ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

Automatic detection of cataplexy

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:

Bartolini, 1., Pizza, F., Di Luzio, A., Neccia, G., Antelmi, E., Vandi, S., et al. (2018). Automatic detection of
cataplexy. SLEEP MEDICINE, 52, 7-13 [10.1016/j.sleep.2018.07.018].

Availability:
This version is available at: https://hdl.handle.net/11585/653402 since: 2018-12-27
Published:

DOI: http://doi.org/10.1016/j.sleep.2018.07.018

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)

17 July 2024


http://doi.org/10.1016/j.sleep.2018.07.018
https://hdl.handle.net/11585/653402

This is the final peer-reviewed accepted manuscript of:

Bartolini, I., et al. "Automatic Detection of Cataplexy." Sleep Medicine, vol. 52,2018,
pp. 7-13.

The final published version is available online at:
http://dx.doi.org/10.1016/j.sleep.2018.07.018

Rights / License:

The terms and conditions for the reuse of this version of the manuscript are specified in the
publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https.//cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/
http://dx.doi.org/10.1016%2Fj.sleep.2018.07.018

Elsevier Editorial System(tm) for Sleep
Medicine
Manuscript Draft

Manuscript Number: SLEEP-D-18-00229
Title: Automatic Detection of Cataplexy
Article Type: Original Article

Keywords: Narcolepsy, Type 1 narcolepsy, cataplexy, automatic
recognition,

Corresponding Author: Dr. Giuseppe Plazzi,
Corresponding Author's Institution: Universita di Bologna
First Author: Ilaria Bartolini

Order of Authors: Ilaria Bartolini; Fabio Pizza; Andrea Di Luzio; Elena
Antelmi; Stefano Vandi; Giuseppe Plazzi

Abstract: Objectives: Although being the most specific symptom of
narcolepsy type 1 (NT1l), cataplexy is currently investigated by clinical
interview only, with potential diagnostic pitfalls. Our study aimed at
testing the feasibility of an automatic video detection of cataplexy in
NT1 patients versus controls undergoing a standardized test with
emotional stimulation.

Methods: Fifteen drug naive NT1 patients and 15 age- and sex- balanced
controls underwent a standardized video recording procedure including
successful emotional stimulation. Video recordings were visually
inspected by sleep experts to detect three typical cataplexy facial motor
patterns (ptosis, mouth opening and head drop), and then analyzed by
SHIATSU (Semantic-based HIearchical Automatic Tagging of videos by
Segmentation using cUts). Expert-based and automatic attack detection was
compared in NT1 patients and controls.

Results: All NT1 patients and no controls displayed cataplexy during
emotional stimulation. Automatic detection well correlated with experts'
assessment in NT1, showing higher sensitivity. In controls, automatic
detection falsely identified cataplexy in two out of 15 (13.3%) subjects
who showed active eyes closure during intense laughter as confounder with
ptosis.

Conclusions: Automatic cataplexy detection by applying SHIATSU to a
standardized test for video documentation of cataplexy is feasible and
reliable. Further studies are warranted to enlarge the range of
elementary motor patterns detected, analyze their temporal/spatial
relations and quantify cataplexy for diagnostic and severity assessment
purposes.
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Abstract

Objectives: Although being the most specific symptom of narcolepsy type 1 (NT1), cataplexy is
currently investigated by clinical interview only, with potential diagnostic pitfalls. Our study aimed
at testing the feasibility of an automatic video detection of cataplexy in NT1 patients versus controls
undergoing a standardized test with emotional stimulation.

Methods: Fifteen drug naive NT1 patients and 15 age- and sex- balanced controls underwent a
standardized video recording procedure including successful emotional stimulation. Video
recordings were visually inspected by sleep experts to detect three typical cataplexy facial motor
patterns (ptosis, mouth opening and head drop), and then analyzed by SHIATSU (Semantic-based
Hlearchical Automatic Tagging of videos by Segmentation using cUts). Expert-based and automatic
attack detection was compared in NT1 patients and controls.

Results: All NT1 patients and no controls displayed cataplexy during emotional stimulation.
Automatic detection well correlated with experts' assessment in NT1, showing higher sensitivity. In
controls, automatic detection falsely identified cataplexy in two out of 15 (13.3%) subjects who
showed active eyes closure during intense laughter as confounder with ptosis.

Conclusions: Automatic cataplexy detection by applying SHIATSU to a standardized test for video
documentation of cataplexy is feasible and reliable. Further studies are warranted to enlarge the
range of elementary motor patterns detected, analyze their temporal/spatial relations and quantify
cataplexy for diagnostic and severity assessment purposes.

