treatment (Nickel et al., 2003; Nikisch et al., 2005; Rota et al., 

2005; Schüle et al., 2009), a review by McKay and Zakzanis (2010) found that only 46% of 

studies report a significant decrease in cortisol, 49% find no change, and 5% report a significant 

increase. Furthermore, they found over half of depressed participants had no differences in 

cortisol pre-post treatment and that type of treatment and response did not significantly impact 

change in pre-post cortisol levels (McKay & Zakzanis, 2010). While it is not evident that cortisol 

changes with antidepressant treatment, cortisol has shown value as a biomarker for treatment 

response in some depression treatment strategies including cortisol synthesis inhibitors and 

psychological therapy (Fischer, Strawbridge, Vives, & Cleare, 2017; Lombardo et al., 2019). 

 

 



 23 

Cortisol and Ketamine  

 

Thus far, the literature on ketamine’s effects on cortisol secretion is limited. In healthy 

volunteers, single subanesthetic doses of ketamine significantly increased cortisol levels from 40 

to 200 minutes post-infusion (Khalili-Mahani, Martini, Olofsen, Dahan, & Niesters, 2015; 

Krystal et al., 1994). In another study in participants with depression, ketamine did not 

significantly affect cortisol awaking response one week post-infusion (Allen et al., 2018). 

However, in both of these studies, the participants’ pre-ketamine cortisol levels were not 

elevated. Preclinical studies have found that ketamine normalized corticosterone (the rodent 

equivalent to cortisol) elevations in chronically stressed animals and had no effect on 

corticosterone levels of control animals (Wang et al., 2019; Zhou, Gao, Zhang, Kosten, & Li, 

2018). Therefore, it is hypothesized that ketamine treatment can normalise cortisol levels in 

patients with depression and HPA axis hyperactivity. This hypothesis is supported by a case 

study of a patient with TRD for whom ketamine treatment normalized their response to the 

dexamethasone suppression test (Ostroff & Kothari, 2015). This hypothesis of reduction in 

cortisol levels solely in cases of pre-treatment elevation has been proposed for other treatment 

strategies for depression. A meta-analysis found that the change in cortisol with treatment was 

significantly greater in melancholic depression, a subtype of depression associated with elevated 

cortisol compared to other depression subtypes (Karlović et al., 2012; McKay & Zakzanis, 

2010).  

 

STUDY RATIONALE, RESEARCH OBJECTIVES AND HYPOTHESIS 

 

Despite numerous studies demonstrating ketamine’s rapid antidepressant effects, its 

central mechanism of action is only partially understood. Specifically, current research is 
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inconclusive on ketamine’s effect on inflammatory markers and cortisol, both of which are 

dysregulated in depressive pathophysiology. Thus, the primary aim of this study is to investigate 

the effects of ketamine on peripheral biomarkers plasma CRP and salivary cortisol. Since CRP 

and cortisol have been shown to be elevated in patients with depression (Haapakoski et al., 2015; 

Stetler & Miller, 2011), we hypothesize that repeated ketamine infusions will normalize (i.e. 

reduce) levels of CRP and cortisol.   

Furthermore, the above review illustrated the challenges of treatment for MDD due to the 

heterogeneity of the disorder and low treatment response rates to treatment. Given the potential 

fatal consequences of MDD, it is crucial to provide rapid and effective treatment, illuminating a 

need for biomarkers that can predict treatment response. Thus, the secondary aim of this study is 

to determine if baseline levels of the peripheral biomarkers plasma CRP and salivary cortisol can 

predict response to repeated ketamine treatment.  

Lastly, given the differences in inflammation and cortisol reported in patients with MDD 

described above, the tertiary aim of this study is to examine the relationship between pre-

treatment peripheral biomarkers and depressive symptom severity (including suicidal ideation 

severity). 

 

Statement of Research Objectives 

 

Research objective 1: Determine whether repeated ketamine infusions elicit changes in the 

peripheral biomarkers. 

Research objective 2: Investigate if pre-treatment peripheral biomarkers predict treatment 

response to ketamine.  
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Research objective 3: Examine the relationship between pre-treatment peripheral biomarkers and 

clinical symptom severity. 

 

Statement of Hypotheses 

 

Research hypothesis 1: Repeated ketamine treatment will decrease levels of peripheral 

biomarkers, plasma CRP and salivary cortisol. 

Research hypothesis 2: Pre-treatment peripheral biomarkers will predict antidepressant response 

to repeated ketamine infusions.  

Research hypothesis: Pre-treatment peripheral biomarkers will positively correlate with pre-

treatment depressive symptom severity and suicidal ideation severity.  

 

METHODOLOGY  

Participants 

Male and female participants with treatment-resistant depression were recruited from 

physician referrals and media advertisements for a single center randomized controlled trial of 

ketamine at the Royal’s Institute of Mental Health Research (IMHR), affiliated with the 

University of Ottawa from January 2013 to December 2017. The study protocol was approved by 

the Royal Ottawa Mental Health Centre Research Ethics Board.  

 

Inclusion and Exclusion Criteria 

Participants were required to meet the following inclusion criteria:  

(1) Males and females between the ages of 18 and 65 years old;  
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(2) Primary Axis 1 clinical diagnosis of MDD based on criteria in DSM-IV (American 

Psychiatric Association, 2000) and confirmed by the Mini-International Neuropsychiatric 

Interview (Sheehan et al., 1998);  

(3) A total score of ≥ 25 on the Montgomery-Åsberg Depression Rating Scale (MADRS) 

at screening and randomization with ≤ 20% improvement between two visits;  

(4) Criteria met for TRD, defined as the failure to respond adequately to at least two 

antidepressant medication trials of different classes and two augmentation strategies at 

effective doses for at least 6 weeks within the current depressive episode (Sackeim, 2001)  

(5) Willing to remain on stable doses of concomitant psychotropic medication with no 

changes to treatment regimen for at least 6 weeks prior to trial and throughout trial 

duration  

(6) Females of childbearing age must not have been pregnant (confirmed with urine 

pregnancy test at enrollment) and were willing to use a reliable method of birth control 

during the study 

(7) Provision of written informed consent prior to initiation of any study-related 

procedures 

(8) Ability to understand and comply with the requirements of the study, as judged by the 

investigator(s) 

Participants were excluded if they met any of the following criteria: 

(1) History of drug abuse or dependence as defined by DSM-IV (American Psychiatric 

Association, 2000) or a positive urine toxicology screen;  

(2) History of mania or hypomania; 
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(3) Diagnosis of DSM-IV Axis II disorder that had a major impact on subject’s 

psychiatric status at the time of the study 

(4) Depression secondary to cancer, stroke or other severe illness 

(5) A body mass index (BMI) ≥ 35 

(6) Known history of intolerance or hypersensitivity to ketamine or midazolam   

(7) Unwilling to maintain current antidepressant regimen at stable doses for at least 6 

weeks preceding the clinical trial  

(8) Unwilling to discontinue use of any narcotic for at least 5 drug half-lives prior to 

infusions 

(9) Unwilling or unable to abstain from benzodiazepines on the day prior to the infusions  

(10) Females of childbearing age who were pregnant, lactating or were not willing to use 

a reliable method of birth control throughout study  

(11) An unstable medical condition detected by physical examination, ECG, standard 

blood test, urinalysis or measurement of vitals  

 

Study Design 

Participants completed a three-phase clinical trial to investigate the effects of single, 

repeated, and maintenance ketamine infusions (Figure 1). Phase 1 of the trial consisted of a 

randomized, double-blind, crossover comparison of single infusions of ketamine and midazolam, 

a short-acting benzodiazepine serving as an active placebo control (Murrough et al., 2013). 

During phase 2, participants received three open-label ketamine infusions per week for two 

weeks (a total of 6 open-label repeated infusions). A subset of participants who met treatment 

response criteria (≥50% decrease in MADRS) at the end of phase 2 underwent phase 3, 
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maintenance infusions administered once weekly for four weeks (a total of 4 open-label 

maintenance infusions). To limit carry over of antidepressant effects, participants were required 

to have a relapse in their depressive symptoms (defined as a return to at least 80% of their 

baseline MADRS score) and to wait a minimum of 7 days between the first and second phase 1 

infusions and between the final (second) phase 1 infusion and the first infusion of phase 2.  

