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Major depression and obsessive-compulsive disorder (OCD) are among the most frequent
psychiatric disorders in the general population. They are also frequently associated with one another
in daily clinical practice. They generate severe emotional distress and marked impairment in general
functioning. They are both characterized by a chronic and/or recurrent course, thereby leading to
a profound deterioration of quality of life. Despite significant advances in pharmacological and
psychological therapies, 20-30% of patients still respond unsuccessfully to standard medical treatment
strategies for these disorders. In this context, one of the major outstanding research challenges is to better
identify precise phenotypic profiles through the validation of innovative numerical tools, enabling the
online recording and monitoring of the cognitive, emotional, and behavioral components underlying
the expression of clinical phenotypes. This is nicely addressed in the article by Briffault et al. [1]
from the perspective of opening new “symptoms networks” for the promotion of more homogenous
diagnostic categories in psychiatry. In parallel, the development of relevant experimental paradigms is
useful for the assessment of disturbances in sensory processes related to the olfactory sphere, which are
classically observed in major depression, as part of the core dimensions/symptoms, such as anhedonia,
primarily referring to a reduced feeling of pleasure from usually enjoyable activities. This kind of
research receives particular attention from Rochet et al. [2] considering both anatomical and functional
findings and relying on a translational approach ranging from laboratory animal models to humans
for the determination of the brain regions that are more commonly implicated in olfaction, hedonic
processes, and major depression. Additionally, there is a large body of literature supporting the
implication of biological mechanisms, among which immune function with an abnormal inflammatory
response is most often cited. This “inflammatory” theory, which was largely documented in the
area of depression, was more recently extended to OCD, as in the article by Lamothe et al. [3] which
examines cytokine profiles and white blood cell populations. The authors have also investigated
relationships with streptococcal infections and the PANDAS generating a large constellation of
neuropsychiatric conditions, especially including OCD that is mainly mediated by disruption in the
basal ganglia, which are particularly vulnerable to antineuronal antibodies relying on stimulated
autoimmune processes. Beyond the description of these pathophysiological determinants, the articles
by Brunelin et al. [4] and Bennabi et al. [5] are respectively dedicated to therapeutic challenges in
the utilization of the non-invasive brain stimulation technique tDCS in chronic forms of OCD and
major depression that are unresponsive to the conventional medical treatments. Although data are
still scarce, tDCS seems to represent a promising alternative for the management of major depression
and OCD in substantially reducing the clinical severity with relatively good tolerability. However,
these beneficial effects remain to be further confirmed in larger and controlled studies in order to
alleviate the methodological concerns that could be raised in the already published trials. To conclude,
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this Special Issue will therefore provide precious information at the clinical, pathophysiological, and
therapeutic levels that could be helpful to a wide readership, ranging from mental health professionals
to basic/clinical researchers with a significant interest in increasing their knowledge in the field of
major depression and OCD.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Despite the advances in psychopharmacology and established psychotherapeutic
interventions, more than 40% of patients with obsessive-compulsive disorder (OCD) do not respond
to conventional treatment approaches. Transcranial direct current stimulation (tDCS) has been
recently proposed as a therapeutic tool to alleviate treatment-resistant symptoms in patients with
OCD. The aim of this review was to provide a comprehensive overview of the current state of the
art and future clinical applications of tDCS in patients with OCD. A literature search conducted on
the PubMed database following PRISMA guidelines and completed by a manual search yielded
12 results: eight case reports, three open-label studies (with 5, 8, and 42 participants), and one
randomized trial with two active conditions (12 patients). There was no sham-controlled study.
A total of 77 patients received active tDCS with a large diversity of electrode montages mainly
targeting the dorsolateral prefrontal cortex, the orbitofrontal cortex or the (pre-) supplementary
motor area. Despite methodological limitations and the heterogeneity of stimulation parameters,
tDCS appears to be a promising tool to decrease obsessive-compulsive symptoms as well as comorbid
depression and anxiety in patients with treatment-resistant OCD. Further sham-controlled studies
are needed to confirm these preliminary results.

Keywords: OCD; tDCS; brain stimulation; neuromodulation; obsession; compulsion

1. Introduction

Obsessive-compulsive disorder (OCD) is a frequent and debilitating psychiatric condition that
occurs in 2-3% of the population [1]. Symptoms consist of unwanted intrusive thoughts and
compulsive behaviours, leading to the inability to maintain social and occupational functioning [2].

Established treatments consist of a combination of psychopharmacology (especially selective
serotonin reuptake inhibitor—SSRI) and psychotherapeutic interventions, such as cognitive behavioral
therapy—CBT [3]. Despite augmentation strategies with other psychotropic drugs and advances in
psychopharmacology [4], it is assumed that nearly 40% of patients do not show a sufficient response to
conventional treatments [3]. Therefore, the development of new therapeutic approaches is warranted.

Brain Sci. 2018, 8, 37; d0i:10.3390/brainsci8020037 3 www.mdpi.com/journal /brainsci
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Among the recently developed therapeutic approaches, non-invasive brain stimulation techniques
(NIBS), such as transcranial direct current stimulation (tDCS) hold promises to alleviate symptoms and
improve cognitive functioning in various psychiatric conditions [5,6]. tDCS consists of applying a weak
direct current (1-2 mA) between two electrodes placed on the scalp of a subject. Neurophysiological
studies have reported that depending on the electrode polarity and current intensity, tDCS may
increase cortical excitability in the vicinity of the anode whereas cathodal tDCS may decrease it [7].
The effects of tDCS are not restricted to the area beneath the electrodes and could reach a widespread
network of cortical and subcortical regions that are connected to the targeted region [8]. The ability of
tDCS to modulate a network is of particular interest since abnormal activity and connectivity within
the orbitofronto-striato-pallido-thalamic network is described in patients with OCD. Indeed, imaging
studies in patients with OCD showed abnormalities, which can be either hyper- or hypo activities,
within numerous brain regions along a widespread network including the orbitofrontal cortex (OFC),
the (pre-) supplementary motor area (SMA), the cingulate gyrus, the caudate, the thalamus, the right
and left cerebellum, and the parietal cortex [9]. These abnormalities, which can be either trait- or
state-dependent, have been revealed in resting conditions as well as by symptom provocation
paradigms, depending on the studies. Moreover, it has been reported that some of these abnormalities
were reverted after successful treatment [10,11]. It has thus been hypothesized that applying tDCS
over these abnormal brain regions would lead to a decrease in obsessive-compulsive (OC) symptoms
by modulating the underlying abnormal brain network. For instance, the use of anodal tDCS over
the pre-SMA is based on imaging studies revealing an interaction between pre-SMA hypoactivity
and deficient response inhibition with reciprocal striatal hyperactivity in patients with OCD [12].
The use of cathodal tDCS over the OFC is based on imaging studies reporting hyperactivity at rest
and during symptom provocation paradigms of the OFC in patients with OCD [9,13]. Targeting
the dorsolateral prefrontal cortex (DLPFC) is based on NIBS studies reporting beneficial clinical
effects when stimulating this specific brain region in numerous psychiatric conditions [5,6], and on
imaging studies reporting abnormalities in the cortico-striato-thalamo-cortical pathways, especially
the ‘DLPFC-caudate nucleus-thalamus’ loop that is implicated in the pathophysiology of OCD [13].
This review aimed to provide a comprehensive overview of existing literature on the effects of tDCS
applied as a therapeutic tool to reduce OC symptoms in patients with treatment-resistant OCD and to
discuss future applications of tDCS in OCD.

2. Materials and Methods

Search Strategy

A systematic review was conducted following the recommendations of the PRISMA guidelines.
A primary search on the PubMed database until December 2017 with the keywords (tDCS AND OCD)
yielded 21 results. This primary search was completed by a manual search on articles cited by retrieved
articles and on Google allowing for adding five articles (see Figure 1 —PRISMA diagram).

The inclusion criteria were: (i) full length original articles published in English language in
peer-reviewed journals, (ii) patients with OCD according to DSM or ICD-10 criteria, (iii) detailed
description of the stimulation method, and (iv) the use of repeated sessions of tDCS. Among the
26 articles from the primary search, 11 articles were excluded for the following reasons: six were
review articles not specifically dealing with tDCS in OCD, four did not concern OCD, and one offered
a modelling of the electrical field induced by tDCS in patients with OCD. One of the articles issued
by the manual search showed no data on OC symptoms [14], as well as a study investigating the
clinical interest of transcranial alternating current stimulation (tACS) and not tDCS [15] were excluded
from the qualitative analysis. Another article investigating the effect of a single session of tDCS
(anode, cathode, sham) over the medial prefrontal cortex (PFC) on anxiety symptoms after exposure in
12 patients with treatment resistant OCD was also excluded [16].
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A total of 12 articles was included in the qualitative analysis, nine from the primary search and
three from the manual search [17-19].

o
= Records identified through database Additional records identified
‘% searching (n =21) through other sources (1 = 5)
't
v
=
A 4 A 4
' Records after duplicates removed (1 = 26)
&0 v Records excluded: 11
=
'E - review not only dealing with
g Records screened (1 = 26) » DCS, 16
_rn’ - No patients with OCD, n=4
l - Modelling of electrical field, n =1
—
Full-text articles excluded,
-No evaluation of OC l— Full-text articles assessed
symptoms, =1 for eligibility (n = 15)
£ | | -Not dealing with tDCS
= but tACS, n=1
=
= - evaluated the effect of a
— . .
single session, =1
)
A 4
3 Studies included in qualitative
E synthesis (11 = 12)
S
]
—_
Figure 1. PRISMA flow diagram of selected studies in the qualitative analysis.
3. Results

Amongst the 12 included studies investigating the clinical effects of tDCS in patients with OCD,
eight were case reports [17,19-25], three were open-label studies, including 5, 8, and 42 patients [18,26,27]
and one was a randomized-controlled study including 12 patients with OCD [28]. Remarkably, none of
the studies was sham-controlled (Table 1).

In the first case report, Volpato and colleagues [20] observed no significant effects of 10 sessions
of tDCS (20 min, 2 mA) on OC symptoms when the cathode was placed over the left dorsolateral
prefrontal cortex (DLPFC; over F3, according to the 10/20 international electroencephalography
EEG system) and the anode extra-cephalically (on the neck). Interestingly, the authors reported
a significant decrease of depression and anxiety symptoms. Other studies have tried different
electrode montages and have shown beneficial outcomes on OC symptoms (see Figure 2 for an
illustration of the electrode montages). Namely, two studies targeted the left DLPFC by placing the
anode over the left DLPFC (F3) and the cathode either over the right DLPFC (F4) [25] or the right
orbitofrontal cortex (OFC) /supraorbital area (Fp2) [18]. Three studies used an electrode montage
positioning the cathode over the left OFC (Fp2) and the anode over the occipital region (O2) or
the cerebellum [19,22,26]. One study targeted the right OFC (Fp2) with the cathode and the left
parieto-temporo-occipital region with the anode (midway between P1, C3, and T7) [27]. Finally,
five studies targeted the pre-supplementary motor area (SMA). Among them, two placed the anode
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over the pre-SMA (Fz/FCz) and the cathode over the right orbitofrontal cortex (Fp2) [17,21], one placed
the cathode over the pre-SMA and the anode extra-cephalically over the right deltoid [24], and two
compared two different montages with either the anode or the cathode over the pre-SMA and the
other electrode extra cephalically over the right deltoid [23,28]. In the included studies, different sizes
of electrodes were used: 25 cm? [19,23,24,28], 35 cm? [18,20-22,25,26] and 5.5 cm? [27]. The intensity
of stimulation was set at 2 mA in all of the tDCS studies (2-3 mA in [27]) and tDCS duration varied
from 20 min [17-20,22,23,26,28] to 30 min [24,25,27]. The number of tDCS sessions also varied; most
of the studies delivered 10 [19,20,22,23,26,28] or 20 sessions [17,21,24,25] and one study delivered
15 sessions [18]. tDCS sessions were delivered daily [18,19,23,24,27,28] or twice daily [17,21,22,25,26].
All of the studies used the Yale-Brown Obsessive and Compulsive Scale score (Y-BOCS) [29] to assess
OC symptoms.

In summary, a total of 77 patients with OCD received active tDCS with different electrode
montages. Most of the studies reported a significant effect of tDCS on OC symptoms, more specifically,
a decrease of the YBOCS score. Several studies also reported beneficial effects of tDCS on other
symptoms that are often observed in patients with OCD, such as depression and anxiety [18-20,24,25].

Dinn et al., 2016

,, Palmetal., 2017
1

7y

Volpatoet al., 2013

Silva et aI., 2016 (cathode SMA)
D’Urso et al., 2016a,b

[Arc]

neck deltoid

Mondino et al., 2015 II
Bationetal., 2015 “~
Alizadeh Goradel et al., 2016

-

Figure 2. Illustration of the diversity in electrodes montage observed in transcranial direct current
stimulation (tDCS) studies aiming to alleviate obsessive-compulsive symptoms in patients with
treatment-resistant obsessive-compulsive disorder. A: Anode; C: Cathode. Hazari et al., 2016 [17];
Dinn et al., 2016 [18]; Alizadeh Goradel et al., 2016 [19]; Volpato et al., 2013 [20]; Narayanaswamy et al.,
2015 [21]; Mondino et al., 2015 [22]; D'Urso et al., 2016a [23]; Silva et al., 2016 [24]; Palm et al., 2017 [25];
Bation et al., 2015 [26]; Najafi et al., 2017 [27]; D'Urso et al., 2016b [28].
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4. Discussion

We reviewed here studies investigating the clinical effects of tDCS in patients with treatment-resistant
OCD. Opverall, our review included 12 studies, corresponding with a total sample of 77 patients with
OCD. Results indicated that applying tDCS might show promising results to reduce OC symptoms.
Little is known regarding the duration of this effect since it has not been systematically investigated.
Two studies reported that the beneficial effects were still observed at a three-month [27] or seven-month
follow-up [17]. In addition, it is interesting to note that some of the included studies also reported
beneficial effects of tDCS on depression and anxiety that are common comorbid symptoms in patients
with OCD. In line with this, a recent crossover study has investigated the effect of a single session of
tDCS on obsession-induced anxiety after symptom provocation in patients with OCD. They reported a
significant decrease in the severity of the obsession-induced anxiety following tDCS applied with the
cathode over the medial PFC as compared with tDCS applied with the anode over the medial PFC and
sham tDCS [16]. One may hypothesize that anxiety, depression, and OCD share abnormalities within
brain networks that are targeted by cortical stimulation. However, the findings of beneficial effects of tDCS
in OCD should be interpreted with caution and some methodological considerations should be noted.

First, none of the studies that are included in the present review was sham-controlled.
One randomized study used a parallel arm design, but compared two active conditions [28]. To the
best of our knowledge, only one randomized sham-controlled trial was conducted in OCD patients.
This study included 20 patients with OCD and reported that active tDCS (2 mA, 20 min, 15 sessions)
applied with the anode over the right DLPFC and the cathode over the left DLPFC improved
decision-making abilities as compared to sham tDCS [14]. The authors thus showed that tDCS
could have a pro-cognitive effect in patients with OCD, as reported in other psychiatric conditions [5].
However, this study did not provide direct clinical assessment of OC symptoms. Further studies are
needed to determine the real effect of repeated sessions of active tDCS on OC symptoms, by comparing
with sham. Indeed, previous sham-controlled studies have reported a large sham effect in patients
with treatment-resistant OCD receiving repeated sessions of NIBS [11,31].

Second, most of the studies included in our review were case reports and only two studies included
more than 10 patients [27,28]. Interpretation of results is thus limited by small sample size. Furthermore,
tDCS parameters were highly heterogeneous across studies, in terms of electrode montage (see Figure 2),
number of tDCS sessions, tDCS duration, and interval between sessions (from 2 h to 1 day). For instance,
regarding electrode positioning, some studies targeted the DLPFC with the anode placed over the left
DLPFC (F3) and the cathode over the right OFC [18], or the contralateral DLPFC [25]. Another study
placed the cathode over the left DLPFC (F3) and the anode over the neck [20]. Other studies have
proposed to target the left OFC (Fp1) or the right OFC (FP2) with the cathode combined with the anode
over the right occipital cortex [19,22], the right cerebellum [26] or the temporo-parieto-occipital region [27].
These montages were based on neuroimaging studies showing hyperactivity within the left OFC and
hypoactivity within the cerebellum in patients with OCD [9]. The pre-SMA was also commonly targeted
in the reviewed studies either with the anode [17,21,23,28] or with the cathode [23,24,28]. In a randomized
controlled trial comparing both montages (anode over the pre-SMA or cathode over the pre-SMA),
D’Urso and colleagues suggested a better effect of the cathodal-tDCS montage on OC symptoms [28].
Nevertheless, based on these findings, it seems difficult to conclude regarding the optimal tDCS montage
to adopt in order to alleviate symptoms in patients with OCD. However, in a computer head modelling
study, Sengo and colleagues reported interesting findings that may help us identifying the optimal
electrode positioning [32]. More precisely, they found that the best theoretical montage to target the
neurocircuitry involved in OCD would be with the cathode over the pre-SMA with an extra-cephalic
anode, as done in D'Urso and colleagues’ study [28].

Regarding the number and duration of tDCS sessions, the choice of delivering 10 to 20 sessions of
20 to 30 min has been mostly extrapolated from the data obtained in studies investigating the clinical
effects of tDCS in patients with depression. However, it is not clearly established that increasing the
duration and number of sessions leads to a better and longer clinical effect. The interval between
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consecutive tDCS sessions should also be considered. Indeed, some studies have shown that the
inhibitory effects of a session of cathodal tDCS on motor corticospinal excitability were increased if
a second tDCS session was performed during the after-effects of the first and were initially reduced
and then re-established if the second tDCS session was performed 3 or 24 h after the first one [33].
Furthermore, it was reported in another study that the excitatory effects of anodal tDCS on motor
corticospinal excitability were reduced, but prolonged when a second tDCS session was applied during
the after-effects of the first (from 0 to 20 min after) but entirely abolished when the second tDCS session
was applied 3 or 24 h after the first [34].

It is important to mention that most of the patients included in the reviewed studies were treated
with different medication (in terms of duration and molecules) when they received tDCS. Most of the
patients were treated with SSRIs, but in some studies, they were also treated with other medications,
such as serotonin-norepinephrine reuptake inhibitors (SNRI), mood stabilizers or antipsychotics.
The concomitant use of medication may influence the effects of tDCS [35]. For instance, studies
investigating the effects of tDCS on motor corticospinal excitability have reported that both acute and
chronic administration of the SSRI (citalopram) increased and prolonged the excitatory effects that are
induced by anodal tDCS and reversed the inhibitory effects of cathodal tDCS into facilitation [36,37].
Furthermore, in a randomized-controlled trial in patients with major depressive disorder, Brunoni et al.
have reported that combining tDCS with SSRI (sertraline hydrochloride) induced beneficial clinical
improvements that were superior to each treatment taken separately (tDCS only or sertraline only)
or sham [38]. Thus, future studies should take into account the concomitant use of medication when
investigating the effects of tDCS on OC symptoms.

Clinical characteristics of patients should be taken into account when discussing the role of
tDCS in the OCD treatment. For instance, the level of resistance was highly heterogeneous in the
reviewed studies; some patients were resistant to several months of combination between SSRI and
CBT (e.g., [18,22-26]), some others received ECT [17]. In addition, the subtypes of OCD (obsessions
and checking; symmetry and ordering; cleanliness and washing; and, hoarding) [30] were also
heterogeneous across studies and might be an important factor to report in future studies. These
differences may also account to explain discrepancies observed between studies in term of symptoms
improvement (from no effect on OC symptoms [20] to 80% decrease on YBOCS score [17]).

Another limitation is the brain state dependency that may have an impact on the tDCS clinical
effect and should also be controlled in future studies. For instance, in the study reporting the largest
beneficial effect of tDCS on OC symptoms, patients were not at rest during the stimulation session
as in other studies but were required to listen to music and watch movies during the 30-min session
duration [27]. In the same way, a single session of cathodal tDCS has been shown to have a beneficial
effect when applied during exposure to anxiety [16]. Future studies should investigate the clinical
effect of repeated sessions of tDCS when stimulation is applied during exposure to anxiety as compared
to with being at rest.

Finally, up to now, no study has investigated the brain correlates of the symptom improvement
following tDCS administration in OCD patients. Investigating biological effects of tDCS in patients
with OCD will provide a better understanding of the pathophysiology of OCD (as done with other
therapeutics, see [10,11]) and of tDCS” mechanisms of action. It could be speculated for example
that hyperactive cortico-striatal pathways observed in patients with OCD may be down-regulated
by either inhibitory stimulation of the OFC or SMA (with the cathode) or by excitatory stimulation
(enhancement, with the anode) of the DLPFC. Neuroimaging or electrophysiological investigations are
also needed to steer the parameter optimization. In this way, another transcranial electrical stimulation
approach has been proposed recently by Klimke and colleagues [15]. In an open-label study including
seven patients with OCD, the authors reported the clinical interest of transcranial alternating current
stimulation (tACS) applied at gamma frequency (40 Hz). They observed that gamma-tACS applied
in a bilateral fronto-temporal montage decreased OC symptoms by 52%, measured by the YBOCS.
This novel protocol appears interesting and future studies are needed to further explore the effects
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of gamma-tACS in patients with OCD. Besides the optimization of stimulation parameters, further
studies are also needed to determine the clinical and biological predictors of response, as done in
studies on depression [39].

