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Abstract:
Periodic catatonia (PC) is a psychomotor phenotype with a progressive-remitting course.
While it can fit any disorder-diagnosis of the schizoaffective spectrum, its core features consist
in a mix of hypo- and hyperkinesia resulting in distortions of expressive movements such as
grimacing and parakinesias. The replication of a cerebral blood flow (rCBF) increase in the left
supplementary motor area (L-SMA) and lateral premotor cortex (L-LPM) in acute and remitted
PC-patients makes the case that these could be used as diagnostic biomarkers.
In this proof-of-concept study, 2 different MRI sequences were repeated on 3 separated days
to get reliable measures of rCBF in 9 PC and 26 non-PC patients during different cognitive
tasks. Each patient was compared to 37 controls. In L-SMA [-9; +10; +60] and L-LPM [-46; -12;
+43] a test was positive if the t-value > 2.02 (α < 0.05; two-tails).
The measures had good analytical performances. Regarding the tests, their sensitivities and
specificities were significantly different from chance level on both measures, except for LSMA’s sensitivities. When combining all the tests, among regions and methods, sensitivity =
98% (95% credible interval 76-100%) and specificity = 88% (72-97%). Bayesian inference of its
negative predictive values for PC were > 95% regardless of the context, while its positive ones
reached 94%, but only when used in combination with clinical criteria. The case-by-case
analysis suggests that non-PC patients with neurological motor are at risk to be false positive.
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Flow; Functional Brain Imaging.
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1. Introduction
At the turn of the century, doubt emerged about the
DSM research program initiated two decades earlier
with its third version. This triggered a surge of
creative thinking ending with the proposal of many
alternatives such as DSM-5 section 3 [1], HiTOP [2],
RDoCs [3] and SyNoPsis [4]. These embrace very
different epistemological assumptions in defining
dimensions rather than categories like disorders in
DSM-5 section II and ICD-11 [5]. Yet the latter were
designed as proxies for phenotypes, a concept that
is backed up to the one of diseases as defined by the
classical biomedical paradigm. Yet, the DSM was not
a fair implementation of the biomedical research
program. Hence, its inadaptation to basic psychosis
research cannot be interpreted as the failure of the
biomedical framework (see
supplementary
material). At the opposite, the Wernicke-KleistLeonhard (WKL) research program [6] embraces the
phenotype-disease epistemological foundations,
which - it is worth reminding it - the concept of
diagnostic biomarker is deeply anchored to. Recent
development in brain imaging lead us to test for such
diagnostic biomarker in periodic catatonia (PC), one
of the WKL-phenotypes with the highest construct
validity and for which a disease-model is already
supported by some evidence.
As out of the ICD-DSM, PC is a poorly investigated
phenotype with only 125 occurrences in PubMed (in
March 2019). Only the points relevant for the paper
are reminded in the following lines, but the
interested reader could find a more detailed account
in supplementary material. PC has a relatively high
prevalence, accounting for 10% of patients admitted
for psychotic symptoms in Europe [7–10]. It overly
has a progressive-remitting course (98.5%), with
episodes having bipolar features in 86% of the cases
on the long run [7]. Relapses lead to the progressive
build-up of a residual state consisting in mild
psychomotor anomalies, abulia and affective
blunting [11]. The construct validity of PC is high.
First, its diagnosis is reliable, even when compared
to other WKL-catatonic phenotypes called system
catatonias: inter-rater agreement κ = 0.93 [12]. It is
also life-long consistent with κ = 0.79 at 30 years
interval [13]. Second, PC also demonstrates
interesting differential validities, especially relative
to system catatonias. Its familiality is significantly
higher: 27% of PC first-degree relatives are affected
by the same phenotype without cross liability, vs.

less than 5% in system catatonias [9]. PC is also
significantly more responsive to antipsychotics
[14,15], benzodiazepines [16] and electroconvulsive
therapy [17], than system catatonias [14–17].
A plausible biomedical model for PC could be a
defective lateral inhibition in sensorimotor and
premotor cortices, i.e. supplementary motor area
(SMA), or lateral premotor (LPM). This was inspired
by PC-specific psychomotor manifestations, their
response to GABAergic intervention and the report
of a reduced binding for GABAA receptors radioligand
in the left sensorimotor cortex of schizophrenic and
affective patients having ≥3 catatonic symptoms
(both ICD disorders can be diagnosed in PC-patients)
[18]. New evidence came from the increase of
cerebral blood flow (rCBF) in the SMA and the left
LPM (L-LPM), when patients with acute DSMschizophrenia with ≥2 catatonic symptoms were
compared to those with none, whether current or
past [19]. Considering the 10% prevalence of PC
relative to the 20% prevalence of patients with ≥2
catatonic symptoms in the same population [20], it
can reasonably be assumed that PC might have
chiefly contributed to these results. This
interpretation was further supported by a study
specially focusing on the PC-phenotype, but this time
during its residual state. Again, a large left-sided
network including the sensorimotor cortex, L-LPM
and L-SMA was hyper-perfused regardless of the
comparison group, whether it was healthy controls
or non-PC patients with schizophrenia spectrum
diagnosis under the same medication regimen [21].
This suggests that left premotor hyper-perfusion,
and perhaps defective lateral inhibition, might be
trait characteristics of PC.
This proof-of-concept trial attempts to translate the
disease-model for PC, i.e. defective lateral inhibition
in motor-premotor cortices, into a diagnostic
biomarker. Beyond the trait characteristic of the LSMA and L-LPM hyper-perfusions and their possible
connection with PC pathophysiological model, this
study takes advantage of the good analytical
performances of rCBF measurements using arterial
spin labeling or ASL [22]. To further increase their
reproducibility, these were made independent of the
cognitive state and the measurement method: each
participant took part in 3 MRI sessions performed on
separate days, during which 2 kinds of MRI
sequences were acquired under various cognitive
tasks. Patients with PC (n=9) and other psychiatric
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diagnosis (n = 26) were compared to a group of 37
group-matched controls to get the departure of rCBF
from the norm in the two relevant regions expressed
in t-value. Bayesian statistics were used to assess
the discriminating performances of the biomarkers.
These were more adapted to our small samples and
can be intuitively interpreted as a degree of belief in
decision making, allowing the computation of
positive and negative predictive values. The present
estimation of the biomarkers performance
characteristics started from a “null hypothesis”, i.e.
non-informative prior, in order to be interpreted as
an independent replication from a more familiar
“frequentist” perspective. But these estimates could
be used as priors in the analysis of an ongoing followup study. Methods and results are complying at best
to PRISMA-DTA statement for reporting on
diagnostic test [23].
Building on the “defective sensorimotor lateral
inhibition hypothesis” for PC, we wanted to test 1)
whether L-SMA and L-LPM hyper-perfusions could
be reliably assessed in each single individual patient
and 2) whether they have good enough
discriminating performances to support further
investigations on their use as diagnostic biomarkers.

