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INTRODUCTION

Catatonia is an identifiable syndrome of psychomotor dysregulation first described by Karl
Ludwig Kahlbaum in 1874 (Kahlbaum, 1874). Historically, catatonia was mainly associated with
schizophrenia, and considered as a subtype of this disorder for most of the twentieth century. Since
the 1970’s, catatonia has been described as a complex syndrome involving motor, affective,
behavioural and vegetative symptoms, which can be associated more broadly with affective disorders,
schizophrenia and many other neuropsychiatric conditions (Fink, 2013). Its clinical manifestations are
heterogeneous and no fewer than 40 signs have been described in one of the diagnostic scales (G.
Northoff et al., 1999b). According to the fifth edition of Diagnostic and Statistical Manual of Mental
Disorders (DSM) (American Psychiatric Association et al., 2013) the diagnosis of catatonic syndrome
can be made when three or more symptoms from the following twelve are present : catalepsy, waxy
flexibility, stupor, agitation, mutism, negativism, posturing, mannerisms, stereotypies, grimacing,
echolalia, echopraxia (see box 1). The first-line treatment of catatonic syndrome is benzodiazepines,
particularly lorazepam, which is effective in almost 80 % of cases. Electroconvulsive therapy (ECT) is
initiated in patients with catatonia who do not respond to benzodiazepines or when a decisive and

rapid improvement is required (Fink and Taylor, 2006).

The prevalence of catatonia is generally considered to be between 10 and 25 % of patients
hospitalised in psychiatric wards (Walther and Strik, 2016). However, figures depend on the choice of
the diagnostic criteria. For example, in a 2016 study of 87 hospitalized patients, the prevalence of
catatonic syndrome varied from 3.4 % with the Catatonia Rating Scale to 10.3 % when the Bush Francis
Catatonia Rating Scale was used (Sarkar et al., 2016). In a recent meta-analysis of 74 studies providing
data collected from 1935 to 2017 across all continents, mean catatonia prevalence was 9.0% in clinical

samples (Solmi et al., 2018).

The pathophysiology of catatonia is poorly understood. Interestingly, one of the first
hypotheses implicated subcortical pathways, and more precisely a blockade at the level of the basal
ganglia (Baruk and de Jong, 1930), because of the clinical similarity between catatonic and extra-
pyramidal syndromes. According to Carroll, catatonia is associated with excessive inhibition of the
thalamus due to excessive inhibition of the external Globus Pallidum and insufficient inhibition of

internal Globus Pallidum (iGP). This hypothesis can explain the harmful effect of antidopaminergic



drugs (blockade at a striatal level) and the beneficial effect of GABAergic drugs (inhibition of iGP)
(Carroll, 2000). Neuropathological findings have also highlighted the role of the basal ganglia (Northoff,
2000). Nevertheless, these studies yield inconsistent results and have generally been limited to
patients with catatonia in the context of schizophrenia. Extrapolation to all catatonic syndromes is
therefore questionable. Furthermore, clinical observations after lobotomies and frontal lobe lesions,
and experiments performed on monkeys have highlighted the specificity of supplementary motor area

(SMA) dysfunction in the occurrence of waxy flexibility and negativism (Joseph, 1999)

The most recent data suggest that the catatonic syndrome is a frequent, underestimated, and
potentially lethal condition. However, the precise brain mechanisms that could be the source of the
symptoms are very poorly known. Today, one can argue that the accessibility of brain imaging, and
specifically functional neuroimaging, could be the starting point of a new era in the understanding of
this condition. The objective of the present study is to provide an extensive review of all brain imaging
studies in catatonia, and then, to present the main pathophysiological models presented currently
considered in the literature. Finally, we discuss a potential framework for future brain imaging studies

in catatonia.



