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Abstract
Background: Current standards of psychiatric assessment and diagnostic evaluation rely primarily on the clinical subjective
interpretation of a patient’s outward manifestations of their internal state. While psychometric tools can help to evaluate these
behaviors more systematically, the tools still rely on the clinician’s interpretation of what are frequently nuanced speech and
behavior patterns. With advances in computing power, increased availability of clinical data, and improving resolution of recording
and sensor hardware (including acoustic, video, accelerometer, infrared, and other modalities), researchers have begun to
demonstrate the feasibility of cutting-edge technologies in aiding the assessment of psychiatric disorders.
Objective: We present a research protocol that utilizes facial expression, eye gaze, voice and speech, locomotor, heart rate, and
electroencephalography monitoring to assess schizophrenia symptoms and to distinguish patients with schizophrenia from those
with other psychiatric disorders and control subjects.
Methods: We plan to recruit three outpatient groups: (1) 50 patients with schizophrenia, (2) 50 patients with unipolar major
depressive disorder, and (3) 50 individuals with no psychiatric history. Using an internally developed semistructured interview,
psychometrically validated clinical outcome measures, and a multimodal sensing system utilizing video, acoustic, actigraphic,
heart rate, and electroencephalographic sensors, we aim to evaluate the system’s capacity in classifying subjects (schizophrenia,
depression, or control), to evaluate the system’s sensitivity to within-group symptom severity, and to determine if such a system
can further classify variations in disorder subtypes.
Results: Data collection began in July 2020 and is expected to continue through December 2022.
Conclusions: If successful, this study will help advance current progress in developing state-of-the-art technology to aid clinical
psychiatric assessment and treatment. If our findings suggest that these technologies are capable of resolving diagnoses and
symptoms to the level of current psychometric testing and clinician judgment, we would be among the first to develop a system
that can eventually be used by clinicians to more objectively diagnose and assess schizophrenia and depression with the possibility
of less risk of bias. Such a tool has the potential to improve accessibility to care; to aid clinicians in objectively evaluating
diagnoses, severity of symptoms, and treatment efficacy through time; and to reduce treatment-related morbidity.
International Registered Report Identifier (IRRID): DERR1-10.2196/36417
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Introduction
Background
Mental disorders represent the second most common cause of
years of life lived with disability worldwide [1]. Among mental
illnesses, depression and schizophrenia represent the first and
third highest contributors to years of life lived with disability,
respectively, with over 200 million people suffering from either
condition across the globe [2]. Schizophrenia is one of the most
severe psychiatric disorders and affects self-image, physical
health, employment, and social life [3]. While the cost of both
conditions is tremendous, schizophrenia is particularly dramatic,
with reports estimating an average of 14.5 to 28.5 years of life
lost in those who suffer with the disorder [4,5]. The profound
impact on the individual notwithstanding, these disorders are
also of tremendous public concern. The World Health
Organization estimates that the cost of schizophrenia reaches
2.6% of health care spending in high-income nations [6]. In the
US, studies have found that the costs of depression and
schizophrenia reach an annual US $210 billion and US $155
billion, respectively [7,8]. To put that in perspective, the Center
for Medicare and Medicaid Services reported that in 2016,
annual health care expenditure was US $3.3 trillion [9], meaning
that depression and schizophrenia accounted for 11.1% of annual
American health care costs. The largest contributors to these
costs include unemployment, caregiving, and inpatient care
[7,8]. Limiting the individual- and population-level impact of
these disorders has been the subject of much research and has
been a focus of the health care system.
Current evidence suggests that early identification and optimized
treatment of depression and schizophrenia improves outcomes
and reduces illness progression [10-14], which may
consequently reduce societal costs. Unfortunately, the duration
of untreated disease can be long. For example, in the Recovery
After an Initial Schizophrenia Episode Early Treatment Program
study, the median duration of untreated psychosis was 74 weeks
[15]. Multiple factors contribute to delays in the diagnosis of
these conditions, including limited access to psychiatric care
[16,17]. Even in high-income nations, such as the US, access
to specialty care is limited, with reports finding that up to 20.1%
of adults seeking care do not receive treatment meeting their
needs [18].
At present, depression and schizophrenia are diagnosed through
the subjective clinical evaluation of signs and symptoms
established by the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) [19] or the International Classification of
Diseases, 10th revision [20]. Structured interviews can be used
to improve diagnostic accuracy, but are infrequently used in
clinical practice [21]. While at their extremes these conditions
are far from nuanced, symptoms can be subtle in the early phases
[22]. In such instances, disorder identification requires extended
interviews, gathering of collateral information, and a high degree
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of expertise from the interviewer. Unfortunately, the current
and likely future state of the behavioral health system
significantly restricts patient access to the necessary extended
interviews by the appropriate experts. In fact, a 2017 report
estimated that the supply of psychiatrists in the United States
would decrease by 20% over the next decade, despite increasing
demand over the same period [23]. As a consequence, behavioral
health care is increasingly being managed by primary care
providers who have neither the time nor the expertise to evaluate
subtle variations in certain behavioral health conditions [24].
This represents an opportunity for the integration of
technological support tools to improve patient access to quality
care.