Keywords: cataplexy, narcolepsy, video recording, automatic video analysis, laughter

Highlights:

- Cataplexy clinical assessment is a diagnostic challenge

- A standardized test can be optimized for video recording and automatic detection of cataplexy
- An objective cataplexy test can improve diagnosis

- An objective cataplexy detector is needed to better phenotype motor patterns and warning signs



Introduction

Narcolepsy type 1 (NT1) is a rare, chronic and lifelong central disorder of hypersomnolence, arising
in infancy or early adulthood. [1] NT1 is linked to the selective loss of hypothalamic hypocretin
producing neurons of possible autoimmune origin, [2] and is clinically characterized by a pentad of
symptoms, namely excessive daytime sleepiness (EDS) with sleep attacks typically showing rapid
transition into REM sleep (sleep onset REM periods, SOREMPs), cataplexy (sudden loss of muscle
tone during wakefulness triggered by emotions), sleep related paralysis and hallucinations, as well
as disrupted nocturnal sleep. [1] The diagnosis requires the presence of clinical complaints (EDS
and cataplexy) confirmed by the evidence of a pathological sleep propensity with multiple
SOREMPs at the Multiple Sleep Latency Test (MSLT), or alternatively cerebrospinal hypocretin-1
deficiency in patients complaining EDS. [1] Cataplexy is the pathognomonic symptom of NT1 and
it is currently assessed by clinical interview. [1,3]

Few studies attempted at characterizing cataplexy from a neurophysiological standpoint, and
showed the non specific occurrence of phasic or prolonged EMG atonia during the attacks in the
context of a complex picture with coexisting fragments of wakefulness and REM sleep. [4-7] In
some NT1 children, moreover, it has been suggested that cataplexy may be associated with an EEG
paroxysmal theta hypersynchronous activity (~4 Hz), [8] as well as with hemodynamic changes
detected at functional MRI in the frontal operculum-anterior insular and ventro-medial prefrontal
cortices. [9] Despite these investigations contributed to the understanding of the phenomenon, a
clear-cut biomarker of cataplexy is still missing, and the differential diagnosis of episodic muscle
weakness during wakefulness stems on other objective evidences supporting NT1 against other
disorders at different ages. [3] Recent data, however, well indicated that cataplexy can present with
different phenotypes depending on age and disease duration, [10-14] further challenging the
recognition of this singular phenomenon. The lack of an objective descriptor of cataplexy
challenges its proper recognition and often leads to misdiagnosis: for example, on the one hand the
sensation of "being weak with laughter" can be genuinely reported by healthy subjects, [15-16] and
on the other hand the occurrence of episodes of muscle weakness during wakefulness with various
emotions can be a functional symptom in patients with a conversion disorder (and normal sleep
features) as well as in NT1 subjects. [17-19]. Bearing in mind these potential pitfalls in diagnosing
cataplexy only by means of clinical interview, we recently developed and validated a systematic
approach to document cataplexy by means of video recording of patients under subject-oriented
emotional stimulation in the diagnostic work-up of suspected hypersomnia of central origin, that
proved useful and feasible to document clinically suspected cataplexy. [20] By analyzing and
contrasting the video documented attacks of patients with NT1 and with conversion disorder, we

disclosed a set of useful clues evident at video recordings that allowed to distinguish cataplexy from



pseudocataplexy in blind to other clinical and objective information. [19] In particular, we
confirmed that a complex array of motor phenomena occurring in the facial district (i.e. ptosis,
mouth opening, tongue protrusion - the "cataplectic facies") during laughter behavior and abruptly
interrupting smile and facial expression showed to be tell-tales to correctly identify cataplexy.
[10,19] Translating the above visual detection approach in clinical practice, however, would suffer
from significant inter-observer reliability pitfalls. [19] Therefore, the development of an automatic
approach to video-recorded attacks of suspected cataplexy is the avenue to establish new possible
tools to identify NT1 for diagnostic and severity issue purposes.

The applications of automatic video recognition in the medical field has shown promising results
ranging from systems for monitoring and detecting the level of pain in the patient during medical
treatment, [21] to software systems capable of analyzing video endoscopies for the detection of
gastrointestinal polyps, [22] up to a software architecture capable of recognizing the phases of the
surgical workflow, [23] and to tools able to give quantitative support in the clinical assessment of
different neurological diseases with movement impairment. [24]

After obtaining promising preliminary results by a proof of concept study on the potential
application of SHIATSU (Semantic-based Hlearchical Automatic Tagging of videos by
Segmentation using cUts), [25,26] to detect cataplexy in 5 NT1 patients, [27] here we present the
first systematic attempt for an automatic video-analysis of the characteristic facial motor
phenomena of cataplexy. Automatic video analysis is performed exploiting and extending the
features offered by SHIATSU, a pre-existing general and extensible software framework for video
retrieval which is based on the semi-automatic hierarchical semantic annotation of videos exploiting
the analysis of their visual content. [25,26,28] SHIATSU has been conceived and developed by the
“Multimedia Database Group” (http://www-db.disi.unibo.it/Shiatsu/) atthe

Department of Computer Science and Engineering (DISI) of the University of Bologna.