METHODS

To identify studies eligible for this review, a systematic search was conducted using the
PubMed and Embase databases up to 10 of August 2019, using a combination of search terms
“catatonia” and either “brain imaging” or “neuroimaging”. We also examined the reference sections
from the selected papers to identify any additional relevant studies and asked other researchers in the
field. Papers were included in the systematic review if (a) they were published in an English-language
peer-reviewed journal; (b) the study enrolled patients with catatonic syndrome; (c) the diagnosis was
made according to specified criteria, and (d) the studies included brain imaging. Article titles and the
abstracts of studies identified from the searches were screened and excluded from the systematic
review for the following reasons: inaccessible studies (even after contacting the authors); study not
written in English; study unrelated to catatonic syndrome; review article, opinion, or hypothesis article;
study without brain imaging; posters; incomplete data. The full text of studies that passed the initial
screening was reviewed and potentially excluded based on the same criteria. We clustered the
retained papers into case reports and group studies. The literature search strategy is summarized in

the flow chart presented in Figure 1.



RESULTS

A total of 505 studies were extracted from Embase, and 131 from PubMed. Sixty-four duplicates were
automatically removed. A hundred and three studies were irrelevant based on titles and abstracts, 320
articles met the exclusion criteria, leaving a total of 149 studies, with 134 case reports (161 separate
individuals reported) and 15 brain imaging group studies. Subsequent searches identified 5

supplementary group studies and 3 case reports.

Case reports

137 case reports were found including 161 patients who were mostly women (57 %), with a
mean age of 39 years (range: 8 to 90 years). 139 patients had a cerebral structural Magnetic Resonance
Imaging (MRI), 43 patients had a computerized tomography (CT) head, 18 patients had a Single Photon
Emission Computerized Tomography (SPECT) and 18 had a Positron Emission Tomography (PET) scan.
22 patients had both an MRI and CT; 9 patients had both an MRI and PET; 7 patients had both an MRI
and SPECT; 5 patients had an MRI; CT and SPECT; 4 patients had an MRI, CT, and PET; 3 patients had
only a PET; 1 patient had a CT, MRI and SPECT; 1 patient had an MRI, SPECT and PET; 1 patient had a
SPECT and PET; and 1 patient only had a SPECT. Most of the patients had an underlying condition that
was not considered as only psychiatric (126 of 162 patients). In 45 patients, the main diagnosis was an
inflammatory condition (10 lupus, 23 anti-NMDA receptor encephalitis, 8 encephalitis of other origin,
2 multiple sclerosis, 1 acute disseminated encephalomyelitis, 1 subacute sclerosing panencephalitis).
An abnormality was found in at least one modality for 123 patients (76.4 %). The results of CT brain
were abnormal in 44 % of cases (19 of 43), and results were directly related to the final diagnosis in 26
% of these case reports (11 of 43 cases), meaning that conclusions of brain CT were not considered as
incidental according to the diagnosis highlighted in the case report by the authors. Brain MRI scans
were abnormal in 65 % of cases (90 of 139), and directly related to the diagnosis in 47 % of cases (66
of 139). Most of the cases reported diffuse or multiple abnormalities, such as miliary brain metastasis
(Dziadziuszko et al., 2014), or nonspecific white matter abnormalities (Vancaester and Santens, 2007).
On the 18 PET scans, 17 were abnormal, with frontal-parietal or frontal-temporal-parietal
hypometabolism in most of the patients. A second PET scan after relief of catatonic syndrome was
performed in two cases and showed significant amelioration of hypometabolism. Of the 18 case
reports with SPECT, 13 were abnormal with frontal or temporal hypometabolism found in 10 patients.
Amelioration after the end of the catatonic episode was seen in 9 cases (3 patients with
benzodiazepine or zolpidem, 2 with antipsychotics, 1 with prednisolone during meningitis, 2 after ECT
and 1 after immunotherapy in an anti-NMDAR encephalitis). All the case reports are detailed in

Supplementary Tables 1 and 2.



Group studies

Table 1 summarises all the group studies.