Current Digital Biomarker Research
The development of easy-to-use, objective clinical tools to aid
clinicians in the diagnosis and evaluation of mental illness has
the potential to limit the impact of these illnesses on patients
and on society. The cost of powerful computing hardware has
fallen, and improvements in the field of computer science and
health care suggest that various types of computer sensors and
recording hardware could be used to aid in the assessment and
diagnostic prediction of mental illness [25-30]. Research groups
have demonstrated the efficacy in numerous mental health
populations of these technologies, which include computer
vision for distinguishing phases of depression [25,26],
schizophrenia [27], and cognitive impairment [31], actigraphy
for the differentiation of patients with schizophrenia from
controls [28,29], and heart rate monitoring for distinguishing
patients with schizophrenia or posttraumatic stress disorder
from controls [28-30]. This research has demonstrated that with
heart rate variability and actigraphic assessments alone, patients
with schizophrenia may be differentiated from controls with up
to 95.3% accuracy [28,29]. Other groups have similarly
demonstrated the efficacy of each of these technologies in
schizophrenia.
Few studies, however, have been conducted to assess variations
in patients with depression or schizophrenia and control subjects
with video technology, although some studies have observed
statistically significant differences between schizophrenia and
control groups in certain combinations of facial action clustering
[32-34]. Furthermore, the extent of facial action expressivity
has been demonstrated to be well correlated with clinical
assessments of symptoms of schizophrenia [32,34,35]. Similar
to facial expressions, video recording assessments have also
allowed for differentiation of eye gaze behavior between
subtypes of schizophrenia [36]. Similarly, actigraphic data has
been demonstrated to be of value, with one group demonstrating
a correlation between actigraphy recordings and changes in
patient clinical conditions and drug regimens [37,38]. In a
separate study of 25 patients with psychosis, the same research
group assessed variations in motor richness, typicality, and
consistency in patient subtypes with “high-positive,”
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“high-negative,” and “low-level” symptoms, finding differences
in richness and typicality, but not in consistency, between the
subgroups [39]. Other groups have similarly found computerized
voice and speech assessment to be clinically useful, with
findings suggesting that voice pause and, to some extent, pitch
can be discriminative of schizophrenia [40]. Furthermore, it has
been demonstrated that speech coherence assessments have
discriminative capacity in differentiating patients with
schizophrenia from controls [41] and in predicting progression
from prodrome to psychosis [42].
Past research groups have also found that
electroencephalographic (EEG) recordings can accurately
classify schizophrenia. For instance, one group found that EEG
recordings could classify schizophrenia with 91.5% to 93.9%
accuracy [43]. Multiple research groups have also studied
automated EEG-based diagnosis of depression. In a review of
several computer-aided diagnostic methods based on EEG data
[44], one group showed that nonlinear dynamical analysis of
EEG data is a promising approach for the differentiation of
normal and depressed subjects [45]. Moreover, depression
detection has been demonstrated using 3-electrode EEG-based
analysis using wavelet transformation, feature selection, and
multiple classification algorithms [46]. More recently, there has
been a considerable number of deep neural network approaches
[47,48]. However, generally, these approaches use small study
populations and overfit without proper sampling and
stratification.
Combining biomarkers may be a promising approach to
improving diagnostic precision and treatment options [49,50]
and may be applicable to the study of digital biomarkers.
Approaches using multiple digital inputs have been used to
differentiate individuals with depression from those without
depression [51] and also to predict mood states (eg, depression,
mania, and hypomania) in patients with mood disorders [52].
While research groups have assessed the role of these
technologies in differentiating limited subtypes of schizophrenia,
in addition to differentiating patients with schizophrenia from
control groups, few have assessed the combination of these
technologies in the assessment of schizophrenia, including the
potential of combined technologies to improve predictive
efficacy in differentiating patients with schizophrenia from
controls, discriminate schizophrenia from other mental illnesses,
predict illness severity, assess symptom change over time, and
assess illness-related movement disorders with video technology.