 

Figure 1: Study design. The MADRS and the Quick Inventory of Depressive Symptomology: 

Self Report (QIDS-SR) were completed at screening, prior to each phase 1 infusion (ketamine 

and midazolam), at the post-phase 2 follow-up visit (3 days after final phase 2 infusion) and at 

the post-phase 3 follow-up visit (3 days after final phase 3 infusion). After both phase 1 
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infusions, the MADRS was administered at 2 hours, 24 hours and 7 days post-infusion and the 

QIDS-SR was completed 1 day, 4 days and 7 days post-infusion. Blood was collected 

immediately prior to the administration of the first infusion in phase 1, the final (6th) infusion in 

phase 2, and the final (4th) infusion in phase 3. Saliva was collected the morning of and the 

morning after the first infusion in phase 1, the final (6th) infusion in phase 2, and the final (4th) 

infusion in phase 3. 

Drug Administration 

Participants avoided taking benzodiazepines for a day prior to their infusions as they 

attenuate ketamine response (Frye et al., 2015) and abstained from consuming grapefruit juice on 

infusions days as it can slow the rate of elimination of both ketamine and midazolam (Peltoniemi 

et al., 2012). Both ketamine and midazolam infusions were administered by a research nurse and 

a study physician in an outpatient setting. During phase 1, participants were randomized to 

receive either 0.5 mg/kg of ketamine hydrochloride or 30 μg/kg of midazolam, both diluted in 

0.9% saline solution and administered intravenously over a 40-minute time period by 

intravenous pump. Participants’ blood pressure and pulse were monitored at 5-minute intervals 

throughout each infusion and continued until vitals returned to pre-infusion levels. During phases 

2 and 3, participants received open-label ketamine treatment administered as described above. 

 

Clinical Measures 

Mini-International Neuropsychiatric Interview (M.I.N.I.) 

 The Mini-International Neuropsychiatric Interview (M.I.N.I.) is a short, structured 

diagnostic interview for DSM-IV (American Psychiatric Association, 2000) and International 

Statistical Classification of Diseases and Related Health Problems-10, ICD-10 (International 
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Statistical Classification of Diseases and Related Health Problems-10; World Health 

Organization, 2004) psychiatric disorders including: MDD, mania and hypomania, panic 

disorder, agoraphobia, social phobia, obsessive-compulsive disorder (OCD), post-traumatic 

stress disorder (PTSD), alcohol dependence or abuse, substance dependence or abuse, psychotic 

disorders, anorexia nervosa, bulimia nervosa, generalized anxiety disorder, and antisocial 

personality disorder (Sheehan et al., 1998). The M.I.N.I. was administered at the screening visit 

by a trained mental health professional to confirm MDD diagnosis and to screen out individuals 

with excluding comorbid diagnoses (mania, hypomania, and history of substance abuse or 

dependence). In addition to measuring comorbid psychiatric conditions, the M.I.N.I. was used to 

assess the participants’ total number of major depressive episodes and suicide attempt history.  

Montgomery-Åsberg Depression Rating Scale (MADRS)  

Throughout the study, the primary clinical measure for depression severity was the 10-

item clinician-administered Montgomery-Åsberg Depression Rating Scale (MADRS) 

(Montgomery & Asberg, 1979). The MADRS contains 10 questions which assess apparent 

sadness, reported sadness, inner tension, reduced sleep, reduced appetite, concentration 

difficulties, lassitude, inability to feel, pessimistic thoughts, and suicidal thoughts. Each item is 

rated on a 7-point (0-6) ordinal scale where elevated scores indicate increased depressive 

symptoms. Scores on all 10 items are summed to determine a total MADRS score. A total 

MADRS score between 0-6 corresponds to absence of depressive symptoms; 7-19 corresponds to 

mild depressive symptoms; 20-34 corresponds to moderate depression, and >34 corresponds to 

severe depression. The MADRS has demonstrated high inter-rater reliability, validity, and 

sensitivity to change (Montgomery & Asberg, 1979). Furthermore, it has been used to measure 
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depressive symptom severity in previous ketamine trials for treatment-resistant depression 

(Lapidus et al., 2014; Murrough, Iosifescu, et al., 2013; Singh et al., 2016; Sos et al., 2013).  

Montgomery-Åsberg Depression Rating Scale-Suicidal Ideation (MADRS-SI)  

Item 10 on the MADRS (MADRS-SI) was used to measure suicidal ideation in this study 

(Montgomery & Asberg, 1979). Using this item, the clinicians determined the participants’ level 

of suicidal ideation and suicide plans. This item is ranked on an ordinal scale from 0-6 with the 

following anchor points: 0 corresponding to no suicidal ideation; 2 corresponding to fleeting 

suicidal thoughts; 4 corresponding to common suicidal thoughts and suicide considered a 

possible solution; and 6 corresponding to explicit plans and active preparations for suicide. Thus, 

a score ≥4 on MADRS-SI is considered marked suicidal ideation as suicidal thoughts are 

common and/or there are specific plans.  

Quick Inventory of Depressive Symptomology: Self Report (QIDS-SR) 

The Quick Inventory of Depressive Symptomology: Self Report (QIDS-SR) is a 16-item 

self-report questionnaire used to measure depressive symptom severity (Rush et al., 2003). The 

16 items addressed in this questionnaire are latency to fall asleep; sleep during the night; waking 

up too early; excessive sleeping; feelings of sadness; increased or decreased appetite; increased 

or decreased weight; concentration and decision making; self-view; thoughts of death or suicide; 

interest level; energy level; lethargy and restlessness. Each item is rated on an ordinal scale from 

0-3 with higher scores indicating increased depressive symptoms.  
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Biological Specimen Collection and Analysis 

 

Blood Collection  

Participants did not fast prior to blood collection. Blood was collected in EDTA 

(ethylenediamine tetraacetic acid) tubes and then set on ice. Within 30 minutes, EDTA tubes 

were centrifuged at 1,000 x g for 10 minutes. Plasma from EDTA tubes were transferred into 10 

aliquots of 0.5ml. Plasma aliquots were then frozen in a -80C freezer until analysis.  

Plasma CRP Analysis 

Plasma concentrations of C-reactive protein were determined using commercial enzyme-

linked immunosorbent assay (ELISA) kits for human CRP (Invitrogen). Plasma samples were 

thawed immediately prior to processing. All samples were first processed as per the 

manufacturer’s protocol (Invitrogen).  Plasma samples were diluted with standard diluent buffer 

(0.1% sodium azide; Invitrogen) to a dilution of 1:3000. Diluted samples were added to antibody 

coated wells (Invitrogen) for the antigen (CRP) to bind. Human CRP biotin conjugate secondary 

antibody (Invitrogen) was added to bind to the bound CRP. Then, streptavidin-HRP (horseradish 

peroxidase) was added to bind to the biotin conjugate. Tetramethylbenzidine (TMB) stabilized 

chromogen was added to react with the horseradish peroxidase enzyme resulting in a change in 

colour (450nm wavelength) that is in proportion to the bound CRP. Therefore, the amount of 

CRP was calculated from the intensity of the 450 wavelength measured by microtiter plate reader 

(FluoStar Galaxy). At the dilution in the manufacturer’s protocol (1:3000; Invitrogen), the range 

of CRP levels that can be measured from the standard curve is 0.05mg/L-3.6mg/L. However, 

approximately 40% of samples were above this range and samples were therefore rerun at a 

dilution of 1:8000 to measure CRP levels between 0.15mg/L-10mg/L. Approximately 50% of the 
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rerun samples (thus, 20% of the total samples) were above this range and were included in the 

analysis at a maximum CRP value of 10mg/L.   

Samples were run in duplicates in a batch after completion of trial. Due to limited space 

on assay plates, multiple ELISAs were run. However, each sample from a single individual 

(from all time points) were run on the same plate. Mean intra-assay coefficient of variation (CV) 

was 6% and the mean inter-assay CV was 12% which is within the acceptable range (Salimetrics, 

2021).  

Saliva Collection 

 Cortisol levels vary throughout the day in a predictable circadian rhythm that includes a 

large cortisol increase upon awakening (Kalsbeek et al., 2012). Therefore, to encapsulate the 

circadian rhythm of cortisol, each day that saliva was requested participants were asked to 

provide 2 samples at each of the following timepoints: 1) upon waking; 2) 30 minutes after 

waking; and 3) 1 hour after waking. Participants were given tubes containing 1 swab labelled 

with each timepoint. At each timepoint, participants removed swab from the tube, chewed on 

swab until saturated with saliva (approximately 0.5ml) and then replaced swab into tube. 