Structural imaging

Head computerized tomography

Four studies reported results of a CT scan of patients with a diagnosis of catatonia. Joseph and
colleagues (Joseph et al., 1985) presented 5 head CT scans of patients with a diagnosis of catatonia,
compared to 5 patients matched for age, gender, ethnicity, and neurologic or psychiatric diagnosis
except catatonia. Three of the catatonic patients had vermis atrophy, and three had brainstem
atrophy. In 1991, Wilcox (Wilcox, 1991) compared the head CT scans of 17 patients with catatonic
syndrome with 30 patients with non-catatonic schizophrenia, 20 with bipolar disorder, and 15 controls.
Twenty-nine percent of patients with catatonia had cerebellar atrophy, compared to 8 % of
schizophrenia patients, 5 % of bipolar disorder patients, and 0 % in healthy controls. In 1999 (Georg
Northoff et al., 1999b) Northoff published a comparison of 37 brain CT scans of patients with catatonic
schizophrenia, with 28 subjects with hebephrenic (or disorganised) schizophrenia and 39 with paranoid
schizophrenia. He found an enlargement of cerebrospinal fluid spaces in schizophrenia patients with
catatonia, especially in the left frontal-temporal regions, which was correlated with illness duration.
Medda (Medda et al., 2015) in 2015 collected 26 brain imaging results from patients with catatonic
syndrome and bipolar disorder; 65.4 % were abnormal (5 enlargements of brain cerebrospinal spaces,
5 white matter lesions, 2 cerebral infarctions, 2 cortical atrophies, 1 intracranial vascular malformation,
and 1 not specified abnormality), but the imaging modality (CT or MRI) was not detailed in this

publication.

Structural brain MRI

There are very few published studies that reported a grouped comparison of brain MRI structural scans
of patients with catatonic syndrome. Smith, in 2012 (Smith et al., 2012) reported 95 consecutive
patients with catatonic syndrome in association with psychiatric disorders (affective and psychotic
disorders) or general medical conditions, of which 31 had a brain MRI scan. Eighteen had diffuse
cortical atrophy. It was more localized in 4 cases (bifrontal in 2 and cerebellar in 2 others).
Encephalomalacia was identified in 7 cases (more frequently in patients with a history of head trauma
or stroke), and multifocal lesions were seen in 3 patients (multiple sclerosis, encephalomyelitis,
cerebral metastasis). In 2017, Nguien Thi Hoang published a study with 9 patients with catatonia
associated with anti-NMDA receptor encephalitis (Nguyen Thi Hoang et al., 2017). Among them, 3 had
a normal brain CT, and 6 a brain MRI, of which one was abnormal showing bilateral hyperintensity in

the image contrast within the medial temporal lobes.



Recently, Hirjak et al. published an MRI study aiming to assess correlation between catatonic
symptoms, cortical thickness, cortical area and local gyrification index (LGl). Data were obtained from
patients with schizophrenia or schizoaffective disorder. None of these patients were treated with
lorazepam or any benzodiazepines (discontinued 72h before assessment). Of 87 subjects with
schizophrenia or schizoaffective disorder, 25 were diagnosed with catatonia according to the NCRS
(Northoff Catatonia Rating Scale) criteria. They were compared to 22 non catatonic schizophrenia
patients. No difference was found in cortical thickness between schizophrenia patients with and
without catatonia. Schizophrenia patients with catatonia had lower cortical area in left superior
parietal gyrus, right medial orbitofrontal cortex, and lateral occipital gyrus. Patients with catatonia
showed hypergyrification in the left rostral anterior cingulate and medial orbitofrontal cortex, and
hypogyrification in the left superior temporal gyrus, right inferior temporal gyrus and right insula. A
negative association was found between motor and behavior scores (on the NCRS) and superior
frontal, insular, and precentral cortical thickness. Positive associations were found between NCRS
motor and behavior scores and surface area and LGl in superior frontal, posterior cingulate, precentral
and pericalcarine gyrus. According to the authors, this pattern (surface area and LGI differences
between schizophrenia patients with or without catatonia) support the hypothesis of a vulnerability

for catatonia among some schizophrenia patients (Hirjak et al., 2019a).

Functional imaging

Magnetic Resonance Spectroscopy (MRS)

Only one study has investigated catatonia using MRS and this was only designed to investigate levels
of phosphorus metabolites. Phosphorus metabolite levels in the frontal region were found to be higher
in patients with catatonic (n=4), paranoid (n=10) and undifferentiated schizophrenia (n=14) compared
to patients with disorganised schizophrenia (n=8); no other differences between the groups were

apparent (Shioiri et al., 1997).