Methods

Population

The population of subjects included in the study is a clinical population of patients referred to the
Outpatient Clinic for Narcolepsy of the University of Bologna for suspected hypersomnia of central
origin, who underwent a systematic clinical, neurophysiological and biological assessment
including 48 hour continuous polysomnography, test for cataplexy, MSLT, blood drawn for HLA-
DQB1*0602 determination and, whenever possible, lumbar puncture for cerebrospinal hypocretin-1
assay. [20,29] The study was approved by local ethical committee, and all subjects signed a written
informed consent including the use of video recordings for research purposes on the differential

diagnosis of central disorders of hypersomnolence. Among 84 consecutive patients hospitalized



between June and December 2017, we selected 15 drug-naive patients with a final diagnosis of NT1
who also showed a minimum of five episodes of cataplexy at our standardized test, and who
subjectively confirmed cataplexy occurrence during the test. [20] As clinical controls for cataplexy
we selected a group of 15 sex- and age- balanced drug naive patients with clinical complaint of
EDS, but with neurophysiological and biological assessments excluding NT1 (2 patients with final
diagnosis of idiopathic hypersomnia, 13 patients with subjective EDS complaint and normal sleep
features). Table 1 shows the clinical, neurophysiological and biological information of the studies

population.

Methods

Definition of the best recording setting for automatic video analysis

In the proof-of-concept paper, [27] and in the subsequent preliminary experiments, automatic video-
analysis showed some pitfalls due to the heterogeneity of the collected data. For this reason, starting
from the laboratory setting described in Vandi et al [20] we tried to harmonize the video recording
method in order to facilitate the automatic extraction of visual content.

Therefore, all the technical requirements of the new recordings (30 fps video speed, FULL-HD
resolution, h264 video coding and AAC audio coding, both encapsulated in the mp4 container, that
is today's standard for video distribution), the type of framing (Medium Close-Up) and the type of
video camera (GoPro Hero4 Session™) have been carefully defined.

Starting from the laboratory setting including the baseline recording of the subjects without any
stimulation followed by up to 30 minutes of recording during emotional stimulation (watching
funny videos), we maintained the distance between the patient and the monitor as indicated in
Vandi et al, [20] modifying the position of the camera, trying to find the minimum distance that
represented the best compromise between visual detail of the face and the fact that the patient was
not distracted by the presence of the camera: we placed the camera on an adaptable mobile support,
at the same height of the patient's face (or slightly lower) and about 65 cm away from him/her. This
new setting allows the recording of high-resolution movies where the facial expressions of subjects

is well documented to allow in depth visualization of typical facial cataplexy features. [19]

Human manual labeling of video recordings of cataplexy attacks and their automatic analysis for
the identification of ptosis, head drop and mouth opening

In order to proceed with the work of setting-up and testing automatic recognition methods, we
created a labelling of the video recordings, i.e. the "Ground Truth” (GT), through a manual
procedure: narcolepsy specialists examined each video using a freeware editing software,

highlighting the start frame and the end frame of each motor phenomenon and of every cataplectic



episode present in the video. The labeling was performed by two sleep technicians (SV, GN), and
further validated for any disagreement by a neurologist expert in sleep medicine and narcolepsy
(FP). Given the different temporal resolution of the human eye and of SHIATSU in detecting motor
phenomena, a maximum tolerance of about 500 ms (corresponding to 15 frames, in our recordings)
has been granted to the domain experts in labeling the beginning and end of each motor
phenomenon. These labeling information, together with the reference videos, represent the GT of
the project, that we used to set-up SHIATSU and test its accuracy.

We focused our framework on the recognition of the facial components of cataplexy, namely ptosis,
dropping of the head and opening of the mouth, given that these have emerged as more specific and
sensitive signs of cataplexy. [19,20]

In detail, the visual features characterizing the three motor phenomena together with the
corresponding comparison metrics exposed by SHIATSU have been adapted in order to reflect the
requirements of the new application domain.

To achieve this goal, we have used methods for extracting facial landmarks from every frame of the
video in order to obtain information about the position of the patient’s face, the shape and the size
of the eyes, nose, mouth, cheekbones and jaw. The position of the facial landmarks is defined in
terms of (x, y) coordinates within the video frame, with the origin point (0,0) fixed at the top left of
the image; the coordinates of landmarks provide coordinates of the patient’s face (for example,
through the coordinates of the barycentre of all landmarks). Starting from these features, a
mathematical formalization has been opportunely defined for each motor phenomenon.