2. Material and methods
2.1. Participants
Patients and controls were recruited in two
Strasbourg’s expert centers for schizophrenia [24]
and resistant depressions by WKL-trained
psychiatrists in the context of two studies: iADAPT
(NCT02863380) and RETONIC (NCT03116425). Both
trials first aimed at demonstrating the superiority of
personalized repetitive transcranial magnetic
stimulation (rTMS) based on patient-specific brain
perfusion anomalies. The analysis of the latter as
potential diagnostic biomarkers was a secondary
aim. iADAPT focused on treatment of resistant
depressions and RETONIC on the treatment of
chronic catatonias. The control group from which
norms of rCBF measures could be computed was
recruited at the Strasbourg’s center for non-invasive
neuromodulation in the context of another trial, i.e.
Connect C3 (NCT02868879), matching them for age,
gender and level of education with the group of
schizophrenic patients included in this trial [21]. Nine
further controls above 50 years of age (5 females)
were added to match the patients of the iADAPT
trial. Exclusion criteria for controls were left-

handedness and significant personal or family
neurological or psychiatric history including current
drug abuse (except nicotine). Controls were clinically
screened with DSM-5 self-rated level 1 cross-cutting
symptom and excluded if above 1 on any item [1]. All
studies’ protocols comply to the declaration of
Helsinki and were approved by the local ethic
committee.
Commune inclusion criteria for patients were: being
18 - 65 years old, outpatient under stable medication
regimen for ≥6 weeks, not being under involuntary
commitment, nor having contraindication for MRI
and rTMS. For iADAPT, patients had to fulfill the
criteria for resistant depression, i.e. DSM-5 criteria
for ongoing major depressive episode unresponsive
to ≥2 well-conducted courses of antidepressant and
≥1 psychotherapy. Importantly, as high-frequency
rTMS delivered on the left dorsal-lateral prefrontal
cortex was one of the treatment arm in this study,
patients with significant psychotic manifestations
were excluded to avoid the worsening of those
symptoms [25]. Patients included in RETONIC had to
fulfill one of the WKL-catatonic phenotypes, i.e. PC
or one of the 7 system catatonia phenotypes. PC was
diagnosed according to operationalized criteria for
research (OCR-PC, suppl. material in ref [21]) while
system-catatonia phenotypes were consensually
diagnosed by two WKL trained psychiatrists
according to the reference book (see supplementary
material for more details) [26]. Each participant
signed an informed consent as well as caregivers
when appropriate. Only controls received a
compensation, taking account that patients have
benefited of a personalized treatment through their
participation.

2.2. Clinical assessments
For each participants, handedness was appraised by
the Edinburgh inventory [27] and an IQ was
estimated using the French National Adult Reading
Test or fNART [28]. For each patient, DSM-5 and WKL
diagnoses were based on clinical assessment. The
global assessment of functioning (GAF)[29] was
evaluated, antipsychotics doses were converted to
olanzapine equivalent (OLZ eq)[30], and
benzodiazepines doses to diazepam equivalent (DZP
eq)[31]. The 8 dimensions of the Clinician-Rated
Dimension of Psychosis Symptom Severity
(CRDPSS)[1] were rated for all patients who further
filled the self-report version of the Inventory of
Depressive Symptomatology (IDS-SR)[32]. For PC3
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patients only, the psychotic psychopathology was
assessed using the positive and negative syndrome
scale (PANSS)[33], catatonic symptoms were
evaluated using the Bush and Francis Catatonia
Rating Scale (BFCRS)[34] and depressive symptoms
were further assessed with the Calgary Depression
Scale for Schizophrenia (CDSS)[35].

2.3. Imaging Protocol
All studies started by an automatic volume
placement sequence in order to expand inter- and
intra-subject
repeatability
(AutoAlign Head
sequence, SIEMENS). All trials used the same
cognitive tasks and the same functional imaging
protocols. Each participant underwent 3 functional
MRI sessions using a 3T Verio scanner (Siemens
Healthcare, Erlangen, Germany) during which 2
different arterial spin labeling (ASL) sequences were
performed: ASL-9.7 and ASL-21. Both are based on a
PICORE Q2TIPS design (QUIPSS II with Thin-slice TI1
Periodic Saturation) with TR of 3000ms, TI1 = 600ms,
TI2 = 1325ms, 90 ° flip angle, 4 x 4 x 4 mm resolution.
Yet, the two sequences differed in TE: 9.7 ms (ASL9.7) and 21ms (ASL-21) and were previously showed
to have better analytical performances than BOLD
fMRI activation measures [22]. A field map was
acquired in each session and an anatomical 3D T1weighted (MP-RAGE) volume was collected during
the first one (0.7 x 0.7 x 0.7 mm resolution).