Single Photon Emission Computerized Tomography (SPECT)

Four SPECT group studies were found. In a 1?*| lodoamphetamine (IMP) SPECT study, Satoh et al. (Satoh
et al., 1993), compared 6 patients with schizophrenia who had experienced an episode of catatonia,
13 other schizophrenia patients and 7 controls and found parietal hypometabolism (particularly in
posterior regions) to be associated with catatonia. All patients were asymptomatic, with chronic
antipsychotic treatment, while imaging was performed. In 2000, Northoff (Northoff et al., 2000)
conducted a Tc99m SPECT study including 10 catatonic patients, 10 psychiatric controls (with similar
age, sex, medication and underlying psychiatric conditions but without catatonic symptoms), and 10

controls. This study was performed on asymptomatic patients one week after admission for a catatonic



episode successfully treated with lorazepam. Northoff found a right frontal-parietal hypometabolism
in patients who had experienced a catatonic episode recently. In 1999, Northoff published a #I
iomazenil SPECT study (Georg Northoff et al., 1999a) with the same 10 patients showing a decrease in
GABA-A receptor density in the left sensori-motor cortex was associated with catatonia. These three
SPECT studies led to the hypothesis of the implication of fronto-parietal regions and a dysregulation of
the GABAergic system in catatonia. Finally, in 2000, Escobar (Escobar et al., 2000) conducted a Tc99m
HMPAO SPECT study in which 9 patients (4 depressed and 5 schizophrenia patients) suffering from
catatonic episode were compared before and after ECT. This study found an increased cerebral blood
flow in parietal, temporal and occipital regions after successful ECT treatment in patients with mood
disorders but not in schizophrenia. Patients with mood disorders needed fewer session of ECT and
showed greater clinical improvement. Therefore, functional imaging during a catatonic episode could

not be the same after the relief of the syndrome, which can minimize the scope of the results of the

studies not performed at the time of symptom manifestations.

Functional brain MRI

Motor tasks

An fMRI study with a sequential finger opposition task conducted by Northoff in 1999 (G. Northoff et
al.,, 1999a) on two symptomatic patients showed decreased activation of the contralateral primary
motor cortex during movement. In 2009, Scheuerecker et al. (Scheuerecker et al., 2009) compared 12
schizophrenia patients with asymptomatic post-acute catatonia and found dysfunction of areas
implicated in spontaneous motor actions (lesser activation in SMA and DLPFC for patients than

controls).

Emotional regulation task

In 2004, Northoff and colleagues (Northoff et al., 2004) conducted an fMRI study on 10 akinetic
catatonic patients compared to 10 non-catatonic patients and 10 controls. Patients were
asymptomatic at the time of the study and were recruited one week after successful treatment by
lorazepam of a catatonic episode. Patients and controls had to perform an emotional regulation task.
This showed changes in orbitofrontal cortex (OFC) activation were associated with abnormal functional
connectivity between the OFC and the medial prefrontal cortex (mPFC), and between prefrontal and
motor areas. Richter (a member of Northoff’s team) conducted another study in 2010 (Richter et al.,
2010), on 6 asymptomatic patients who had experienced a recent catatonic episode and showed that
abnormal activation of the OFC during an emotional task designed by Northoff could be treated with
lorazepam. These two important studies suggested the central role of emotional regulation, functional

connectivity and the GABAergic system in catatonic patients.