Regarding ptosis, the Eye Aspect Ratio (EAR) was calculated, defined as the ratio of the eye height
to the eye width. The semantics of EAR are as follows: when an eye is closing, EAR approaches
zero, whereas when the eye is completely open, EAR attains its maximum value (which varies from
person to person). We perform the EAR extraction process on every pair of the video recordings, at
both baseline conditions and while the patients were undergoing emotional stimulation. By
measuring, the median of EAR values for the baseline video recordings, we obtain the
characterization of the patient opened eyes, while collecting every EAR values from video of the
patients were undergoing emotional stimulation, the PERcentage of eye CLOSure (PERCLOS) was
calculated, [30] using the median computed in the baseline videos as a reference.

We defined ptosis as present if the amount of time when PERCLOS exceeds an experimentally
defined threshold higher of the maximum duration of an eye blink (ie about 400 ms). [27]
Regarding mouth opening, the Mouth Aspect Ratio (MAR) was calculated, defined as the ratio of
the mouth width to the mouth height. The semantics of MAR are as follows: when the mouth is
closed, MAR attains its maximum value (which varies from person to person), whereas when the

mouth is completely open, MAR reaches his lowest value; intermediate values characterize various



types of smile. We perform the MAR extraction process only on the video recordings while the
patients were undergoing emotional stimulation because it may happen that the patient never closes
his mouth for the entire duration of the baseline video so the median value might not match a mouth
while smiling widely and therefore it cannot be used as a reference: this problem was solved by
normalizing values of the MAR time series to a range between 0 and 1.

We defined Mouth Opening as present if normalized MAR is lower than an experimentally defined
threshold and PERCLOS exceeds an experimentally defined threshold or head drop is recognized as
present for the considered frame.

Regarding the dropping of the head, the two values that represents the rotation of the head (in
radiants) around X, Z axes and the center of gravity (CoG) of the two landmarks that characterize
the external corner of each eye and the tip of the nose were calculated. As for the EAR values, we
perform the CoG extraction process on the video recordings at both baseline and under emotional
stimulation conditions. In this way, by measuring the median value of CoG values for the baseline
video recordings, we obtain the position of the considered patient’s face under normal condition.
We defined head drop as present if the CoG values are, respectively, greater or less two
experimentally defined thresholds (computed starting from the median CoG of the baseline video)
or the two values representing the rotation of the head are greater than an experimentally defined
angle. Further, for head drop to be considered as present also ptosis has to be considered present for
the entire duration of the sequence of frames in order to avoid the inclusion of voluntary head
movements.

Figure 1 reports visual examples of the features involved in above described motor patterns.
Finally, we defined cataplexy as present if at least one of the motor phenomena above described

was detected.

Statistical analysis

The performances of SHIATSU have been evaluated by comparison, at the level of a single video
frame, with the GT produced by the domain specialists. To do this, 15-labeled videos of NT1
patients with documented cataplexy and 15 unlabeled videos of clinical controls were used, for a
total amount of ~370000 frames and ~3 hours and 20 minutes of video recordings.

To objectively evaluate the performance of the automatic analyzer we used the classic sensitivity /
specificity values, together with the accuracy value.

These measures are calculated starting from four values that describe the number of events correctly
and incorrectly recognized for each of the two classes available (in our case, motor phenomenon
actually present or absent in the considered video frame).

More in detail, we define as:



e true negative (tn): a frame that has been labeled as not containing the considered motor
phenomenon (or cataplexy in general) by both the domain specialists and SHIATSU;

o false negative (fn): a frame that has been labeled as containing the considered motor
phenomenon (or cataplexy in general) by the domain specialists but not by SHIATSU,

e true positive (tn): a frame that has been labeled as containing the considered motor
phenomenon (or cataplexy in general) by both the domain specialists and SHIATSU;

o false positive (fp): a frame that has been labeled as containing the considered motor
phenomenon (or cataplexy in general) by SHIATSU but not by the domain specialists.

Starting from these measures, we defined the sensitivity sens as the proportion of positives that are

correctly identified as such.

tp

sens — tp +fi’1

Specificity spec, instead, is the proportion of negatives that are correctly identified as such.
tn

Spec = frp+tn

Accuracy a, finally, is defined as the number of correct (positive and negative) classifications on the

total number of frames of the considered video.
_ tp +tn
T tfptm+fn

To evaluate the performances in the videos of the clinical controls only specificity measure will be
used, because, since there are no cases of true positive or false negatives, the sensitivity cannot be
calculated and the accuracy is equivalent to the specificity. Furthermore, for the phenomena not
present in the individual recordings of patients showing NT1 manifestations only the specificity was
calculated (for the reasons just described) and was not considered in the weighted average at the end
of the table: this to avoid that they could positively affect the final result.