Research Aims and Hypotheses
We present a research protocol to assess the efficacy of a
multimodal sensor system combining video, audio, actigraphy,
noninvasive EEG, and heart rate monitoring to assess differences
in individuals with schizophrenia and unipolar major depressive
disorder and controls (patients with no history of mental illness
in the preceding year). The data collected from the subjects will
be utilized to develop a machine learning model to evaluate the
presence, severity, and possible subtypes of schizophrenia and
depression. We seek to assess the performance of the developed
model and its ability to differentiate schizophrenia from
depression and control groups based on high-value input features
from different modalities. We hypothesize that the predictive
https://www.researchprotocols.org/2022/7/e36417
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model will discriminate between schizophrenia, depression, and
control groups. For the depression group only, we will evaluate
within-group preprocessed outputs of the sensor data to
discriminate depression severity scores using the Patient Health
Questionnaire-9 (PHQ-9) [53] and the Clinical Global
Impression (CGI) [54], commonly utilized rating scales to
measure illness severity. For the schizophrenia group, we will
evaluate within-group preprocessed outputs of the sensor data
to discriminate severity scores using the Positive and Negative
Syndrome Scale (PANSS) [55], Clinician-Rated Dimensions
of Psychosis Symptom Severity in Patients with Schizophrenia
(CRDPSS) [19,56] and the CGI. Finally, we will evaluate sensor
sensitivity to within-subject outcome changes over time for both
groups.

Methods
Participants
The research assessments will be conducted at the Grady
Outpatient Behavioral Health Clinic, which is part of the broader
Grady Health System, a metropolitan safety-net hospital in
Atlanta, Georgia. The study seeks to recruit 50 individuals with
schizophrenia, 50 individuals with unipolar major depressive
disorder, and 50 controls without a prior history of mental
illness.

Inclusion and Exclusion Criteria
The 3 groups of participants (aged 18 years or older) will include
outpatients with a DSM-5 diagnosis of schizophrenia or a
DSM-5 diagnosis of major depressive disorder and individuals
with no mental health diagnosis (as controls). All diagnoses
will be confirmed by the Mini International Neuropsychiatric
Interview (MINI) [57]. All subjects must have the ability to
consent to participation. Individuals that have a legal guardian
may participate in the study with the guardian’s signed consent.
Participants recruited digitally must have access to a webcam
(either on a desktop, tablet, or cell phone) and have internet
connectivity with at least 2 to 4 megabytes per second upload
speed. Subjects who do not have the capacity to consent to
participation, who meet the criteria for nonschizophrenia
psychotic illness (eg, schizoaffective disorder, mood disorder
with psychotic features, or substance-induced psychotic
disorder), whose differential diagnosis includes an active
substance-induced mental illness, who present as unreliable
with the equipment, who cannot participate in full assessments,
or whose differential diagnosis includes a personality disorder
will be excluded from the study. Those who are not native
English speakers will be excluded from the study. The study
team will make it clear that mental health treatment is not
provided in this research study. If individuals (who are either
included or excluded from the study) express an interest in
connecting to local mental health resources, the team will make
reasonable attempts to help them do so. If subjects present with
signs or symptoms suggestive of a mental health emergency, a
clinician (study author ROC) will be contacted for subject
evaluation to determine whether emergency care is necessary.
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Procedure
All participant groups will be recruited (1) from a database of
interested research participants from prior research studies, from
clinician referrals, and from respondents to a general research
interest form provided in the outpatient waiting rooms of the
Grady Outpatient Behavioral Health Clinic; (2) through a
regional digital recruitment strategy, part of ResearchMatch (of
which Emory University is an institutional participant), that
will target the metro Atlanta area for in-person interviews and
the entire United States for remote or telehealth interviews; and
(3) through a digital recruitment strategy based on Amazon
Mechanical Turk (Amazon Inc) in which individuals that
respond to a short questionnaire will be able to reach out to the
study team via email if they are interested in participating in
the study.