Resting state functional imaging

In 2016 Walther et al. (Walther et al., 2016) compared resting-state regional cerebral blood flow (rCBF)
and gray matter (GM) density in 15 patients with schizophrenia and a current episode of catatonia
according to the Bush-Francis Catatonia Rating Scale (BFCRS), 27 schizophrenia patients without
catatonia, and 41 healthy controls. Pseudo-continuous arterial spin labelling (ASL) sequences were
used to provide an absolute measure of rCBF. Bilateral SMA and left ventral premotor cortex were the
only regions in which perfusion differed between catatonic and non-catatonic schizophrenia patients,
showing increased cerebral blood flow in catatonic patients. Catatonia severity was positively
associated with bilateral SMA and left vPMC perfusion. Moreover, the SMA was more activated in
retarded catatonia than in excited forms. The retarded form was defined by the presence of motor
retardation (immobility, stupor, mutism, staring, echopraxia, echolalia, rigidity, negativism and
withdrawal). The excited form was defined by the presence of motor excitation (excitement,
grimacing, stereotypy and verbigeration). Finally, when compared to other schizophrenia patients,
more severe catatonia was associated with higher GM density of the cerebellum and lower GM density
of the frontal cortex (superior frontal gyrus and ACC) and the right insula. This important study is the

only one that included patients experiencing catatonic symptoms at the time of investigation.

In 2017, the same authors published a resting-state fMRI study including 46 schizophrenia patients
who were compared to 43 healthy controls (Walther, 2017). On the same day, the patients were
assessed using a motor battery consisting of the BFCRS and the Modified Rogers Scale. Principal
component analysis led to 4 different factors (primary motor, catatonia and dyskinesia, coordination,
and spontaneous motor activity). Catatonia and dyskinesia were associated with increased
thalamocortical connectivity between bilateral M1 and the left thalamus in patients with treated
schizophrenia. The authors suggested that, in this case, the increased functional connectivity could be
associated with motor inhibition. According to Walther et al. (Walther et al., 2019), this finding is
supported by another investigation in patients with chronic periodic catatonia. Indeed, in 2018,
Foucher et al. in 2018, conducted a rCBF study in 20 periodic catatonia patients, compared to 9 subjects
with catatonia and 27 healthy controls. Regional cerebral blood flow was increased in the left motor
and premotor areas in patients with periodic catatonia. Nevertheless, the diagnostic frame of periodic
catatonia is difficult to apply to current diagnostic criteria of catatonic syndrome, and refers to the
classification of Wernicke-Kleist-Leonhard. Accordingly, periodic catatonia mainly overlaps with the

DSM-5 diagnosis of bipolar disorder or schizoaffective disorder (Foucher et al., 2018).

Finally, Hirjak and colleagues, in 2019, collected and analysed resting-state fMRI and structural MRI
data in 87 subjects with schizophrenia or schizoaffective disorder, with or without catatonia according

to NCRS, aiming to investigate the associated patterns of brain function (intrinsic neural activity) and



structure (grey matter volume) with a multivariate analysis approach. By using a categorical approach
(comparing 24 patients with schizophrenia and catatonia, and 22 schizophrenia patients without
catatonia), these authors found that catatonia was associated with fronto-thalamic and cortico-striatal
abnormalities. In a dimensional approach they found that behavioural symptoms were associated with
cerebellar and prefrontal/cortical motor regions, and affective symptoms according to NCRS correlated

with frontoparietal functional abnormalities (Hirjak et al., 2019c).

Positron Emission Tomography (PET)

Only one study has used PET specifically to investigate catatonia (Lauer et al.,, 2001). This study
investigated three patients with the Wernicke-Kleist-Leonhard diagnostic entity of speech-sluggish
catatonia, but it is unclear whether they would meet more commonly used criteria for catatonia. F-18-
FDG-PET in all three patients showed bilateral temporal hypometabolism compared to controls, while
F-18-DOPA PET showed abnormal lateralisation in one patient. Three further studies have each
included a single catatonic patient as part of a cohort of patients with schizophrenia who were
undergoing F-18-DOPA PET (Dao-Castellana et al., 1997, p.; Hietala et al., 1999, 1995). Intriguingly, all
three studies showed a markedly reduced DOPA binding affinity in the putamen (and in one study the

caudate nucleus) when compared to other patients with schizophrenia or healthy controls.



Discussion

We have presented the most extensive systematic review published on brain imaging in
catatonia, including the analysis of 137 case reports (161 individual patients) and 18 group studies

representing 186 individual patients with catatonia.