2.4. Cognitive tasks
ASL-9.7 were performed twice in resting state
condition and once in a video watching condition
(101 scans, 5 min each). ASL-21 were performed
once in resting state condition, once in video
watching condition (101 scans, 5 min) and once
during a functional localizer protocol (405 scans, 20
min). For the resting state, participants were
instructed to keep their eyes closed and to refrain
from falling asleep. Videos were about real-life fall or
car accidents without casualties. The functional
localizer protocol consisted in six different tasks:
mental calculation, reading, episodic memory,
working memory, emotional clip and inner-feelings
judgment tasks [21]. Each task was separated by
short periods of rest and required participants to
answer by pressing one of a three-button pad.

2.5. Image preprocessing and single subject
analysis
All pre-processing and analyses were performed
with Matlab12 (Mathworks, Natick, MA, USA) using
the SPM12 Toolbox [36]. ASL-contrast was computed
by subtracting tagged EPI to the non-tagged volumes
which could be converted into equivalent rCBF after
correction for the TE [37]. Functional volumes were
corrected for magnetic distortions, spatially
normalized using the deformation field obtained on
the 3D-T1 image and smoothed (6 x 6 x 6 mm). The
statistical analysis independently compared each
patient to controls for each ASL-method (ASL-9.7 and
ASL-21), for both active and rest conditions. The
reasons for combining multiple measurements
under multiple cognitive states are that we were
interested in looking at trait features, i.e. enduring
differences that are intrinsic to the phenotype and
not related to differences in momentary
idiosyncratic thinking [21]. Resting conditions are at
higher risk for mixing both intrinsic and idiosyncratic
differences while active conditions reduce the intersubject idiosyncratic variance which was not relevant
for our purpose. All the 3 rCBF images (of 1 patient
for 1 ASL method) were compared to their matched
rCBF average of the 37 controls using a 2-sample ttest with age and global rCBF as co-variant of noninterest [38]. This can be viewed as a partial fixedeffect model preserving the patient’s intra-subject
variance without taking into account the intrasubject variance of the reference group [39].

2.6. Biomarkers performance characteristics
In order to avoid antipsychotic-related rCBF changes,
the two voxels of interest (VOIs) were defined from
our previous analysis of PC vs. other treated
psychoses [21] by taking the most significant voxels
in the same clusters than reported by Walther et al.
(fig. 1c from ref. [19]). VOIs’ [x; y; z]-coordinates
according to the MNI reference frame were as
follow: L-SMA [-9; +10; +60] and L-LPM [-46; -12;
+43] (in mm). T-values were extracted from both
VOIs for each ASL-method (ASL-9.7 and ASL-21).
The analytical performances of ASL-9.7- and ASL-21derived t-values were assessed by looking at their
correlation (r) and determination (r2) coefficients for
each VOI as proxies for their accuracy. Their linearity
was challenged by testing whether polynomial
regressions up to the 6th degree could better fit the
data.
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Cut-off for testing was defined a priori by setting the
risk of false positive result at α < 0.05 (two-tails). Yet,
considering that only high t-values would be
indicative of PC, the risk of false positive result was
indeed α < 0.025 one-tail, albeit not corrected for
multiple comparisons, i.e. a test was positive if tvalue > 2.02 (df = 38). Beyond the individual testing
of each VOI (L-SMA, L-LPM) according to each
measurement method (ASL-9.7, ASL-21), two kinds
of combinations were further assessed (complex
biomarkers): positive test in both methods, i.e.
logical AND (ASL-9.7 Ʌ ASL-21), positive test in at
least one VOI, i.e. logical OR (L-SMA V L-LPM) and a
combination of both which we will refer to as the
combo test, i.e. ASL-9.7(L-SMA V L-LPM) Ʌ ASL-21(LSMA V L-LPM). Indicators of tests’ discriminant
performances were:
• Sensitivity (Se), specificity (Sp)
• Youden’s J statistic = Se + Sp – 1. J value range
from 0 (useless test) to 1 (perfect test).
• Area under the curve (AUC) driven from the
receiver operating characteristics (ROC).
The Bayesian estimations of the posterior probability
density function for Se and Sp were performed using
the R Stats Package [40] running under R-Studio [41].
Distributions of p(Se|[TP; FN]) and p(Sp|[TN; FP])
were modeled by a beta function (TP = true positive,
FN = false negative etc.). Starting with noninformative Jeffrey’s priors, i.e. beta (½; ½), Se and
Sp posterior distributions were computed using an
optimized version of Kennedy’s algorithm [42] (104
random number generations) from which their
means could be calculated together with their 95%
credible intervals and their probabilities to be above
chance level, i.e. cumulative distribution ≥ 0.5.
The agreement between both methods was
evaluated for each VOI with the kappa coefficient (κ)
between ASL-9.7 and ASL-21, but also appraised
through the similarities in the spatial distribution of
their discriminating performance (Youden’s J
statistic mapping).
The positive and negative predictive values (PPV,
NPV) were estimated using Bayes theorem from the
prevalence (Prev) of PC in various conditions and the
Se and Sp of the combo test [43,44]. In this
framework, PPV corresponds to the a posteriori
(after the test) probability of being affected by PC. It
is equal to the a priori probability of being affected
by PC, i.e. the prevalence (known before the test)

multiplied by the probability of having a positive test
when being affected, i.e. Se, divided by the
probability of having a positive test [43,44]:
𝑃𝑃𝑉 =