5. Conclusions

To conclude, only a few studies investigated the effects of tDCS in OCD, but they showed
promising results, with some of them reporting a decrease >35% in YBOCS scores. This effect can be
considered as clinically meaningful since the current definition of treatment response is at least a 35%
reduction of Y-BOCS score [40]. However, these results are preliminary and further sham-controlled
studies are needed to define the role of tDCS in the treatment of OCD and to determine the optimal
stimulation parameters to deliver in this indication and subtypes of OCD. To date, regarding the
high heterogeneity among studies in terms of the characteristics of patients (e.g., subtypes of OC
symptoms, concomitant medication, age) and tDCS parameters (e.g., electrode montage, symptoms
provocation paradigm during tDCS), it is difficult to draw a clear conclusion on the efficacy of tDCS
in this indication and to propose guidelines for future investigations. Interestingly, based on these
preliminary positive reports, randomized clinical trials have been initiated and are now recruiting
participants around the world (as seen in clinical trials website: NCT 02407288, 02743715, 03304600).
Results from these studies are expected before any conclusion on the relevance of tDCS in patients
with OCD can be made.
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Abstract: Olfactory dysfunction has been well studied in depression. Common brain areas are
involved in depression and in the olfactory process, suggesting that olfactory impairments may
constitute potential markers of this disorder. Olfactory markers of depression can be either state
(present only in symptomatic phases) or trait (persistent after symptomatic remission) markers.
This study presents the etiology of depression, the anatomical links between olfaction and depression,
and a literature review of different olfactory markers of depression. Several studies have also shown
that olfactory impairment affects the quality of life and that olfactory disorders can affect daily life
and may be lead to depression. Thus, this study discusses the links between olfactory processing,
depression, and quality of life. Finally, olfaction is an innovative research field that may constitute a
new therapeutic tool for the treatment of depression.

Keywords: depression; olfaction; markers; quality of life; therapeutic tool

1. Introduction

Depression and olfactory dysfunction induce long-term impairments that affect individuals
and have a major impact on subjects’ social skills, relationships, wellbeing, and quality of life [1,2].
Major depression is one of the two most debilitating diseases according to the World Health
Organization (2010). Depression affects 8 to 12% of the world’s population [3]. In France, 9 million
people experience at least one depressive episode during their lifetime (INPES, National Institute for
Prevention and Health Education). Olfactory dysfunctions are present in 22% of individuals aged
between 25 and 75 years old [4]. In these situations, the impact of this olfactory impairment on patients’
life is often neglected. However, olfaction provides people with valuable input from the chemical
environment around them. Smell can also impact different psychological aspects of the subject’s life
by forming positive and negative emotional memories related to smell. It can also affect the social
abilities and the interpersonal relationships of the individual. When the olfactory input is distorted,
disability and decreased quality of life are reported [5].

In the last two decades, several studies have investigated olfactory dysfunction in depression.
Several reasons are behind the study of olfaction in depression. First, the rapid expansion of
structural and functional imagery techniques that uncover overlapping brain areas involved in
olfactory processing and depression. These regions are mainly the orbitofrontal cortex, the anterior
and posterior cingulate cortices, the insula, the amygdala, the hippocampus, and the thalamus [6-8].
Second, olfactory stimuli are encoded and may activate emotional memory. This could be explained by
the close anatomical links between the olfactory system and the brain circuits involved in memory [9]
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and emotion [10]. These two cognitive functions are frequently altered in depression [11]. Third,
olfactory dysfunction may induce symptoms of depression, due to the impact of odors on emotions,
mood, or behaviors [12]. Indeed, a recent systematic review has shown a reciprocity and a close
association between olfactory impairment and depression [13]. Thus, depressed patients have
lower olfactory performance than healthy controls, and patients with olfactory dysfunction have
symptoms of depression that worsen with the severity of olfactory impairment. Fourth, bilateral
olfactory bulbectomy in rodents induces changes in behavior, as well as in the endocrine, immune,
and neurotransmitter systems. These changes are similar to those seen in patients with major
depression [14,15]. These alterations are reversed by antidepressants, suggesting that the dysfunctions
seen in depression could be related to alterations in the olfaction system. However, these findings
cannot be replicated in humans. Nevertheless, studies showed that olfactory bulb volume differs
significantly between depressed and non-depressed individuals and seems to be a promising marker for
depression [16]. Fifth, stress, a triggering factor of depression in vulnerable subjects, induces behavior
similar to some symptoms of depression, as well as decreased cell proliferation or neurogenesis, both in
the hippocampus and in the olfactive bulbs [17]. Finally, it has been suggested in human [18-21] and
animal studies [22-24] that olfaction can be used as a therapeutic tool for depression.

The exact relationship between depression and olfactory dysfunction is still unclear, even if
both disorders coexist and affect quality of life, social and professional integration, as well as family
balance [25]. Several reviews have studied olfactory perception in depression [26,27], the relationship
between olfactory loss and quality of life [28,29], and between depression and quality of life [1]. In the
present review, we overview the links between depression, olfaction, and quality of life of patients in
order to understand the relationship between olfactory function and depression, and to determine
if olfactory loss affects patients’ quality of life. In addition, we discuss the possible use of olfactory
stimulation as a promising therapeutic tool to potentiate the antidepressant effect of medication.

2. Depression

Depression is a multifactorial disease involving multiple etiologies, with the contribution of
biological, genetic, and environmental factors [30].

From a biological perspective, depression is associated to a monoaminergic deficiency in
the brain [31]. Indeed, the role of monoaminergic neurotransmitters (noradrenaline, serotonin,
and dopamine) has been demonstrated in the control of mood and cognitive functions.
Neurotransmitter-based drug treatments accelerate clinical improvement, but resistance to
antidepressants implies the involvement of other etiologies. One hypothesis is the inhibition of
hippocampal neurogenesis, since long-term use of antidepressants leads to an increase of adult
hippocampal neurogenesis [32]. A decrease in hippocampal volume has been demonstrated in
depression [33] at the earliest stages of the disease and was correlated with patients’ cognitive
impairment [34]. Brain abnormalities have also been observed in the orbitofrontal cortex, anterior
cingulate cortex [35], and the amygdala [36]. It has been shown that amygdala volume is reduced in
untreated depressed patients, but increases with treatment [37].

As for the genetic etiologies of depression, studies show contradicting results. A meta-analysis
suggested that depression is a familial disorder and with an estimated heritability of 31 to 42% [38].
For instance, a functional polymorphism of the serotonin transporter gene would change the impact
of stressful life events on depression [39]. However, another meta-analysis was not able to show any
association between the serotonin transporter genotype and depression [40]; and a genome-wide
association study could not clearly identify the involvement of several genes in depression [41].

Concerning the psychological perspective, Beck [42] proposed a model based on the fact that
negative life events may trigger depressive episodes. Therefore, certain life experiences can modify
the psychological functioning of the individual and induce emotional instability. Kendler et al. [43]
proposed the kindling-sensitization hypothesis where negative life events that were initially unable to
trigger a depressive episode later gained a capacity to trigger a recurring episode.
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Pathophysiology of depression is complex and remains partially elucidated. According to the
latest edition of the Diagnostic and Statistical Manual (DSM-5, [44]), a major depressive episode is
diagnosed, when (i) five (or more) of the following symptoms are present during the same two-week
period: depressed mood most of the day, markedly diminished interest or pleasure in all, or almost all,
activities most of the day, nearly every day, significant weight loss when not dieting or weight gain,
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 and
recurrent thoughts of death; and (ii) a change from previous functioning with at least one of the two
major symptoms of depression: depressed mood or loss of interest or pleasure. These symptoms are
associated with significant clinical distress or impairment in social, occupational, or other important
areas of functioning. It was shown that depression alters aspects of information processing, including
perception and attention, memory processes (e.g., preferential recall of negative information rather
than positive one), and interpretation of ambiguous information [11]. Recent literature explored the
presence of depression-associated sensorial biases, particularly at the olfactory level by investigating
the state (disappearance of olfactory alterations in clinically improved patients) and the trait (persistent
olfactory alterations after clinical improvement) olfactory markers of major depression [27,45-48].

3. Olfaction

3.1. Functioning of Olfactory Perception

The olfactory information (i.e., the chemical molecule), will first settle at the level of the olfactory
receptors, within the olfactory epithelium. There are two ways for volatile chemical molecules to reach
the olfactory epithelium. The first is the orthonasal pathway (so-called “direct” pathway) and takes
place during inspiration through the nose. The second is the retronasal pathway (so-called “indirect”
pathway) and takes place during mastication through the mouth. The binding of the molecule on
specific olfactory neuroreceptors, triggers an action potential on these cells [49]. The information then
reaches the olfactory bulb, located at the base of the frontal lobe [2]. The olfactory bulb sends projections
via the lateral olfactory tract to different brain areas, such as the olfactory tubercle, the anterior
olfactory nucleus, the piriform cortex, the lateral entorhinal cortex, or the ventral tenia tectae [50],
allowing olfactory information to reach different brain levels (e.g., the thalamus, hypothalamus,
or hippocampus). Indeed, the olfactory system is connected to the limbic system through the
amygdala, the piriform cortex, the anterior cingulate cortex, the insula, and the orbitofrontal cortex [7].
These connections may explain how odors an induce mood changes [51] and impact cognitions and
behaviors [52].

3.2. Evaluation of Olfactory Functions

Various olfactory tests are available for the evaluation of olfactory function. Psychophysical
measures have been used to establish a link between measurable parameters (i.e., product
concentration, chemical composition) and the qualitative (i.e., odor’s identification, odor’s naming)
and quantitative (i.e., perception of odor’s intensity) characteristics of the evoked stimulus. It is, thus,
possible to evaluate parameters, such as the odor’s intensity, familiarity, or hedonic level by using
scales of measurements. The psychophysical tests provide a quantitative measure of sensory function
by using the verbal response of the subject as an indicator of the olfactory perception. Generally,
the psychophysical tests include investigation of odor detection threshold, odor discrimination,
and identification. Standardized tests have been developed to evaluate these three olfactory functions.
They were validated with several hundred healthy participants (men and women) of different ages.
Doty et al. [53] has developed the University of Pennsylvania Smell Identification Test (UPSIT),
an olfactory evaluation tool in the form of a scratch 'n sniff test. This test can measure individuals” odor
identification ability. The Sniffin” Stick Test created by Hummel et al. [54] evaluates odor detection
threshold, odor discrimination, and identification ability. This test is formed of several odorous
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pens (sticks). For the olfactory threshold test, stick triplets with increasing odor concentrations are
presented to the subject. In every triplet, only one stick contains the odorant (2-phenyl ethyl alcohol).
The subject is asked to identify in every triplet the pen that contains the odorant, the other two being
without odor. The discrimination test is done with the following presentation of 16 odorous pen
triplets. In this test, the subject has to detect if the pen with the odorant is different from the other two.
Finally, during the odor identification test, 12 or 16 odorous pens are presented to the subject. Using a
multiple forced-choice task, odors are identified from a list of four descriptors for each odor. A final
score evaluates the overall olfactory capacity of the subject and determines whether the individual is
normosmic, hyposmic, or anosmic.

Occasionally, devices called olfactometers are used to carry out the psychophysical measures
while providing a better control of the delivery conditions of the odorant. It allows the delivery of a
precise concentration of the odorant at the entrance of the nostrils via a controlled airflow. It is also
possible with this device to have either unilateral or bilateral nostril stimulations. This tool seems to be
more appropriate in situations where the control of odors’ concentration is important, like in olfactory
threshold measures.

The psychophysical tests described above are easy to administer, to transport, are not expensive,
and provide a rapid time of analysis (between 5 and 40 min depending on the test). They are the most
used in the clinical field. However, the psychophysical evaluation of the olfactory functions demands
an active participation of the subject. To avoid this inconvenience neurophysiological techniques are
used to measure the human electrophysiologic response to an odorant stimulus. They include odor
event-related potentials (OERPs) and a summated potential recorded from the surface of the olfactory
epithelium (the electro-olfactogram, EOG). Many other techniques have also been developed, including
electroencephalographic testing, measurement of psychogalvanic skin response to olfactory stimuli,
measurement of respiratory, cardiovascular, papillary, and oculomotor reflexes [55]. More recently,
structural and functional imaging technologies (positron emission tomography, single photon emission
tomography, and high-resolution structural magnetic resonance imaging) were developed in order to
study the central pattern associated to the olfactory perception.

In summary, a number of techniques and tools are available to explore the olfactory function,
each having its own advantages and disadvantages. It is important to note that all these methods
(psychophysical, neurophysiological, and neuroimaging techniques) are complementary because they
do not measure the same olfactory parameters, function, and process. Some authors described and
compared the existing methods and techniques (see [55,56]).

The methods described above can be used to study olfactory function and to detect the
presence of olfactory disorders. Olfactory disorders are divided into quantitative and qualitative
disorders. Quantitative olfactory disorders are hyposmia, hyperosmia, or anosmia [50]. They are
defined, respectively, as a decrease, an increase, or a complete loss of olfactory perception.
Qualitative olfactory disorders are parosmia (bad perception of smell) and fantosmia (an olfactory
hallucination, or perception of odors that are not present within the olfactory field) [57]. Two thirds
of cases of anosmia and hyposmia are due to either an upper respiratory tract infection, a brain
trauma, or to nasal pathologies that damage the olfactory neuroepithelium [58]. Moreover, it has been
demonstrated that olfactory perception is altered in patients with neurodegenerative diseases. Indeed,
olfactory disorders are seen in 85 to 90% of patients with Alzheimer and Parkinson diseases. However,
these patients are rarely aware of their olfactory impairment.

4. What Is the Link between Olfaction and Depression?

4.1. Anatomical Link

Several brain areas play a role in olfactory perception and are involved in the etiology of
depression. First, the olfactory bulb transmits olfactory information to other brain areas, like the
amygdala, the hippocampus, and the anterior angular cortex [50]. It has been shown that bilateral
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olfactory bulbectomy in rodents causes changes to the immune and endocrine systems similar to
those seen in depression [15]. Indeed, bilateral destruction of olfactory bulbs leads to alteration in
serotonin and dopamine concentration [14]. Bilateral olfactory bulbectomy can also induce behavioral
changes, such as a reduction in sexual behavior [59], an odd food-motivated behavior [60], a decrease
in anxiety-like behavior [61], and an increase in depression-like behavior [15,62]. In addition, a study
found a reduced volume of the olfactory bulb in depressed patients [63]. A study using a rat model
of depression, with unpredictable chronic mild stress (UCMS), has observed a reduced amount
of olfactory receptor neurons in olfactory epithelium [64]. These results may explain some of the
impairment in olfactory sensitivity observed in depressed patients.

A recent study showed that in a murine model that mimics the hyperactivation of the HPA
axis (and thus causes a phenotype of depression), olfactory function, and also adult neurogenesis
at the subventricular zone and the dentate gyrus, were affected [48]. In this study, mice receiving
chronic administration of corticosterone had deficits in their olfactory acuity, fine odor discrimination,
and olfactory memory. In addition, cell proliferation in the subventricular zone and the dentate gyrus
(two niches of adult neurogenesis), and the survival of new neurons in the dentate gyrus and olfactory
bulbs, were decreased by corticosterone administration. Antidepressant treatment (fluoxetine) allowed
a return to normal olfactory function and adult neurogenesis [48]. Therefore, the link between olfaction
and depression can also be explained by the decrease in neurogenesis.

Other areas, such as the amygdala or hippocampus, also have a role in olfaction and depression.
Indeed, the hippocampus is involved in odor storage tasks [65] and in depressive symptoms, such as
deficits in autobiographical memory [66]. In addition, studies have shown decreases in hippocampal
volume associated to depression [33]. It has been shown that the amygdala of healthy individuals is
activated during the evaluation of intensity, hedonic aspect and memory of odor-related emotions [67].
The amygdala would be hyper-activated in depression [68].

The orbitofrontal cortex is also implicated in the link between olfaction and depression. It is
involved in attention, emotional, and cognitive processes of depression. On one hand, the ventromedial
part is involved in rumination, anxiety, and sensitivity to pain, and is hyper-activated in depressed
patients. On the other hand, the dorsal part is involved in psychomotor retardation, apathy, attention
disorders, and working memory, and hypoactive in depressed patients [69]. The role of this cortex
is crucial in olfaction, but is still controversial in depression [70,71]. Some authors consider that an
unpleasant stimulus activates the left part of this cortex and a pleasant stimulus activates the right
side [71], but other authors have shown that the activation of the orbitofrontal cortex is not a function of
positive or negative valence of odorants [72]. The orbitofrontal cortex is involved in the identification
of odors and in olfactory memorization [71,73].

The cingulate cortex is involved in both olfactory function and depression. In depression,
the volume of its anterior part is diminished [35,74]. This would be partly responsible for the increased
recurrence of depressive episodes [75]. As for its role in olfaction, the activation of this brain area
depends on the hedonic valence of the odor [76].

The insula participates in the evaluation of emotional states and more particularly of the bodily
sensations during an emotional experience [77]. A study showed that the insular cortex contributes to
odor quality coding by representing the taste-like aspects of food odors [78]. The insula has higher
levels of activity in resting states, increasing the inability of depressed patients to disengage from
externally-cued events, and leading to pathological self-focused mental ruminative behaviors [79].

Finally, the habenula is affected by olfactory bulb input and is involved in the regulation of
psychomotor and psychosocial behaviors [57]. Its metabolic activity is increased in animal models
of depression [80]. The role of the habenula is the transfer of olfactory information to other brain
areas [81]. It is activated in response to emotionally-negative stimuli [82]. According to Oral et al. [83]
habenula plays a decisive role in the link between olfactory disorders and depression since a bilateral
bulbectomy induces a structural degeneration by apoptosis of the habenula, leading to the appearance
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of the main symptoms of depression. A summary of the brains areas involved in olfaction and
depression is presented in Table 1.

4.2. Olfaction: A Marker of Depression?

Over the years, several studies have focused on the impact of depression on olfactory functions like
detection thresholds, identification, and discrimination capabilities, and the assessment of hedonicity
or intensity. The strong link between depression and olfaction has allowed researchers to espouse
the hypothesis that a reduced olfactory capacity may be a marker of depression [45,84]. Two types of
olfactory markers have been proposed: (i) the state olfactory markers where olfactory impairments
disappear after antidepressant treatment; and (ii) the trait olfactory marker, where olfactory
impairments persist after clinical remission.

Most studies have shown that the detection threshold of depressed subjects was increased
compared to controls [27,63,85,86]. However, some authors reported an unchanged olfactory
threshold [87-89]. Few studies investigated the olfactory threshold in remitted patients after
antidepressant treatment and showed conflicting results. Gross-Isseroff et al. [90] have demonstrated
an increase of olfactory odor sensitivity in remitted patients suggesting that this could be due to
antidepressant treatment. Another study observed a significant negative correlation between olfactory
sensitivity and depressive symptoms [91]. Pause et al. [86] reported remission of odor threshold
impairment in depressed patients after antidepressant treatment. All these observations suggest that
the reduced olfactory sensitivity may be a marker of depression. However, further studies are needed
to confirm whether this olfactory function is restored by antidepressant treatment.

Some studies have shown that depression is associated with a lower olfactory identification
capacity [92-94]. Two studies reported that depressed subjects had a lower identification
capacity of the components of a complex odorant environment (binary iso-intense mixtures),
during the major depressive episode [46,95]. Naudin et al. [46] also showed that the olfactory
alteration persists after clinical improvement reflecting olfactory trait markers of depression.
The majority of studies have demonstrated that olfactory identification capacities are not altered
in depression [46,85,87-89,91,96-100]. In summary, odor identification function didn’t seem to be
altered in depression when standardized olfactory tests were used. Moreover, it has been proposed
that an odor identification parameter could be used to differentiate between depressed patients and
Alzheimer’s disease (AD) patients since comparative studies showed that this function is altered in
AD, but not in depression (for review, see [8]).

Concerning odor hedonic perception, only two studies have shown unchanged scores between
depressed patients and healthy controls [89] before or after antidepressant treatment [92]. For the
majority of the investigations, this parameter is influenced by depressive state [46,47,85,86,95,101].
Atanasova et al. [95] showed that depressed patients would perceive unpleasant odors as more
unpleasant (negative olfactory alliesthesia), while pleasant odorants would be perceived as less
pleasant (olfactory anhedonia) in comparison to controls. Naudin et al. [46] reported that this hedonic
olfactory bias concerns a highly emotional odorant and that it vanishes after antidepressant treatment.
Therefore, it is considered as an olfactory state marker of depression. In contrast to these observations,
other studies revealed that depressed patients over-evaluate the hedonic perception of odors [85,86].
Lombion-Pouthier et al. [85] suggested that this over-evaluation could be due to modifications in the
orbitofrontal cortex observed in depression (this structure is also applied in hedonic perception of odor).

Several studies investigated changes in olfactory intensity rating in depression [85,86,92,95,102,103].
Only one showed that depressed patients perceived pleasant stimuli as less intense and unpleasant
stimuli as more intense than controls [95]. However, the majority of the studies did not find any
associations between that hedonic value of odors and changes in the perception of odor intensity.