The analysis of case reports highlights that very disparate lesions can be associated with
catatonia, including diffuse or focal abnormalities, which can occur in almost any brain region. Brain
imaging is abnormal in the majority of cases, but abnormalities are more frequently diffuse than
localised. Most of the case reports of functional imaging (PET and SPECT) are abnormal, usually
showing frontal, temporal, or basal ganglia hypoperfusion. In numerous cases, a further functional
neuroimaging assessment after clinical improvement showed at least partial normalisation, as also

illustrated by Escobar’s SPECT study (Escobar et al., 2000).

Group studies were also analysed. Two head CT studies (Joseph et al., 1985; Wilcox, 1991)
showed the potential implication of the cerebellum in the pathophysiology of catatonia and the CT
head study of Northoff et al. (Georg Northoff et al., 1999b) showed a more extensive diffuse cerebral
atrophy in schizophrenia patients with catatonia than in other schizophrenia patients. To date,
structural brain MRI studies are very scarce in the catatonia literature, mostly showing diffuse cerebral
atrophy. The majority of the case reports show diffuse lesions of white matter, in a wide range of brain
regions. SPECT group studies show hypoperfusion in frontal and parietal regions, correlated with the
severity of catatonia. Hypoactivation in a *| iomazenil SPECT study suggested implication of the
GABAergic system (Georg Northoff et al.,, 1999a). An fMRI study of Scheuerecker et al. shows
hypoactivation of the contralateral motor cortex during spontaneous motor task with hypoactivation
of SMA in asymptomatic schizophrenia patients who have had a catatonic episode (Scheuerecker et
al., 2009). Northoff’s group’s studies show an abnormal regulation of negative emotions with
hypoactivation of OFC and hyperactivation of median PFC, associated with GABAergic dysregulation
after a catatonic episode. The studies of schizophrenic patients that have included subjects with
catatonia suggest that hypodopaminergia may be present in catatonia, but no studies have

investigated this hypothesis as yet.

However, our study suffers from several limitations. Concerning clinical cases, there is the
potential for publication biases in the literature. Case reports are usually published to discuss a clinical
issue of interest. In the case of catatonia, this increases the probability of presenting a case in which
brain imaging is abnormal. The few structural imaging group studies we have reported confirm the

high frequency of brain abnormalities in this population. However, high quality data are lacking to



accurately assess the proportion of abnormalities found on brain imaging for this indication. In terms
of group studies, we used the keyword "imaging", which exposes us to the risk of missing articles that
would only include the imaging modality in their title or abstract (head CT, fMRI...). However, a careful
search within the reference sections allowed us to identify a large number of publications. Finally,
another limitation, which concerns both clinical cases and group studies, is the use by the authors of
different diagnostic criteria. As we pointed out in the introduction, diagnostic criteria have an influence
on the estimated prevalence of the pathology. Overall, this limits the comparability of the different

studies we have presented, also limiting the possibility of extrapolating mechanistic hypotheses.

Brain imaging studies have allowed authors to elaborate hypotheses of the pathophysiology
of catatonia. In the seminal model developed by Northoff (Georg Northoff, 2002; G. Northoff, 2002;
Northoff, 2000), catatonic symptoms are mainly associated with orbitofrontal-prefrontal/parietal
cortical dysfunction and an abnormal “horizontal” cortical-cortical modulation. According to this
model, catatonia is associated with GABA-ergic orbitofrontal deficits following negative emotional
processing; there is abnormal connectivity between prefrontal and motor areas, resulting in a frontal
lobe syndrome and motor anosognosia (i.e. that the patient is unaware of his or her own motor
activity). This dysconnectivity could lead to alteration of the caudate and other basal ganglia nuclei via
cortical-subcortical loop dysfunction. This hypothesis is based on the fact that, according to Northoff,
the supplementary motor area (SMA) is not impaired in catatonia, unlike in “pure” motor cortical-
subcortical conditions like in Parkinson’s disease or in neuroleptic malignant syndrome (NMS).
Moreover, Northoff et al. have demonstrated that emotional dysregulation is associated with OFC
hypoactivation and he also argues that there are clinical differences between the cogwheel rigidity of
Parkinson’s disease and the waxy flexibility of catatonia. According to this model, the motor
anosognosia of catatonia is associated with dysfunction of the right ventrolateral and dorsolateral
prefrontal cortex and right posterior parietal cortex dysfunction. This model can also explain the
importance of the frontal symptoms (such as stereotypies, echolalia and echopraxia) in catatonia. In
this model, the reduction in the GABA-A receptor density in patients with catatonic syndrome and the

efficacy of benzodiazepines suggest GABA-ergic dysfunction.