Results

Scores of motor features occurrence in patients' recordings are reported in Table 2. Noteworthy,
SHIATSU detects a few episodes more than those observed and certified by the domain experts.
Scores of motor features occurrence in healthy controls' recordings are reported in Table 3. The
absence of cataplexy detected by sleep experts is confirmed by SHIATSU with the exception of two

videos (ie #24 and #25) in which ptosis was detected.



A visual example of output produced by SHIATSU with regard to the detection head-drop within a
video recording can be seen in Figure 2. As we can see from the figure, the time course of the
automatic detection by SHIATSU is in line with the annotation performed by the domain experts.
Table 4 shows the results concerning patients who presented cataplexy. It should be noted that
SHIATSU turns to be less sensitive in identifying the phenomenon “head drop” when compared to
the other phenomena, possibly for implementation choices of internal detection validation through
ptosis presence. The rest of the results are in line with the general accuracy of the system, even if
with a slight penalization for the detection of the mouth opening due to the fact that this
phenomenon may sometimes occur with other mouth motor phenomena not yet implemented in
SHIATSU.

Supplemental Table 1 shows the accuracy (in the form of specificity) of SHIATSU in recognizing
cataplexy as absent in healthy controls. Specifically, in 13 videos out of 15 considered, cataplexy is
not detected in any frame (specificity equal to 1), while ptosis was identified in about 45 seconds of
the approximately 15 minutes which constitute the remaining 2 videos examined (31 sec in video
24, 16 sec in video 25). The parts of video identified by SHIATSU consist of a particularly
pronounced laughter associated with almost complete eyes closure for several seconds.

Finally, supplemental Table 2 shows the difference, in terms of global presence or absence in the
whole video, in the detection of cataplexy carried out by the domain experts and by SHIATSU. In
this study, it was decided to implement a rule of simplified detection of cataplexy based on the
presence of the detected motor phenomena (i.e. the presence of at least one of the three considered
motor patterns), disregarding any information related to the position, the order and the temporal
density of each individual motor phenomena.

Figure 3 shows real examples of visual results for the three motor patterns and their combination at
the same time, as detected by SHIATSU.

Discussion

This is the first systematic attempt to automatically detect cataplexy based on facial expressions
recognition from video-recorded attacks occurring during emotional stimulation. Video recordings
made on NT1 patients and controls were automatically analyzed by exploiting and extending the
software SHIATSU, [25,26,28] and comparing its sensitivity in identifying three typical facial
fragments of cataplexy (ptosis, mouth opening, head drops) against the detection provided by
domain experts. SHIATSU proved to have higher performances in detecting episodes than domain
experts in NT1 patients. On the other hand, only 2 of the 15 videos with clinical controls were
erroneously recognized as containing cataplexy due to the presence of persistent eyes closure during

laughter. This study paves the way to automatic video analysis of cataplexy for diagnostic and



severity assessment purposes and to cataplexy automatic recognition overall, along with the
increasing availability of video recording technologies.

The main relevance of our study is to extend the utility of video recordings in the recognition and in
the differential diagnosis of cataplexy. Indeed, the investigation of cataplexy by clinical interview
only can be challenging and misleading in patients with objectively confirmed EDS, [18] and also
in NT1 subjects with coexistence of cataplectic and pseudo-cataplectic attacks. [17] Objective
cataplexy documentation is the pre-requisite to allow clinicians to an in depth analysis of the motor
patterns able to steer towards a correct diagnosis. [3,19]

Indeed, it should be born in mind that NT1 is a rare and life-long disorder most frequently arising in
childhood that goes unrecognized for up to 15 years by physicians, [31,32] and therefore the
development of objective tools to identify its most sensitive and specific signs are strongly needed
and will increase overall ability to correctly screen, diagnose, and manage patients across disease
course.

Moreover, accurate and automatic cataplexy detection can further improve the possibility to
precisely identify the onset (in the time domain) and course (in the space domain) of attacks and to
disclose features not perceived by the human eye, opening new avenues for the study of the
cataplectic phenomena.