As for the perception of familiarity, studies show contradictory results. Some authors could not
find any change in familiarity ratings associated with depression [47,102,103], whereas others found
lower familiarity ratings in depressed patients compared to controls [46]. Future studies are needed to
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clarify this aspect of olfaction. The edibility perception of odors has not been studied in depression.
However, knowing that eating disorders are frequently observed in depression, this parameter should
be a subject for future investigation.

Studies show that odor discrimination abilities are not different in depressed patients compared
to controls [63,84,92,95]. These same studies found similar results with respect to odor intensity
assessment capabilities. A summary of the studies exploring the deficits in the different olfactory
functions in depressed patients and in clinically-improved patients are presented in Table 2.
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Olfactory impairments were also described in other psychiatric, disorders like schizophrenia [107],
bipolar disorder [108], or posttraumatic stress disorder [109]. However, there are very few studies
comparing olfactory dysfunction in depression and other affective disorders. When assessing
olfactory thresholds and identification abilities, Swiecicki et al. [89] could not find any difference
between patients with unipolar and bipolar depression. However, a recent study [106], showed that
impairment in odor identification may be seen in mood disorders (major depressive and bipolar I
disorder), with a more pronounced impairment associated to psychotic depression features. On the
other hand, global olfactory dysfunction observed in schizophrenia may not be a feature of other
neuropsychiatric conditions [106]. Olfactory markers of differentiation were also described in
depression and Alzheimer’s disease [8]. Future investigations are needed in order to investigate
potential markers of differentiation between other neuropsychiatric disorders.

5. Quality of Life: Definition and Evaluation

The World Health Organization, defined the quality of life as “the perception of an individual
of his place in existence, in the context of the culture and the system of values in which he lives,
in relation to its objectives, expectations, norms and concerns. It is a very broad concept influenced in
a complex way by the physical health of the subject, his psychological state, his level of independence,
his social relations as well as his relation to the essential elements of its environment”. Questionnaires
have been created to assess the quality of life, like the Questionnaire of Olfactory Disorders [25].
This questionnaire was developed to assess the impact of olfactory disorders in daily life and is
composed of 52 statements divided into three areas: (1) “negative statement”, which provides
information on the degree of suffering of the respondent; (2) “positive statement”, that gives
information on the way respondents cope with their olfactory disorders; and (3) “socially desired”.
This third area allows the evaluator to assess the credibility of participants’ responses. Indeed, it helps
knowing if the participant is trying to give a certain impression or socially desirable answers.

Other questionnaires used to assess quality of life include the “Short Form 36 Health Survey”,
“The General Well Being Schedule” [110], “The 90-item symptom checklist” [111], and “The Nottingham
Health Profile” [112]. In these different questionnaires, several areas, like general health, vitality,
depression, anxiety, sleep, and pain are evaluated. However, sensory functions, like taste and olfaction,
are not evaluated. A study by MacDowell et al. [113] compared the reliability, validity, and duration
needed for several of these instruments. They concluded that most of these tools perform adequately
for survey research purposes.

This is a non-exhaustive list of standardized questionnaires used to assess quality of life,
but researchers may prefer to use other non-standardized questionnaires targeting specific fields
of research (olfactory disorders, etc.). For example, some studies used a self-report where participants
had to write their feeling about their loss of olfaction [5,114].

6. Impact of Olfactory Disorders on Quality of Life

It is interesting to focus on the impact of olfactory loss (partial or total, reversible or not) on the
diet in general. Individuals with olfactory disorders report having a more complicated alimentation
because of the important link between smell and taste. Patients with olfactory disorders (69%, n = 239)
had lower ratings of food since the beginning of their disorder [115]. This lower rating leads to a
decrease in appetite in 56% (n = 278) [114], 32% (n = 72) [116] and 27% of subjects (n = 50) [117].
All the subjects included in these studies had olfactory disorders and the results were obtained through
self-reporting questionnaires and the Multi-Clinic Smell and Taste Questionnaire [118].

Individuals sometimes develop coping strategies: they can increase the taste by adding salt,
sugar, or spices [5,28]. Moreover, 3 to 20% of individuals with olfactory disorders report eating more
than before, while from 20 to 36% report eating less [115]. The presence of olfactory dysfunction
causes difficulty in maintaining a healthy balanced diet. Individuals with olfactory disorders also have
difficulties cooking food because they have difficulties to detect burning food. They may burn or stale
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food because of their olfactory impairment [5,114,119,120]. They also have difficulties to detect gas
leaks or smoke odors [120].

In addition, patients are no longer able to detect their own body odor (sweating, bad breath) [114]
and report problems of hygiene. This can lead in some cases to excessive showers in order to have a
higher self-confidence. For some individuals, this is the most negative effect of olfactory loss [116,117].
Between 1/4 and 1/3 of patients with olfactory disorders report having social difficulties related to
hygiene problems [117,121]. Indeed, an individual with olfactory disorders is socially vulnerable if he
is not able to smell his body odor or odors of others. This places him in an uncomfortable situation
and increases the risk of social isolation.

Olfactory disturbance interferes with professional life in 3 to 8% of cases [116,117].
Temmel et al. [114] reported that 8% of participants with olfactory disorders had problems in their
professional lives. The impact of an olfactory disorder on professional life depends on the type
profession: people who work in oenology, in gastronomy, in the perfume industry, or even nurses
or firefighters, can have major impairments in their professional lives [28]. A loss of smell can also
be problematic in this kind of situation and add major concerns for the future professional. All of
this can lead to anxiety, mood disturbances, and depression [58]. Olfactory disorders that cause
food disturbance (whether cooking or eating) can also constitute factors that affect mood and lead to
anhedonia [28].

Several studies have shown the impact of olfaction on social and family relations [122,123] such
as the mother-child bond [124] and men-women relationships (i.e., in reproduction, avoidance of
consanguinity, selection of partner) [125,126]. For example, olfaction is involved in the detection of fear
signals. In a study by Ackerl et al. [122], women watched a terrifying movie while wearing axillary
pads. A neutral film was presented the next day as control. Other women then had to smell and
categorize the axillary pads obtained after the presentation of the terrifying film and those obtained
after the presentation of the neutral film. As a result, women were able to distinguish between the
pads of fear and those of non-fear. These results assume the existence of an odor of fear, present in
perspiration and detectable by other individuals. Such behaviors may be also affected by olfactory
disorders, but further studies still need to be done in this area.

7. Olfaction: A New Therapeutic Tool?

7.1. Animal Model and Odorants

Studies in animals have shown effects of odors on the emotional state. Komiya et al. [24]
have demonstrated the anti-stress effects of lemon oil vapor on mice during behavioral tests
(elevated plus maze and forced swim tests). The mechanism hypothesis is that lemon essential
oil vapor affects the response to dopaminergic activity by modulating serotoninergic activity and/or
GABA-benzodiazepines receptor complex.

In another study, Xu et al. [23] showed the effect of vanillin on the depressive-like behavior of
non-bulbectomized and bulbectomized groups of rats. This was a comparative study of the effects
of vanillin on depressive-like behavior rats induces by two ways: chronic unpredictable mild stress
(CUMS) and olfactory bulbectomy. Results showed a significant decrease of depressive-like behavior
for the CUMS group exposed to vanillin and the CUMS group exposed to fluoxetine. No changes were
observed for the bulbectomy group exposed to vanillin. These results suggest that vanillin may have
an effect on the symptoms of depression if the olfactory pathway is intact [23]. A study on Mongolian
gerbil (which has more neuroendocrine similarity with humans than mice and rats) highlighted
the anxiolytic effect of lavender odor. The authors showed that after chronic exposure to this odor,
the anxiolytic effects were almost similar to those obtained after exposure to diazepam [22], but the
mechanisms were not completely elucidated. Another study on rats demonstrated the antidepressant
effect of lemon odor during behavioral tests (forced swim test and open field test) [127]. Lemon odor
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significantly reduced the depressive-like behavior. Further studies on the effects of odors on affective
states in animal models are needed in order to understand the underlying mechanisms of these effects.

However, it is important to note that the cited studies have used bulbectomy to develop an animal
model of depression. Their validity was, however criticized (for review, see [128]). Therefore, it is
important to be careful before applying the findings obtained in animal models onto human subjects.

7.2. Use of Odors in Humans

Some studies have highlighted the sedative [129] and the anxiolytic effects [130,131] of odors in
humans. Lehrner et al. [129] showed that participants exposed to the ambient odors of orange essential
oils had lower levels of anxiety compared to control participants. The same authors extended their
observations by using lavender odor [131]. The objective of this last study was to compare the effect of
odor to the effect of music in the waiting room of a dental office. The results showed that the lavender
odor had a more pronounced anxiolytic effect compared to music and control conditions. Indeed,
studies showed that lavender acts post-synaptically and modulates the activity of cyclic adenosine
monophosphate (cAMP). A reduction in cyclic adenosine monophosphate activity is associated with
sedation [132].

Studies in humans have highlighted the interest of using odors as therapeutic tool. In a study by
Hummel et al. [21], participants with olfactory loss (various origins: post-infectious, post-traumatic or
idiopathic) followed a 12-week olfactory training program. At the end of this training, measurements of
olfactory function were performed and it appeared that repeated daily olfactory stimulation improved
the olfactory function of participants.

Haehner et al. [19] has proposed olfactory training in patients with Parkinson’s disease. They used
the same protocol as Hummel et al. [21]. The results of the study showed that olfactory training
produced an increased olfactory sensitivity for the four odors used during the training, but also
an overall increase of the olfactory function, whereas no anti-Parkinsonian treatment allowed this
type of result.

Finally, a recent study highlighted the effects of olfactory training on symptoms of depression [20].
In this study, the subjects followed an olfactory training over a period of five months or had to perform
Sudoku daily for the control group. The odors used were the same as in Hummel's study presented
previously [21]. The results showed a significant decrease in the depression score (obtained with the
Beck Depression Inventory) for the group who followed the five-month olfactory training compared to
the group who performed Sudoku daily.

The mechanisms of action of odors’ effects on depression are not known yet. However, several
hypotheses were developed: the volatile odorant compound could act as a pharmacological agent and
enter the bloodstream. In such a situation, its effects will be dependent on the concentration of the
compound [133]. Studies are still needed to understand the mechanisms of action of odors on behavior
in animals or humans.

8. Conclusions

We have shown here the links between the olfactory system, depression, and quality of life.
Different brain areas are involved in both depression and olfaction, and patients with depression
regularly suffer from an impaired sense of smell. Further studies are needed to confirm that only
olfactory threshold and hedonic perception are altered in depression while the odor identification
capabilities are preserved. In the future, it is important to study the olfactory perception of depressed
patients in a more natural environment reflecting everyday life and using more complex sensory
(olfactory and gustatory) stimuli. These investigations could explain the role of olfactory impairment
in the eating disorders frequently observed in depression.

In this review, we have also demonstrated that the presence of olfactory disorders can lead to a
decrease in the quality of life of patients in several areas: food, social life, and work. Previous studies
have demonstrated that other perceptual deficits affecting gustation [134], vision [135], or audition [136]

28



Brain Sci. 2018, 8, 80

may lead to depression by decreasing quality of life. There are no comparative studies investigating
the importance of different perceptual sensory deficits on depressed patients’ quality of life. However,
it is known that all senses participate in some sensory experiences like food intake. Such sensory
experience will involve vision, audition, and kinesthesis, as well as the chemosensory modalities of
olfaction, gustation, and chemesthesis that underlies flavor perception. However, sensory deficits are
only partially assessed in some of the questionnaires evaluating the quality of life. Future improvement
of the existing questionnaires are needed to create the tools suitable to the real problems of the clinical
populations with olfactory deficits. Moreover, current clinical practice does not take into account
olfactory impairments in depressed patients; olfactory deficits are not described in depression clinical
criteria defined in DSM-5 [44]. The present review confirms the presence of sensory impairments and,
specifically, the olfactory ones in the clinical spectrum of depression patients, and suggests that simple
and inexpensive tools could be used to improve olfactory deficits. Furthermore, the current literature
provides emerging evidence that olfactory stimulation (olfactory training) may be a promising tool for
future therapeutic prospects. As suggested by Hummel et al. [21], it would be interesting to study the
effects of this stimulation over time in order to know if the changes observed during olfactory training
persist in time or not. Finally, studying the precise mechanisms of action of olfactory training is a must,
in order to develop better olfactory training methods and to deepen knowledge about the olfactory
system, depression, and how they affect quality of life.
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Abstract: Background: Transcranial direct current stimulation (tDCS) opens new perspectives in the
treatment of major depressive disorder (MDD), because of its ability to modulate cortical excitability
and induce long-lasting effects. The aim of this review is to summarize the current status of knowledge
regarding tDCS application in MDD. Methods: In this review, we searched for articles published
in PubMed/MEDLINE from the earliest available date to February 2018 that explored clinical
and cognitive effects of tDCS in MDD. Results: Despite differences in design and stimulation
parameters, the examined studies indicated beneficial effects of tDCS for MDD. These preliminary
results, the non-invasiveness of tDCS, and its good tolerability support the need for further research
on this technique. Conclusions: tDCS constitutes a promising therapeutic alternative for patients
with MDD, but its place in the therapeutic armamentarium remains to be determined.

Keywords: transcranial direct current stimulation; depression; cognition

1. Introduction

Major depressive disorder (MDD) is a widespread psychiatric disease characterized by a high risk
of morbidity and mortality and a high level of comorbidity with several psychiatric and non-psychiatric
disorders [1]. Epidemiological surveys have repeatedly indicated a high lifetime prevalence of this
illness, amounting to 6.7% of the population worldwide [2]. The costs of MDD to society, in terms
of personal and familial suffering and health care consumption, are high [3,4]. Despite the progress
in pharmacopoeia and in psychological therapies, clinicians involved in the management of MDD
are regularly faced with clinical situations marked by treatment resistance. About 30% of depressed
patients fail to experience significant clinical benefits from currently available treatments [5,6], leading
to a chronically deteriorating course of the illness. Consequences of the illness and limitations of the
usual pharmacological and psychological strategies highlight the necessity to develop alternative
therapeutic options.

Brain stimulation therapies have emerged as relevant alternative strategies, on the basis of emerging
knowledge about specific brain areas involved in psychiatric diseases. Among these techniques,
transcranial direct current stimulation (tDCS) appears to hold particular promise because of its cost,
ease of use, and favorable tolerability profile [7]. tDCS was used from the 1960s to generate modifications
of cortical excitability in preclinical studies and as a therapeutic tool for MDD. More recently, this technique
has gained renewed interest as a practical tool for the modulation of cortical excitability and the treatment
of psychiatric disorders [7,8]. tDCS relies on the application of a weak direct current of 1-2 mA directly
to the scalp through electrodes to induce regional changes in cortical excitability that can last up to a
few hours after stimulation [9]. Sustainable effects seem to be mediated by bidirectional modifications
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of postsynaptic connections similar to long-term potentiation and depression, occurring through
NMDA-dependent mechanisms [10,11]. Because of the implication of pathological alterations of
neuroplasticity in psychiatric disorders, tDCS appears to be a promising therapeutic alternative to
modify such pathological plasticity [12]. Beneficial effects of tDCS have been reported in the treatment
of psychiatric (mainly depression and schizophrenia) and neurological diseases, as well as in the
rehabilitation of cognitive, motor, and sensory functions after a stroke [8,13].

In this review, we summarize data obtained from trials with the aim of assessing the effectiveness
of tDCS as a putative treatment option for MDD.

1.1. Method

To identify studies reporting the effects of tDCS on depression and cognition in MDD, two
authors (E.H. and D.B.) searched the Pub-med database following PRISMA recommendations [14].
The identification of articles was based on the following keywords: “depression”, “transcranial direct
current stimulation”.

Inclusion criteria for this review were: (a) publication in English; (b) inclusion of depressed
patients treated with tDCS; (c) meta-analysis, randomized controlled studies (RCTs) and open-label
trials; (d) assessment of depressive symptoms and/or cognition. Working independently and in
duplicate, the two reviewers examined all titles and abstracts, obtained full texts of potentially relevant
papers, and read the papers to determine whether they met the inclusion criteria. Of the 381 initial
references, 67 papers were retained. We excluded seven studies exploring the effects of tDCS in
healthy subjects, one review, and one protocol. Thus, we obtained data from 58 articles that met our
eligibility criteria.

1.2. Technical and Safety Aspects of Transcranial Direct Current Stimulation

During tDCS sessions, a constant direct current of low intensity (generally 1-2 mA) is passed
across the brain via electrodes wrapped in an electrode gel or saline-soaked sponge pockets. [8].
Wide variations in the amount of current delivered can be observed according to the stimulation
parameters applied (i.e., position and size of the electrodes, current intensity, duration, frequency,
and number of sessions). In the majority of protocols, the currents ranged from 0.5 to 2 mA and were
delivered for 5-30 min via electrodes of 25-35 cm, generating current densities of 0.28-0.8 mA /cm?.
The placement of the electrodes is typically based on the 1020 electrode placement system to locate
the area of interest. More recent studies suggest the use of an initial magnetic resonance imaging (MRI)
scan to refine the position of the electrode, taking into account the inter-individual variability [15].
From a neurobiological standpoint, tDCS is considered a technique of neuromodulation, given that it
does not directly induce action potentials, unlike transcranial magnetic stimulation. The polarity of the
stimulation determines the type of effect; anodal stimulation induces a depolarization of the neuronal
membranes and an increase of the spontaneous neuronal firing rate, whereas cathodal stimulation
leads to neuronal hyperpolarization and inhibition [16,17]. Depending on the duration and intensity
of the stimulation, it has been shown that the modulation of electrophysiological properties is directly
measurable in healthy volunteers and could last up to 90 min after stopping the stimulation [9].

tDCS may induce mild to moderate side effects, including light itching beneath the electrodes,
mild headache, tingling, burning sensations, and discomfort. Skin irritation and lesions under the
electrodes have also been reported, as well as some cases of mood switching [18,19].

1.3. Effects of tDCS on Symptoms

The rationale for using tDCS in this indication is based on historical observations of hypometabolism
of the left dorsolateral prefrontal cortex (dIPFC) associated with right prefrontal hyperfunction in MDD
and dysfunction of brain plasticity, characterized by an alteration of long-term potentiation and
depression [20,21]. In the majority of the protocols, the currents used were 1 or 2 mA and were applied
for 30 min via two large conductive electrodes (32-35 cm?) soaked with a saline solution. The anode

37



Brain Sci. 2018, 8, 81

was typically placed over the left dIPFC, and the cathode over the contralateral supraorbital area,
corresponding to F3 and FP2 according to the international 10-20 EEG system [22]. Transcranial direct
current stimulation was proposed either alone or as an add-on treatment to psychotropic medication
or cognitive training programs.

Following the seminal work of Fregni et al. [23] which produced positive results on the efficacy
of five sessions of anodal tDCS applied over the left dIPFC (1 mA, 10 min) in ten patients with
MDD, a series of controlled and open-label studies have been published. Subsequently, two RCTs
conducted by Boggio et al. [24,25] have replicated these results. The authors observed an average
reduction of 40.4% in the Hamilton Depression Rating Scale (HDRS) score after anodal tDCS (2 mA,
20 min) versus 10.4% after placebo stimulation in 40 patients with mild to moderate MDD. In 2010,
Loo et al. [26] showed no superior antidepressant efficacy of ten sessions of tDCS (1 mA, 20 min)
versus placebo in 40 patients with MDD. However, in a second study, these authors demonstrated a
greater decrease in the Hamilton Depression Rating Scale (HDRS scores in 64 unipolar and bipolar
depressed patients after 15 sessions of anodal tDCS of the left dIPFC (2 mA, 20 min) (28.4%) versus
placebo (15.9%) [27]. Rigonatti et al. [28] compared the effect of fluoxetine and ten tDCS sessions
(2mA, 20 min) in 42 depressed patients, and noted a similar improvement in depressive symptoms
following brain stimulation and pharmacological treatment, with an earlier antidepressant action in
the tDCS group. In the field of treatment-resistant depression, three RCTs were conducted and did not
show any significant difference between active stimulation and placebo [29-31]. Regarding post-stroke
depression, Valiengo et al. [32] studied the effects after active versus sham stimulation in 45 patients
and reported a higher response rate with active stimulation (37.5% and 20.8%, respectively) and higher
remission rates (4.1% and 0%, respectively).

In this context, in 2013, a larger study was conducted involving 120 unipolar depressed patients,
which compared tDCS versus a pharmacological treatment (sertraline) and versus tDCS plus sertraline.
The results showed a greater reduction in Montgomery—Asberg Depression Rating Scale scores in
patients receiving the combined intervention (tDCS + sertraline) versus those receiving sertraline alone
(mean difference 8.5 points), tDCS alone (mean difference 5.9 points), or placebo (mean difference
11.5 points) [33]. More recently, these authors published the results of a non-inferiority trial involving
245 depressed patients and compared active tDCS (2 mA, 30 min) versus a pharmacological treatment
(escitalopram) and versus placebo. They concluded that escitalopram was significantly superior to
tDCS [34]. Moreover, a large-scale RCT involving 84 unipolar and 36 bipolar depressed patients
reported comparable effects of active (2.5 mA, 30 min, 20 sessions over four weeks) and sham tDCS
applied over the left dIPFC, suggesting that the low level of stimulation delivered in sham conditions
may have been biologically active [35].