However, there are several limitations to Northoff's model. Indeed, studies have found
hypoactivation of the SMA in catatonic patients with schizophrenia both in the resting state and in
spontaneous movements (Scheuerecker et al., 2009; Walther et al., 2016). Interestingly, as mentioned
in the introduction, clinical observations after lobotomies and frontal lobe lesions, and experiments
performed on non-human primates have highlighted the specificity of supplementary motor area
(SMA) dysfunction in the occurrence of waxy flexibility and negativism (Dziadziuszko et al., 2014;

Joseph, 1999; Vancaester and Santens, 2007). According to Walther, hyperactivation of the SMA in



catatonia is secondary to blockade of the cortical-subcortical loop, at a subcortical level. The pro-
catatonic effects of antidopaminergic drugs and PET studies suggesting reduced dopamine in basal
ganglia nuclei also support the importance of subcortical dysfunction in catatonic syndrome.
Interestingly, these two main hypotheses about catatonia are based mainly on pharmacological and
clinical arguments and the brain imaging results seem to account for a limited part of the
argumentation, especially in Northoff’s model. Moreover, this model has been criticised because
lesions of diverse causes and localisations, including the frontal lobe, limbic system, brain stem,
cerebellum and basal ganglia have also been reported to produce catatonia (Figure 2). In fact, the brain
imaging studies analysed in this paper show that lesions of frontal regions and subcortical structures
such as the basal ganglia can both lead to a catatonic syndrome. In the case reports collected here,
some patients have only subcortical lesions, and others have only frontal lesions, with the same
apparent catatonic syndrome (see supplementary materials). Indeed, we believe that catatonia is still

not ready for a unified theory (Bearden and Monterosso, 2002)

A holistic hypothesis in which catatonic syndrome could be the result of two different

|II

pathways can be considered, i.e. that both frontal cortex dysregulation and “vertical” abnormal
modulation of cortical-subcortical loop or cortical-subcortical primitive dysfunction can lead to
catatonia. Either or both pathways can be affected. This framework allows us to give a full account of
the diversity of causes of catatonic syndrome, which is considered as a final common pathway.
Interestingly, Walther and colleagues recently suggest that the more recent brain imaging findings
indicate an alteration in the motor system in catatonia characterized by hyperactivity within the SMA
and preSMA, arguing that these structures are involved in motor control, movement selection,
initiation, timing, and inhibition. According to their findings, these researchers suggest that SMA
hyperactivity could result from different pathways (increased feedforward stimulation of the

subthalamic nucleus, activation of other cortical areas exerting inhibitory control, or from an attempt

to overcome inhibitory processes) (Walther et al., 2019).

Twenty years after Northoff’s hypothesis, we are still far from proposing a fully integrated
framework explaining catatonia and it seems difficult today to extract an integrative
pathophysiological model of catatonia from structural and functional abnormalities of such a different
nature. In fact, brain imaging studies published in the literature have serious limitations. First, most of
the studies were performed on patients who had experienced catatonic syndrome but were no longer
symptomatic. We may have some doubts about the appropriateness of these studies to hypothesise
regarding the pathophysiology of catatonia. The abnormalities found in this kind of study could be
associated with the physiopathology of catatonia, but one might also suggest that they could be

sequelae of the catatonia episode, or that they could be associated with the underlying disorder more