It is also interesting to discuss the detection of a single motor phenomenon (i.e. "ptosis")
misinterpreted by SHIATSU for cataplexy in clinical controls. Indeed, weakness with laughter is a
subjective sensation perceived by otherwise healthy subjects, [15,16] and is paralleled by
neurophysiological changes (such as H-reflex amplitude reduction) qualitatively similar to those
reported in cataplexy, albeit of lower intensity. [33-35] Previous data based on blinded video
documented facial expression changes during our standardized test for cataplexy similarly disclosed
ptosis-like patterns in both healthy subjects (4.8%) and non-cataplectic hypersomnia patients
(9.1%). [20] The occurrence of partial eyes closure during intense laughter has also been observed
during intense laughter also in conversion disorder patients within pseudocataplexy attacks. [19]
This synkinetic contraction of the zygomatic muscles and the pars lateralis of the orbicularis oculi
muscles (known as "the Duchenne smile") describes the subjective experience of enjoyment during
pleasant positive emotions, [36] and could be regarded as the motor correlate of the successful
trigger during our experimental procedure. [19,20] Future system implementation will easily
address the distinction between the "Duchenne smile"” and cataplexy motor patterns. Indeed, future
implementation avenues will include the automatic recognition of other motor phenomena (already
identified in the literature) to address the automatic detection of premonitory phenomena, of

misidentified paucisymptomatic cases, and the study of cataplexy severity along disease course and



treatment. Finally, it may be of considerable interest testing alternative detection methods based on

artificial intelligence techniques such as "Deep Learning™ with convolutional neural networks.

Conclusions

In this preliminary work, we tested the feasibility of an automatic detector for the identification of
cataplexy, the pathognomonic symptom of NT1. We exploited the visual content of video
recordings made on NT1 patients and controls based on SHIATSU versus human-based detection.
Our study focused on ptosis, opening of the mouth and dropping of the head, three of the most
recurrent cataplexy facial motor patterns. Experiments conducted on real data demonstrated the
accuracy of SHIATSU in detecting cataplexy, encouraging the expansion of the work, through the
enlargement of the database of labeled videos, the implementation of new characteristic facial
patterns, the study of additional aspects of cataplexy, and the creation of new rules for combining
different motor phenomena in order to provide a model as accurate as possible for cataplexy
recognition in all its aspects.
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Tables
Table 1: clinical, neurophysiological and biological data of studies subjects

Age CSF MSLT -
Disease HLA hypocretin- | Cataplexy Sleep Sleep Sleep MSLT -
ID | Sex | Age | Condition | Onset | ESS| BMI | DQB1*0602 1 Frequency | Paralyses | Hallucinations | Latency | SOREMPs
1| F 14 NT1 8 20 | 24.22 pos 10.66 4 No Yes 2.2 5
2| F 16 NT1 15 19 | 24.97 pos 2.78 4 No No 2.2 5
3| F 22 NT1 20 21 | 40.40 pos 0.00 4 No No 1.3 5
4 | M 11 NT1 9 16 | 17.84 neg 0.00 5 No Yes 6.3 2
5| M 14 NT1 7 13 | 24.46 pos 11.88 5 No No 0.6 5
6 | M 11 NT1 9 20 [ 17.78 pos 0.00 5 No No 2.2 3
7| M 6 NT1 5 18 | 16.53 pos 84.90 5 No No 3.2 5
8| M 13 NT1 9 11 | 18.66 pos 15.67 4 No No 13.6 3
9| M 9 NT1 6 12 | 22.50 pos 34.65 4 No No 6.6 5
10| M | 45 NT1 45 19 | 28.69 pos 5.32 5 Yes Yes 1.2 4
11| F 11 NT1 4 17 | 21.51 pos 49.51 5 No Yes 7.4 3
12| M | 13 NT1 12 14 | 34.22 pos 33.07 5 No No 1.1 5
13| F | 42 NT1 38 21 | 31.91 pos 0.00 5 No No 4.4 3
14| F 7 NT1 11 | 22.00 pos 0.00 5 No No 2.3 4
15| M | 11 NT1 11 | 18.78 pos 72.58 3 Yes Yes 6.5 4
16| F 16 IH 13 4 |17.69 neg 309.80 0 No No 8 1
17| F 17 sEDS 14 16 | 20.58 neg NA 0 No No 20 0
18| F 20 sEDs 18 13 | 18.80 neg 288.12 0 No Yes 10.3 2
19| M 11 sEDS 6 4 117.30 neg NA 0 No No 20 0
20 M | 17 SEDS 17 15 | 20.50 neg 330.09 0 No No 15.8 0
21| M 9 sEDS 9 1 |15.31 neg NA 0 No No 16.3 0
22| M | 4.2 sEDS 15 | 15.38 neg 324.04 0 No No 12.4 0
23| M | 17 IH 15 15 | 19.70 pos 300.60 0 No No 3 0
24| M 9 sEDS 10 | 21.00 neg 335.70 0 No No 18.7 0
25| F | 47 sEDS 9 16 | 27.40 neg 356.20 0 No No 10.3 0
26| F 16 sEDS 15 11 | 24.35 neg 345.50 0 Yes Yes 11.9 0
27| M | 14 sEDS 11 34.00 neg 318.90 0 No No 14.5 0
28| F |39.4 sEDS 22 19.00 neg 351.70 0 Yes No 8.9 0
29| F 12 sEDS 11 19.50 neg 361.17 0 No No 16 0
30| M | 211 sEDS 16 10 | 23.10 neg 356.60 0 No No 15.5 0