Participants recorded time of saliva sample collection and then brought saliva samples to the next 

study visit. Participants were requested not to brush their teeth, exercise and eat or drink 

anything (besides water) for 30 minutes prior to providing a saliva sample. Participants were 

required to abstain from consuming alcohol or smoking cigarettes for 12 hours prior to their 

sample collection. Participants were asked to avoid (or take in moderation) sugar, citric acid, and 

xanathine (found in caffeinated drinks and chocolate) for 24 hours prior to providing saliva 

sample. Saliva samples were initially stored in a -20C freezer and later transferred to a -80C 

freezer for long-term storage. 
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Salivary Cortisol Analysis 

 Salivary cortisol was measured using a commercial radioimmunoassay (RIA) kit for 

cortisol (MP Biomedicals). Samples were thawed immediately prior to the RIA. Samples were 

processed as per manufacturer’s protocol for saliva (MP Biomedicals). Participants’ saliva and 

radioactive cortisol-125I (Iodine-125) were transferred into a pre-labelled antibody-coated tubes 

for the antigen, cortisol (MP Biomedicals). The tubes were incubated at 37°C to allow the 

cortisol within the saliva and the cortisol-125I to bind to the antibody. The tubes were then 

aspirated and the level of radiation was read by the gamma counter (Wallac Wizard 1470 

automatic gamma counter by Perkin Elmer). Since the cortisol within the saliva and the cortisol-

125I competitively bind to the antibody, there is an inverse relationship between radioactivity and 

levels of salivary cortisol allowing for the calculation of salivary cortisol from the amount of 

radioactivity.    

Due to limited space, two RIAs were run on different days after completion of the clinical 

trial. However, each sample from a single individual (from all time points) was run on the same 

day. Standard curves were run in triplicates and participants’ samples were run in duplicates. The 

mean inter-assay CV was 5% which is within acceptable range (Salimetrics, 2021). However, 

mean intra-assay CV was 11%, slightly above the acceptable range (<10%), which may be 

attributed to the viscosity of saliva increasing pipetting error (Salimetrics, 2021).  

 Area under the curve (AUC) was used to obtain an aggregate index of cortisol exposure 

for the morning (including waking, 30 minutes after waking and 60 minutes after waking). AUC 

was calculated with respect to the ground (AUCG) and with respect to increase (AUCI) following 

guidelines of Pruessner et al. (2003). AUCG was calculated using the average value of two 
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consecutive timepoints multiplied by the amount of time separating the two timepoints (i.e. 

average of cortisol at waking and cortisol at 30 minutes post-waking multiplied by thirty 

minutes). This was repeated for all intervals (this study had two time intervals: 1) waking to 30 

minutes after waking and 2) 30 minutes after waking to 60 minutes after waking) and the values 

were summed. AUCI was calculated by subtracting the product of the first measurement (cortisol 

at waking) by the sum of the time intervals measured (60 minutes) from AUCG.  AUCG is 

considered an index of overall salivary cortisol output whereas AUCI is an index of intensity of 

the cortisol awakening response (Jens C. Pruessner et al., 2003).  

Since the saliva samples were collected in the morning upon wakening, collection was 

not supervised by study staff and participants were required to obtain their own samples at home. 

Some participants had incomplete salivary cortisol samples either due to failing to provide 

samples for particular time points or provided samples having insufficient saliva for the assay.  

Participants missing cortisol data at all time points for a particular data collection day were 

excluded from the analysis (n=5).  

 

Statistical Analysis 

Statistical analysis was performed with SPSS Statistics version 26.0. Plasma CRP levels 

were not normally distributed (Kolmogorov-Smirnov test for normality statistic=.20, df=43, 

p<.001). Therefore, they were log-transformed to obtain a more normal distribution for statistical 

analysis (Kolmogorov-Smirnov test for normality statistic =.12, df=43, p=.10). Multiple 

imputation (MI) was used to address the missing salivary cortisol data of the included 

participants (Graham, 2009). MI uses the available data to input plausible data values where they 

are missing. Sex, age, BMI, length of depressive episode, number of treatment failures, CRP and 
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pre-treatment clinical variables (MADRS, MADRS-SI and QIDS-SR), change in CRP and 

clinical variables post-repeated ketamine infusions (MADRS, MADRS-SI and QIDS-SR), and 

the available salivary cortisol data were included in the model to input the missing data values. 

Additionally, MI adds random error variance to mimic real data which doesn’t always lie exactly 

on a regression line. Following Walker et al. (2010), MI was conducted in SPSS, using fully 

conditional specification with five iterations. Therefore, a total of five complete data sets were 

obtained with different plausible inputed values. Salivary cortisol results presented are pooled 

from the five iterations of inputed data.  

Bivariate correlations (Pearson’s r if parametric and Spearman’s ρ if nonparametric) were 

conducted to assess the relationships between pre-treatment biological variables (plasma CRP 

and salivary cortisol) and pre-treatment clinical variables (MADRS, MADRS-SI and QIDS-SR). 

A repeated measures analysis of variance (ANOVA) was used to determine whether peripheral 

biomarkers, plasma CRP and salivary cortisol, change with repeated ketamine infusions with sex 

(male or female) and response status (responder or nonresponder to ketamine) as between-

subjects factors. A second repeated measures ANOVA was used for responders with available 

data from all three timepoints (pre-treatment, post-repeated infusions and post-maintenance 

infusions) with sex as a between-subjects factor. Pre-treatment biomarker levels of ketamine 

responders and nonresponders were compared using two-tailed t-tests. A linear regression was 

used to evaluate whether pre-treatment biomarker levels predicted changes in the clinical 

variables with repeated ketamine infusions (MADRS, MADRS-SI and QIDS-SR). Results were 

considered significant at p ≤ 0.05. 
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RESULTS 

 

Demographic and Clinical Characteristics at Baseline 

 
 The baseline (pre-treatment) data for the 43 participants (24 females and 19 males) 

randomized in this study are summarized in Table 1. Participants ranged in age from 18 to 62 

years old; the mean age was 41.7 (SD=12.3) years old. On average, females were significantly 

older than males (two tailed t-test stat=3.25, df=41, p=.002). The average Body Mass Index 

(BMI) was 26.6kg/m2 (SD=4.6) which is considered overweight (range: 25kg/m2-30kg/m2) 

based on CDC guidelines (Centers for Disease Control and Prevention, 2020).  

The participant sample was highly treatment resistant with an average of 6.4 (SD=2.5) 

total failed treatment strategies during the current MDE. 7 participants (16%) failed to respond to 

ECT in their current MDE. Participants’ mean pre-treatment MADRS total score was 34.7 

(SD=4.2), ranging from 27 (in the moderate depression range, scores from 20-34), to 43 (in the 

severe depression range >34; Müller et al., 2003). Participants’ total scores on the QIDS-SR 

ranged from 9 to 26 with an average score of 17.9 (SD= 4.8) which corresponds to severe 

depression. The mean score for Item 10 of the MADRS was 3.0 (SD=1.4). 38 participants (88%) 

presented with presence of suicidal ideation (≥2 on MADRS-SI) at baseline and 18 participants 

(42%) had marked suicidal ideation (≥4 on MADRS-SI; suicidal thoughts are common and/or 

plans and preparations for suicide). 
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Table 1: Demographic and clinical characteristics of study participants 

 Total Sample 

(n=43) 

Females 

(n=24) 

Males 

(n=19) 

Age, years, mean (SD) 41.7 (12.3) 46.5 (9.7)a 35.5 (12.7)a 

Body mass index, kg/m2, mean (SD) 26.6 (4.6) 26.7 (5.1) 26.4 (4.0) 

Major depressive episode  

     Single, n (%) 

     Recurrent, n (%) 

 

21 (49) 

22 (51) 

 

9 (38) 

15 (62) 

 

12 (63) 

7 (37) 

Length of current episode, years, mean (SD) 5.6 (5.7) 4.8 (3.9) 6.8 (7.3) 

Total failed treatment strategiesb, mean (SD) 

     Failed antidepressant trials, mean (SD) 

     Failed augmentations, mean (SD) 

6.4 (2.5) 

3.3 (1.6) 

2.9 (1.2) 

6.0 (2.0) 

3.0 (1.3) 

2.8 (1.1) 

7.0 (3.0) 

3.7 (1.8) 