than a manifestation of catatonia itself; they may be trait markers of catatonia more than a state
marker. Second, most of the studies have been carried out on patients suffering from schizophrenia.
Yet, we still do not know if the pathophysiology of catatonic syndrome in schizophrenia is the same as
that in other disorders. Third, some studies had no appropriate controls, comparing catatonic
schizophrenia patients with healthy subjects (instead of non-catatonic schizophrenia patients). Fourth,
most of the studies (except one of Walther’s studies) were performed with patients with the akinetic
form of catatonia, while excited forms have been almost entirely neglected. Due to these limitations,
brain imaging studies provide very little information on the actual pathophysiology of catatonic
syndrome, and the main pathophysiological hypothesis are today the same as those that were
proposed before the brain imaging era (Baruk and de Jong, 1930). Given the growing literature of cases
of inflammatory disorders associated with catatonia and the specific association with NMDAR
encephalitis, the role of brain inflammation and glutamatergic dysfunction has been suggested as a
novel line of enquiry. (Rogers et al. 2019 Lancet Psychiatry) Recommendations for future research are

summarised in Box 2.

Finally, we consider that clinical and diagnostic issues remain to be resolved in order to
advance the understanding of the pathophysiology of catatonia. Hirjak and colleagues (including
Northoff as the last author) recently published a review of brain imaging studies in catatonia. According
to these authors, brain imaging studies using criteria based on behavioural and motor symptoms
mainly found implication of cortico-subcortical pathway for the pathophysiology of catatonia.
Meanwhile, brain imaging studies using criteria including behavioural, motor and also affective
symptoms (like the NCRS) mainly highlighted the importance of cortical regions like the orbito-frontal
cortex and long-distance communication between cortical regions. These regions are largely
modulated by GABAergic system, which is for the authors in line which the empirical observation of
the efficacy of GABAergic treatment in catatonia (Hirjak et al., 2019b). We believe that in recent
narrative reviews the hypotheses, interpretations and models of the pathophysiology of catatonia are
more driven by initial conceptual frameworks than direct conclusions from brain imaging studies. This
discrepancy between different brain imaging studies raises the debate of what catatonia really is. We
also believe that to understand and illustrate this discrepancy, it is important to raise the question of
the nature of neuroleptic malignant syndrome (NMS). In fact, for numerous authors, neuroleptic
malignant syndrome appear as a manifestation of catatonia in a potentially lethal drug-induced form
(Carroll, 2000; Fink, 2013; Fricchione et al., 2000). For Northoff, NMS differs from catatonia by lacking
the affective dimension (G. Northoff, 2002). This important conceptual perspective has a major impact
on models that we can conclude from brain imaging studies. It is also worth noting that using DSM-5

criteria, traditionally using an atheoretical approach, and without any affective symptoms for the



definition of catatonia, NMS appears as form of catatonia (American Psychiatric Association et al.,

2013).

In conclusion, catatonia is often associated with structural brain imaging abnormalities, such as diffuse
white matter abnormalities and frontal lobe or basal ganglia abnormalities. During catatonic episodes,
functional imaging shows hypometabolism in the frontal and temporal lobes, with hyperactivation of
the SMA in catatonia associated to schizophrenia. This is consistent with work showing that
psychomotor poverty in schizophrenia is associated with reduced regional cerebral blood flow in an
extensive region of the pre-frontal cortex. (Liddle et al., 1992 BJPsych) These abnormalities seem to be
alleviated after successful treatment of clinical symptoms. Group studies assessing brain imaging after
catatonic episodes show that emotional dysregulation is related to the GABAergic system, with
hypoactivation of the OFC, hyperactivation of the medial PFC, and dysconnectivity between frontal
and motor areas. Asymptomatic patients with catatonia who have had catatonic symptoms may have
hypoperfusion in the contralateral motor cortex during spontaneous movement. Finally, most of brain
imaging studies have serious limitations. Catatonia is a recently described syndrome that still fascinates
clinicians and researchers. It is a complex, severe and frequent condition. Nevertheless, the
understanding its pathophysiology remains in its infancy. Brain imaging studies published so far suffer
from serious limitations and for now the different models presented in the literature do not explain
most of the cases. There is an important need for further studies. We propose here a new integrative

model, which could guide future research endeavours.
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