𝑆𝑒 ∙ 𝑃𝑟𝑒𝑣
𝑆𝑒 ∙ 𝑃𝑟𝑒𝑣 + (1 − 𝑆𝑝) ∙ (1 − 𝑃𝑟𝑒𝑣)

In the same vein, NPV corresponds to the a posteriori
probability of not being affected by PC. It is equal to
the a priori probability of not being affected by PC,
multiplied by the probability of having a negative test
when not being affected, i.e. Sp, divided by the
probability of having a negative test [43,44]:
𝑁𝑃𝑉 =

𝑆𝑝 ∙ (1 − 𝑃𝑟𝑒𝑣)
(1 − 𝑆𝑒) ∙ 𝑃𝑟𝑒𝑣 + 𝑆𝑝 ∙ (1 − 𝑃𝑟𝑒𝑣)

PC prevalence is known for patients hospitalized for
endogenous psychoses (10%)[7–10]. It can be
further enriched using published Se and Sp values of
4 clinical criteria:
• ≥ 1 other affected first degree relative: Se =
60%; Sp = 70% [12],
• ≥ 2 relapses: Se = 98%; Sp = 25% [7],
• bipolar features in the WKL sense: Se = 86%; Sp
= 51% [7],
• ≥ 2 catatonic symptoms during ≥ 1 episode: Se =
60%; Sp = 60% [20,45].
We combined them to recompute the prevalence of
the tested sample [44]. Last, we independently
considered the Se and Sp values of the
operationalized criteria for research on PC (OCR-PC)
as it already includes the above-mentioned clinical
criteria: Se = 95%; Sp = 80% [21].

3. Results
3.1. Participants’ characteristics
None of the patients had been included in a previous
report (Tab. 1). The PC group consisted in 9 patients
(8 from the RETONIC trial on chronic catatonia and 1
from the iADAPT study on resistant depression). The
non-PC group gathered 26 patients (23 patients from
iADAPT and 3 from RETONIC). As detailed in table 1,
depressed patients were of various kinds according
to the DSM or to WKL. The 3 non-PC patients having
a WKL-diagnosis of system catatonia were diagnosed
with DSM-5 schizophrenia and WKL pseudocompulsive (or manneristic) catatonia (pCC), a more
severe catatonic phenotype (see Tab. 1 and
supplementary material). Regarding the depressive
group, 6 patients had significant MRI anomalies
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which were incidentally discovered in all but one
(Tab. 2a). In 4 of them, the anomaly presumably
accounted for treatment resistance. Last, 2
depressed patients had an abnormal neurological
examination, essentially consisting in mild motor
deficits related to their neurological history which
was not an exclusion criterion for patients (unrelated
to their depression, Tab. 2b). Regarding groupcharacteristics, PC patients were significantly
younger, more likely to be left-handed and under
antipsychotic treatment than non-PC patients (left
handedness was not an exclusion criterion for
patients). On the CRDPSS, the two groups
significantly differed for the delusion, psychomotor
and negative symptoms dimensions (all p < 0.03, see
supplementary material).

Groups

Study

TTT

Clinical

Characteristics

Number

PC
RETONIC
(n = 8)
iADAPT
(n = 1)
9

Patients
Non-PC
Dep
pCC

Controls

iADAPT

Connect

RETONIC

CTR

Significance
PC vs. nonPC

23

3

37

40 ±13

52 ±12

35 ±9

43 ±11

0.03

3/6

14 / 9

1/2

19 / 18

ns

IQ (fNART)

102 ±8

106 ±8

100 ±15

106 ±7

ns

Education (Y)

15 ±2

16 ±2

15 ±1

14 ±3

ns

2 ±92 %

84 ±39 %

97 ±6 %

89 ±20 %

0.03

0/9

6 / 17

0/3

0 / 37

ns

0/1/1/
7

14 / 8 / 1 /
0

0/0/0
/3

0.0003

Catatonia DSM-5 (Y/N)
BFCRS ≥2 cutoff (Y/N)

0/9
8/1

0 / 23
0 / 23

1/2
2/1

ns
3·10-6

Phenotype-diag. (WKL)
2nd / Neu / PMD / Mis

-

4/4/7/
8

-

Functioning (GAF)

42 ±13

50 ±11

35 ±17

ns

Age at onset

22 ±7

31 ±15

17 ±2

[0.06]

Duration (years)

Age (years)
Gender (F/M)

Edinburgh (manuality)
Sign. brain anomaly
(Y/N)
Disorder-diagnosis
(DSM-5)
UD / BD / SZ-aff / SZ

17 ±12

21 ±14

18 ±7

ns

Nb episodes

3 ±3

2 ±3

0 ±1

ns

1rst deg relative (Y/N)

5/4

14 / 9

0/3

ns

IDS-SR30
Calgary depression
scale
PANSS total

28 ±20

44 ±10

20 ±10

ns

PANSS positive

8 ±8

3 ±1

67 ±9

62 ±9

11 ±4

10 ±5

PANSS negative

19 ±2

16 ±4

BFCRS (catatonia)

3 ±2

Antipsychotics (Y/N)

8/1

10 / 13

3/0

0.04

All OLZ equivalent (mg)

17 ±14

5 ±8

10 ±5

[0.06]

If OLZ equivalent (mg)

8 ±9

19 ±14

12 ±9

10 ±5

ns

BdZ (Y/N)

7/2

14 / 9

3/0

ns

All DZP equivalent (mg)

10 ±7

9 ±11

59 ±1

ns

If DZP equivalent (mg)

13 ±5

15 ±11

59 ±1

[0.09]

Antidepressant (Y/N)
Mood stabilizer
(AE/Li/AP)