3.0 (1.5) 

Baseline total MADRS Score, mean (SD) 34.7 (4.2) 35.1 (4.3) 34.3 (4.1) 

Baseline total QIDS-SR Score, mean (SD) 17.9 (4.8) 16.7 (4.8) 19.3 (4.5) 

Baseline MADRS-SI, mean (SD) 3.0 (1.4) 2.9 (1.5) 3.1 (1.3) 

Lifetime history of suicide attempt n (%) 10 (23) 8 (33) 2 (11) 

Comorbid Psychiatric Disorders 

     Generalized Anxiety Disorder, n (%) 

     Social Phobia, n (%) 

     Agoraphobia, n (%) 

     Panic Disorder, n (%) 

     Obsessive Compulsive Disorder, n (%) 

     Alcohol Abuse, n (%) 

     Bulimia Nervosa, n (%) 

 

10 (23) 

10 (23) 

10 (23) 

4 (9) 

2 (5) 

1 (2) 

1 (2) 

 

6 (25) 

5 (21) 

5 (21) 

2 (8) 

2 (8) 

0 (0) 

1 (4) 

 

4 (21) 

5 (26) 

5 (26) 

2 (11) 

0 (0) 

1 (5) 

0 (0) 
aFemales significantly older than males (two tailed t-test stat=3.245, df=41, p=.002) 
bMissing failed treatment strategies data for two participants (n=41, 23 females and 18 males) 
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Clinical Results  

 
 Clinical outcomes from the trial are summarized below for reference. For more 

information, please refer to published works: Phillips et al., (2019) and Phillips et al., (2020). 

The phase 1 randomized controlled crossover comparison of ketamine and midazolam revealed 

that a single ketamine infusion was superior to the active control, midazolam at reducing 

depressive symptoms (Phillips et al., 2019) and suicidal ideation (Phillips et al., 2020). On 

average, participants’ MADRS total scores decreased by 10.9 points (SD=8.9) at the primary 

efficacy endpoint, 24 hours after the single ketamine infusion. In phase 2, with repeated 

ketamine infusions there was a cumulative reduction in depressive symptoms and suicidal 

ideation severity. At the end of phase 2, 59% of participants met antidepressant response criteria 

(≥50% decrease in MADRS) and 23% achieved remission (MADRS total score ≤ 10). After 

repeated infusions, responders had a mean MADRS total score of 11.0 (SD=4.8) compared to a 

pre-treatment mean MADRS total score of 34.9 (SD=3.2). Lastly, the reduction in depressive 

symptoms and suicidal ideation severity was maintained in responders with once weekly 

maintenance infusions administered in phase 3 (Phillips et al., 2019; Phillips, Norris, et al., 

2020). 

  



 40 

Plasma C-Reactive Protein Results 

 

Baseline Plasma C-Reactive Protein 

 
At baseline (pre-treatment), mean plasma CRP for all study participants was 3.95mg/L 

(SD=3.76, n=43) and 47% of the sample had elevated CRP levels (≥3mg /L; Table 2). Males and 

females did not have significantly different mean logCRP values (two-tailed t-test stat=-.98, 

df=41, p=.33; Table 2). At baseline, logCRP values were significantly positively correlated with 

participant BMI (Pearson’s r=.51, p<.001; Figure 2), depression severity measured using both 

the MADRS total score (Pearson’s r=.51, p=.001; Figure 3), and the QIDS-SR total score 

(Pearson’s r=.42, p=.006), and suicidal ideation severity measured by MADRS-SI (Spearman’s 

rho=.479, p=.001; Table 3). When these correlations were stratified by sex, all correlations 

remained significant except for logCRP and QIDS-SR. Self-reported depression severity scores 

on the QIDS-SR were significantly correlated with logCRP values in females (Pearson’s r=.52, 

p=.009) but not in males (Pearson’s r=.44, p=.06; Table 3). However, this non-significant result 

may be attributable to the lower sample size of males (n=19) as the correlation is trending 

towards significance. The positive correlation between total number of treatment failures and 

logCRP also trends towards significance (Spearman’s rho=.27 p=.07). Neither participant age 

nor length of current MDE were significantly correlated with logCRP values (Table 3).  
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Table 2: Plasma C-Reactive Protein (CRP) at baseline (pre-treatment) 

 Total sample (N=43) Females (n=24) Males (n=19) 

Plasma CRP mg/L, mean, (SD) 3.95 (3.76) 4.38 (3.83) 3.40 (3.69) 

Number of participants with 

elevated CRP: >3mg/L (%) 

20 (47) 12 (50) 11 (42) 
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Table 3: Correlations between pre-treatment demographic and clinical characteristics and 

logCRP 

 Total Sample 

(n=43) 

Females 

(n=24) 

Males (n=19) 

Age, Pearson’s r (p) .001 (.97) -.28 (.19) .10 (.68) 

BMI, Pearson’s r (p) .51 (<.001) .54 (.006) .49 (.033) 

Length of current episodea, 

Spearman’s rho (p)  

-.22 (.15) 

 

-.19 (.37) 

 

-.22 (.36) 

 

Total failed treatment 

strategiesab, Spearman’s rho (p) 

.29 (.069) .40 (.062) .23 (.367) 

Baseline total MADRS Score, 

Pearson’s r (p) 

.51 (.001) .53 (.008) .47 (.044) 

Baseline total QIDS-SR Score, 

Pearson’s r (p) 

.42 (.006) .52 (.009) .44 (.061) 

Baseline MADRS-SIa, 

Spearman’s rho (p) 

.48 (.001) .47 (.022) .59 (.008) 

a Variable not normally distributed (Kolmogorov-Smirnof test of normality significant at p<.05), 

therefore Spearman’s rho was used 
bMissing failed treatment strategies data for two participants (n=41, 23 females and 18 males) 
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Figure 2: Correlation between body mass index (kg/m2) and pre-treatment logCRP values 

(n=43) 
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Figure 3: Correlation between baseline total MADRS score and pre-treatment logCRP values 

(n=43) 
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Plasma C-Reactive Protein with Repeated Ketamine Infusions Treatment 

 
38 participants (23 responders and 15 nonresponders) had CRP data for the second 

timepoint, post-repeated ketamine infusions (39 participants completed phase 2 of clinical trial 

but a blood sample was not collected from 1 nonresponder). The mean plasma CRP level after 

repeated ketamine infusions was 4.13mg/L (SD=3.67; Figure 4). CRP data was available for 21 

ketamine responders for the third timepoint, post-maintenance infusions (blood samples were not 

collected from 2 participants). Responders’ mean plasma CRP after maintenance ketamine 

infusions was 3.42mg/L (SD=3.56; Figure 4). 

 In the full sample, logCRP values did not significantly change with repeated ketamine 

infusions (from pre-treatment through end of repeated ketamine infusions [end of phase 2], 

F[1,34]=.02, p=.90; Figure 5). There were no significant main effects of sex (F[1,34]=.74, 

p=.40) or response status (F[1,34]=.53, p=.47) and no significant interactions between time, sex 

and response status on change in logCRP values (p>.50).  

A repeated measures ANOVA for responders that had CRP data for all three timepoints 

(n=21), revealed no significant main effect of time on change in logCRP with repeated and 

maintenance infusions (F[1,19]=1.28, p=.27; Figure 5). There was also no significant main 

effect of sex on change in logCRP values (F[1,19]=.49, p=.49) and no significant interaction 

between time and sex (F[1,19]=.90, p=.36). 
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Figure 4: Change in plasma CRP values with repeated and maintenance infusions (mean ±SEM) 
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Figure 5: Change in plasma logCRP values with repeated and maintenance infusions (mean 

±SEM) 
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Salivary Cortisol Results 

 

Baseline Salivary Cortisol 

 
From collected salivary cortisol samples, useable data from 29 participants were included 

in this analysis (19 responders and 10 nonresponders). 21 participants had complete salivary 

cortisol data for all time points while 8 participants were missing at least one data point. In total, 

14 missing data points were inputed using multiple imputations (6.1% of the salivary cortisol 

data set). Participants included in the salivary cortisol analysis did not significantly differ from 

the full trial sample by sex (Pearson Chi-Square=.29, p=.59) or response status (Pearson Chi-

Square=2.77, p=.10). Furthermore, representation of males and females did not significantly 

differ between responders and nonresponders included in the salivary cortisol analysis (Pearson 

Chi-Square=.01, p=.91).  