Cotes et al
The schizophrenia and control groups that participate in person
will be interviewed at 2 time points (the initial encounter and
a second encounter, 3 to 6 months after the initial encounter)
for all measures, as indicated below. Figure 1 shows a schematic
of the initial interview data collection process. The depression,
schizophrenia, and control groups that participate remotely will
only be interviewed at baseline and will not have a follow-up
assessment for any of the measures indicated below. Given the
established need for continuous assessment of heart rate
variability and locomotor activity to adequately discriminate
patients with schizophrenia from controls [28], all in-person
(schizophrenia and control) outpatient populations will be
assessed for heart rate variability and locomotor activity for the
3 months leading up to second appointment. This study involves
the collection of video, voice and speech, actigraphic, pulse
oximetry, heart rate, EEG, questionnaire, interview, and
available clinical data only.

Figure 1. Initial interview data collection process. MQOL Part A: McGill Quality of Life Questionnaire-Revised Part A; CRDPSS: Clinician-Rated
Dimensions of Psychosis Symptom Severity in Patients with Schizophrenia; PHQ-9: Patient Health Questionnaire-9; GAD-7: General Anxiety Disorder-7;
GSQ: General Symptom Questionnaire; MUQ: Medication Utilization Questionnaire; EEG: electroencephalogram.

All assessments will take place over Zoom (Zoom Inc), a secure,
encrypted, telehealth platform that is compliant with the Health
Insurance Portability and Accountability Act of 1996 (HIPAA).
In-person assessments will consist of an interviewer conducting
an interview via Zoom on a computer, with the participant on
a different computer located in an adjacent room in the research
suite. For remote assessments, the interviewer will be physically
located at the research suite and the participant will be on their
own computer at the location of their choice (usually their
home). Due to the COVID-19 pandemic, assessments will be
conducted in person when local case counts are low and the
https://www.researchprotocols.org/2022/7/e36417
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research team is safely able to complete interviews with social
distancing measures in place and appropriate personal protective
equipment (PPE).
In-person participants will be interviewed twice, 3 to 6 months
apart, and offered a US $30 honorarium at the completion of
study visit 1 and a US $30 honorarium at the completion of
study visit 2. Between visits the participants may complete a
battery of assessments offered every 2 weeks on their devices,
for which they will be compensated US $5 for each battery.
Remote participants will be interviewed once and offered a US
JMIR Res Protoc 2022 | vol. 11 | iss. 7 | e36417 | p. 4
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$30 honorarium at the completion of the study visit. Individuals
who participate in the study but are unable to complete it will
be offered a US $10 honorarium. Those subjects screened and
determined to not meet the eligibility criteria will not be offered
compensation.

Ethics Approval
The study was approved by the Emory University Institutional
Review Board in November 2018 (IRB00105142) and the Grady
Research Oversight Committee in January 2019 (00-105142).
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Measures
The schedule of assessments is found in Table 1 for the
in-person assessments and Table 2 for the remote assessments.
For subjects with schizophrenia in ambulatory treatment,
monitoring will occur in one of two ways: the subjects will be
evaluated at the initial encounter and 3 months after the initial
encounter in person, or they will be evaluated remotely once
via Zoom.

Table 1. Schedule of assessments for in-person visits.
Biweeklya

Visit 2 (3-6 months)a

Assessments

Visit 1

Informed consent

✓

Semistructured interview

✓

Demographic assessment

✓

Sociodemographic assessment

✓

Mini International Neuropsychiatric Interview

✓

Positive and Negative Syndrome Scaleb

✓

✓

McGill Quality of Life Questionnaire-Revised Part A

✓

✓

Clinician-Rated Dimensions of Psychosis Symptom Severity in Patients with

✓

✓

✓

✓

✓

Schizophreniab
Clinical Global Impression-Severity

✓

Clinical Global Impression-Improvement

a

Cambridge Gambling Taska,c

✓

✓

Patient Health Questionnaire-9d

✓

✓

✓

Generalized Anxiety Disorder-7d

✓

✓

✓

General Symptom Questionnairea,d

✓

✓

✓

Medication Utilization Questionnairea,d

✓

✓

✓

Facial expressivity and eye gaze

✓

✓

Voice and speech data collection

✓

✓

Electroencephalographya,c

✓

✓

Actigraphy and heart rate (continuous)a,c

✓

✓

✓

Depression group excluded.