5/4

13 / 10

3/0

ns

3/3/3

8 / 5 / 11

2/0/0

ns

3.2. Analytical performances
Uncorrected rCBF values (ASL-9.7 and -21 average)
were significantly higher in PC than non-PC and
controls in L-SMA: 41 ±7 ml/min/100g (vs. 34 ±9; 32
±9) and L-LPM: 68 ±8 ml/min/100g (vs. 53 ±12; 51
±13) (all tests p < 0.04, see supplementary material).
ASL-9.7 and ASL-21 rCBF measures converted in tvalues corrected for age and global perfusion effects
were well correlated to each other in both VOIs: r =
0.84 and r = 0.9 for the L-SMA and the L-LPM
respectively (p < 10-10), resulting in a determination
coefficient (proportion of shared variance) of r2 =
0.71 and r2 = 0.8. In both VOIs, plots were not
indicative for a deviation from a linear model:
tASL-21 = β · tASL-9.7 + µ
(tASL-21 for ASL-21 t-value, idem for tASL-9.7 – see figure
1)
Constant ‘µ’ non-significantly differed from 0 and the
data were not better fitted by polynomial regression
up to the 6th degree. Whereas ASL-9.7 and ASL-21
had slope parameter β = 0.97 in L-LPM (n.s. different
from 1), this was not the case in L-SMA which β =
0.57 significantly differed from 1 (post-hoc test, puc =
1.1·10-7).

Tab. 1. Participants characteristics. Significant differences
are given only for the PC / non-PC comparison: nonsignificant (α > 0.1, n.s.), trends are given in brackets (0.1 ≥
α > 0.05), the p-values are given when α ≤ 0.05 (t-test for
quantitative variable, χ²-test for qualitative variables).
Patients with brain anomalies are described in table 2a, of
which only one had an abnormal neurological examination
(Tab. 2b). DSM-5 disorder-diagnoses: unipolar depression
(UD), bipolar disorder (BD), schizophrenia and
schizoaffective disorders (SZ-aff). WKL phenotypediagnoses: secondary depression (2nd), neurotic depression,
manic-depressive illness (PMD), pseudo-compulsive
catatonia (previously named manneristic catatonia - pCC)
and miscellaneous monopolar depressions (Mis). Regarding
treatments, the proportion of treated and untreated
patients is given for antipsychotics, benzodiazepines, and
antidepressants. Olanzapine equivalent doses (OLZ eq) and
diazepam equivalent doses (DZP eq) are given for the whole
groups and for the subgroups of patients under the
medication. For mood stabilizers the number of patients
under antiepileptic (AE), lithium (Li), and antipsychotic (AP –
for mood-stabilizing purpose) are given.
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2a

Subject

Finding

RD05

Incidental

Idiopathic hypertrophic pachymeningitis. Probable secondary resistant depression.

RD08

Incidental

RD09

Incidental

RD10

Incidental

RD18

Incidental

RD23

Expected

Dysembryoplastic neuroepithelial tumor (DNET) of the left dorso-lateral prefrontal cortex.
Probable secondary resistant depression.
FLAIR hyperintensity in the brainstem with lactate peak with MR-spectroscopy in a patient
with previous history bipolar disorder. Unknown relation.
Large right orbitofrontal hypoperfusion secondary to an emergency surgery of an anterior
cerebral artery aneurysm rupture in a patient with history of bipolar disorder. Resistance
probably accounted for by the surgery.
Large arachnoid cyst of the right temporal pole with orbitofrontal hypoperfusion in a
patient with history of bipolar disorder. Unknown relation.
Secondary progressive multiple sclerosis with multiple demyelinations. Probable secondary
resistant depression.
Abnormal neurologic examination
Mild motor deficit of the left leg secondary to infantile poliomyelitis
Fully ambulatory without aid, moderate disability (EDSS = 3.5)

2b
RD13
RD23

Brain anomaly

Tab. 2. Individuals with MRI and neurological anomalies. a) Patients with significant MRI anomalies. For four
patients, these were considered as responsible for the resistance of their depression. Except for the patient with
multiple sclerosis, none of these findings were anticipated. b) Patients with abnormal neurological examination. This
includes the patient with multiple sclerosis, but also one other patient with normal MRI.

Fig. 1. Analytical performances of the measurements. The patients’ p-value for ASL-9.7 are plotted against their ones
for ASL-21: L-SMA (on the left) and L-LPM (on the right). The shaded parts of the graphs indicate where both measures
are tested positive while the dotted part indicates where both measures are tested negative. Patients within the white
areas have incoherent test-results. PC-patients are marked by black diamonds (), added with a white star when the
subject was left-handed (LH). Non-PC patients are marked by circles either filled in gray for resistant depression (RD ) or non-filled for patients with pseudo-compulsive catatonia, previously named manneristic catatonia (pCC - ).
Special cases discussed in the result section are indicated by an arrow. Values for correlation (r), determination (r²) and
kappa (κ) coefficients of each VOI are given in the boxes for each measurement method.