At baseline, salivary cortisol AUCG did not significantly differ between males and 

females (t=-1.26, p=.21, Table 4). However, salivary cortisol AUCI was significantly greater in 

females than in males (t=2.25, p=.024; Table 4). Therefore, while overall pre-treatment morning 

salivary cortisol output did not differ between the sexes, the sex difference in AUCI indicates 

females had a stronger intensity of cortisol awakening response (Figure 6). At baseline, salivary 

cortisol measures (AUCG and AUCI) were not significantly correlated with depressive symptom 

severity measured with MADRS or QIDS-SR total scores (Table 5). There was a negative 

correlation between salivary cortisol AUCG and suicidal ideation severity (MADRS-SI) that 

trended toward significance (Spearman’s rho=-.35, p=.07). Salivary cortisol AUCI was not 

correlated with suicidal ideation (MADRS-SI; Spearman’s rho=.07, p=.74). Salivary cortisol 

AUCI was positively correlated with age (Pearson’s r=.39, p=.04; Table 5) yet this correlation 

did not remain significant when stratified by sex (males: Pearson’s r=.34, p=.30; females: 
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Pearson’s r=.18, p=.49). Finally, there was a negative correlation between salivary cortisol 

AUCG and failed treatment strategies that trended towards significance (Spearman’s rho=-.35, 

p=.07; Table 5). 
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Figure 6: Baseline salivary cortisol awakening response in males (n=12) and females (n=17) 

(mean ±SEM) 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4: Salivary cortisol awakening response at baseline 

 Total sample (N=29) Females (n=17) Males (n=12) 

AUCG, mean (SEM) 2115.7 (244.3) 2371.2 (360.5) 1753.8 (281.1) 

AUCI, mean (SEM) 87.5 (153.1) 358.3 (199.0)* -296.1 (199.2)* 

*Females had significantly higher salivary cortisol AUCI (t=2.25, p=.024) 
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Table 5: Correlations between pre-treatment demographic and clinical characteristics and 

salivary cortisol awakening response 

 Total sample (n=29) 
AUCG AUCI 

Age, Pearson’s r (p) .10 (.61) .39 (.04) 

BMI, Pearson’s r (p) -.29 (.13) -.27 (.15) 

Length of current episodea, Spearman’s rho (p) -.16 (.40) .07 (.72) 

Total failed treatment strategiesab, Spearman’s rho (p) -.35 (.07) -.26 (.19) 

Baseline total MADRS Score, Pearson’s r (p) -.16 (.24) .28 (.14) 

Baseline total QIDS-SR Score, Pearson’s r (p) .02 (.91) .07 (.72) 

Baseline MADRS-SIa, Spearman’s rho (p) -.35 (.07) .07 (.74) 
a Variable not normally distributed (Kolmogorov-Smirnof test of normality significant at p<.05), 

therefore Spearman’s rho was used 
bMissing failed treatment strategies data for one participant (n=28, 17 females and 11 males) 
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Salivary Cortisol with Repeated Ketamine Infusions Treatment 

 

29 participants (19 responders and 10 nonresponders) had salivary cortisol data at the 

baseline and post-repeated infusions timepoints. Additionally, 18 responders had salivary cortisol 

data at the post-maintenance infusions timepoint (one responder failed to provide saliva samples 

after maintenance infusions). 

In the full sample, salivary cortisol AUCG did not significantly change from baseline to 

post-repeated infusions (baseline mean=2115.7, SEM=244.3; post-repeated infusions 

mean=1812.2, SEM=256.3; F[1,25]<.15, p>.71; Figure 7). For antidepressant responders with 

available data for all three timepoints, there was a significant main effect of time on salivary 

cortisol AUCG values (F[1,16]>5.57, p<.032; Figure 7). Post-hoc pairwise comparisons found 

that post-maintenance infusions cortisol AUCG was significantly greater than post-repeated 

infusions cortisol AUCG (mean difference=725.72, p=.028).  

From baseline to post-repeated infusions, there was an increase in salivary cortisol AUCI 

that trended towards significance (baseline mean=87.5, SEM=153.1; post-repeated infusions 

mean= 347.5, SEM=137.6; F[1,25]>3.44, p<.08). However, this increase was greater in 

nonresponders than responders (Figure 8). Therefore, in the second repeated measures ANOVA 

examining responders with data from all three timepoints (n=18), the change in salivary cortisol 

AUCI throughout the clinical trial was not statistically significant (F[1,16]<1.73, p>.20; Figure 

8). 

In the repeated measures ANOVAs, sex and response status (where applicable) were 

examined as between-subjects factors. Salivary cortisol awakening response by sex and response 

status at each time point throughout the clinical trial are presented in Figure 9. There were no 

significant main effects of sex or response status on change in cortisol (p>.05); however, there 
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were significant sex by time interactions. There was a significant sex by time interaction for 

cortisol AUCG from baseline to post-repeated infusions (F[1,25]>5.97, p<.03; Figure 10). Such 

that, males’ cortisol AUCG increased by 23% after repeated infusions (baseline mean=1754, 

SEM=281; post-repeated infusions mean=2166, SEM=529) and females’ cortisol AUCG 

decreased by 34% (baseline mean =2371, SEM=360; post-repeated infusions mean=1562, 

SEM=225). In responders with all three timepoints, the sex by time interaction trended towards 

significance (F[1,16]>3.8, p<.07; Figure 10).  

Additionally, there was a sex by time interaction for cortisol AUCI trending towards 

significance from baseline to post-repeated infusions (F[1,25]>3.37, p<.08). In responders with 

all three time points, the sex by time interaction was significant (F[1,16]>5.82, p<.03). Salivary 

cortisol AUCI increased in males and decreased in females (Figure 11). In males, baseline CAR 

salivary cortisol concentration decreased by 16% (mean difference=-5.3nmol/L, 

SEM=5.1nmol/L) from waking to 30 minutes post-waking. After repeated infusions, they had an 

increase of 42% (mean difference=12.4nmol/L, SEM=6.4nmol/L) from waking to 30 minutes 

post-waking and after maintenance infusions, salivary cortisol concentrations increased 111% 

(mean difference=32.3nmol/L, SEM=13.1nmol/L) from waking to 30 minutes post-waking 

(Figure 9B). Overall, these data suggest a strengthening of the cortisol awakening response with 

ketamine treatment. In females, the difference in salivary cortisol concentration from waking to 

30 minutes decreased by a smaller magnitude than the increase observed in the males, increasing 

by 25% (mean difference=8.5nmol/L, SEM=4.2nmol/L), 25% (mean difference=5.2nmol/L, 

SEM=3.2) and 18% (mean difference=6.0nmol/L, SEM=7.1) at baseline, post-repeated infusions 

and post-maintenance infusions respectively (Figure 9C). There were no significant interactions 

with response status (p>.05).   
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Figure 7: Salivary cortisol area under the curve with respect to the ground (AUCG) throughout 

the clinical trial (mean ±SEM) *Significant at p<.0.05 
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Figure 8: Salivary cortisol area under the curve with respect to increase (AUCI) throughout the 

clinical trial (mean±SEM) 
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Figure 9: Change in salivary cortisol awakening response throughout clinical trial (mean ±SEM) 
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Figure 10: Changes in salivary cortisol area under the curve with respect to ground (AUCG) by 

sex throughout the clinical trial (mean ±SEM) 
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Figure 11: Changes in salivary cortisol area under the curve with respect to increase (AUCI) by 

sex throughout the clinical trial (mean ±SEM). 
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Biological Variables and Treatment Response 

 
Pre-treatment logCRP did not differ between responders (4.03±4.06, n=23) and 

nonresponders (4.25±3.62, n=17; t=.29, p=.78) to repeated ketamine infusions (Figure 12A). 

Similarly, there were no statistically significant differences between responders (n=19) and 

nonresponders (n=10) in pre-treatment salivary cortisol AUCG (t=-1.07, p=.28) or AUCI (t=-1.10, 

p=.27; Figure 12B). Pre-treatment biological variables (logCRP, AUCG and AUCI) did not 

predict change in depression severity measured by the change in MADRS total score (R2<.17, 

p>.64) or the QIDS-SR (R2<.15, p>.70) and did not predict change in suicidal ideation severity 

on the MADRS-SI (R2<.24, p>.39; Table 6). Age, sex and BMI were also included in the above 

models as they were correlated with the biological variables at baseline (Table 6).  
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Figure 12: Panel A. Pre-treatment logCRP values by response status (mean ±SEM). Panel B. 