Table Legend: ESS, Epworth Sleepiness Scale; BMI, Body Mass Index; CSF, cerebrospinal fluid;

M, Male; F, Female; NT1, Narcolepsy Type 1; SEDS, subjective excessive daytime sleepiness; IH,

Idiopathic Hypersomnia.




Table 2: Scores of motor features occurrence in NT1 patients' recordings.

GT SHIATSU GT confirmed by
SHIATSU
Video # | Duration | #PT MO HD | #PT | # MO HD | #PT | #MO | #HD

1 485 s 5 8 0 12 19 0 5 8 0
2 479 s 6 2 1 10 10 2 6 2 1
3 393s 10 2 4 17 11 4 10 2 4
4 487 s 8 3 0 11 7 0 6 3 0
5 237s 4 5 0 11 9 0 4 5 0
6 476 s 12 10 0 16 14 0 12 9 0
7 286 s 4 2 4 3 5 4 3 2 3
8 407 s 6 6 0 10 10 0 4 6 0
9 517s 2 10 0 11 15 0 2 10 0
10 346 s 11 19 2 10 20 6 10 19 2
11 2255 4 6 0 6 10 0 4 6 0
12 507 s 0 7 0 11 15 0 0 7 0
13 401s 28 9 0 31 21 1 26 9 0
14 485 s 46 13 0 43 18 0 39 12 0
15 476 s 7 3 0 11 9 0 5 3 0

Table Legend: GT, Ground truth; Duration, video duration in seconds; # PT, number of Ptosis

episodes; # MO, number of Mouth Opening episodes; # HD, number of Head Drop episodes.




Table 3: Scores of motor features occurrence in healthy controls' recordings.

SHIATSU
Video # | Duration | #PT | #MO | #HD
16 470 s -- - -
17 486 s - - -
18 315s -- - -
19 245 s -- - -
20 484 s -- - -
21 256 s - - -
22 487 s -- - -
23 281s -- - -
24 245 s 4 6 -
25 530s 2 4 1
26 486 s -- - -
27 542 s -- - -
28 428 s -- - -
29 474 s -- - -
30 509 s - - -

Table Legend: GT, Ground truth; Duration, video duration in seconds; # PT, number of ptosis

episodes; # MO, number of mouth opening episodes; # HD, number of head drop episodes.



Table 4: Effectiveness of SHIATSU for NT1 patients in showing cataplectic attacks.

PTOSIS HEAD DROP MOUTH OPENING CATAPLEXY
Video | Sens. | Spec. | Acc. | Sens. | Spec. | Acc. | Sens. | Spec. | Acc. | Sens. | Spec. | Acc.
#
1 0.71 | 0.67 | 0.68 -- 1 -- 0.77 | 0.72 | 0.73 | 0.56 | 0.69 | 0.64
2 0.73 | 0.97 | 0.95 1 1 1 1 081 | 082 | 0.84 | 0.96 | 0.95
3 041 | 0.77 | 076 | 0.34 | 099 | 0.99 1 0.64 | 065 | 0.64 | 0.78 | 0.77
4 0.7 0.82 | 0.82 -- 1 -- 0.75 | 0.78 | 0.78 0.7 0.83 | 0.82
5 088 | 0.85 | 0.85 -- 1 -- 093 | 061 | 062 | 0.76 | 0.86 | 0.85
6 085 | 092 | 0.92 -- 1 -- 0.71 | 0.88 | 0.88 0.8 092 | 0.91
7 0.58 0.9 06 | 036 | 089 | 048 | 0.73 0.3 0.56 0.6 0.55 | 0.59
8 0.78 | 0.88 | 0.88 -- 1 -- 0.7 0.75 | 0.75 | 0.63 | 0.88 | 0.87
9 093 | 0.86 | 0.86 -- 0.99 -- 0.68 0.8 0.8 0.68 | 0.86 | 0.87
10 082 | 082 | 082 | 054 | 082 | 0.81 | 0.87 | 0.66 | 0.75 | 0.81 | 0.83 | 0.82
11 083 | 095 | 0.95 -- 1 -- 0.69 0.9 0.9 056 | 0.95 | 0.93
12 -- 0.68 -- -- 1 -- 0.73 | 057 | 057 | 0.73 | 0.68 | 0.68
13 0.73 | 0.73 | 0.73 -- 0.97 -- 093 | 046 | 047 | 0.74 | 0.73 | 0.73
14 0.6 | 0.75 | 0.73 -- 0.99 -- 0.7 0.5 0.5 0.6 0.75 | 0.73
15 055 | 095 | 0.94 -- 1 -- 1 091 | 091 | 056 | 0.95 | 0.94
AVG | 0.72 | 084 | 082 | 060 | 094 | 085 | 081 | 0.70 | 0.72 | 0.68 | 0.82 | 0.81