3.3. Discriminant performances
Se and Sp were significantly different from chance
level for all the tests except for Se in the L-SMA
regardless of the method (Tab. 3, Fig. 2). The combo

test was positive for all PC-patients (TP = 9/9, FN =
0/9) while it was only the case for 3 non-PC (FP =
3/26, TN = 23/26), hence Se = 98% and Sp = 88%.
Considering the good analytical performances of the
7
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ASL-9.7
L-SMA
L-LPM
L-SMA V L-LPM

Se
66 %
98 %
98 %

CI
35 - 90 %
76 - 100 %
76 - 100 %

p(Se > 0.5) Sp
0.84
88 %
1
84 %
1
77 %

L-SMA
L-LPM
L-SMA V L-LPM

55 %
87 %
87 %

25 - 83 %
58 - 98 %
59 - 99 %

0.63
0.99
0.99

L-SMA
L-LPM
L-SMA V L-LPM

55 %
98 %
98 %

25 - 83 %
76 - 100 %
76 - 100 %

0.63
1
1

CI
72 - 100 %
67 - 95 %
59 - 90 %
ASL-21
92 %
77 - 98 %
77 %
59 - 90 %
80 %
63 - 92 %
ASL-9.7 Ʌ ASL-21
96 %
83 - 100 %
84 %
67 - 95 %
88 %
72 - 97 %

p(Sp > 0.5)
1
1
1

Youden's J
0.54
0.82
0.75

AUC
0.76
0.91
0.91

1
1
1

0.47
0.64
0.67

0.86
0.92
0.91

1
1
1

0.51
0.82
0.86

0.86
0.92
0.91

Tab. 3. Discriminant characteristics of the biomarkers given for L-SMA, L-LPM and [L-SMA V L-LPM] (V = logical OR).
These are coming from ASL-9.7 and ASL-21 measures, either in isolation or in combination, i.e. significant in both ( Ʌ =
logical AND). The performances of the combo test correspond to the last line. Specificity (Se) and sensitivity (Sp) are
given in % with their 95% credible interval (CI) and their probability to differ from chance level, i.e. p(Se/Sp > 0.5). The
latter can be interpreted as the reverse of the probability of H 0, i.e. probability p ≥ 0.95 means that the probability to
get the result by chance would have had a p-value ≤ 0.05 using a non-parametric frequentist approach. The combined
measures of discriminant performances are the Youden's J statistic and the area under the curve (AUC) derived from
the receiver operating characteristic (Fig. 2).

Fig.
2.
Receiver
operating
characteristics (ROC curves). False
positives (1 - specificity) are plotted
against true positives (sensitivity) for
each measurement: ASL-9.7 (on the
left) and ASL-21 (on the right). The
ROCs for the L-SMA are the dotted
lines, the ones of the L-LPM are the
dashed lines and the surface is for the
OR combination of the two VOIs (LSMA V L-LPM). The latter are similar
for the two measurement methods.

measurements, some remarkable cases were worth
to mentioned (Fig. 1):
• Astonished by the proportion of left handers in
the PC group, we marked their data points with
a white star, but these did not show up as
having a distinctive distribution. We further
computed the correlation between VOIs pvalues with handedness scores according to the
Edinburg inventory after having regressed the
group effect: none were significant (r 
[-0.09, 0.14]).
• None of the 3 non-PC positive cases at the
combo test belonged to the pCC group (the

system catatonia phenotype). Even when
looking at individual tests, none were positive
except pCC01 in L-LPM for ASL-9.7. The patient
was far from threshold in all the other tests.
• Within the group of false positive, RD23 and
RD13 were the two patients having moderate
neurological motor impairments unrelated to
their depression but related to CNS lesions (Tab.
2b). Considering that in neurological cases,
premotor hyper-perfusions may have been
adaptive reactions to the motor impairment, we
recomputed the test performances without the
5 non-PC patients with significant neurological
8
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anomalies (combo: Se = 98%, Sp = 95%, see
table 1 in supplementary material). Considering
that this might have also affected our pCC
patients, test performances we recomputed
without them and without the 5 depressed
patients with significant MRI or neurological
anomalies (combo: Se = 98%, Sp = 98%, see
table 3 in supplementary material).
• PC01 was the patient with a phenotypediagnosis of PC included in the resistant
depression trial having a disorder-diagnosis of
bipolar disorder type 1. He was also neuroleptic
free. Despite that, he was positive at the combo
test (positive for all individual tests except LLPM; ASL-21 for which the t-value = 1.91 would
have only been significant at α = 0.05 one-tail).
• One PC-patient, PC02, was far from the
regression line due to an outlier value in one
test (L-SMA; ASL-9.7). By looking back at the
data, the patient did move during two ASL-9.7
measurements which could also account for his
marginal significance in the other VOI (L-LPM;
ASL-9.7).

3.4. Agreement between testing methods
ASL-9.7 and ASL-21 had a very good level of
agreement with κ = 0.89 in the L-SMA and κ = 0.86 in
the L-LPM. Moreover, the two measures were also
concordant in the regions with high discriminating
performances (Youden’s J map, Fig. 3): L-SMA and LLPM, L-operculum and the striatum from both sides.

3.5. Inferences for PPV and NPV
It is clear from table 4 that negative test could be
confidently interpreted as indicative of diagnostic
exclusion whatever the prevalence of PC in the
sample (all NPVs ≥ 95%). On the other hand, PPVs
remained insufficient in most cases (< 80%) except
when the test was used in patients fulfilling at least
3 clinical criteria, PPV = 81% or 86% depending on
the criteria. The use of the combo test on a sample
preselected with the operationalized criteria (OCRPC)[21] increased the PPV to 94%, which is close to
clinical usability. Yet, the test appeared even more
promising when using the Se-Sp values computed
after the exclusion of the 5 neurologically impaired
patients: PPV = 98% (see supplementary material).