Pre-treatment salivary cortisol awakening response in responders (n=19) and nonresponders 

(n=10; mean ±SEM) 
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Table 6: Regression coefficients (ß) for baseline biological measures predicting change in 

clinical variables (n=29) 

Change in: MADRS Total Score QIDS-SR Total Score MADRS-SI 

LogCRP, ß (p) 8.77 (.13) 1.79 (.61) -.09 (.88) 

AUCG, ß (p) .00 (.82) -.001 (.37) -9.76 x 10-5 (.60) 

AUCI, ß (p) -.01 (.12) -.002 (.38) .00 (.27) 

Age, ß (p) .181 (.37) -.01 (.97) .04 (.08) 

Sex, ß (p) 1.94 (.69) 4.55 (.13) .43 (.40) 

BMI, ß (p) -1.03 (.14) -.40 (.35) -.02 (.78) 
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DISCUSSION 

 

Summary of findings 

 

 The primary aim of this project was to determine whether treatment with repeated 

ketamine infusions was associated with changes in the peripheral biomarkers plasma CRP and 

salivary cortisol. While there was no significant effect of ketamine treatment on CRP levels over 

time, salivary cortisol did change with ketamine treatment in a sex-dependent manner. Male 

participants had a blunted CAR at baseline however it was reversed after treatment demonstrated 

by increases in both AUCG and AUCI. In contrast, females’ morning salivary cortisol decreased 

after repeated ketamine infusions demonstrated by decreases in AUCG and AUCI.    

 The second aim was to test whether baseline levels of CRP and salivary cortisol would 

predict response to repeated ketamine treatment. At baseline, there were no differences between 

ketamine responders’ and nonresponders’ pre-treatment plasma CRP or salivary cortisol. 

Furthermore, pre-treatment levels of plasma CRP and salivary cortisol did not predict change in 

depressive symptoms or change in suicidal ideation with repeated infusions (both of which were 

decreased with ketamine treatment).  

 Lastly, as hypothesized for the third aim, pre-treatment plasma CRP was elevated and 

positively correlated with depressive symptom and suicidal ideation severity. While salivary 

cortisol appeared elevated relative to reported normative data (Pruessner et al., 1997) prior to 

treatment initiation, it was not significantly correlated with baseline depressive symptoms or 

suicidal ideation severity.  
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C-reactive Protein 

 

Almost half of the participants in the present study had elevated pre-treatment plasma 

CRP (>3mg/L) indicating the presence of low-grade inflammation. This prevalence of elevated 

CRP among study participants appears higher than previous reports especially as compared to a 

meta-analysis by Osimo et al. (2019) that found that approximately 27% of people with 

depression have low-grade inflammation (CRP levels >3mg/L). The higher prevalence of low-

grade inflammation may be attributed to the increased severity of depressive illness and 

treatment resistance in this sample.   

More than half of the participants (58%) had severe depression at baseline based on their 

score on the MADRS. Previous literature has shown an association between elevated plasma 

CRP and depressive symptom severity (Valkanova et al., 2013).  This relationship was replicated 

in the present study; plasma CRP was positively correlated with scores on the MADRS at 

baseline. Interestingly, some studies have reported gender differences in the relationship between 

CRP and depression symptom severity, however reports have been conflicting. Köhler-Forsberg 

et al. (2017) found that higher CRP was only associated with increased depressive symptoms 

severity in women but not among men. Contrarily, others have reported that the relationship 

between CRP and depressive symptom severity was only significant in men (Song et al., 2015; 

Vetter et al., 2013). In the present study, we found that there was a significant positive 

correlation between plasma CRP and depressive symptoms severity on the MADRS in both men 

and women. However, the positive correlation between CRP and self-reported depressive 

symptoms on the QIDS-SR reached significance only in females but not in males. The 

correlation between men and depressive symptoms has been reported within a more specific 

sample population including an elderly sample (Song et al., 2015) and an obese sample (Vetter et 
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al., 2013). Given these findings, biological factors including age and obesity may mediate the 

gender differences observed in the relationship between CRP and depressive symptoms.  

We did not find statistically significant differences in plasma CRP levels between males 

and females at baseline and throughout the trial. Some studies have reported gender differences 

in CRP with women having higher levels of CRP than their male counterparts (Everett, Rosario, 

McLaughlin, & Austin, 2014; Khera et al., 2005). However, both studies had thousands of 

participants. Our lower sample size may have been underpowered to detect sex differences 

explaining the non-significant findings. Despite the differences not being statistically significant, 

mean CRP levels in females were consistently higher than males in all groups (responders and 

nonresponders) and time points (baseline, post-phase 2 and post-phase 3).  

Another factor that may contribute to the elevated prevalence of low-grade inflammation 

in this sample is their treatment-resistance. To be included in this trial, participants had to meet 

criteria for TRD (failure to respond to at least two mechanistically distinct medications for 

depression plus two augmentation strategies). Consequently, this sample was very treatment-

resistant with an average of 6 failed treatment strategies in the current major depressive episode. 

A positive correlation between number of failed treatment strategies and plasma CRP trended 

towards significance. This is in accordance with the literature that has found that, generally, 

higher inflammation has been associated with treatment-resistance in depression (Chamberlain et 

al., 2019; Strawbridge et al., 2015).  

In this study plasma CRP did not significantly change with repeated infusions throughout 

the clinical trial and higher pre-treatment CRP did not predict change in depressive symptoms 

with ketamine treatment. While this is the first study investigating the effect of repeated 

ketamine infusions on CRP, two studies have measured CRP before and after a single 
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subanesthetic ketamine infusion and found no significant change (Chen et al., 2018b; Kruse et 

al., 2021). Thus, there is no current evidence that single or repeated ketamine infusions are 

associated with changes in CRP levels despite reported effects of ketamine treatment on other 

immune factors including IL-6 (Chen et al., 2018b; Yang et al., 2015), IL-1ß (Yang et al., 2015), 

IL-8 (Kruse et al., 2021) and TNF- (Yang et al., 2015). As previously mentioned however, 

these findings have not been consistently replicated and thus, the relationship between ketamine 

treatment and inflammation still remains unclear (Cui et al., 2019).  

 

Cortisol  

 

Participants’ mean pre-treatment salivary cortisol awakening response (CAR) levels were 

elevated compared to the levels reported for healthy participants in the literature (Ambroziak, 

Kondracka, Bartoszewicz, Krasnodębska-Kiljańska, & Bednarczuk, 2015; Pruessner et al., 1997; 

Shin et al., 2011).  While these results are similar to some studies that have reported elevations in 

CAR in patients with depression compared to controls (Bhagwagar, Hafizi, & Cowen, 2005; 

Vreeburg et al., 2009), overall, the literature is inconsistent.  Both Strickland et al. (2002) and 

Izakova et al. (2020) found that individuals with depression presented with lower morning 

cortisol compared to controls. It is hypothesized that the heterogeneity in cortisol levels may be 

attributed to the heterogeneity within major depressive disorder itself whereby both elevated 

CAR and a blunted CAR are related to depressive pathology (Dedovic & Ngiam, 2015).  

Both measures of CAR (AUCG and AUCI) were not significantly correlated with depressive 

symptom severity in this sample which corroborates what has been found in the literature 

(Bhagwagar et al., 2005; Suijk et al., 2019; Vammen et al., 2014). While there is no evidence of 

a linear correlation between depressive symptom severity and CAR, one study with over 1000 
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participants reported a nonlinear inverted U relationship (Wardenaar et al., 2011), leading to the 

hypothesis that persistent elevated CAR eventually becomes blunted explaining how both 

elevated and blunted CAR have been reported in depression (Dedovic & Ngiam, 2015). This 

hypothesis could explain the negative correlations trending towards significance of CAR with 

suicidal ideation severity and treatment resistance whereby the participants that were more 

treatment resistant and had greater suicidal ideation exhibited more blunted CAR. Additionally, 

there was a significant positive correlation between age and AUCI. While this relationship has 

not been reported in healthy controls (Pruessner et al., 1997; Shin et al., 2011), in studies 

investigating depressive symptoms, a modest positive correlation between morning cortisol 

secretion and age has been reported (Asnis et al., 1981; Stetler & Miller, 2011; Zhang, Liu, Liu, 

Lu, & Hou, 2020).  