Studies evaluating the effectiveness of tDCS in a maintenance therapy for relapse prevention have
shown that the reduction in treatment frequency from two to one week or a high level of pre-treatment
resistance was associated with a greater rate of relapse [36,37].

Several meta-analyses pooling available data about the antidepressant efficacy of tDCS have
yielded contradictory results. Kalu et al. [38] showed a higher efficacy of active tDCS versus placebo,
as evidenced by a greater reduction in severity scores on depression scales. Berlim et al. [39]
did not find any significant difference between active tDCS and placebo in response rates (23.3%
versus 12.4%, respectively, p = 0.11) and remission (12.2% versus 5.4%, respectively, p = 0.22).
Shiozawa et al. [40] included seven controlled trials in their meta-analysis and showed a superiority
of active tDCS over placebo in terms of clinical response and remission, which was confirmed by
Meron et al. [41] in a meta-analysis of 10 RCTs. In a meta-analysis of individual data from 289 patients,
Brunoni et al. [42] demonstrated the superiority of active tDCS compared to placebo in terms of
alleviation of depressive symptoms, with a response rate of 33.3% versus 19 %, respectively, and a
remission rate of 23.1 versus 12.7%, respectively. The level of response was correlated with various
parameters, namely, the number of sessions and the amount of energy delivered, but was inversely
associated with the level of antidepressant resistance. Other variables, such as the severity of the current
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depressive episode, the presence of bipolar disorder, female gender, or treatment with sertraline, as well
as pre-treatment motor retardation or better verbal fluency, were also identified as potential predictors
of a positive response [42—45]. From a neurobiological point of view, 5-HTTLPR polymorphism has
shown a predictive property, while brain-derived neurotrophic factor, cytokine levels, neurotrophins 3
and 4, nerve growth factor, and glial cell line-derived neurotropic factor have failed to predict the
clinical response [46—49].

1.4. Effects of tDCS on Cognition

Current evidence suggests that tDCS may have an impact on some cognitive functions in healthy
volunteers, such as working memory, attentional performance, procedural learning, and emotional
information processing [50]. In MDD, although most studies reported an improvement in at least
some cognitive functions, suggesting a potential pro-cognitive role of tDCS, no firm conclusions
could be drawn. To date, the improvement of attention and working memory has been reported after
1[27,51,52], 5 [53], and 10 [25] anodal tDCS sessions applied over the left DLPFC. Positive results have
also been observed in other cognitive domains, such as cognitive control [54,55], processing speed [56],
or emotion recognition [57]. Bifrontal tDCS has been shown to promote more accurate and faster
responses to the n-back task, exploring working memory, and to prevent procedural learning during
the probabilistic classification learning task in depressive states [51]. Moreover, a few clinical cases of
improvement in cognitive performances after treatment with tDCS have been reported in the context of
treatment-resistant depression or post-traumatic depression [29,58]. However, several RCTs applying
a set of standardized cognitive tests did not record tDCS-related changes with offline stimulations,
suggesting that repeated sessions have no cumulative effects [26,31,59]. Beyond the variability in the
stimulations parameters (i.e., site of stimulation or use of off- or online sessions) and the impact of
inter- and intraindividual differences, in most of the studies it is difficult to differentiate the “pure”
effects of cognitive improvement of tDCS from a “collateral” effect relied on a cognitive improvement
due to the alleviation of depression [60].

1.5. Parameters Influencing Clinical Outcomes

Multiple factors are likely to modulate the therapeutic effects of tDCS. Among them, the stimulation
parameters and clinical characteristics of the population are key contributors to the variability of its
effects [60-62]. With regard to MDD, there is a dearth of clinical trials exploring the impact of the
stimulation parameters on clinical outcomes. Typically, bifrontal montages (F3-F8 and F3-F4 montages)
targeting the left dIPFC are used in MDD. However, a computational modelling study suggested
that other montages, using a fronto-extracephalic or fronto-occipital approach, could result in greater
stimulation of brain regions of critical interest, such as the anterior cingulate cortex, which may be
advantageous for treating MDD [63]. In fact, two open-label trials observed improvement in depressive
symptoms following tDCS sessions applied over the fronto-occipital or -temporal regions [64,65] in a
total of 18 patients and 20 sessions. Moreover, combined with sertraline, tDCS applied for 20 or 30 min
was found to be effective for the treatment of mild and moderate depression, and the effect of the
stimulation for 30 min was more pronounced than that of the 20 min stimulation [66]. Meta-analyses
have noted that increasing the number of sessions or the intensity of the stimulation (1 versus 2 mA)
does not improve tDCS effects on depressive symptoms [38,39]. In addition, the delay between sessions
could have an impact on tDCS effects [67]. For example, Alonzo et al. [68] reported that daily tDCS
induced a greater increase in cortical excitability than second daily stimulation of the motor cortex.
Another, often overlooked, point is the influence of patient characteristics. Two open-label trials
reported that depression severity was positively related to clinical improvement [69,70]. Evidence
from three RCTs indicated that dIPFC tDCS had lesser efficacy in treatment-resistant depressed
patients [29,31]. Finally, a meta-analysis of data from seven RCTs showed the superiority of active
tDCS versus placebo in bipolar depression in terms of reduction in severity scores on depression
scales from the first week of treatment [71]. Besides the features of the ongoing episode, the effects of
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interindividual variables, such as anatomical differences, genetic factors, personality, comorbidities,
cognitive strategy, lifestyle, and baseline neuronal activation state, need to be explored [50]. Likewise,
the age at which the stimulation is delivered might be a key determinant of the physiological and
behavioral outcomes of tDCS. In children and adolescents, specific effects of tDCS on cortical excitability
have been demonstrated [72,73]. In this population, the choice of the stimulation parameters, especially
the dose selection, requires special attention [74].

It should also be emphasized that the final effects of tDCS depend on the concomitant use of
pharmacotherapy with other interventions, such as cognitive therapy. A synergistic therapeutic action
was observed with the combination of tDCS and sertraline in MDD patients in a large-scale RCT which
compared the efficacy of tDCS, sertraline, and a combination of both [33]. Conversely, benzodiazepines
were reported to reduce tDCS effects [75]. Concerning the effects of adjunctive tDCS and cognitive
control therapy, Segrave et al. [76] showed that active tDCS coupled with weekly cognitive behavioral
therapy (CBT) potentiated the treatment response, while Brunoni et al. [77] failed to demonstrate the
superiority of combined cognitive control training (CCT) and active tDCS intervention versus CCT and
sham tDCS. In resistant depression, one open study reported an improvement in depressive symptoms
after 18 sessions of tDCS over six weeks, administered during Cognitive Emotional Training [78].
More recently, Mayur et al. failed to demonstrate differences in terms of speed of response or cognitive
performance after the use of tDCS in combination with electroconvulsive therapy (ECT) versus ECT
alone [79].

2. Conclusions

tDCS is a promising therapeutic strategy that offers the opportunity for non-invasive modulation
of cortical excitability and plasticity in psychiatric disorders. With regard to MDD, the majority
of meta-analyses have found that tDCS is superior to sham stimulation with an effect size
(B coefficient = 0.35) comparable to that of repetitive transcranial magnetic stimulation (rTMS) and
antidepressant medication in primary care [42]. This technique appears to be particularly indicated
for patients with a mild-to-severe form of MDD who do not meet the criteria for resistant depression.
In line with these data, a European expert group has recently proposed a Level B recommendation
for its use in depressed patients, treated or not with antidepressants, without treatment resistance
(minimum of 10 sessions (2 mA, 20-30 min) with the anode over the left dIPFC and the cathode
over the right supra-orbital region) [7]. Questions still remain unanswered regarding the optimal
stimulation parameters, the effect of tasks given during tDCS sessions, and the possible influence of
add-on medications. Moreover, the clinical profile of depressed patients showing favorable responses
to tDCS require clarification. Besides these critical questions, the promising preliminary results,
the non-invasiveness of tDCS, and its good tolerability support the need for further research into
this technique.
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Abstract: Depressive disorders cover a set of disabling problems, often chronic or recurrent. They are
characterized by a high level of psychiatric and somatic comorbidities and represent an important
public health problem. To date, therapeutic solutions remain unsatisfactory. For some researchers,
this is a sign of decisive paradigmatic failure due to the way in which disorders are conceptualized.
They hypothesize that the symptoms of a categorical disorder, or of different comorbid disorders,
can be interwoven in chains of interdependencies on different elements, of which it would be
possible to act independently and synergistically to influence the functioning of the symptom system,
rather than limiting oneself to targeting a hypothetical single underlying cause. New connected
technologies make it possible to invent new observation and intervention tools allowing better
phenotypic characterization of disorders and their evolution, that fit particularly well into this new
“symptoms network” paradigm. Synergies are possible and desirable between these technological
and epistemological innovations and can possibly help to solve some of the difficult problems people
with mental disorders face in their everyday life, as we will show through a fictional case study
exploring the possibilities of connected technologies in mental disorders in the near future.

Keywords: m-health; i-health; depression; nosography; categorizations; symptoms networks;
ecological momentary assessment; ecological momentary intervention; fictional case study

1. Introduction

1.1. Context

The notion of “depressive disorders” covers a set of disabling problems, often chronic or recurrent,
whose prevalence in the general population is high. They are generally characterized by a high level
of psychiatric and somatic comorbidities and a high proportion of chronicity or relapses. For these
reasons, they represent an important public health problem and considerable suffering for the people
who endure them and their families. To date, therapeutic solutions remain unsatisfactory, despite
the intensity of research on this subject for decades. Many researchers today consider that this lack
of satisfactory results is only temporary and that decisive therapeutic innovations may emerge in
the future within the current paradigm, despite the fact that such results have not been obtained
in several decades. Others, in contrast, see it as a sign of a decisive problem in the paradigm in
which disorders are conceptualized. One of the central problems is that, although the particularly
multifactorial, “bio-psycho-social” nature of these disorders—like many other mental disorders—is the
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subject of international consensus, it remains classic, however, to consider these multiple factors only
as contributing to the development of an underlying cause of an isolable disease, the symptoms of
which would only be the observable effect of that cause. The various symptoms of depression would
thus be the effect of “depression”, just as the multiple symptoms of syphilis are the effect of pale
treponemal infection, which is the sole initial cause.

This organizational scheme is particularly visible in the Diagnostic and Statistical Manual of
Mental Disorders (DSM) [1]. This reference nosography of the American Psychiatric association
(APA), which has been organizing international research on mental disorders for several decades,
adopted in its third version (DSM-III, published in the early 1980s) a categorical definition of disorders
independent of their context of occurrence. Disorders are constructed by composition of elementary
observable symptoms not articulated with each other or with context to obtain a polythetic definition
(i.e., composed of a “mandatory” core of symptoms to which are added “optional” symptoms).
This syndrome is supposed to represent the theoretical level immediately above the elementary
symptoms, each definition being the supposedly reliable formalization (i.e., of a high degree of
intersubjective agreement) of phenomenal random variations statistically observed around a supposed
natural morbid entity which would be the valid denotation [2,3].

This approach to mental disorders is more generally part of a “medical model” of disorders [4].
In this medical model the patient is thought of under the angle of a specific problem that he has, and
which can be circumscribed and isolated, this problem being directly caused by one (at most some)
underlying cause(s), these causes directly explaining the problem. This conceptualization directs
research towards the hypothesis that there are therapeutic ingredients specific to each of these causes.
Each of these ingredients having a specific efficacy that must be evaluated by randomized controlled
trials specifically constructed to evaluate the intrinsic efficacy of an intervention independently
of any context. For several decades, this approach has produced an important list of empirically
supported treatments (i.e., for which a statistically significant positive effect size has been calculated in
randomized controlled trials), whether pharmacological, psychotherapeutic, neurosurgical, and so on,
treatments described as precisely as possible in protocol manuals defined independently of the context.
While it is undeniable that these multiple treatments have therapeutic efficacy, the fact remains that
this efficacy is still low and that many disorders and patients are not or only slightly improved by
these approaches [5,6].

The normative ideal of an isolable mental disorder with a single cause massively organizes the
collective functioning of research and practice on mental disorders. It prevents significant interactions
between symptoms from being taken into consideration and syndromic entities used to characterize
mental disorders from being considered as something other than the manifestations of the natural
entity that is supposed to cause them. It is also massively structuring possible therapeutic practices,
because it prohibits the hypothesis that the symptoms of a categorical disorder, or of different comorbid
disorders, can be interwoven in chains of interdependencies. It thus prevents to conceive intervention
acting independently and synergistically on the elements of theses chains to influence the functioning
of the symptom system, rather than limiting oneself to targeting a hypothetical single underlying cause.

This new paradigm, thought still in its infancy and under debate, appears as an
interesting framework for conceptualizing mental disorders, particularly depressive disorders.
If we adopt this paradigm, there is an important need to rethink the conceptual bases of
physio-psycho-socio-pathological knowledge that underlie the conceptions of possible therapeutic
approaches, and to invent new observation tools allowing a better phenotypic characterization of
disorders and their evolution.

1.2. Objectives

The objective of this article is to propose some elements for reflection on possible synergies
between recent developments in the conceptualization of mental disorders, particularly depressive
disorders and innovations that are developing very fast in the field of connected objects and
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applications commonly grouped under the terms e-health /m-health. More precisely, we propose a
systematised yet speculative use case of these new technologies based on a fictional case study of
a person presenting complex mental health problems. Our main goal with this case is to propose
a concrete example of how intelligent connected information systems could be useful in clinical
and therapeutical settings in order to ecologically augment clinical observations and therapeutical
interventions in mental health. Moreover, while empirical analysis of the current uses of Ecological
Momentary Assessment (EMA)/ Ecological Momentary Intervention (EMI) devices is essential, the
conception of these devices is still limited by conceptual limitations that prevents such empirical
analyses to serve as a basis for an in-depth improvement of such tools. Consequently, it is also
necessary to anticipate the upheavals that will occur in the near future by reflecting on possible, but
not yet proven, uses of these devices for people with psychological problems/mental disorders, long
before it can, eventually if proven safe and useful, be proposed in clinical routines.

2. New Approaches in Conceptualizing Mental Disorders

A current of research whose foundations can be traced back to the end of the 2000s [7,8] and which
has largely developed since then [3,9] is fully in line with the paradigmatic rupture that we evoke.
It proposes a new conceptual and therapeutic approach that makes it possible to unessentialize mental
disorders by redefining them as clusters of properties connected between them by a homeostasic system
of causal relations, thus going over the limits of the DSM that we have just mentioned. The disorders
are then conceived as stable attractors in a network of properties, which emerge from the dynamic
organization of causal links within the network rather than being arbitrarily reified into independent
static entities. This type of networked approach allows for the adoption of “a psychosystemic approach
that addresses the inherent complexity of mental disorders by using explicit models of the interactions
between their psychological, biological and social characteristics that play a role in the development
of psychiatric conditions, understood as clusters of causally related properties” [10]. As a result, the
first category of apprehension of persons with mental disorders is no longer limited to the isolated,
monadic individual suffering from an isolated disease caused by a single cause. Instead, today it
tends to evolve towards an agent in situation whose action is disturbed by inadequacies between his
characteristics and those of his situation, characterizable in real time by multiple parameters in mutual
interactions articulated to the parameters of the situation.

In addition to the “internal” causal relationships linking the symptoms of a given psychiatric
disorder together, these new approaches also make it possible to integrate the dynamic couplings
between the modes of functioning internal to the individual and those that organize social,
relational, physical environments and situations ... of which he is part, with a specific interest
in the “depressogenic”, “anxiogenic”, “OCDgenic”, “autistogenic”, “suicidogenic”, “disadaptogenic”,
“burn-outogenic” ... properties of these couplings. The pathogenic or disabling dimension here no
longer belongs solely to the individual or solely to the situation but to the joints of both. This logic
no longer looks only at the causes, but also at the consequences in a given environment of health
problems in order to classify them [11]. In this shift from the patient with a psychiatric-neurological
illness to the “person in situation”, the medical objective of reducing or eliminating symptoms loses
its centrality. It becomes one of the elements of an approach aimed at reducing the daily impact of
these symptoms in order to improve the quality of life [12-14]. A shift is thus taking place from
a strictly curative logic inscribed in a medical model to a rehabilitation logic also inscribed in a
contextual model. The therapeutic approach aims at the reduction of functional consequences only
by the reduction/suppression of the pathology. The new situated approaches additionally open
the possibility of acting directly on the disabling consequences in ecological situation, not only by
looking at the “big” effects of the “big” pathological entities, but also and above all by looking at the
articulations of individual micro-mechanisms and socio-environmental micro-mechanisms in order to
be able to intervene finely on them.
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These conceptual developments in mental health are thus no longer based solely on large
diagnostic entities (depression, schizophrenia, etc.) but on pluralities of local dysfunctions or
problematic stabilizations in graphs of interactions of “symptoms” inscribed in a process [15-17].
The focus is no longer limited to the single “person” pole but extends to its functioning in a real
environment [18]. They make it possible to imagine new forms of action that are finer, more
contextualized, more ecological, more interactive, more focused on changes in interactions between
the various components of the person and the various components of his or her real environment.

3. New Opportunities for Observation

These innovations in the conceptualization of mental disorders open up new clinical and
therapeutic possibilities. It is now theoretically possible not only to observe with much finer granularity
the components of a mental disorder and their internal interactions with the components of the situation
and the environment, but also to intervene finely on these components and on the causal chains that
maintain the system in patterns that are pejorative for the person. To these new theoretical possibilities,
different emerging technologies offer operational implementation possibilities.

This is particularly the case for connected mobile technologies that are developing in the
e-health/m-health field. Connected technologies, particularly because of their very small size and
ubiquitous communication capabilities, offer hitherto completely unprecedented possibilities for
collecting multiple data in real time [19-21] associated with a space-time location on a person and her
proximal or distal environment [22], but also to intervene at multiple levels on this person and this
environment by coupling in real time the interventions to the collected data. To date, no other therapy,
care or support system has had such an ability to integrate into the subject’s life in order to gather
information and intervene, whether it is the classic office consultation, home visits, telemedicine, or
even complete hospitalization, which certainly allows total observation of the patient, but has nothing
ecological about it. By making possible the simultaneous use, in real time and in ecological situations,
of multiple micro-sensors, micro-effectors and human actors, all interconnected, the new connected
technological devices offer unprecedented possibilities for reducing the grain of data collection and
interventions on the person. The fineness of the possible articulations of individual parameters with
each other and with multiple situational parameters, as well as the spatial and temporal perimeter of
the accessible information [23], is thereby massively increased.

4. Synergies between Conceptual and Technological Innovations

This is why the epistemological evolutions we have just mentioned-“network” approaches to mental
disorders-and the evolutions of connected technologies in the field of health (e-health, m-health)-objects
connected in networks-tend today (although obviously coming from different epistemic universes) to join.
It allow in mental health problems micro-interventions much more targeted, evolutive, and contextualized
than allowed by the previous approaches applying “macro-interventions” to “macro-pathologies” [24].
The patient is no longer seen as a monadic individual altered by diseases, occasionally encountered out
of context by practitioners who have only clinical and paraclinical observations, supplemented by the
patient’s own clinical and paraclinical observations, accessible in the limited space of the consultation
for any information on the patient’s functioning. Instead, the patient tends today to evolve towards
an agent in a situation whose action is disturbed by inadequacies between his functions and those of
his situation, characterizable in real time by multiple parameters in mutual interactions articulated to
the parameters of the situation [16,17,25], on which multiple people using multiple technical devices
(applications and connected objects) can now intervene in real time and in an ecological environment.

We now have the ability to generate in real time a “cloud of data” associated with the person
and his situation, to statistically analyze co-variations in order to produce inferences based on
“data-based” or “data-driven” predictive models. We are also able to integrate these data directly
into a priori models (when available) of the relationships between the measured variables, in order
to produce “model-based” predictions, and to make all these elements available to the patient and
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his therapists, in the service of an “augmented” clinic and therapy [26]. Among these multiple
parameters whose measurement is now possible, some can be considered as items on which we
wish to act specifically, either directly, or through causal factors, or assumed to be causal on the
basis of strong statistical correlations derived from analysis of groups or intra-individual correlations.
In the case of mental disorders, one can for example wish to act on mood, anxiety, fear, stress, sleep,
arousal, motivation, sedentary life, mental suffering, aversive tensions, suicidal ideations, obsessions,
compulsions, consumption of psychotropic substances, eating habits, social relations, hallucinations,
executive functions, the presence to oneself and to the environment, muscular tensions, memory,
reasoning, somatoform symptoms [27-32]. In short, on any psychological, physiological, behavioural
parameter ... considered problematic and within the scope of “mental health”, and for which there
would be a direct means of action or an upstream influencing factor. A considerable number of
applications have been developed in the field of e-mental health, to the point that it can almost be said
that whatever the problem is considered “there is an application for that”, according to the title of a
recent article [33]. This is particularly the case for depressive disorders [29,34]. While most of these
applications are not evaluated, available results show that these technologies can be not only effective
but also cost-effective [35-37].

5. From e-Mental Health to i-Mental Health

However, these applications generally continue to fall within the “isolable disorder/specific
intervention” paradigm, the limits of which have been shown and do not allow the best use to be
made of isomorphism between a network approach to disorders and a network approach to connected
objects. There is therefore reason to fear that the phenomenon of conceptual limitation observed in
the design of past therapies may be repeated in the future for these new technologies if conceptual
frameworks do not evolve sufficiently. This is the hypothesis put forward by various authors, including
Berrouiguet et al. [38], who call for the “e-health” paradigm to be overcome by a broader approach they
call “i-health” (intelligent health), or Briffault et al. who introduce the concept of the Technologically
Augmented Clinical and Therapeutic relationship (TACT) [24,39,40].