Fig. 3. Youden’s J statistic maps. The threshold was set to J ≥ 0.4 and k ≥ 150 vx (1.2 cm3). Horizontal slices are presented
in neurological orientation (left is left) for the MNI-z coordinates given in the upper line (in mm). Results using ASL-9.7
method are shown in the upper row and the ones using ASL-21 method in the lower row. This combined performance
index shows that the same regions have the highest discriminant power: the two used as biomarkers (L-SMA and L-LPM),
but also the left operculum and both striatum.
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For Se = 98% and Sp = 88%
+ Conditions
Psychotic inpatient

a priori
PC prev.
10%

a posteriori
PPV
NPV
48%
100%

No affected 1st deg. relative
 ≤ 1 relapse
 ≥ 2 relapses
 Bipolar
 ≥ 2 catatonic Σ

6%
1%
8%
13%
18%

34%
8%
42%
55%
64%

100%
100%
100%
100%
100%

 Affected 1st deg. relative
 ≤ 1 relapse
 ≥ 2 relapses
 Bipolar
 ≥ 2 catatonic Σ
 OCR - PC

18%
2%
23%
34%
43%
64%

64%
14%
71%
81%
86%
94%

100%
100%
99%
99%
98%
96%

Tab. 4. Inference of predictive values. Positive and negative
predictive values (PPV and NPV respectively) depend on the
prevalence of PC in the tested population (PC prev.). Starting
from PC prevalence in a sample of patients hospitalized for
psychosis (10%), the combo test (last line Tab. 3) would only
have a PPV of 48% while the NPV would be of 100%. The
existence of an affected 1st degree relative would increase the
prevalence to 18%, hence allowing PPV to raise up to 64%. Yet,
this must be combined ( ) with a relapsing course (at least 2
episodes) and with bipolar or catatonic features in order to
enrich the sample in PC to 34 and 43% resulting in the PPV to
raise up to 81 and 86% respectively. Only the use of
operationalized criteria for research on PC (OCR-PC, see ref.
[21]) allows the sample to be sufficiently enriched (estimated
prevalence of 64%) to get a PPV = 94% and NPV = 96% for the
combo-test.

3.6. Post-hoc tests
In order to assess the influence of antipsychotic
intake in the results, two post-hoc tests were
performed: a correlation of t-values with OLZeq and
a t-test between patients taking and those nottaking antipsychotics. After having regressed the
group effect (PC / non-PC), both tests were
significant in L-SMA (r = -0.46; t =
-0.45; both p < 0.01), but not in the L-LPM (r =
-0.15; t = -0.47; both n.s.): taking antipsychotic
decreased t-values and the higher the doses, the
lower the t-values.

4. Discussion
This proof-of-concept translational study supports LSMA and L-LPM hyper-perfusions as potential
biomarkers for PC. In line with our previous report
[22], both ASL methods provided measurements of
good analytical characteristics. These resulted in a
diagnostic test of very good reproducibility and good
discriminant performances. Yet, even the combo test

did not have enough discriminating power to be used
on an unselected psychotic population: while its NPV
would be sufficient to reject the diagnosis (≥ 95%),
its PPV remains too low except when used in
combination with OCR-PC (96%).

4.1. Confounding factors: age, handedness
and treatment
The significant difference in age between PC and
non-PC is related to the younger age of onset of PC
compared to most non-PC phenotypes, i.e. 22 ±7 vs.
29 ±15, and the shorter duration of the illness in PC
compared to non-PC, i.e. 17 ±12 vs. 21 ±13. It is
however unlikely that this might have significantly
contributed to the results since the effect of age was
regressed out in the computation of each subject’s tvalues.
More problematic might be the significant difference
in handedness between PC and non-PC patients that
came out as a surprise. We are not aware of a
previous report about hand dominance in catatonia
and this couldn’t have been observed in previous
brain imaging studies in which left-handedness was
an exclusion criterion in both [19,21].
Could left-handedness accounts for the leftlateralization of premotor hyper-perfusions in PC?
Three lines of argument run counter to this
hypothesis. First, there were no relation between
handedness and VOIs p-values. Second, the
literature would have predicted the opposite since
left-handers have lesser left and greater right
premotor activation during motor tasks [46]. Last,
the previous studies showed the same leftlateralization even though the patients were
exclusively right-handed [19,21].
The other way around, could left-handedness be an
adaptive reaction to the primary pathogenic
process? If true, this would set the beginning of the
pathogenic process long before the first psychotic
outburst.
This
would
challenge
the
“neurodegenerative” hypothesis suggested by the
typical progressive-remitting course of PC which
should be at least enriched by a neurodevelopmental
perspective. In any case, handedness merits to be
further investigate in PC.
Last the groups also significantly differed in the
proportion of patients under antipsychotics. Yet the
treatment was unlikely to have contributed to this
effect since it was correlated with lower t-values in
10
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L-SMA. This result should be taken with caution as it
was a post-hoc test and as significance only came out
after having regressed out the group effect. Yet, if
confirmed it raises the possibility that antipsychotics
could correct PC-related L-SMA hyperactivity. This
would be in line with evidence showing that they
partially correct for the defective inhibition in the
motor-cortex [47]. Considering the larger corrective
effect of clozapine [48], this might further explain
why this treatment is credited to be especially more
effective in PC [49].

4.2. Challenging the disease-model of PC
These preliminary results are mainly replicating
previous studies showing that a spatially overlapping
pattern of left-sided premotor hyper-perfusion can
discriminate PC from non-PC patients [19,21]. The
only difference with previous studies is the high
discriminant performance of the L-striatum hyperperfusion according to the Youden’J statistical map.
This was unexpected since most of the evidence
ascribe this change to antipsychotic treatments:
striatal rCBF is increased under medication [50] and
this increase might even be predictive of the
therapeutic response [51]. Moreover, this effect is
congruent with the increases in glucose
consumption [52] and gray mater volume [53] of the
striatum after antipsychotic intake. Hence there was
no significant striatal difference in rCBF when
comparing PC to another medicated group having
similar response to antipsychotic in the previous
trials [19,21], whereas it was observed in the
medicated group when compared to controls [21]. Lstriatum hyper-perfusion deserves to be further
examined in non-PC psychotic and affective groups
to understand its good discriminant performance in
this trial.
The single subject approach of this study allowed
two interesting observations. First, the biomarker
appeared to be specific for PC as a categorical
phenotype regardless of the main clinical
presentation or the treatment, in contradistinction
with the predictions of dimensional paradigms, i.e.
DSM-5 section III [1], SyNoPsis [4], RDoCs [3] or
HiTOP [2]. On the one side, L-SMA and L-LPM hyperperfusions were unrelated to catatonic symptoms
per se since none of the pCC patients presented
these hyper-perfusions despite their high scores at
the BFCRS. These observations would fit the PC-trait
marker better than the catatonic symptoms state
marker hypothesis. On the other side, these rCBF