At baseline, male participants presented with a blunted cortisol awakening response indicated 

by a significantly lower AUCI compared to females. In healthy participants, males show a more 

rapid decrease after the peak in comparison to women (Pruessner et al., 1997; Wüst et al., 2000). 

Generally, in studies with depressed individuals no gender differences are reported (Bhagwagar 

et al., 2005; Stetler & Miller, 2011). Although a recent study conducted by Vargas et al. (2017) 

reported similar findings to the present study, males with depression exhibiting a blunted CAR 

compared to females with depression.  

There was no significant main effect of repeated ketamine infusions on either measure of the 

CAR (AUCG and AUCI). There was a significant increase in responders’ salivary cortisol AUCG 

from post-repeated infusions to post-maintenance infusions. This indicates that responders had 

greater cortisol output the morning after their final maintenance infusion in phase 3 than the 

morning after their final repeated infusion in phase 2. It is important to note that post-
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maintenance infusions, AUCG did not significantly differ with baseline AUCG. One possible 

explanation is ketamine’s effects on CAR change the longer a participant is undergoing 

treatment. In the short-term from baseline to post-repeated infusions, responders’ average AUCG 

decreased (although this difference was not significant) suggesting a decrease in morning cortisol 

output. In contrast, in treatment responders with longer-term ketamine treatment (4 additional 

weekly maintenance infusions) there was increased cortisol output.  

One potential alternative explanation for this finding is that participants could have been 

experiencing increased stress the day after their final ketamine infusion. In the present study, 

some participants reported negative emotions following the cessation of ketamine treatment after 

completion of the clinical trial (Talbot, Phillips, & Blier, 2019). Even in healthy individuals the 

CAR becomes elevated in times of stress and it is hypothesized that this aids with coping with 

the stressful situation (Dedovic & Ngiam, 2015; Powell & Schlotz, 2012). Therefore, it may be 

hypothesized that the pending completion of the trial and cessation of ketamine treatment could 

have been associated with an increase in their CAR.  

 Given the sex differences in HPA regulation and the interaction between the HPA axis 

and hypothalamic-pituitary-gonadal (HPG) axis (reviewed here: Goel et al., 2014; Oyola and 

Handa, 2017; Heck and Handa, 2019), sex was examined as a factor in the analyses. This study 

found that there were sex-specific effects on change in CAR with ketamine treatment. Salivary 

cortisol AUCG, an index of total hormonal output, increased in males and decreased in females 

post-repeated infusions (both increased after maintenance infusions addressed above). Females’ 

cortisol output decreased 34% after repeated ketamine infusions which may indicate a 

normalization of the elevated salivary cortisol levels observed at baseline. However, females 

salivary cortisol concentrations after repeated ketamine infusions still remained elevated 
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compared to what has been reported for healthy controls (Clow, Thorn, Evans, & Hucklebridge, 

2004). In males, the increased cortisol output can be attributed to the strengthening of CAR 

which was blunted at baseline. This is evidenced by the increase in males’ salivary cortisol AUCI 

throughout the clinical trial. After repeated ketamine infusions, males’ mean difference from 

waking to 30 minutes was 12.4nmol/l which is within the range reported in healthy controls 

(range=4-15nmol/L; Clow et al., 2004). Although, males’ mean difference from waking to 30 

minutes after maintenance infusions was greater than reported range in healthy controls, it was 

within the range by percentage (range: 50-160%; Clow et al., 2004). This discrepancy may be 

attributed to the generally elevated levels of salivary cortisol reported in this sample. Overall, 

these findings indicate that the effect of ketamine treatment on the HPA axis is sex-specific such 

that females had decreased awakening cortisol output after repeated infusions and males 

exhibited strengthening of their previously blunted CAR.  

 

Proposed mechanism for sex-specific changes in cortisol after ketamine treatment 

 

There is evidence implicating glutamate and the NMDA receptor in HPA axis regulation 

(Evanson & Herman, 2015; Herman, Mueller, & Figueiredo, 2004). Chronic stress has 

widespread effects on NMDA receptor subunits expression including the frontal cortex (Lee & 

Goto, 2011), the hippocampus (Calabrese et al., 2012) and the hypothalamus (Ziegler, Cullinan, 

& Herman, 2005). Two key brain regions have emerged in studies using NMDA receptor 

antagonists to examine the role of the NMDA receptor in regulation of HPA axis and 

glucocorticoid output. Firstly, Zhou et al., (2018) found that administration of the NMDA 

antagonist, 2-amino-5-phosphonopentanoic acid (AP5) reversed elevated firing of CRH-

expressing neurons of the paraventricular nucleus of the hypothalamus (PVN) in chronically 
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stressed rats (Zhou et al., 2018). Furthermore, they found that administration of the NMDA 

antagonist, memantine, directly into the PVN reduced elevations in corticosterone (Zhou et al., 

2018). Secondly, Wang et al., (2019) found that administration of a single subanesthetic dose of 

ketamine increased glucocorticoid receptor (GR) expression in the hippocampus and decreased 

plasma corticosterone. This suggests that NMDA receptor antagonism may be able to reverse the 

atrophy of the glucocorticoid-mediated feedback from the hippocampus that is observed in 

depression (Pariante & Lightman, 2008). In addition to increasing GR expression, studies have 

reported that NMDA antagonists prevent mitochondrial oxidative stress and dysfunction in the 

hippocampus (Mishra, Hidau, & Rai, 2021) and increase hippocampal neurogenesis (Clarke et 

al., 2017) in chronic stress animal models. Furthermore, in humans receiving corticosteroid 

therapy, the administration of the NMDA receptor antagonist, memantine, attenuated 

hippocampal volume loss (Brown et al., 2019). Thus, these studies have elucidated two potential 

mechanisms for ketamine to effect cortisol secretion: 1) antagonizing the NMDA receptor on the 

CRH-producing neurons in the PVN (Zhou et al., 2018) and 2) increasing GR expression in the 

hippocampus (Wang et al., 2019) and thus potentially increasing GR-mediated feedback.  

 Sex differences have been reported in both the key brain regions proposed to be involved 

in NMDA receptors effects on glucocorticoids. First, the number of CRH-producing neurons in 

the PVN differs between the men and women (Bao & Swaab, 2007). Additionally, the CRH-

producing neurons of the PVN are affected by sex hormones. These neurons possess receptors 

for both estrogens (Bao, Hestiantoro, Van Someren, Swaab, & Zhou, 2005) and androgens (Bao 

et al., 2006) and changes in circulating sex hormones in humans (i.e. from castration, 

ovariectomy or sex-hormone producing tumour) have been shown to affect the amount of CRH-

producing neurons in the PVN (Bao & Swaab, 2007). Similarly, preclinical studies have shown 
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the hippocampus is also influenced by sex hormones and expresses both estrogen and androgen 

receptors (Isgor & Watson, 2005; Lathe, 2001; Moghadami, Jahanshahi, Sepehri, & Amini, 

2016; Ooishi et al., 2012). Furthermore, experimental manipulation of sex hormones have been 

shown to affect GR expression in the hippocampus of rodents (Kerr, Beck, & Handa, 1996; 

Sheng et al., 2003). Unfortunately, female animals were not included in the preclinical studies 

investigating NMDA antagonists modulation on glucocorticoids (Wang et al., 2019; Zhou et al., 

2018). Given the sex differences in the key regions they investigated, there remains a need to 

examine whether their reported effects of NMDA antagonists also occur in females.   