According to these authors, the usual approach to psychiatric care is limited in its possibilities
of data collection, diagnosis and intervention by the very characteristics of consultations between
practitioners and patients, brief, rare, taking place outside any real life context and in which relatives
rarely participate. The tools currently proposed in the field of e-health certainly make it possible to
extend the collection of data during the periods between consultations, by Internet or by mobile phone
and to store them in personal electronic files. But this collection remains however more often than
not punctual, it requires an intervention of the patient, does not allow the collection in real time of
personal and contextual information. In truth, it does not qualitatively improve the possibilities of
medical analysis.

Now, what connected objects and the applications that accompany them offer today is the
possibility of interconnecting in real time the multiple components of the person in action. These
technologies offer the possibility of articulating: vertically the macro (social, smart cities ... ), meso
(situation, smart homes, physical and relational environment) and micro (the person) and even very
micro (different physiological and psychological parameters and mechanisms) levels; and horizontally
the different domains of existence (nutrition, activities, relationships, movements, organization,
cognitions, affects ... ) involved in daily living. All elements whose proper functioning and articulation
are disturbed by mental disorders and can contribute to their persistence or reduction.

These new devices thus offer new possibilities for spatial, temporal, and thematic extensions of
psychiatric, psychotherapeutic, psycho-educational, medical relationships ... , whose observation
and intervention potential can now be extended far beyond consultation to potentially concern all
areas of life, at any time and in any place, while integrating the possibilities for automatic analysis and
analysis assistance offered by data-mining and deep-learning technologies. As Berrouiguet et al. point
out, this is the beginning of a twofold evolution [38]. First of all, the routine integration of the data
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collected in the psychiatric consultation situation will give practitioners real-time access to subjective
and behavioural data from patients and their families, which will significantly modify their clinical
observation and therapeutic intervention possibilities. Then, the addition to the “handmade” analysis
of the data by the practitioner-made impossible by the amount of data generated-of automatic analysis
possibilities will allow the development of intelligent medical decision support systems allowing the
development of predictive models and personalized treatments.

This is no longer only a quantitative evolution, but a real qualitative revolution. From the
cylinder-rolled sheets of Laennec’s first stethoscope to the most sophisticated MRIs or biological
analyses, and even current Ecological Momentary Assessment applications, there is no real qualitative
leap. Tools of “mediate auscultation”, these technologies only improve its possibilities, without
modifying its basis: it is always the physician who makes sense of the observed data, in the clinical
context integrated into his relationship with the patient. Never has a scanner, a sheet of biological
results, a psychiatric evaluation scale or its smart phone version attempted to analyze by themselves
what they were giving the doctor as data on the patient’s condition. But this is what connected
technologies combined with artificial intelligence technologies allow today, which justifies their being
considered “disruptive”. Indeed, they lead to a break in continuity in the status of observation
and intervention tools in medicine and mental medicine; they move them from the stage of tools for
extending the possibilities of the doctor to the stage of tools capable of proposing interpretations or even
making decisions and carrying out actions themselves, in interaction with the various stakeholders in
a care process (people with disorders, mental health practitioners, relatives, etc.).

6. What Elements for an i-Mental-Health System

To provide the best possible service to people with mental health disorders, the i-mental-health
devices of the future will need to build on both the technological and conceptual innovations
we have presented. They should take note of the fact that the health parameters involved in the
functioning of a person in a situation are multiple and diverse, that they are in complex and dynamic
interactions, that these interactions concern parameters belonging to different levels (genetic biological,
psychological, situational, contextual, social) that influence each other inter and intra-level, and that the
system disturbances that constitute the relationships between these health parameters have functional
consequences that depend on the individual in the situation. The value attributed to them is also
individual and may vary according to times and situations within the same individual. The network
of interactions between health parameters can evolve very gradually or very suddenly towards states
with pejorative functional consequences, or even towards morbid states that stabilize and can be
considered as characterized disorders [17,26,41].

An i-mental health system must offer its users (professionals, patients, relatives) a set of health
parameters, enable them to select those they wish to monitor according to their characteristics and their
situation. It must also provide them with the means to highlight the fine relationships between these
health parameters in order to be able to determine relevant places and means of intervention, based as
much on the possibilities of automatic data-based and model-based analyses as on the possibilities of a
clinical augmentation that these new tools/conceptualizations offer to users.

7. What Observation Tools

Any health parameter selected as a relevant observable must be capable of being monitored by an
adapted observation tool. In order to increase compliance and to preserve the ecological validity of the
data collection, the use of tools must be as simple and transparent as possible and be able to fit into
the flow of activity without disrupting it. For example, in all possible cases, objective passive sensors
that do not require any user action should be preferred to the use of questionnaires that consume
time and disrupt the flow of activity, and that are also subject to recall bias and various cognitive and
desirability biases.
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Nevertheless, the use of questionnaires remains unavoidable in certain cases, typically for
parameters related to user subjectivity. For example, no passive sensor can measure the degree
of psychological suffering, assess quality of life, evaluate the level of aversive tension or the feeling
of having a meaningful life, and so on. At the other end of the spectrum, no subjective assessment
can better than an objective measure account for the degree of activity (actimeter), heart rate (heart
rate monitor), blood pressure (blood pressure monitor), sleep characteristics (actimeter + heart rate
monitor + other specific sensors of brain activity), biological markers, and so on.

However, the subjective consequences of variations in an objective parameter remain within the
user’s appreciation and expression. As a simple example, a tennis player and a footballer will not give
the same value to a wrist tendonitis, even if the pathology is “the same”. Some parameters also have
intermediate statuses in that they can be observed by different complementary means. An example
is depression. If it can be evaluated by self-administered or hetero-administered standardized
questionnaires (Hamilton scale [42], Beck scale [43], PHQ-9 [44] ... ), simplified subjective assessments
(visual analogue scales of depressive feelings [45]), it is also clinically - and therefore more or less
objectively - observable, whether it is by clinical collection by a trained professional, or proxies whose
predictive value is more or less good (different parameters of voice, activity, motor skills, relationships,
lexical and semantic content of communications, etc.) [46-49]. A conjunction of observation instruments
therefore makes it possible to triangulate the observed value for this type of parameter.

8. Process for Designing and Using an i-Mental-Health Device

The development of i-mental health systems integrating the functionalities that have been presented
is a complex process, which is beginning to be the subject of new work [50-52]. An integrated device will
necessarily have to rely on a team of health professionals trained in the use of connected devices, able
to propose a set of functionalities adapted to each user according to his needs and situation, to analyse
the data collected and to propose interventions. These professionals will need to be able to rely on a
platform that allows them to generate an integrated suite of mobile applications in a totally flexible
way to the patient/therapist’s choice by integrating pre-existing or custom-developed functionalities
that can be reprogrammed according to the patient’s evolution. This suite should be capable of:
(a) collecting health data in programmable ways; (b) using data from diverse eHealth/wellness
applications; (c) aggregating standardized sensor flows and commercial applications; (d) providing
therapeutic and prevention support and accompaniment tools; (e) dialogue with environmental servers
(smart cities, smart homes, etc.); and (f) proposing user interfaces allowing data sharing for co-analysis
and co-decision purposes between users, healthcare professionals, relatives, other stakeholders, and
SO on.

Co-decision on the choice of observation and co-design tools for the intervention programme
involves the patient and a multidisciplinary team of health professionals, specially trained in the use
of connected health tools in a consultation (which can be carried out remotely). In collaboration with
the patient, this involves formalizing the main relevant elements of his health problems and situation
in order to set up a complete observation and intervention application based on health parameters,
questionnaires, connected objects and interventions available within the device. In order for the
consultation to be as effective as possible, rapid training in the principles of prevention/promotion
of health that will be used can be offered prior to the consultation to the patient in the form of an
e-training/psychoeducation tool. If there are specific needs not covered by existing modules, specific
developments may be implemented. They are then genericized and integrated into the basic proposal.
The patient should ideally be able to connect to the software device specifically generated for him
on his various computer hardware (computer, tablet, smartphone, connected objects) as soon as the
consultation is over, and follow a quick (tele)training course on its use. The patient then lives his life
using the different applications, connected objects, questionnaires that are proposed to him, analyses
his data using the graphic tools made available to him, and implements the actions that are proposed to
him by his device. He may contact the multidisciplinary team at his own initiative, or on the proposal
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of the system, to examine specific health problems highlighted by the use of the device, which may
lead to changes in the device (new observations, new interventions). At the same time, the health team
can contact the patient, based on a human and/or automated analysis of his data, in order to propose
new interventions.

The data collected by the observation devices and the interventions implemented are stored in
the database, thus allowing individual real-time, localized longitudinal monitoring. Data aggregation
for all users provides a representation of user health parameters and behaviors and provides objective
information for inter-individual comparisons and quasi-experimental evaluations.

9. A Fictional Case Study

The (mental) e-health field is particularly active, producing new devices at an extremely rapid
pace. While empirical analysis of the current uses of these devices is essential, it is also necessary to
anticipate the upheavals that will occur in the near future by reflecting on possible, but not yet proven,
uses of these devices for people with psychological problems/mental disorders. Fictive case analysis
offers such opportunities to reflect in advance on emerging technologies whose “disruptive” potential
requires that reflections are not limited to known uses. This is what we propose here with a constructed
case of depressive problem in which we imagine the possible design and use processes of a device for
a Technologically Augmented Clinical and Therapeutic relationship (TACT), (Figures 1 and 2).
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Figure 1. Design and use processes of a device for a Technologically Augmented Clinical and
Therapeutic relationship.

Bob is a married man in his fifties, with two children, working on a stable job in an insurance
company, living in a remote rural area, 90 min by car from the nearest metropolis, with few medical
resources and even fewer psychological and psychiatric resources, a situation in which the use of
connected devices is particularly suitable [53]. Confronted for several months with recurrent back
and abdominal pain, palpitations, sleep problems and fits of profuse sweats, he consulted his general
practitioner. Neither the clinical examination nor the paraclinical investigations carried out make
it possible to highlight somatic causes to the symptoms of which Bob complains. His doctor then
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suggests that he consults a multi-professional e-mental health team to which he can give access, with
his consent, to the data he has already collected. The financial coverage of the care protocol that will be
put in place will be provided by Bob’s supplementary insurance, funded by his company as part of a
collective psychosocial risk prevention program.

Data are archived in the Cube and returned to people -patients, clinicians, caregivers-
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Figure 2. Patients X measures X time database.

The data already collected and an initial teleconsultation interview (Figure 1, step 1) with Bob
guide the team towards an initial set of hypotheses on causes related to the anxiety-depressive
constellation of symptoms Bob complains about. In addition to the symptoms in the foreground that
motivated the consultation with the general practitioner, the interview shows that Bob feels depressed.
He cannot do even the smallest project, he does not want anything, he cannot have pleasure in anything.
He has relationship difficulties that are unusual for him, can no longer get in touch with others, and
feels that people are moving away from him. He feels in his work unbearable psychological pressures,
feels controlled and monitored constantly, has the feeling of growing dehumanization, of being treated
as a number and having to treat his clients as such. Although he thinks that it is his company that
has changed and not his point of view, he also says he prefers to abandon all responsibility to content
himself with subordinate tasks rather than continue to occupy a position that is nevertheless more
rewarding and meaningful, but that requires the mobilization of cognitive, emotional and executive
resources that he no longer seems to have. The interview also shows that Bob attributes his difficulties
not only to the objective evolution of his work context, but also partly to two things that do not depend
on it. On the one hand a painful event, the premature death of his mother following an illness when
he was a young teenager. He considers that he has not mourned this very protective mother who, in
his opinion, has not made him mentally strong enough and equipped him with the skills to face life’s
difficulties on his own. Her advice, her presence, her support are missing more and more painfully
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with each problem encountered. Added to this is a growing sense of guilt with the feeling that his
children are failing and not moving forward in life. While one is unemployed, uses cannabis and
spends his time playing video games, the other has no education and has fallen into delinquency.
He is desperate about their life trajectory, and experiences the failure of his attempts to help them as a
personal failure and proof of his incompetence.

He says he always needs someone behind him to support him and tell him that he is on the right
track. Although he feels that his situation is objectively difficult and generates suffering, he questions
the fact that his psychological state can contribute to make him increase the difficulties of the situation
at the expense of possible improvements.

After this first interview, a set of additional information gathering devices are proposed to Bob
in preparation for a second interview. In order to refine the diagnostic elements, it is suggested that
he answers a self-administered online questionnaire adapted from Structured Clinical Interview for
DSM (SCID), the Screening Assessment for Guiding Evaluation-Self-Report-SAGE-SR, [54], which
makes it possible to obtain elements on the connection of the symptoms described to the various
syndromic categories of the DSM. The multidisciplinary team has a platform giving them access to
different databases of connected objects, software databases, health parameters from which they can
select what is relevant to Bob’s situation. This is how he is offered a dedicated application integrating
the monitoring of his sleep, his daily activities, his heart rate, his eating habits and his emotional state
in the different situations of daily life [55]. An activity sensor and a GPS in the form of a connected
watch not identifiable as a medical device, and usable in everyday life makes it possible to collect
objective physiological and behavioral data. A home automation sensor located in the home rooms
collects environmental data (temperature, noise, light, air quality, presence in the room). An analysis
of the use of its means of communication (telephone calls, sms, e-mails, social networks) is also
implemented [48,56,57].

Three weeks later, the multidisciplinary team thus has a set of psychopathological data based on a
validated self-evaluation instrument and objective behavioral and environmental data to supplement
the first clinical and paraclinical examinations. These data can be used during a second more in-depth
teleconsultation (Figure 1, step 2) designed to co-construct with Bob an idiographic model of the main
somatic, psychological, relational and situational factors involved in the genesis and maintenance of his
problems [26] and to propose adapted interventions. The data collected confirms the existence in Bob
of several elements relating to anxious; depressive and adaptation disorders constellations; inefficient
coping modalities in different professional situations and in interactions with his children; indicators of
difficulties in managing different stressors (intense heart rate acceleration, strong emotional variations)
in particular public speaking and interaction with customers; sleep difficulties and late night insomnia
associated with intense snoring episodes and breathing interruptions suggestive of sleep apnea; as
well as an excessively low level of physical activity and sedentary lifestyle associated with a limited
scope of life, with no outside activity [58]. Diet monitoring shows a very unbalanced diet, with an
excessive load of high glycaemic index foods, too little protein and excessive alcohol consumption,
especially when returning home and in the late evening. As for the analysis of communications, it
shows that Bob has cut himself off from his social and friendly network, and that his communications
are limited to exchanges with his wife, most often associated with episodes of anxiety during his
travels and professional activities. Automated analysis of his text messages shows significant use of a
lexical field associated with anxiety, exhaustion and panic [59], while automatic analysis of his voice
during communications also shows anxious elements in communications with his wife, and elements
of depression and emotional restriction in his exchanges with clients and colleagues [60].

During this second consultation, the multidisciplinary team and Bob can study together the
different intervention modalities available in the system bases in order to choose those that seem best
adapted to Bob’s needs and current functioning. This is why a tele-psychotherapy is proposed to him in
order to address what he has identified as one of the important causes in his current difficulties, namely
the badly managed mourning of his mother’s death. Added to this are various software modules
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designed to enable him to better manage his insomnia problems (e.g., Sleepcare [61]), to gradually
overcome his difficulties in making projects, his aboulia and his anhedonia thanks to e-CBT protocols
(e.g., MoodHacker [62] and Get Happy [63]), improve psychological flexibility, regulate emotions and
guilt more effectively, and identify what is really important to him in life in order to act in this direction
using elements of Acceptance-Based Therapy (e.g., ACTsmart [64] and ibobbly [65]), to facilitate his
organization and improve his attentional control, especially at work in order to help him better cope
with psychological pressure problems (e.g., LivingSMART [66]), to support his sense of self-esteem,
acceptance of his personal identity, in order to improve his self-image, especially in relationships
with others, particularly with his children, customers and superiors (e.g., SuperBetter [67]). Bob’s
sleep difficulties are the subject of several synergistic interventions. The connection of the e-mental
health device to home automation devices allows a dynamic management of the environment adapted
to the sleep profile. The system thus acts on the inside home temperature, progressively reduces
the intensity of light and the quantity of blue light diffused by the screens and the connected bulbs,
proposes adapted relaxation and sleep preparation interventions at appropriate times, and suggests an
appropriate distribution of food categories for dinner. Sleeping or sleep promoting products having
been prescribed, the device proposes in a way adapted to the profile of the past day and that of the
day to come the use of one type of molecule or another (phytotherapeutic complexes, melatonin,
doxylamine, zolpidem, zopiclone ... ) and manages the duration of treatment and the doses used,
taking into account the risks of adverse effects and the development of an addiction. The severity
of Bob’s depressive state (30 on Hamilton scale) also justifies the use of an adapted pharmacological
treatment [6] in the form of an Selective serotonin reuptake inhibitors (SSRI). A specific follow-up
of the health parameters theoretically affected by this treatment is set up in the system allowing an
objectification of both its potential therapeutic and undesirable effects.

The device also includes the data collection modules used from the first session, thus allowing Bob a
longitudinal follow-up and a better knowledge of his own functioning. This “technologically” increased
reflexivity is likely by itself to have effects on the improvement of functioning and symptoms [68].
There are also psycho-educational elements on mental health management (e.g., MyCompass [69]), which
can be communicated in direct relation to the context and events, thus improving their relevance
and effective integration in practice. In order to avoid the frequently observed decrease in the rate of
device use and compliance [70,71], the proposed EMA /EMI applications are designed with particular
attention to user commitment and motivation, in particular through the use of gamification [72].
The ergonomics and graphics of the interface allowing interaction with the system are designed
to promote a pleasant navigation experience for both patients and clinicians. Overall, the device
technologically supports new possibilities of empowerment, self-management and empowerment
for Bob, in particular through the understanding of the fine mechanisms that generate and maintain
problematic functioning and the operational possibility given to the patient to act on them [48].

The individual data collected by the device are also used to create a data warehouse that serves
as a basis for collective analyses of multiple patients. Each element of this database is a localized
observation or intervention data collected at time t in a patient p. Tuple analysis {d, p, t} allows both
longitudinal intra-individual analyses and inter-individual comparisons or aggregated group analyses,
and allows the progressive constitution of a nomothetic and idiographic knowledge base accessible to
clinicians and patients to evaluate the effects in real situations of the therapeutic actions implemented.

10. Conclusions

The use of connected mobile technologies in the field of mental health has developed particularly
rapidly in recent years. Although many applications and connected objects continue to be offered
directly by companies, or even individual developers, without their reliability, effectiveness or
undesirable effects being scientifically evaluated, it is nevertheless clear that the “technological gadget”
stage has now largely passed. Numerous observational and experimental studies of m-health devices
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have indeed already been conducted, and show statistically and clinically significant effect sizes on
many mental disorders and mental health problems.

The central argument of this article is that in order to make the most of these technological
innovations, epistemological innovations in the design of mental disorders and therapies are
indispensable. The approaches to disorders that we currently use, based on categorical definitions that
hypothesize latent causes, were designed with the observational and interventional tools that were
available when these conceptualizations emerged. If only for strictly logistical reasons (impossibility
of monitoring, observing and intervening on patients every second of their lives), these approaches
were based on macroscopic conceptualizations of the disorders associated with specific interventions.

New connected mobile technologies offer the possibility of ubiquitous micro-observations and
micro-interventions. This technological finesse of observation and intervention must be matched by
an equivalent finesse in models of understanding of disorders and treatments. Our hypothesis is
that “symptom network” approaches, such as the one proposed by Borsboom [3] and many other
researchers following him open up a particularly interesting avenue for this.

Research and developments on the synergies between new technological approaches to m-health
and new epistemological approaches to mental disorders, while promising, remain at an embryonic
stage. To enable them to develop effectively, it is also essential to add methodological innovations to
them, particularly with regard to effectiveness evaluation mechanisms [73]. The current gold standard
of the randomized controlled trial [74] forces experimental studies to limit themselves to evaluating
the effect of a single intervention on a single disease entity when, as we have shown, the future lies
much more in the possibility of coordinating multiple fine interventions on multiple fine mechanisms.

It is therefore necessary to coordinate efforts now in technological, epistemological and
methodological innovations to enable implementation of real-time assessments that have the potential
to guide clinical decision toward more appropriate and targeted therapeutic interventions tailored
to each individual case, as well as ensuring the rigorous monitoring of standard treatment strategies
classically proposed in routine clinical practice thereby improving overall effectiveness and adherence,
and thus changing relapsing course and poor prognosis of mental disorders.
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Abstract: Obsessive-compulsive disorder (OCD) affects about 2% of the general population, for which
several etiological factors were identified. Important among these is immunological dysfunction.
This review aims to show how immunology can inform specific etiological factors, and how
distinguishing between these etiologies is important from a personalized treatment perspective.
We found discrepancies concerning cytokines, raising the hypothesis of specific immunological
etiological factors. Antibody studies support the existence of a potential autoimmune etiological
factor. Infections may also provoke OCD symptoms, and therefore, could be considered as specific
etiological factors with specific immunological impairments. Finally, we underline the importance of
distinguishing between different etiological factors since some specific treatments already exist in the
context of immunological factors for the improvement of classic treatments.