b

Only administered for schizophrenia group.

c

Only for in-person visits (ie, excluding subjects who were recruited digitally).

d

Completed on participant devices for the schizophrenia and control groups only.
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Table 2. Schedule of assessments for remote visits.

a

Assessments

Visit 1

Informed consent

✓

Semistructured interview

✓

Demographic assessment

✓

Sociodemographic assessment

✓

Mini International Neuropsychiatric Interview

✓

Positive and Negative Syndrome Scalea

✓

McGill Quality of Life Questionnaire-Revised Part A

✓

Clinician-Rated Dimensions of Psychosis Symptom Severity in Patients with Schizophreniaa

✓

Clinical Global Impression-Severity

✓

Patient Health Questionnaire-9

✓

General Anxiety Disorder-7

✓

Facial expressivity and eye gaze

✓

Voice and speech data collection

✓

Only administered for schizophrenia group.

The initial assessment will include demographic and clinical
information that will be collected via self-reporting. Clinical
information will include information about self-reported
psychiatric and medical comorbidities and current medications.
The evaluations will include a clinical record review; a battery
of psychometric tests, including a semistructured group
developed interview that will include the Thematic Apperception
Test (TAT) [58], the Semantic Fluency Task [59], and the
Phonetic Fluency Task [60] (more details are available in
Multimedia Appendix 1); and demographic and
sociodemographic questionnaires, including the MINI, the
McGill Quality of Life Questionnaire-Revised Part A (MQOL
Part A) [61], the Clinical Global Impression Severity (CGI-S)
and Clinical Global Impression Improvement (CGI-I) scales
(in-person only) [54], PHQ-9 [53], the General Anxiety
Disorder-7 (GAD-7) [62], and the Cambridge Gambling Task
(CGT) (in-person only) [63,64]. The evaluations will also
include audiovisual recordings, and the in-person evaluations
will include pulse oximetry recordings taken during the entirety
of the interview and electroencephalographic recordings taken
during selected points of the interview, including the CGT.
Actigraphy and heart rate recordings will be assessed for the
3-month period between the patient interviews for applicable
participants. Only subjects with schizophrenia will receive the
PANSS and CRDPSS. Further description of the rating scales
used in the study can be found in Multimedia Appendix 1.
Depression subjects will only be evaluated once. The evaluations
will include a clinical record review; a battery of psychometric
tests, including a semistructured group developed interview;
and demographic and sociodemographic questionnaires,
including the MINI, MQOL Part A, CGI-S, PHQ-9, GAD-7,
and CGT (in-person only). The evaluations will also include
audiovisual recordings, and in-person evaluations will include
pulse oximetry and electroencephalographic recordings.
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For control subjects, monitoring will occur in one of two ways:
the subjects will be evaluated at the initial encounter and 3
months after initial encounter in person, or they will be evaluated
remotely once via Zoom. Evaluation will include clinical record
review; a battery of psychometric tests, including a
semistructured group developed interview; and demographic
and sociodemographic questionnaires, including the MINI,
MQOL Part A, CGI-S, PHQ-9, GAD-7, and CGT (in-person
only). Audiovisual, pulse oximetry (in-person only), and
electroencephalographic recording (in-person only) will be
performed for the entirety of the interview and actigraphy and
heart rate recording will be assessed for the 3-month period
between interviews for applicable patients. All evaluations will
be conducted in person during times when visits can be
completed safely with social distancing measures and
appropriate PPE use; otherwise, they will be conducted remotely
via Zoom.