 Sex differences have been reported with ketamine treatment including differences in 

behavioural and biological correlates in animal models and differences in ketamine 

pharmacokinetics in humans (Saland, Duclot, & Kabbaj, 2017). While sex differences have been 

reported in the antidepressant effects of ketamine in preclinical models (Saland et al., 2017), both 

the present randomized controlled trial (Farah, Norris, Talbot, Blier, & Phillips, 2019) and 

Freeman et al. (2019) found no differences in efficacy or tolerability to repeated ketamine 

infusions between male and female participants. However, a meta-analysis found a positive 

correlation between the percentage of participants that were male and antidepressant effect 7 

days after a single infusion of ketamine (Coyle & Laws, 2015). Although, it remains unclear 

whether sex differences exist in treatment response to ketamine, there is evidence supporting its 

sex-specific effects on biological correlates. Of particular interest, multiple preclinical studies 

have reported sex differences in the hippocampus after ketamine treatment including differences 

in BDNF (Saland, Schoepfer, & Kabbaj, 2016), spine density (Thelen et al., 2019), glutamate 

receptor 1 (GluR1; Thelen et al., 2019) and astrocyte morphology (Ardalan et al., 2020).  
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Therefore, if ketamine exerts effects on cortisol through acting on the CRH-producing 

neurons in the PVN and influencing GR expression in the hippocampus, and sex hormones affect 

CRH-producing neurons in the PVN and GR expression in the hippocampus, it is plausible that 

ketamine’s effect on cortisol would differ between the sexes. While this is the first study to 

report sex-specific effects of repeated ketamine treatment on cortisol, there is evidence of sex 

differences in other biological correlates after ketamine treatment (including pharmacokinetics 

and metabolism, see Saland et al., 2017) which warrant further study in humans. Given the pre-

clinical sex differences reported in the hippocampus after ketamine treatment, it is a promising 

target to investigate ketamine’s effect on glucocorticoids in clinical populations and how this 

may differ between the sexes.   

 

Strengths and Limitations 

 

Strengths 

 

To date, this is the first study to investigate CRP after repeated ketamine infusions 

treatment and the first study to report sex-specific effects of repeated ketamine infusions on 

cortisol. However, this is the second study to investigate the effect of repeated ketamine 

infusions on cortisol. Allen et al., (2018) was the first published study that investigated repeated 

ketamine treatment on CAR and reported no significant effect. However, they did not examine 

sex as a factor. This highlights another strength of the present study; examination of sex 

differences in the analysis. Given the sex differences in depression prevalence among patients 

(Ferrari et al., 2013), in pre-clinical biological correlates after ketamine treatment (Saland et al., 

2017), HPA axis functioning (Goel et al., 2014) and immune profile (Rizzetto, Fava, Tuohy, & 

Selmi, 2018), including sex as a factor strengthened the analysis of the present study.  
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Another strength of the present study is the participant sample. Participants underwent 

extensive screening including physical examination, ECG, blood test, urinalysis, measurement of 

vital signs and they were excluded if any unstable medical condition was detected. The 

participants in the sample had moderate to severe treatment-resistant depression. Relationships 

previously reported in the literature were replicated including elevated levels of pre-treatment 

CRP and cortisol; correlation between CRP and depressive symptom severity; correlation 

between CRP and BMI; and the correlation between cortisol and age. In the present study, 

participants’ pre-treatment salivary cortisol appeared elevated compared to reported values 

(Pruessner et al., 1997) which may have allowed the detection of changes associated with 

ketamine treatment since preclinical data suggests that ketamine only effects glucocorticoids if 

levels differ from controls prior to treatment (Wang et al., 2019; Zhou et al., 2018). This may be 

another explanation for the null finding reported by Allen et al. (2018); as their participants 

exhibited similar levels of cortisol to the healthy control group prior to repeated ketamine 

infusion treatment.  

 

Limitations 

 

One limitation of this study was the relatively small sample size. While 43 participants 

were included in the randomized controlled clinical trial, all participants were included in the 

CRP analyses and 29 participants were included in the cortisol analyses. While these sample 

sizes are comparable to other studies investigating biological correlates with ketamine treatment 

(Allen et al., 2018; Chen et al., 2018b; Kruse et al., 2021), there is a need for larger studies that 

may be more sensitive to detecting changes and to confirm current findings, given the current 

inconsistencies in some of the smaller studies (Cui et al., 2019). Such work is ongoing at the 
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IMHR including a multi-site trial aimed to recruit a larger sample size to investigate biological 

correlates in patients undergoing treatment with ketamine and ECT (Phillips, Jaworska, et al., 

2020). Another limitation of the present study was the lack of healthy control group. Instead, 

levels of biological correlates were compared to pre-treatment values and compared to reported 

values in the literature.  

The range of CRP that could be detected was also limited by the standard curve of the 

ELISA. While two dilutions were done, the maximum detectable value was 10mg/L and 

approximately 20% of the participant samples were above this value. Therefore, any changes that 

occurred above 10mg/L could not be detected. Another limitation of the present study is lack of 

menstrual cycle data for the female participants. Both the CAR and CRP have been reported to 

be affected by the change in circulating sex hormones during the menstrual cycle (Gursoy et al., 

2015; Ozgocer, Ucar, & Yildiz, 2017) which may have contributed to the variation in our present 

analyses. Lastly, participants remained on concomitant medication throughout the trial. Thus, 

these conclusions may be limited to the use of ketamine as an adjunct therapy instead of a 

monotherapy. However, our baseline findings of elevations in CRP and CAR have been reported 

in unmedicated individuals with TRD (Bhagwagar et al., 2005; Haapakoski et al., 2015).  

 

Clinical Implications and Future Directions 

 

While there is evidence that ketamine has anti-inflammatory effects in pre-clinical studies 

and clinical studies using anesthetic doses (De Kock et al., 2013; Loix et al., 2011), studies 

investigating inflammatory markers after subanaesthetic ketamine infusions have failed to report 

consistent anti-inflammatory effects associated with treatment (Chen et al., 2018b; Kiraly et al., 

2017; Kruse et al., 2021; Park et al., 2017; Yang et al., 2015).  In the present study, a large 



 74 

proportion of patients had elevated pre-treatment CRP and their levels were not significantly 

reduced with ketamine treatment. Given the hypothesized impact of inflammatory processes in 

promoting depressive symptoms (Anisman, 2009), this may illuminate a deficiency of ketamine 

treatment for depression, specifically inflammation-driven depression. However, ketamine 

treatment decreased depressive symptoms in a large proportion of participants in the present 

study (Phillips et al., 2019) despite participants commencing treatment with elevated 

inflammation. Given the bidirectional interaction between the immune system and the 

glutamatergic system (Cui et al., 2019), further investigation of potential explanations for 

inconsistent findings relating subanaesthetic ketamine treatment and immune factors in the 

literature on clinical populations is warranted. 

Since both blunted and elevated CAR are implicated in depressive pathology (Dedovic & 

Ngiam, 2015; Wardenaar et al., 2011), it can be hypothesized that pharmacotherapies for 

depression may “normalize” the CAR by reversing both blunting and elevations. Results from 

the present study indicate that ketamine may normalize the CAR in a sex-specific way. In 

females, cortisol hormonal output was reduced after repeated infusions potentially demonstrating 

reversal of the elevated levels at baseline. In contrast, cortisol hormonal output in males 

increased with ketamine treatment. However, the increase may have been primarily due to the 

reversal of their blunted pre-treatment CAR. This would be consistent with preclinical findings 

that NMDA antagonism normalized levels of the specified biomarker only in animals that 

exhibited abnormal levels at baseline but had no effect on animals that exhibited a normal 

phenotype at baseline (Zhou et al., 2018; Wang et al., 2019). It is important to note that despite 

these significant effects, the CAR of both male and female participants remained elevated after 
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repeated ketamine treatment in comparison to values reported for healthy controls (Pruessner et 

al., 1997). Given the small sample size, further larger studies confirming this finding are needed.  

 This study found that plasma CRP and salivary cortisol did not predict change in clinical 

symptoms with ketamine treatment and neither biomarker differed prior to treatment in ketamine 

responders and nonresponders. Thus, there remains an unmet need for identification of a 

peripheral biomarker that predicts antidepressant response to ketamine to more efficiently select 

treatment strategies for patients with TRD who have not responded to other approaches. In 

addition to immune factors, neuroimaging correlates, sleep markers, growth factors, metabolic 

factors, genetic markers, clinical characteristics and neurocognitive measures are all currently 

being investigated as potential biomarkers for response to ketamine treatment (Duman & 

Krystal, 2020). While examination of these biomarkers is promising, there still remains a need 

for larger replication studies before translation into clinical use (Duman & Krystal, 2020).  

 

CONCLUSION 

 

This is the first study to report sex-specific effects of repeated ketamine infusions 

treatment on cortisol. Further sex-specific investigation into ketamine’s effect on glucocorticoids 

is needed with particular attention to key brain regions: the paraventricular nucleus of the 

hypothalamus and the hippocampus. This study highlights the importance of considering sex in 

future preclinical and clinical studies investigating biological correlates in ketamine treatment for 

depression. Overall, understanding the biological underpinnings of the antidepressant effects of 

novel treatment strategies, such as ketamine, can guide physicians in effectively treating patients 

with depression.   
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