Keywords: psychiatry; OCD; obsessive-compulsive disorder; Tourette syndrome; immunology;
cytokines; pediatric autoimmune neuropsychological disorders associated with streptococcal
infection (PANDAS); pediatric acute-onset neuropsychiatric syndrome (PANS); Toxoplasma gondii;
Streptococcus pyogenes

1. Introduction

Obsessive—compulsive disorder (OCD) is a major disabling disorder affecting about 2% of the
population, and it incurs significant mental health costs [1]. The Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-5) defines OCD as comprising two major symptoms: obsessions
(i.e., intrusive thoughts or mental images) and compulsions (i.e., repetitive movements or mental acts
produced by the patient in response to obsessional thoughts, in order to decrease anxiety) [2].

Several hypotheses exist regarding the physiological basis of OCD with dysfunction of brain
circuits involving the limbic cortex and basal ganglia being at the core of the disorder [1,3]. Indeed,
several imaging studies found hyperactivity of the orbito-frontal cortex and anterior cingulate cortex [4],
and effective treatments for severe forms of OCD act directly on these circuits [5,6]. Some authors
proposed hypotheses involving dysfunction of microcircuits within these limbic loops [7]. However,
hypotheses constructed to explain the underlying pathology of the disorders make no reference as to
the origin of the dysfunctions.
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An underlying genetic process could play an important role in the etiology of dysfunctional
circuitry. Several genes were found through genomic association studies [1,8]. Among the genes
implicated in OCD, dopamine-, glutamate-, or serotonin-related genes are the most studied [1,3],
although they are not the only ones to be involved in OCD. A recent study aimed to identify rare
de novo mutations based on exomes from 20 OCD parent—child trios patients [9]. Protein mutations
were found in developmental and immunological pathways, such as transforming growth factor beta
(TGFp) or complements. These results differ from the usual neurotransmitter gene mutations [9],
and they provide arguments for immunological factors in OCD etiology. Furthermore, another study
found a significant enrichment of the human leukocyte antigen/antigen D-related 4 (HLA-DR4)
serotype allele in OCD patients [10]. According to the results of these genetic studies, abnormalities
in immunological mechanisms could lead to OCD, and some specific mechanisms such as microglial
dysfunction [11] or autoimmune processes [12] were hypothesized. Furthermore, not only can
genes disrupt the immune system through mutations, but the environment can also influence it,
through infections for example, subsequently leading to OCD, even with no genetic predisposition [13].
This question of a possible infectious etiology was also suspected in other psychiatric disorders [14].

As many as 25-40% of OCD patients are resistant to classical therapies, such as serotonin recapture
inhibitors and cognitive behavioral therapy, and remain so despite advances in OCD treatment such as
deep brain stimulation [15-17]. Any progress toward a better understanding of the biological basis
could provide some solutions for resistant OCD patients. Hence, if a specific cluster of OCD patients
with immunological dysfunctions could be determined, some specific treatment could emerge for them
and resolve the enduring resistance problem for a minority of patients [18]. The aim of this review
was, thus, to summarize the existing immunological data in OCD to show a possible immunological
etiological factor in OCD that could be distinct from other factors (e.g., purely genetic OCD), and then,
to raise the possibility of a more personalized and effective treatment.

2. Method

Our review used the PubMed database. We selected clinical human papers (English language)
relevant to the human immunological field concerning OCD. The relevance of an article was based
on the abstract published in PubMed. We did not restrain the period of search and reviewed all
PubMed results.

Our exclusion criteria were as follows: case report format, small descriptive case series format,
commentary format, review format, animal experiments, neurocognitive studies, control group
with other psychiatric conditions, absence of OCD data (for example, studies looking for pediatric
autoimmune neuropsychological disorders associated with streptococcal infection (PANDAS) etiology
only in Tourette’s patients were excluded). Furthermore, therapeutic trials were not selected when
these were not targeted by the search terms. For example, when looking for cytokine impairment
in OCD through “cytokines AND (OCD OR “obsessive compulsive disorder”)” search terms, some
therapeutic trials found were not selected.

When the same paper was found with different search terms, we specify this fact in the tables
below. For example, when an article was found with both “cytokines AND (OCD OR “obsessive
compulsive disorder”)” and “antibody AND (OCD OR “obsessive compulsive disorder”)” search
terms, we detailed the article only in the first table section (here, the “cytokines AND (OCD OR
“obsessive compulsive disorder”)” table section); in the second table section (here, the “antibody AND
(OCD OR “obsessive compulsive disorder”)” table section), we only mentioned the article and directed
the reader to the first table section for details.

The following terms were reviewed:

cytokines AND (OCD OR “obsessive-compulsive disorder”) (67 papers, 22 included); antibody
AND (OCD OR “obsessive-compulsive disorder”) (163 papers, 33 included); anti-brain antibody
and (OCD OR “obsessive-compulsive disorder”) (6 papers, 3 included); ABGA AND (OCD OR
“obsessive-compulsive disorder”) (7 papers, 2 included); “white blood cells” AND (OCD OR
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“obsessive-compulsive disorder”) (1 paper, 1 included); lymphocyte AND (“obsessive-compulsive
disorder” OR OCD) (40 papers, 15 included); monocytes AND (“obsessive-compulsive disorder” OR
OCD) (6 papers, 4 included); “NK cells” AND (“obsessive-compulsive disorder” OR OCD) (3 papers,
2 included); infection AND (OCD OR “obsessive-compulsive disorder”) (243 papers, 9 included);
Lyme AND (OCD OR “obsessive-compulsive disorder”) (5 papers, 1 included); streptococcus
AND (OCD OR “obsessive-compulsive disorder”) (137 papers, 22 included); toxoplasma (OCD
OR “obsessive-compulsive disorder”) (8 papers, 4 included); (PANDAS OR PANS) AND treatment
AND (OCD OR “obsessive-compulsive disorder” OR tic OR Tourette) (111 papers, 21 included);
NSAID and (OCD OR “obsessive-compulsive disorder”) (14 articles, 4 included); “anti-inflammatory”
and (OCD OR “obsessive-compulsive disorder”) (21 papers, 5 included); minocycline and (OCD
OR “obsessive-compulsive disorder”) (6 papers, 2 included); N-acetylcysteine and (OCD OR
“obsessive—compulsive disorder”) (27 papers, 5 included).

The aim of the article was to describe and discuss the potential role of immunological factors in
OCD etiology. Hence, even if the method was a systematic one, we wrote our article as a qualitative
review to make it easier to read and understand. However, the articles cited in the text are referenced in
the tables below, and, when contradictions occurred between articles, this is mentioned and reviewed
qualitatively in the text.

3. Immunological Changes in OCD

3.1. Cytokines

Cytokines are molecules that allow communication between immune cells, or between immune
cells and non-immune cells [19]. Studying cytokines can help us understand the mechanism
and pathways of potential immunological disruption in OCD. The first studies on cytokine
variations in OCD patients included very few patients and were negative except for a positive
and significant correlation between IL-6 (interleukin-6) or soluble IL-6 receptor plasma levels and
severity of compulsive behaviors [20,21] (Table 1). Further studies [22-30] were carried out enabling
a meta-analysis [31] (Table 1), which found decreased IL-1§3 levels and decreased TNF« (tumor necrosis
factor o) levels in non-depressed OCD patients (but not in OCD patients with possible comorbid
depression), and increased IL-6 levels in adult medication-free OCD patients (but not in OCD children
with possible medication use) compared to controls. More recently, discrepancies were found with
this previous meta-analysis concerning TNF-« with increased levels in OCD patients [32-34] (Table 1).
Despite these discrepancies, the increased IL-6 levels seem a consistent result as they were replicated
in a recent study [34,35] (Table 1).

Table 1. Cytokine studies.

Cytokines AND (OCD OR “Obsessive Compulsive Disorder”)

Authors, Date Subjects Main Results Significance
TNF-a polymorphisms
-> G vs. A model: OR = 1.01; 95% ClIs = 0.37-2.77; p=0.981
. -> GG vs. AA + AG model: OR = 0.93; 95% CIs = 0.37-2.37; p=0.879
N 1. (201 . ’
]Egg‘]gﬁef;_fm;l 018 435 cases 73> GG + AG vs. A model: OR = 0.22; 95% Cls = 0.06-0.73; p=0014
Y controis -> GG vs. AA model: OR = 0.21; 95% Cls = 0.06-0.71; p=012
-> AG + AA model: OR = 0.29; 95% Cls = 0.07-1.16; p=0.081
-> GG + AA vs. AG model: OR = 1.17; 95%CIs = 0.55-2.51; p=0.683
-> OCD log-TNF-a > controls log-TNF-« p <0.001
->OCD log-IL-12 < controls log-TL-12 p=0.014
Colak Sivri R. et al. 44 QCD No difference concerning BDNF, TFG-p (tendency of increased level
(2018) [32] patients in OCD patients), IL-1B (tendency of decreased level in OCD

40controls  atients), IL-17, sSTNFR1, sSTNFR2, CCL3, CCL24 (tendency of
increased level in OCD patients), CCL8
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Table 1. Cont.

Cytokines AND (OCD OR “Obsessive Compulsive Disorder”)

Authors, Date Subjects Main Results Significance
-> Monocytes percentage of OCD patients > controls
-> CD16+ monocytes percentage of OCD patients > controls
After LPS stimulation
Rodriguez N. et al. 102t'OCt]‘D -> OCD-patients IL-1f3 > controls IL-1 p=0.005
(2017) [35] 4;”‘ ‘9? 51 > OCD-patients IL-6 > controls TL.-6 p =0.004
CONTOIS 5 OCD-patients GM-CSF > controls GM-CSF p=0.049
-> OCD-patients TNF-« > controls TNF-o p=0.041
-> OCD-patients IL-8 > controls IL-8 p=0.013
-> OCD patients IL-17« > controls IL-17«x p=0.03
i 34 0CD -> OCD patients TNF-« > controls TNF-oc p=0.01
Simsek S. et al. patients -> OCD patients IL-2 > controls IL-2 p=0.02
(2016) [33] 34 controls No difference for IFNvy, IL-10, IL-6, IL-4 (tendency of increased level
in OCD patients)
-> OCD patients IL-2 > controls IL-2 p=0.005
200CD -> OCD patients IL-4 > controls IL-4 p=0.007
Rao NP, et al. (2015) tiont -> OCD patients IL-6 > controls IL-6 p=0.002
[34] 2(1)’a ‘9? Sl -> OCD patients IL-10 > controls IL-10 p =0.006
CONIOIS 5 OCD patients TNF-a > controls TNF-oc p=0.005
No difference concerning IFN-y
Uguz F.etal. (2014) 7 OCD patients  -> cord blood TNF-« of new born infants of women with OCD > ~0.036
[37] 30 controls cord blood TNF-« of new born infants of control women p=0
Bo Y. etal. (2013) 24ltiOriD IL-13-511C/T polymorphism
[38] 4 42102,(1_215 No difference between OCD patients and controls
Zhang X. et al. 2()a0'E SrftD MCP-1-2518G/ A polymorphism
(2012) [39] 2912 c:mtr::)ls No difference between OCD patients and controls
LiuS. etal. (2012) 18a7ti0r?tD 1L-8-251T/ A polymorphism
[40] 28}; coentrzls No difference
-> Decreased IL-1f in OCD patients p<0.01
Gray SM. et al. 169 OCD -> Increased IL-6 in adult free-medication OCD patients p=0.02
(2012) [31] patients No difference concerning IL-6 in OCD children
Meta-analysis 215 controls -> Decreased TNF-« in OCD patients without depression p <0.001
No difference in TNF-ot when depressed patients are considered
Cappi C. etal. f:tgrilsj TNF-a A/G polymorphism
- . 2
(2012) [22] 249 controls -> Association of allele A with OCD (x~, rs361525) p=0.007
->OCD patients CCL3 > controls CCL3 p=0.03
-> OCD patients CXCL8 > controls CXCL8 p <0.001
400CD -> OCD patients sSTNFR1 > controls sSTNFR1 p <0.001
Fontenelle LF. et al. ; -> OCD patients sSTNFR2 > controls sTNFR2 p<0.01
(2012) [23] 4gatlentsl‘ No difference between OCD and controls concerning CCL2, CCL11,
controls CCL24 (tendency of increased level in OCD patients), CXCL9,
CXCL10 (tendency of decreased level in OCD patients), IL-1ra,
TNF-«.
During disgust exposure:
-> LPS-stimulated TNF-o in OCD patients decreased after disgust —007
100CD exposure p=5
Fluitman SB et al. N LPS-stimulated TNF-« in controls not changed after disgust
patients
(2010) [24] 10 controls xposure
-> LPS-stimulated IL-6 in OCD patients decreased after disgust 0,040
exposure p=0
LPS-stimulated IL-6 in control not changed after disgust exposure
. 26 OCD -> OCD patients LPS-stimulated IL-6 < control LPS-stimulated IL-6 p=0.016
Fluitman S. et al. tont
(2010) [25] 5; co:ltr;ls No difference concerning LPS-stimulated IL-8 and TNF-«
. 111 OCD TNF--A /G polymorphism p =0.0005 and
Hounie AG etal. patients > Association of the A allele with OCD for 238 G/A and 308 G/A 0.007
(2008) [26] 2 specti
250 controls (x%) respectively

65



Brain Sci. 2018, 8, 149

Table 1. Cont.

Cytokines AND (OCD OR “Obsessive Compulsive Disorder”)
Authors, Date Subjects Main Results Significance
310CD ->OCD patients TNF-o > control TNF-o p<0.001

Konuk N. et al.

patients ~ . . .
(2007) [27] 31 controls > OCD patients IL-6 > control IL-6 p <0.001
-> OCD patients LPS stimulated IL-6 > control LPS stimulated IL-6 p=0.004
50 OCD -> OCD patients LPS stimulated TNF-« > control LPS stimulated
Denys D. et al. patients TNF-a p <0.001
(2004) [28] 25 controls -> decreased NK cells activity in OCD patients p=0.002
No difference concerning LPS-stimulated IL-10
26 OCD
Carp(;g(t)ezr) I[fl.]et al patients No difference concerning CSF IL-6 level.
26 controls
Monteleone P. et al 14 OCD -> OCD patients TNF-« < control TNF-oc p=10.001
. : patients . . . B
(1998) [29] 14 controls No difference concerning IL-6 and IL-13
Brambilla F. ot al 27 OCD ->OCD patients IL-1f < control IL-13 p =0.0004
y : patients } . 3 3
(1997) [30] 27 controls > OCD patients TNF-« < control TNF-a p = 0.0004
Weizman R. et al. 1;??1? No difference concerning IL-1f3, IL-2, and IL-3-LA production
etween atients and controls
1996) [20 patients b OCD pati d 1
11 controls
19 OCD
Mg;;}l\;['[g]al‘ patients No difference concerning IL-1p, IL-6, sIL-2R, sIL-6R

19 controls

A/G: adenine/guanine; BDNF: brain-derived neurotrophic factor; C/T: cytosine/thymine; CCL: chemokine ligand;
Cls = confidence interval; CSF: cerebrospinal fluid; CXCL: chemokine (C-X-C motif) ligand; G/A: guanine/adenine;
GM-CSF: granulocyte-macrophage colony stimulating factor; IFN: interferon; IL: interleukin; IL-1ra: interleukin
1 receptor antagonist; LA: like activity; LPS = lipopolysaccharide; MCP: monocyte chemoattractant protein; NK:
natural killer; OCD: obsessive-compulsive disorder; OR = odds ratio; sIL-2R: soluble interleukine-2 receptor; sSTNFR:
soluble tumor necrosis factor receptor; T/A: thymine/adenine; TNF: tumor necrosis factor.

The fact that IL-6 levels are higher in autoimmune diseases (e.g., rheumatoid arthritis) [19]
raises the hypothesis that increased IL-6 levels in OCD could favor the existence of an autoimmune
etiological factor. Furthermore, tocilizumab, an IL-6 receptor-neutralizing antibody, appears as
a putative treatment in some cases of OCD as this molecule was always found effective in some
autoimmune disorders where IL-6 is involved [19]. We could, thus, hypothesize that tocilizumab
or other specific immunological treatments could help some specific OCD patients with a possible
immunological etiological factor.

It is known also that both IL-6 and TNF« can be involved in asthma pathophysiology and allergic
diseases [42], and allergic diseases would appear to be more frequent in OCD patients [43], giving
weight to elevated IL-6 and TNFa levels in some OCD cases.

TNF«, IL-1$3, and IL-6 are inflammatory cytokines (for a very complete review, see Reference [42]).
TNEF« is produced by a wide range of cells including T- or B-cells and monocytes (including microglia),
and it targets all nucleated cells. TNF« has a complex role, being both pro-inflammatory and
immunosuppressive. In the brain, TNFo could be involved in synapses scaling with high levels
of TNF« favoring LTP (long term potentiation) and low levels of TNF« favoring LTD (long term
depression) [44,45]. Progranulin mutations were found to be associated with hyperexcitability of
nucleus accumbens spiny neurons in mice, in line with hyperactivity of cortico-striatal loops in
OCD [1], and elevated TNF«x levels and hyperactivation of microglia [46]. With the progranulin gene
restored, OCD-like behavior disappeared in mice [46]. Frontoparietal dementia patients showing
mutations of progranulin presented OCD [46].

IL-1 is also produced by microglia and targets T-cells or endothelial and epithelial cells [42].

IL-6 is produced by both astrocytes and microglia, and IL-6 exposure could increase synaptic
activity (for an excellent review on IL-6 central nervous system (CNS) effects, see Reference [47]).
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In summary, the literature on cytokines involved in OCD is difficult to interpret as contradictory
results are often found. These discrepancies could be due to the heterogeneity of patients studied, e.g.,
children vs. adults, and they emphasize the importance of considering the immunological status of
recruited patients. Thus, differences in symptoms, and their development or response to treatment
between OCD patients with and without modified IL-6 and TNF« levels would suggest the possibility
of a specific immunological OCD cluster.

3.2. Antibodies

Most studies concerning antibodies in OCD concern pediatric autoimmune neuropsychological
disorders associated with streptococcal (PANDAS) infections.

Studies found that a subset of patients suffering from OCD showed high levels of anti-basal
ganglia antibodies (ABGAs) and anti-streptolysin O antibodies (ASO) in the blood or corticospinal
fluid (CSF) [48-51] (Table 2). These studies strongly support the existence of an autoimmune etiological
factor in OCD. However, discrepancies still exist: ABGAs were found in OCD patients (and not in

controls), but not in all OCD patients [49] (Table 2).

Table 2. Autoimmunity and OCD.

Antibody AND (OCD OR “Obsessive Compulsive Disorder”)

Authors, Date Subjects Main Results Significance
Akaltun L et al. 60 OCD -> TOXOP]?'SI'nZ’i IglG l?vgls rel':at'ed to OCD status ' p=0.001
018) [52] 60 controls -> IgG positivity individuals: increased risk of OCD: b =0.002
OR = 4.84, 95% CIs = 1.78-13.12 ’
Mataix-Cols D. et al. 30082 OCD -> Augmentation of the risk to develop autoimmune <001
(2017) [53] 472874 patients disease: OR = 1.43; 95% Cls = 1.37-1.49 p<t
281 men and 831 women
FlegrJ. et al. (2017) not infected -> Association between toxoplasma infection and OCD: ~0.047
[54] 65 men and 350 women OR =2.27,95% CIs = 1.01-5.09 p=0
infected with toxoplasma
Sutte(rzlg? ;) ﬁﬁ] etal. No information but 2 -> Association between OCD status and toxoplasma — 0.0004
. studies included infection: OR = 3.4; 95% ClIs = 1.73-6.68 p=0
Meta-analysis
o 37 PANDAS,/OCD or tics ->0CD pat}ents ant%-enolase > controls éntl-enolase p=0.035
Nicolini H. et al. . -> OCD patients anti-streptococcal proteins > controls
patients R . p=0.05
(2015) [55] 12 control anti-streptococcal proteins
controls No differences concerning anti-neural antibodies.
Singer HS. et al 8 PANDAS/OCD or tics No association between clinical exacerbation and
S : . patients anti-tubulin, anti-lysoganglioside GM1, anti D1R, anti D2R
(2015) [56] ;
70 controls titer.
19 PANS/OCD or eating ~ No difference concerning comorbidities (anxiety, mood
Frankovich J. et al. disorder patients disorder, irritability, suicidality)
(2015) [57] 28 non-PANS but OCD or  No difference concerning Ig levels
eating disorder patients No difference concerning remitting course, chronic course.
311 PANDAS/OCD or tics  -> PANDAS patients anti-D1R patients > controls anti-D1R p <0.0001
Cox CJ. et al. (2015) X . i1 liosid 1
58] patients -> PANDAS patients anti-lysoganglioside > controls p = 0.0001
16 controls anti-lysoganglioside )
->OCD/ADHD patients anti-streptolysin O > controls
anti-streptolysin O p < 0.0001
Ebrahimi Taj F. etal. 76 OCD/ADHD patients ~ -> OCD/ADHD patients anti-streptokinase > controls <0.0001
(2015) [59] 39 controls anti-streptokinase p<
->OCD/ADHD patients anti-DNase B > controls p <0.0001

anti-DNase B

Murphy TK. et al.
(2015) [60]

43 PANS/OCD patients

infectious triggers: 58% of GAS, 12% of mycoplasma
pneumoniae, 37 of upper respiratory infection, 2% of Lyme
No differences between patients with tics and without tics
concerning anti-DNase B, ASO, Mycoplasma IgM/1gG,
Lyme screen, age of onset, CY-BOCS score, Y-GTSS score
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Table 2. Cont.