Legend: SENS, sensitivity; SPEC, specificity; ACC, accuracy; AVG, weighted average based on

the video frame number.




Supplemental Material
Table 1: Effectiveness of SHIATSU for healthy controls.

PTOSIS HEAD DROP MOUTH OPENING CATAPLEXY
Video | Sens. | Spec. | Acc. | Sens. | Spec. | Acc. | Sens. | Spec. | Acc. | Sens. | Spec. | Acc.
#
16 -- 1 -- -- 1 -- -- 1 - - 1 --
17 -- 1 -- -- 1 -- -- 1 - - 1 --
18 -- 1 -- -- 1 -- -- 0.99 - - 1 --
19 - 1 -- -- 1 -- - 1 - - 1 --
20 - 1 -- -- 1 -- - 1 - - 1 --
21 -- 1 -- -- 1 -- -- 0.98 - - 1 --
22 -- 1 -- -- 1 -- -- 1 - - 1 --
23 -- 1 -- -- 1 -- -- 0.99 - - 1 --
24 -- 0.87 -- -- 1 -- -- 0.79 - - 0.87 --
25 -- 0.96 -- -- 0.97 -- -- 0.94 - - 0.97 --
26 -- 1 -- -- 1 -- -- 1 - - 1 --
27 -- 1 -- -- 1 -- -- 0.98 - - 1 --
28 -- 1 -- -- 1 -- -- 0.98 - - 1 --
29 -- 1 -- -- 1 -- -- 0.99 -- -- 1 --
30 -- 1 -- -- 1 -- -- 1 - - 1 --
AVG - 0.99 -- -- 1 -- - 0.98 - - 0.99 --

Legend: SENS, sensitivity; SPEC, specificity; ACC, accuracy; AVG, weighted average based on

the video frame number.




Supplemental material
Table 2: Comparison between the classifications performed by the domain specialist and
SHIATSU.

CATAPLEXY RECOGNIZED AS PRESENT
Video # By the domain By SHIATSU
specialist
1 Yes Yes
2 Yes Yes
3 Yes Yes
4 Yes Yes
5 Yes Yes
6 Yes Yes
7 Yes Yes
8 Yes Yes
9 Yes Yes
10 Yes Yes
11 Yes Yes
12 Yes Yes
13 Yes Yes
14 Yes Yes
15 Yes Yes
16 No No
17 No No
18 No No
19 No No
20 No No
21 No No
22 No No
23 No No
24 No Yes
25 No Yes
26 No No
27 No No
28 No No
29 No No
30 No No

Legend: table summarizing the detection of the disease at the level of the entire video; Yes: at least

one cataplectic episode detected; No: cataplectic episode detected.



Figures

Figure 1: Features used for the detection of motor phenomena.

Legend: a) Eye Aspect Ratio (Ptosis); b) Mouth Aspect Ratio (Mouth opening); c) Position of the center of gravity and head rotation in Euler angles
(Head drop).



Figure 2: SHIATSU detection for motor patterns: an example of head drop detection.
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Legend: The horizontal axis represents the time coordinates (the time position within the video), the vertical axis represents the values of the center of

gravity position with respect to its y coordinate. The red line represents the time series of the position of the center of gravity, while green and yellow



lines are the maximum and minimum thresholds. The pink line indicates the presence of head drop detected by the domain experts (only two values, 0
or a positive number, chosen appropriately each time on a case by case basis so that the chart is as readable as possible), while the blue line indicates
the presence of head drop detected by SHIATSU (two values: 0 and positive number slightly less than that chosen for the annotation of the expert of
the domain, always to promote maximum readability). We decided not to show the part of the graph before 7 min and 20 seconds because neither the
software nor the domain expert reported anything relevant. Please note that patient’s images are only a visual example that we added to the graph to

show the content of the frames detected as containing the motor phenomenon.



Figure 3: Sequences of motor phenomena.

ENZIO

Legend: a) Ptosis; b) Mouth Opening; c) Head Drop; d) all three motor phenomena at the same time.
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