Statistical Analysis, Model Development, and Data
Integration
The data will undergo a descriptive statistical analysis and
assessment of classifier and regressor capacity to predict
diagnostic and psychometric scores, respectively. Descriptive
statistical assessment of the collected data will be conducted.
Diagnostic and psychometric score prediction will be conducted
utilizing extracted features from the collected data. Sample data
descriptions including demographics, clinical diagnosis, and
psychometric scores will be analyzed. Cross-group variations
in psychometric scores will be reported and analyzed via
inferential statistical methods (2-way t testing).
Recordings of the interviews will be captured using Zoom at
various resolutions, depending on the interviewee’s camera and
network conditions. The participants will be asked to sit close
enough to the camera that the interviewer can clearly see their
face, with a minimum of 10% of the participant’s face filling
the viewable screen. Three different simultaneous audio files
JMIR Res Protoc 2022 | vol. 11 | iss. 7 | e36417 | p. 6
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will be generated, corresponding to the bidirectional
conversation, the interviewee only, and the interviewer only.
This separation will enable the research team to isolate the
individual speaker, and also to evaluate how the system might
work in a single-microphone environment.
Video analysis of the full face involves both the dynamics of
facial action units [65,66], and full-face emotion interpretation
using a deep convolutional neural network. We will follow our
earlier work [67] and use an extensive pretrained network to
identify the amount of time spent in 1 of 7 basic emotions
(including neutrality, happiness, surprise, anger, sadness, fear,
and disgust), and then use transfer learning to retrain the network
on the new subjects using severity of depression or
schizophrenia as a new target.
The audio will be analyzed in several ways. First, we will
compare the outputs of two HIPAA-compliant commercial
services for transcription of the audio recordings: the Otter.ai
(Otter.ai Inc) service through Zoom’s transcription service and
Amazon Transcribe (Amazon Inc). At the time of writing, no
information on the performance of Otter.ai is available publicly.
Amazon Transcribe has been shown to have word error rates
of 10% to 20%, with small biases for gender and medical
condition [68]. We will match the separate and combined
transcripts for each service and compare a subsample to expert
overreads to identify error rates. Natural language tools, such
as the Linguistic Inquiry and Word Count dictionary [69],
Word2Vec [70], and other related natural language processing
tools [71-73] will be used to associate word- and sentence-level
features with severity of depression or schizophrenia. These
tools will be utilized throughout the interview and specifically
for certain elements of the semistructured group developed
interviews, including the TAT, the Semantic Fluency Task, and
the Phonetic Fluency Task. Natural language processing
measures analyzed from the TAT have been used to discriminate
between patients with a first episode of psychosis and controls
[74]; generally, semantic verbal fluency is more affected than
phonemic fluency in schizophrenia [75,76]. We will also test
the performance as a function of the transcription error rate.
The nonsemantic content of the speech will be determined from
the pitch, relative temporal ordering, duration information, and
the dynamics of the audio recordings [25]. Here, statistical
analysis, standard machine learning (eg, random forests), and
deep neural networks will be utilized.
EEG recordings will be made using noninvasive scalp leads
attached during the CGT [64,77] and baseline measurements.
After the EEG device is in place and immediately prior to the
CGT, the participant will undergo a 1-minute evaluation in a
restful, eyes-open state. Following this, the participant will
undergo an additional 1-minute evaluation in a restful,
eyes-closed state. EEG recordings will be conducted only during
in-person visits. The EEG analysis will involve standard
approaches, such as EEG band–related signal (delta, theta, alpha,

https://www.researchprotocols.org/2022/7/e36417

XSL• FO
RenderX

Cotes et al
and beta) analysis [78] and state-of-the-art deep neural network
analysis [79,80]. Different statistical descriptors, Hjorth
parameters [81], and synchrony [82] will be analyzed for the
EEG band–related signals. The recurrent neural networks [83,84]
will be utilized for capturing the dynamical properties of the
EEG signal. The heart rate and the actigraphy data recorded
from the wearable devices will be analyzed with the multiscale
network analysis developed in Reinertsen et al [85].
As described above and shown in Figure 1, data from all
modalities will be captured, stored, and processed in
HIPAA-compliant environments. More specifically, all the data
will be stored in Emory University’s OneDrive server (Microsoft
Corp) and will be processed in the high-performance computing
cluster located in the Department of Biomedical Informatics at
Emory University. Access to the identifiable personal data will
be limited to the personnel approved by the institutional review
board at Emory University.
In addition to the feature extraction and analyses within each
modality, we aim to investigate the interaction between features
from different modalities and fuse them together to build a
multimodal machine learning model to estimate the presence
and the severity of depression and schizophrenia. For interaction,
we will check the Pearson correlations between features and
between the predictions made with features from each single
modality. Additionally, we will use dynamic time warping and
general dynamic time warping [86] to check the similarity and
alignment between time series of features from different
modalities. For integration, we will use both model-agnostic
and model-based approaches. For instance, we will test late
fusion of the predicted results using features from each modality
and early direct fusion of the features extracted from all
modalities. We will also use temporal models, such as
multi-view long short-term memory networks [87] and
multimodal transformers [88].