Antibody AND (OCD OR “Obsessive Compulsive Disorder”)

Authors, Date Subjects Main Results Significance
-> PANDAS patients remissions > non-PANDAS patients <005
remissions p<t

41 PANDAS/OCD or tic > PANDAS patients dramatic onset > non-PANDAS <0.05
Murphy TK. et al. patients patients dramatic onset p <0
(2012) [61] 68 non-PANDAS but OCD  -> PANDAS patients ASO/anti-DNase > non-PANDAS
. . p <0.0001
or tic patients patients ASO/anti-DNaseB
-> remission in PANDAS patients after antibiotic treatment <001
> remission in non-PANDAS after antibiotic treatment p<b
31 PANDAS/OCD or tic
Leckman JF et al. patients No association between clinical exacerbation and new
(2011) [62] 53 non-PANDAS/OCD or ~ GAS infection.
tic patients
Miman O. et al. 42 OCD patients -> OCD patients anti-toxoplasma IgG > controls <001
(2010) [63] 100 controls anti-toxoplasma IgG p<t
->more CSF anti-brain antibody binding to basal ganglia <0.05
Bhattacharyya S. et al. 23 OCD patients and thalamus for OCD patients than for patients Pt
(2009) [48] 23 controls -> More CSF glutamate and glycine in OCD patients than <0.001
in controls p<t
13 OCD only patients No difference concerning ASO titers
20 PANDAS/OCD . :
Gause C. et al. (2009) patients No difference concerning serum IgG
[64] 23 PANDAS/tic patients  -> More anti-neural antibodies PANDAS/OCD than in 0009
29 controls other groups p<t
No anti-basal ganglia antibody detected by
. immunohistochemistry
Morer A. et al. (2008) 32 OCD patients -> Anti-basal ganglia antibodies in OCD patients and no in
[49] 19 controls ; :
control detected by immunoscreening
No difference concerning ASO titers
-> lysoganglioside GM1 concentration required to inhibit
16 PANDAS/OCD or tic ~ binding PANDAS sera to GlcNAc (an epitope of GAS
patients carbohydrate) < lysoganglioside GM1 concentration p<0.05
25 non- required to inhibit binding non-PANDAS sera to GIcNAc
Kirvan CA. et al. (an epitope of GAS carbohydrate)
(2006) [65] -> lysoganglioside GM1 = specific inhibitor of PANDAS
PANDAS/OCD or ticor ~ 18G binding to GleNAc
ADHD patients -> PANDAS sera induced activation of CaM kinase Il more
than non-PANDAS sera => PANDAS serum responsible p=0.001
for cell signaling
Morer A. et al. (2006) 18 early onset OCD -> Child OCD ASO titer > adult OCD ASO titer p=0.031
[66] 21 late onset OCD No difference for D8/D17
48 PANDAS (OCD or tic ~ No median ELISA optical density difference concerning
Singer HS. et al. status not informed) serum antibodies
(2005) [67] patients No difference concerning reactivity against pyruvate
43 controls kinase M1, a-enolase, y-enolase, aldolase C
22 PANDAS (OCDor tic ~ -> PANDAS anti-basal ganglia antibody > GAS patients <0.001
status no informed) anti-basal ganglia antibody p<t
Pavone P. et al. (2004) .
[68] patients
22 GAS uncomplicated No difference concerning ASO or anti DNase B antibody
infected patients
15 OCD or tics patients
with large symptom
Murphy TK. et al. fluctuations -> positive correlation between OCD severity and ASO ~0.0130
(2004) [69] 10 OCD or tics patients titer in patients with large symptom fluctuations p=0
without large symptom
fluctuations
Luo F et al. (2004) 47 OCD or tic patients ->OCD or tic patients percentages of D8/D17 positive p=0.0029

[70]

19 controls

cells > controls percentages of D8/D17 positive cells

Inoff-Germain
G. etal. (2003) [71]

108 positive children for
D8/17 marker
132 negative dor D8/17
marker

No association between D8/17 marker status and OCD or
tic status
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Table 2. Cont.

Antibody AND (OCD OR “Obsessive Compulsive Disorder”)

Authors, Date Subjects Main Results Significance
-> abrupt appearance of OCD symptoms
Mugggz%ft al 12 PANDAS OCD patients  -> elevated anti-DNase B titer
-> mean age at onset = 7 years
Eisen JL. et al. (2001) 29 OCD patients . . e
73] 26 controls No difference in D8/D17 marker positivity
Murphy TK. et al. 320CDor ticpatients ey /(¢ patients D8/D17 titers > control D8/17 titers =001

(2001) [74]

12 controls

Peterson BS. et al.

105 tic, OCD or ADHD

No association between OCD or tic disorder and ASO or
anti-DNase B titers

No access to

(2000) [75] patients -> ASO or anti-DNase B titers positively correlated with p-values
37 controls putamen or globus pallidus volume in OCD patients
Marazziti D. et al. 20 OCD patients -> Increased CD8+ lymphocytes in OCD patients p =0.002
(1999) [76] 20 controls -> decreased CD4+ lymphocytes in OCD patients p=0.003
Chapman F. et al. 41 OCD or tic patients -> OCD or tic patients D8/D17 positivity > control P <0.0001
(1998) [77] 31 controls D8/D17 positivity !
Khanna S. et al. 76 OCD patients -> OCD patients mumps and HSV-TIgG > control mumps <005
(1997) 78] 55 controls and HSV-11gG p<t
Khanna S. et al. 76 OCD patients i; C;OCD patients measles CSF IgG < control measles CSF p<0.001
(19971791 30 controls -> OCD patient herpes CSF IgG > control herpes CSF IgG p<0.05
-> OCD patients D8/17 positivity > control D8/17 <0.001
Murphy TK. et al. 31 OCD or tic patients ~ positivity p<t
(1997) [80] 21 controls No difference concerning ASO, anti-DNase B and
anti-neural antibodies
Swedo SE. et al. z PANI;?S;SSCD ortic PANDAS/OCD or tic patients D8/D17 positivity > p < 0.0001
(1997) [81] 24 controls control D8/D17 positivity
Anti-brain antibody and (OCD OR “obsessive-compulsive disorder”)
Bhattacharyya S. et al. . " . . . ”
(2009) [48] Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
50 OCD patients
Dale RC. et al. (2005) 40 control's with -> ABGA level in OCD patients > ABGA level in controls p <0.005
[50] uncomplicated
streptococcal infection
Pavone P[ :;]al‘ (2004) Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
ABGA and (OCD OR “obsessive—compulsive disorder”)
Pearlman DM. et al. . e .
014) [51] 297 OCD patients -> ABGA seropositivity in OCD patients > ABGA p < 0.0001

Meta-analysis

406 controls

seropositivity in controls

Dale RC. et al. (2005)
[50]

Cf. Anti-brain antibody and (OCD OR “obsessive-compulsive disorder”)

ABGA = anti-basal ganglia antibody; ADHD = attention deficit/hyperactivity disorder; ASO = anti-streptolysin O;
CaM Kinase IT = Ca** /calmodulin dependent protein kinase II; CD = cluster of differentiation; Cls = confidence
intervals; CSF = cerebrospinal fluid; CY-BOCS = children’s Yale-Brown obsessive-compulsive scale; D1R = dopamine
1 receptor;D2R = dopamine 2 receptor; D_ and D17 = B lymphocyte antigen; DNase = deoxyribonuclease;
GAS = group A streptococcus; GM1 = monosialotetrahexosylganglioside 1; HSV = herpes simplex virus; Ig
= immunoglobulin; OCD: obsessive-compulsive disorder; OR = odds ratio; PANDAS = pediatric autoimmune
neuropsychological disorders associated with streptococcal infection; PANS = pediatric acute-onset neuropsychiatric
syndrome; Y-GTSS = Yale global tic severity scale.

Furthermore, it was shown that patients suffering from rheumatic fever—a disorder linked with
PANDAS—show a higher proportion of a specific B-lymphocyte alloantigen detected with monoclonal
antibodies D8/D17 [82,83]. Consequently, some authors tried determining whether the monoclonal
antibody D8/D17 could also be used as an OCD marker. The D8/D17 mean value was shown to be
higher in OCD or Tourette’s child populations vs. control subjects [80], and, as no difference was found
between Tourette syndrome and OCD patients in D8/D17 values, it was hypothesized that it could be
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a marker for OCD in children [80]. Although these results were replicated [74,77], there is still debate
surrounding this topic [71,73,81,84] (Table 2).

However, this higher proportion of B-lymphocyte alloantigen detected with monoclonal antibody
D8/D17 found in some OCD patients could be a promising way of classifying patients in specific
subgroups of OCD (patients with a high D8/D17 value vs. OCD patients without) and could, thus,
be a promising line for proposing more specific treatments for these particular patients.

3.3. White Blood Cells

As with cytokines, very contrasting results were found for white blood cells. Some studies found
a higher number of CD8+ (cluster od differentiation) lymphocytes and a lower number of CD4+
lymphocytes in OCD patients [76], whereas others did not [85,86] (Table 3). Furthermore, other studies
concerning different white blood cells (monocytes or NK cells (natural killer cells)) also found different
results [28,35,87] (Table 3). While cytokines are studied intensively in the context of OCD, more studies
will need to be done specifically on white-blood-cell counts and activity.

Table 3. White blood cells and OCD.

”White Blood Cells” OR “Total Blood Count” AND (OCD OR “Obsessive Compulsive Disorder”)

Authors, Date Subjects Main Results Significance

30 OCD
patients -> OCD patients neutrophils < control neutrophils p <0.05
30 controls

Atmaca M. et al.
(2011) [85]

lymphocyte AND (“obsessive compulsive disorder” OR OCD)

Marazziti D. et al. 18 OCD -> CD8+ lymphocytes cells decreased after treatment p =0.004

(2009) [88] patients -> CD4+ lymphocytes increased after treatment p =0.005
Denys D. et al. 42 OCD No effect of paroxetine or venlafaxine on TNF-a, IL-4, IL-6, IL-10,
(2006) [87] patients IFN-v, NK cell activity, monocytes, T-cells, and B-cells percentages

Denys D. et al.

(2004) [28] Cf. cytokines AND (OCD OR “obsessive compulsive disorder”)

10 OCD

MDAl s 5 OCD Pt (Ot inding densty <ol oo
10 controls P & y
Eisen JL. et al. . ” . . . e
2001) [73] Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
Mug(l)})yl;l" [I;;;t al Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
Marazziti D. et al 106¢D
2001) [9'0] : patients Presence of 5-HT2C and 5-HT2A mRNAs in patients and controls
15 controls
R P otal 15 OCD
occa © et al patients -> decrease of peripheral benzodiazepine receptor nRNA p<0.05

(2000) [91] 10 controls

Marazziti D. et al.

(1999) [76] Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

26 0CD -> OCD patients circulating NK cells < control circulating NK cell p <0.05

patients No difference concerning B or T cells
16 controls

Ravindran AV. et al.
(1999) [92]

No difference in circulating NK cells after treatment.

Chapman F. et al.
(1998) [77]

Murphy TK. et al.
(1997) [80]

Swedo SE. et al.
(1997) [81]

Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
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Table 3. Cont.

”White Blood Cells” OR “Total Blood Count” AND (OCD OR “Obsessive Compulsive Disorder”)

Authors, Date Subjects Main Results Significance
Barber Y et al. 7 QCD No difference in lymphocytes between OCD patients and OCD
(199) [56] P ol No difference in lymphocytes af
9 controls o difference in lymphocytes after treatment.
Rocca P. et al. 18 0CD -> Number of binding sites for peripheral benzodiazepine
patients p <0.05

(1991) [93]

receptor lower in OCD patients
50 controls P P

monocytes AND (“obsessive compulsive disorder” OR OCD)

Rodriguez N et al.
(2017) [35]

Cf. cytokines AND (OCD OR “obsessive compulsive disorder”)

Denys D. et al.
(2006) [87]

Cf. lymphocyte AND (“obsessive compulsive disorder” OR OCD)

Denys D. et al.
(2004) [28]

Cf. lymphocyte AND (“obsessive compulsive disorder” OR OCD)

Weizman R. et al.
(1996) [20]

Cf. cytokines AND (OCD OR “obsessive compulsive disorder”)

NK cells” AND (“obsessive compulsive disorder” OR OCD)

Denys D. et al.
(2004) [28]

Cf. lymphocyte AND (“obsessive compulsive disorder” OR OCD)

Ravindran V. et al.
(1999) [92]

Cf. lymphocyte AND (“obsessive compulsive disorder” OR OCD)

CD = cluster of differentiation; OCD = obsessive-compulsive disorder; HT2A = serotonin 2A; HT2C = serotonin 2C;
IFN = interferon; mRNA = messenger ribonucleic acid; NK = natural killer; TNF = tumor necrosis factor.

4. Infections and OCD

Here, we describe two of these infectious etiological factors (Table 4), and we discuss some
possible mechanisms via which these infectious agents could lead to OCD, and hence, why these
infection contexts could be considered as specific OCD subtypes.

Table 4. Infectious agents and OCD.

Infection AND (OCD OR “Obsessive Compulsive Disorder”)

Authors, Date

Subjects Mains Results Significance

Ursoiu E. et al.
(2018) [94]

101 HIV patients No association between HIV and OCD

Akaltun L et al.
(2018) [52]

Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

Flegr ] et al. (2017)
[54]

Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

Sutterland AL. et al.

(2015) [14]
Meta-analysis

Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

Nicolini H. et al.
(2015) [55]

Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

Miman O. et al.
(2010) [63]

Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

Dale RC. et al.
(2004) [95]

40 patients with
post-streptococcal
dyskinesias

->27.5% of these patients suffered from OCD
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Table 4. Cont.

Infection AND (OCD OR “Obsessive Compulsive Disorder”)

Authors, Date Subjects Mains Results Significance
-> OCD patients with upper respiratory infection
had more sudden onset than patients without upper p=0.02
Giulino L. et al. X respiratory infection
(2002) [96] 83 OCD patients No difference concerning tic or ADHD comorbidity
between OCD patients with or without upper
respiratory infection.
Lougee L. et al. 54 PANz?t?e/rSSCD ortic 26% of OCD patients had a relative suffering from
(2000) [971 139 first relatives ocb
lyme AND (“obsessive compulsive disorder” OR OCD)
-> 84% of patients reported obsessive compulsive
symptoms
->90.9% of patients reported gradual onset of
. . symptoms
J OhZI;)Clogc' ;gt al. 147 patl;r}ts with Lyme -> 47% of patients were treated with psychotropic
( ) [98] 1sease treatment and 76.9% of them presented at least
partial improvement
->50.9% of patients treated with antibiotics reported
at least partial improvement in symptoms
Streptococcus AND (OCD OR “obsessive compulsive disorder”)
StagiS. etal. (2018) 179 PANDAS/OCDor  _ 4,ced vitamin D in PANDAS patients p <0.0001

[99] tic patients

Mataix-Cols

D. etal. (2017) [53] Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

-> age of onset between 7 and 8 years
-> 88% of sudden onset

698 PANS patients -> 87% of patients presented recurrences
->94% of patients presented a history of OCD
-> 71% with motor tics and 57% with vocal tics

Calaprice D. et al.
(2017) [100]

Wang HC. et al. 259% pat'lents infected -> increased risk of tic disorder in GAS infected
(2016) [101] with GAS patients No full access
25960 controls
Nicolini H. etal. Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

(2015) [55]

Frankovich J. et al.

(2015) [57] Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
Ebragigiis;l"a[ég] etal. Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
Mug;l};;l" [IZ'HEt al Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
Lec(l;gle\lr; ][lgz? al. Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
Murphy TK. et al. 107 OCD or tic patients ->17.8% of patients had mother suffering from

(2010) [102] autoimmune disease

Gause C. et al.

(2009) [64] Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

No difference in the number of exacerbations (but
Kurlan R. et al. 40 PANDAS/OCD or tic  a strong tendency for increased exacerbation risk, p =

(2008) [103] patients 0.07).
40non-PANDAS/OCD  -> more frequent GAS infection associated with
or tics exacerbation

p=0.002

Dale RC. et al.

(2004) [95] Cf. infection AND (OCD OR “obsessive compulsive disorder”)

Luo F et al. (2004)

170] Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
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Table 4. Cont.

Infection AND (OCD OR “Obsessive Compulsive Disorder”)
Authors, Date Subjects Mains Results Significance

Pavone . et al. Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

(2004) [68]
Mugw&)};)T [I;é]a al. Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
Glgégg)l‘[éz al. Cf. infection AND (OCD OR “obsessive compulsive disorder”)
Mug&)yl;l" [I;;Het al. Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
Lougee L. et al. . . " . . . ”
(2000) [97] Cf. infection AND (OCD OR “obsessive compulsive disorder”)
-> PANDAS patients mean caudate volume >
p =0.004
controls mean caudate volume
Giedd JN. et al. 34 PANDAS/OCD or tics -> PANDAS patients mean putamen volume > p =002
(2000) [104] 82 controls controls mean putamen volume
-> PANDAS patients mean globus pallidus volume > ~0.02
controls mean globus pallidus volume p=0
No difference for thalamus and total brain volume
->Mean age at onset: 7.4 years
-> tics and OCD: 64%; tics only: 16% and OCD only:
Swedo SE. et al. 50 PANDAS patients  20%
(1998) [105] -> ADHD comorbidity: 40%, ODD comorbidity: 40%,

MDD comorbidity: 36%

Murphy TK. et al.

(1997) [80] Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

toxoplasma (OCD OR “obsessive compulsive disorder”)

Akaltun I. et al.
(2018) [52]

Flegr ] et al. (2017)
[54]

Sutterland AL. et al.
(2015) [14]

Miman O. et al.
(2010) [63]

ADHD = attention deficit/hyperactivity disorder; GAS = Group A streptococcus; HIV = human immunodeficiency
virus; MDD = major depressive disorder; ODD = oppositional defiant disorder; PANDAS = pediatric
autoimmune neuropsychological disorders associated with streptococcal infection; PANS = pediatric acute-onset
neuropsychiatric syndrome.

Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

4.1. Streptococcal Infection

Streptococcus pyogenes is a bacterial group that can lead to several pathologies such as pharyngitis,
scarlet fever, or erysipelas [106]. Among these diseases, rheumatic fever is the one we were interested
in. This disease is characterized by elevated ASO (anti-streptolysin O) or anti-DNAse B antibody
levels [107], and it affects the heart, skin, bone joints, and CNS [108,109]. The Jones criteria are
usually used to make the diagnosis. They consist of carditis, arthritis, chorea, erythema marginatum,
and subcutaneous nodules with evidence of S. pyogenes infection [108,109]. S. pyogenes can, thus, affect
the nervous system through choreic movements. This chorea, called Sydenham'’s chorea [110,111],
is characterized by involuntary movements which are irregular, rapid, and transient, and which are
typically manifested in the extremities [111,112]. Sydenham’s chorea is characterized by antibodies
found in the basal ganglia that react with N-acetyl-beta-D-glucosamine of S. pyogenes, and with
lysoganglioside and tubulin of the brain [111,113]. This cross-reaction is made possible by a mimicry
process [111]. Furthermore, it was shown recently by Cox and colleagues that these antibodies could
react with the D2-receptor (D2R) complex, which could be causal in Sydenham’s chorea, as risperidone
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reverses this movement disorder [114]. In summary, antibodies that originally target S. pyogenes may
also attack the patient’s brain.

Since the basal ganglia (where Sydenham’s chorea antibodies are found) appear to be a key region
in OCD neurobiology [1,3], one could imagine that antibodies against basal ganglia (which seems the
case in PANDAS [68]) could impair their functioning and lead to OCD symptoms in some conditions.
In this context, it is notable that OCD may be associated with Sydenham’s chorea [115]. In addition
to this association, the concept of PANDAS (pediatric autoimmune neuropsychological disorder
associated with streptococcal infection) was originally defined by Swedo et al. in 1998 [105] as follows:
presence of OCD or tic disorder, symptom onset between the age of three and puberty, exacerbation
of symptoms associated with streptococcal infection, and presence of neurological abnormalities
during symptom exacerbation, but in the absence of frank chorea which would suggest Sydenham'’s
chorea [105]. This original description of PANDAS was modified in 2012 by Swedo et al. to become
PANS (pediatric acute-onset neuropsychiatric syndrome, with abrupt onset of OCD or severely
restricted food intake and presence of additional neuropsychiatric symptoms such as anxiety, emotional
liability, etc.) [13]. PANDAS and PANS could, thus, constitute a specific OCD subgroup for which the
underlying physiological mechanism could be the same, that is to say, an autoantibody against basal
ganglia neurons [110,113].

However, no D2R antibodies were found in PANDAS patients [12]. Cox et al. recently studied
patients with tic disorders or OCD or both, and with a history of streptococcal infection [58]. They
found that these patients as a whole presented elevated levels of anti D1-receptor (D1R) antibodies in
the serum (with elevated anti-lysoganglioside antibodies) compared to controls. As in Sydenham’s
chorea, anti-lysoganglioside antibodies seem to be involved [58,65] (Table 4).