increases remained even in the PC patient diagnosed
with depressive episode of a bipolar disorder type 1,
who never presented psychotic symptoms and was
free of antipsychotic medication (PC01). Our point is
not to argue for WKL categories against dimensional
paradigms. In fact, the latter remain more supported
by current evidence [54,55]. Yet, this illustrates how
categorical and dimensional research programs are
making sufficiently different predictions to be
confronted on functional brain measures. We
already called for the implementation of such crucial
experimental series [56]. This is the primary aim of
our follow-up study for which we are looking for
collaborations especially in an adversarial
perspective [57].
The second observation elicited by the possibility to
draw inference from single-cases was the significant
premotor hyper-perfusions in the two depressed
patients with neurological motor impairment: RD23
and RD13, both positive at the combo test. This is
suggestive of the same sensorimotor-premotor
compensatory hyperactivities than reported after
subcortical strokes [58]. Such interpretation makes
the case for neurological motor impairment to be an
unanticipated situation of diagnostic uncertainty
which should conservatively lead us to exclude this
confounding factor in forthcoming validation studies
to improve the interpretability of the biomarker [59].
Besides, this observation also questions the current
understanding of these measures as a pathogenic
biomarker, suggesting that they could result from an
adaptive reaction to the psychomotor disturbances
and hence be of non-pathogenic nature (see
supplementary material). Such distinction is critical
from a therapeutic perspective since only the
correction of a pathogenic process has any chance to
be effective whereas impairing a compensatory
process might even be detrimental. Preliminary
evidence of improvements after the inhibition of LSMA and L-LPM by rTMS were suggestive of the
pathogenetic nature of these hyper-perfusions,
though the number of subject remained small [60].

4.3. Pitfalls and strategies for future
improvements
While encouraging, this study only provides a proof
of feasibility since its design, implementation and
population samples are far to comply with current
standards [23]. The most critical drawback is the
composition of the non-PC group which significantly
differs from diagnostically challenging patients in
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Diagnostic biomarkers for periodic catatonia - Foucher et al.
clinical practice, i.e. those suffering from another
phenotype of endogenous psychoses. Indeed, these
only accounted for 11 of the 26 non-PC patients
(42%): 3 pCC, 1 confusion psychosis and 7 manicdepressive illnesses (according to WKL-phenotypes
classification).

performances do not abate, they still are insufficient
for the test to be used on a non-preselected
population, i.e. a group in which PC prevalence is
already high (> 50%). Hence, the biomarker will not
exempt investigators from using demanding
operationalized clinical criteria (OCR-PC)[21].

Putting aside the problem of scanning time, some
methodological flaws merit to be addressed. First,
the case of patient PC02 raised the issue of quality
control. Basic indicators should be automatically
computed and considered when interpreting the
results, e.g. signal-noise ratio, head movements or
variance of EPI time series. For the test deployability
[59], minimal quality values should be defined
together with appropriate artifact correction
methods to reduce the risk of missing data or scan
repetition [61,62]. Second, the standard spatial
normalization procedure is known to be suboptimal
and could lead to detrimental consequences if the
patient’s brain is misaligned relative to controls [63].
Future works should take advantage of more
accurate brain registration methods [64], perhaps
even considering realignments based on functional
connectivity [65]. Last, new individual vs. group
statistics remain to be evaluated for our purpose
since they were recently shown to outperform the
univariate approach used in the present analysis
[66]. These are taking advantage of the multivariate
nature of brain imaging by involving the surrounding
voxels in the comparison. While departing from our
model-based approach, supervised linear or nonlinear classifiers could take this advantage even
further [67]. Yet, the switch to unsupervised
approaches [68] would be in clear-cut opposition
with our hypothesis-driven strategy: automatic
classifiers are designed to identify new biotypes
while we intend to validate biomarkers of known
phenotypes [56].

4.5. Conclusion

4.4 Limitations
These results are just a proof of concept of poor
generalizability. Beyond the low number of PCpatients, we already mentioned that the non-PC
group was not much diagnostically challenging,
since none except the 3 pCC patients had psychotic
and psychomotor symptoms. It belongs to the
follow-up study to test it against more difficult
differential diagnoses, e.g. PC vs. other WKL
psychotic phenotypes belonging to the same schizoaffective spectrum. Moreover, Bayesian inferences
of PPVs and NPVs show that even if the discriminant

In view of these encouraging results, a follow-up
study was initiated to recruit a larger and more
challenging samples and to reduce the MRI scanning
time. Despite some methodological differences, the
Bayesian framework will allow the use of current Se
and Sp estimates as priors in forthcoming analyses.
This might well accelerate the buildup of significant
results even from small samples, and thus speed-up
decision making in the research process. However,
even if the diagnostic accuracy of the current
biomarker is confirmed and generalized across other
laboratories, it is not intended to be used in clinical
practice. It primary aims at providing a simple and
reliable process for making a PC-diagnosis, a
mandatory step for the phenotype to be studied and
challenged by researchers unfamiliar with the WKL
framework

5. Appendix
See supplementary material.
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