Recently, antibodies in children suffering from PANDAS were found to bind more to cholinergic
interneurons of mice than control antibodies when mice were infused with patient and control
serum in their striatum [116]. Taken together, these results raise the question of the proportions
of dopamine receptor subtypes and the role of cholinergic interneurons in OCD and more particularly
in PANDAS, which is a good example of the multiple etiologies of OCD. It is one of the rare clearly
identified etiological factors of OCD. About 5% of pediatric OCD patients meet the criteria for
PANDAS (or PANS) [117] and it is important to distinguish this etiology from others in OCD patients.
Indeed, the prognosis of PANDAS seems relatively good, as Leon et al. found that 88% of children
originally suffering from PANDAS with moderate-to-severe OCD presented no OCD symptoms (55%)
or only subclinical symptoms (33%) after approximately three years of follow-up [118] (Table 5).
This result of a good prognosis is confirmed by Murphy et al. [61], but not by Frankovich et al. [57]
(Table 5). By contrast, 48% of OCD patients were found to be still symptomatic after 30 years [119].
However, as this study began in 1954, and PANDAS patients, which represent about 5% of OCD
patients, were first described in 1998 [105,117], one may hypothesize that PANDAS and non-PANDAS
OCD patients were pooled together. Furthermore, treatment of PANDAS (described below) is
not identical to OCD treatment. Prophylactic antibiotics or antibiotic treatment, anti-inflammatory
treatment, and immunoglobulin, indicated in PANDAS treatment, are not prescribed in “idiopathic
OCD” [118,120-125]. Therefore, it would be important to recognize and adequately treat PANDAS
within a personalized medical setting.
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Table 5. Specific immunological treatment in OCD.

(PANDAS OR PANS) AND Treatment AND (OCD OR “Obsessive Compulsive Disorder”)

Authors, Date Subjects Main Results Significance

Follow-up lasted between 2.2 and 4.8 years

Initially, all patients treated with antibiotics

During the follow-up period, 45% of patients
took psychotropic treatments

Leon]. et al. (2018)

[118] 33 PANDAS patients

At the time of follow-up, 18 patients presented
no symptoms, 11 only subclinical symptoms,
3 moderate symptoms, and 1 severe symptom.

675 patients treated with antibiotics, 437 with
anti-inflammatories, 378 with psychotropic
treatments

52% of “very effective” treatments with
antibiotics

Calaprice D. etal. 698 PANS patients ~ NSAIDs were at least “somewhat effective” for
(2018) [120] > ‘
80% of patients

Steroids were at least “somewhat effective” for
72% of patients

IVIG were at least “somewhat effective” for 74%
of patients

-> duration of symptomatic periods treated with
steroids < duration of symptomatic periods of p <0.001

Brown K. et al. 98 PANS patients non-treated patients

(2017) [121] I -
-> shorter symptomatic periods when initially

treated with steroids p<0.01

-> Symptomatic periods treated with NSAID
lasted shorter than non-treated symptomatic p <0.0001

Brown KD. et al. 95 PANS patients ~_periods

(2017) [126] - . -
-> the more the duration without treatment is

short, the more symptomatic period were short p=002

No clinical data allow to distinguish responders

Spartz EJ. et al. and non-responders to NSAIDs

159 PANS patients

(@07) [122] 31% of patients with NSAID increases reported

improvement in symptoms

35% of patients with NSAID removal reported
symptom increases after removal

31 PANS patients -> azithromycin group improvement >

Murphy TK. etal. non-azithromycin group (CGI)

(2017) [123] (17 with azithromycin, 14

p=0.003

with placebo) No difference on CY-BOCS

Calaprice D. et al.

@017) [100] Cf. Streptococcus AND (OCD OR “obsessive compulsive disorder”)

Williams KA. et al 35 PANDAS patients -> At week 6 (double blind phase): no difference

< 0.0001
@016) [124] (IVIG group =17, between groups (CY-BOCS) P

placebo group = 18) -> Improvement after open label IVIG (CY-BOCS)

11 PANS patients
partially responder to -> Improvement after CBT (CY-BOCS) p=0.01
antibiotics

Nadeau JM. et al.
(2015) [127]

Nicolini H. et al.

(2015) [55] Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

Frankovich J. et al.

2015) [57] Cf. antibody AND (OCD OR “obsessive compulsive disorder”)

Latimer ME. et al. . -> 6 months after therapeutic plasma apheresis:
(2015) [128] 35 PANDAS patients improvement of 65% (local questionnaire)
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Table 5. Cont.

(PANDAS OR PANS) AND Treatment AND (OCD OR “Obsessive Compulsive Disorder”)

Authors, Date Subjects Main Results Significance
-> Improvement in symptom intensity after
Demesh D. et al antibiotic treatment (local questionnaire) p=003
. . 10 PANDAS patients
(2015) [129] -> Improvement in symptom intensity after ~0.02
tonsillectomy (local questionnaire) p=0
Ebrahimi Taj F. et al. . " . . . o
(2015) [59] Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
120 PANDAS patients
Pavone P. et al. (56 Patlents with No difference concerning sym})tomatology, )
(2014) [130] tonsillectomy or streptococcal antibodies or anti-neural antibodies
adrenotonsillectomy, 64  (evaluation every two months for 2 years)
without)
Murphy TK. et al. . B . . . L,
2012) [61] Cf. antibody AND (OCD OR “obsessive compulsive disorder”)
No difference concerning age at onset of OCD
No difference concerning CY-BOCS score
-> PANDAS patients YGTSS score > ~0013
. 21 PANDAS patients non-PANDAS patients YGTSS score p=o
Bernstein GA. et al. 18 PANDAS OCD
(2010) [131] non-FA- No difference concerning ASO or anti-DNase B
patients titers
->In non-PANDAS OCD patients, separation p=0.02and
anxiety disorder and social phobia are more 0.047
frequent respectively
Storch EA. et al. 7 PANDAS patients -> CY-BOCS improvement after 3 weeks of CBT p=0.018
(2006) [132]
Snider LA. et al. . -> Decrease in number of symptom exacerbations
(2005) [133] 23 PANDAS patients with antibiotic treatment p<001
37 PANDAS patients

Garvey MA. et al.
(1999) [134]

No difference in symptoms following antibiotic

(double blind and cross
treatment

over design)

Swedo SE. et al.
(1998) [105]

Cf. Streptococcus AND (OCD OR “obsessive compulsive disorder”)

NSAID and (OCD OR “obsessive-compulsive disorder”)

Brown KD. et al.
(2017) [126]

Cf. (PANDAS OR PANS) AND treatment AND (OCD OR “obsessive compulsive disorder”)

Spartz EJ. et al.
(2017) [122]

Cf. (PANDAS OR PANS) AND treatment AND (OCD OR “obsessive compulsive disorder”)

Shalbafan M. et al.

25 OCD patients with

celecoxib (+SRI) ->lower CY-BOCS score at week 10 in celecoxib

(2015) [135] 25 OCD patients with ~ group than in placebo group p=0.047
placebo (+SRI)
27 OCD patients with -> lower CY-BOCS score at week 8 in celecoxib p=0.037
Sayyah M. et al. celecoxib (+fluoxetine) ~ group than in placebo group :
(2011) [136] 25 OCD patients with -> significant effect of time-by-treatment p= 0018

placebo (+fluoxetine) interaction in ANOVA

“anti-inflammatory” and (OCD OR “obsessive-compulsive disorder”)

Calaprice D. et al.
(2018) [120]

Cf. (PANDAS OR PANS) AND treatment AND (OCD OR “obsessive compulsive disorder”)

Brown K. et al.
(2017) [121]

Cf. (PANDAS OR PANS) AND treatment AND (OCD OR “obsessive compulsive disorder”)

Brown KD. et al.
(2017) [126]

Cf. (PANDAS OR PANS) AND treatment AND (OCD OR “obsessive compulsive disorder”)
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Table 5. Cont.

(PANDAS OR PANS) AND Treatment AND (OCD OR “Obsessive Compulsive Disorder”)

Authors, Date Subjects Main Results Significance
Shalbafan M. et al. " . . . L,
(2015) [135] Cf. NSAID and (OCD OR “obsessive-compulsive disorder”)
Sayyah M. et al. " . . . P
@011) [136] Cf. NSAID and (OCD OR “obsessive-compulsive disorder”)
minocycline and (OCD OR “obsessive-compulsive disorder”)
47 OCD patients with
Esalatmanesh et al. mmocychr}e -> lower Y-BOCS score at week 10 in minocylcine
(2016) [137] (+fluvoxamine) roup than in placebo grou; p=0.008
47 OCD patients with group P group

placebo (+fluvoxamine)

Rodriguez CI. et al. 9 OCD patients with
(2010) [138] minocycline (+SRI)

N-acetylcysteine and (OCD OR “obsessive-compulsive disorder”)

No effect of minocycline at week 12

18 OCD patients with
Ghanizadeh NAC (+citalopram) -> lower Y-BOCS score at week 12 in NAC group <0.02
A. etal. (2017) [139] 11 OCD patients with than in placebo group p<b
placebo (+citalopram)

40 OCD patients
Costa DLC. etal.  randomized in 2 groups:  -> No difference between the two groups
(2017) [140] NAC and placebo (no concerning Y-BOCS scores.

access to the details)

23 OCD patients with

Paydary K. et al. NAC (+fluvoxamine) -> No difference between the two groups
(2016) [141] 23 OCD patients with concerning Y-BOCS at week 10.
placebo (+fluvoxamine)
22 OCD patients with
Sarris J. et al. (2015) NAC (+TAU) -> No difference between the two groups
[142] 22 OCD patients with concerning Y-BOCS at week 16.
placebo (+TAU)
24 OCD patients with
Afshar F. et al. NAC (+SRI) -> lower Y-BOCS score at week 12 in NAC group - 003
(2012) [143] 24 OCD patients with than in placebo group p=5
placebo (+SRI)

ASO = anti-streptolysin O; CBT = cognitive behavioral therapy; CGI = clinical global impression; CY-BOCS =
Children’s Yale-Brown Obsessive Compulsive Scale; IVIG = intravenous immunoglobulin; NAC = N-acetylcysteine;
NSAID = non-steroidal anti-inflammatory drug; PANDAS = pediatric autoimmune neuropsychological disorders
associated with streptococcal infection; PANS = pediatric acute-onset neuropsychiatric Syndrome; SRI = serotonin
reuptake inhibitor; TAU = treatment as usual; Y-BOCS = Yale-Brown Obsessive Compulsive Scale; Y-GTSS = Yale
Global Tic Severity Scale.

4.2. Toxoplasma gondii

Toxoplasma gondii is an intracellular parasite that is linked to several psychiatric disorders including
schizophrenia and bipolar disorder [144,145]. T. gondii is also linked to OCD [14,54,63,145] (Table 4).
A recent study found that the presence of anti-Toxoplasma gondii IgG (immunoglobulin G) in serum
was more frequent in OCD patients than in controls (the odds ratio (OR) was 4.84 (confidence intervals
=1.78-13.12) in favor of OCD) [52] (Table 4). Furthermore, in a 1991 study, Strittmatter and colleagues
showed that the CNS areas most affected by T. gondii were the cerebral hemispheres (91%) and the
basal ganglia (78%) which are implicated in OCD neurobiology [146]. There are several hypotheses
regarding how T. gondii reaches the CNS (for a review, see the article by Ueno et al. [147]). Among
these, the monocyte hypothesis is of particular interest. Indeed, the fact that T. gondii is found in the
brain CD11b+ monocytes, which can be microglial cells (the resident monocytes of the brain) [148],
suggests that T. gondii can invade monocytes in the peripheral blood supply and then reach the brain.
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Once in the brain and in microglia, these monocytes become activated and show increased migratory
activity [149].

T. gondii infection leads to IFN-y (interferon) production, and then, to the induction of IDO
(indolamine-2,3-dioxygenase), mainly produced by microglia and one of the main enzymes of
kynurenine pathway [150-154]. This induction of IDO by T. gondii occurs firstly in parallel
with the T. gondii-induced microglia activation and can secondly lead to a tryptophan depletion
(since the kynurenine pathway is part of tryptophan catabolism) [149,150,155]. As tryptophan is
the essential amino acid for serotonin synthesis, tryptophan depletion could interfere with OCD
physiological pathways since OCD symptoms are improved with specific serotonin reuptake inhibitors
(SSRIs) [156-158]. Nonetheless, we have to keep in mind that this causal tryptophan depletion
hypothesis is still a matter of debate in MDD (major depressive disorder); thus, the putative T. gondii
role in OCD is unclear [159].

We could also hypothesize a T. gondii action at the level of striatal dopamine receptors. T. gondii
contains genes coding for tyrosine hydroxylase, and it was shown that T. gondii increases the dopamine
release [160]; therefore, T. gondii could lead to OCD through dopamine release and its action on
striatal D1 receptors, and then, via the activation of the direct pathway (associated with the D1
receptor [161]). Nonetheless, this hypothesis is highly speculative since interactions among D1
receptors, D2 receptors (between direct and indirect pathway), and serotonin receptors are complex,
and D1 receptor downregulation could be a consequence of a D1 receptor hyper stimulation, thus
leading to an inhibition of the direct pathway.

Finally, there is a neurotoxic hypothesis, via the direct neurotoxic role of quinolinic acid (produced
by the kynurenine pathway) and IFN-y which acts as a neurotoxic agent through its action on the
kynurenine pathway [162]. Therefore, one could speculate that T. gondii is neurotoxic for the striatal
microcircuit, and thus, contributes to the occurrence of OCD symptoms.

According to these different hypotheses on the role of T. gondii in the genesis of OCD, some
innovative treatment options might be suggested such as the use of IDO inhibitors used for some
cancer treatments [163], which were already tested in some animal models of schizophrenia where
such treatment seems to protect the striatum from the negative effects of kynurenine pathway
activation [164].

5. Alternative Treatments for OCD

The above distinct etiological factors in OCD could be taken into account to develop specific
treatments. Tricyclic or SSRI antidepressants are the usual treatment for OCD [165]. For refractory and
severe OCD, deep brain stimulation can also be used [6]. Other treatments were also developed for
specific etiological factors.

5.1. Specific Treatment in the PANS/PANDAS Context

Several specific treatments were studied for PANS/PANDAS patients. Intravenous immunoglobulin
(IVIG) could be an effective treatment [120,124,166] (Table 5); however, its effectiveness remains to be
confirmed. Another treatment procedure studied was apheresis. Two studies found this treatment to be
effective [128,166] (Table 5), but they suffered from limitations (absence of a control group or a limited
number of patients studied), which meant no definitive conclusion could be drawn on its effectiveness
in PANDAS. The effects of antibiotic treatment in PANDAS were also studied. Four studies without
control groups found that antibiotics could be effective [118,120,129,133] (Table 5), although a study
comparing azithromycin vs. placebo as a treatment for PANS over four weeks failed to find an effect of
azithromycin on OCD symptoms as measured with the Children’s Yale-Brown Obsessive Compulsive
Scale (CY-BOCS) [123] (Table 5). However, if streptococcal infection is still present during acute episodes of
PANDAS, antibiotics are considered as the best treatment [167,168]. Finally, corticosteroid and nonsteroidal
anti-inflammatory drugs (NSAIDs) do appear to be effective [120-122,126] (Table 5).
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Hence, several alternative specific treatments to PANDAS/PANS were studied. However, even if
some of these proposed treatments seem promising, robust clinical evidence is still lacking to allow us
to reach a definitive conclusion [169].

5.2. Specific Treatment in the “Classical” OCD Context

In addition to PANS/PANDAS, immunological treatments were also tested in “classical” OCD,
that is to say, with no clearly identified etiological factor. NSAIDs show contrasting results [135,136,170]
(Table 5). However, in the general context of OCD with no specific etiological factors, anti-inflammatory
treatment seems to have a place in the treatment strategy, which could be more precisely defined if OCD
etiologies were better known. Minocycline, a specific antibiotic, is particularly interesting because of its
action on microglia (see below). Minocycline was studied as a potential new pharmacological treatment
for OCD, and the results were mixed: one study found that minocycline could be a good adjunctive
treatment to classical OCD treatment with SSRIs [137], but another one did not find this result [138]
(Table 5). Another antibiotic, cefdinir, was studied, but it showed no effectiveness on the CY-BOCS
scores when compared to a placebo [171]. Finally, N-acetylcysteine (NAC), an antioxidant which has
a neuroprotective role against oxidative stress, produced divergent results [139-143] (Table 5).

These different studies on immunological treatment in the PANDAS/PANS contexts or otherwise
indicate that some specific treatments for different aspects of immunity could have a place in
OCD treatment.

6. Conclusions: Future Lines of Research for Etiological Inmune Response Factors

6.1. Animal Models

The rodent animal model is widely used in anxiety disorder studies. Rodents present many
behavioral signs of anxiety in various contexts. Among these behaviors, grooming was considered by
some authors as a compulsive-like behavior, due to its repetitive and sequential organization [172].
Hence, several animal models that were created by mutating genes of interest (e.g., Sapap3
mutant-mice [173]) were considered as animal models for OCD because of their excessive grooming
behavior among other parameters. Hox genes are homeotic genes [174], which are responsible for
the anterior posterior segmentation of the organism. They are also involved in the formation of the
hematopoietic system, and Hoxb8 is especially involved in the differentiation of myeloid progenitor
cells, one source of microglial cells [175]. It is, therefore, of note that, firstly, Hoxb8 mutant-mice
show exacerbated grooming behavior since, in the brain, microglia are the only cells linked to Hoxb8,
and secondly, that grooming could be reversed after normal bone marrow transplantation which
allows Hoxb8-derived microglia to migrate to the brain [175]. These data show a direct involvement of
microglia, which is an immunological component in compulsive-like behaviors. Therefore, microglia
(see below) could be a promising future line of research to better understand OCD and the role of
immunology in a specific OCD cluster.

Rats exposed to Streptococcus antigens show more grooming behavior than control rats [176]
and offer a model within which to investigate the link between OCD neurobiology and PANDAS.
Indeed, grooming behavior was found to be reversible with serotonin re-uptake inhibitors, and IgG
was found in key brain areas of OCD rats (i.e., striatum, thalamus, and frontal cortex), and glutamate
and dopamine levels were also found to be modified [176]. Furthermore, the amelioration of some of
the previous abnormalities found in this model with an antibiotic treatment [177] is in line with other
results in humans [123].

6.2. Microglia

Tourette syndrome is a condition close to the OCD spectrum [178,179], and is well known for
showing interneuron loss [180]. Interestingly, a high level of CD45, which is a marker of activated
microglia, was found in Tourette’s post-mortem basal ganglia [181,182]. An elevated expression
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of CCL2 (chemokine ligand 2), which is a chemokine that activates microglia, was also found in
these brains [181,182], raising the question of whether the interneuron loss in Tourette syndrome is
linked in some manner to microglia activation. Indeed, among the functions of microglia are synapse
elimination and phagocytosis [183]. There is convergent evidence in OCD, as a recent study found
microglia activation in an OCD brain employing a PET (positron emission tomography) protocol [184],
which shows a potential role for inflammation and microglia in OCD neurobiology [11]. These
results are consistent with the cytokine levels found in OCD patients, as activated microglia produce
IL-6, IL-13, and TNF-« [11,181]. This could explain the effectiveness of minocycline, which reduces
microglia activation [185], as another OCD treatment in Reference [137], and highlights the importance
for precision medicine to consider immunological etiological factors.

6.3. The Importance of the Attempt to Identify Different OCD Etiologies

As we can see (Table 6), it is likely that there are multiple etiological factors in OCD. Genetic and
environmental factors clearly play a role in the emergence of OCD. Some genetic studies indicate the
involvement of immune response genes in the physiological basis of OCD [9,10,186]. The environment
could play a role through epigenetic processes [187], and could also have a more direct influence on
brain function through immunological processes, as is the case with PANDAS. Furthermore, it was
shown that stress may directly impact some immunological parameters [188], raising the putative role
of psychological stressors through immunological responses in OCD emergence.

Table 6. Summary.

Divergent results concerning cytokines (especially IL-6, TNF-«) were found between studies. These
discrepancies, therefore, raise the question of different patient populations, with some patients possibly
presenting with immunological deficiencies, thus explaining the discrepancies.

Antibody studies show that autoimmune factors could be specific etiologies in OCD.

Streptococcus pyogenes is already recognized as possibly leading to OCD through PANS (pediatric acute-onset
neuropsychiatric syndrome), as is Toxoplasma gondii. The mechanisms leading to OCD for S. pyognes and
T. gondii are still unknown, but autoimmunity seems to be involved.

According to these different possible immune etiological factors (autoimmunity, infection), some specific
treatments were already tested opening the way to individualized specific treatments. An effort to clearly
distinguish between the different etiological (including immunological) factors is still necessary in order to
develop more effective OCD treatments

IL = interleukin; OCD = obsessive-compuslve disorder; PANS = pediatric acute-onset neuropsychiatric syndrome;
TNF = tumor necrosis factor.

Future research should focus on these etiological factors (genetic, immunological, etc.) in order to
elucidate the biological bases of OCD, and to develop prevention tools and better treatments [189],
paving the way to precision individualized therapies [190] for the benefit of patients. The identification
of more specific biological clusters in OCD is essential in order to advance our knowledge and treatment
of OCD.
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