Results
Data collection began in July 2020 and is expected to continue
through December 2022. We present some preliminary data
here, highlighting a comparison of the fluctuation of emotions
using computer vision. Figure 2 visualizes the level of neutrality,
happiness, surprise, anger, sadness, fear, and disgust of a patient
with schizophrenia (on the left) versus a control (on the right)
during the interview. Distinct differences could be found
between these 2 participants, including the average strength and
average length of different emotions and how fast they switched
between emotions. In the case of these 2 participants, the patient
with schizophrenia was found to have a longer duration of
neutrality, shorter duration of happiness, and a faster change
between emotions. Statistical tests need to be performed on the
final, larger groups to provide concrete evidence on whether
there indeed exist group-level differences.
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Figure 2. Measures of facial expression when comparing a patient with schizophrenia (left) to a control subject (right).

Discussion
This study aims to advance current progress in the use of
state-of-the-art technology for assisting clinical psychiatric
assessments by using a novel multimodal sensing system.

Strengths
The in-person recruitment site, Grady Health System, allows
access to a racially and ethnically diverse group of potential
participants. Furthermore, the study methods will allow for data
collection to continue irrespective of local case fluctuations in
COVID-19 infection rates. The study team will be able to recruit
and evaluate participants in person or pivot to virtual recruitment
and data collection using a national recruitment database.

Limitations
This study has a number of limitations. Larger data sets will be
needed and the model will need to be prospectively validated.
Additionally, remote participation is only available to those
who have access to the internet, a video camera, and a
microphone. The quality of these recordings is subject to
variation based upon the devices accessible to the participants
and the areas where they are located, which may impact the
quality of the recordings and limit recruitment efforts. The
protocol has provided an option for subjects to participate in
person, which will allow the study team to better standardize

the technology used. However, there may be differences between
subjects who participate in their homes and those who travel to
the research site to complete the interviews. The research site
will provide a private room to complete the Zoom interview
and will mimic, as much as possible, the environment of those
participating remotely from their homes. Furthermore, the
interviewers may be at risk of bias in their ratings, and their
physical presence or absence may affect patient responses. All
assessments will be recorded, which will allow for the
verification of all ratings by the interviewers and the study
psychiatrist. The interviewers will also follow a script to
maintain as much between-subject consistency in the interviews
as possible.

Conclusions
If our findings suggest that these technologies are capable of
resolving diagnoses and revealing symptoms at the same level
as current psychometric testing and clinician judgment, we will
be among the first in the world to have developed a clinical
decision support system that can be used by expert and
nonexpert clinicians for objectively diagnosing and tracking
schizophrenia and depression over time. Such a tool would
improve accessibility to care; aid clinicians in objectively
evaluating diagnoses, severity of symptoms, and treatment
efficacy; reduce treatment-related morbidity; and potentially
empower patients to gain a deeper insight into their day-to-day
symptoms and stressors to guide self-management.

Acknowledgments
Research reported in this publication was supported in part by Imagine, Innovate and Impact Funds from the Emory School of
Medicine and through a Georgia Clinical & Translational Science Alliance National Institutes of Health award (UL1-TR002378)

Data Availability
The data sets generated during or analyzed during the current study will not be publicly available because they contain protected
health information, but deidentified subsets of the data will be made available from the corresponding author on reasonable
request, if the resources to perform and validate the deidentification process are available.

Conflicts of Interest
ROC received institutional research funding from Alkermes, Roche, and Otsuka and is a consultant to Saladax Biomedical and
the American Psychiatric Association. The remaining authors declare no conflicts of interest.

Multimedia Appendix 1
Supplemental Materials.
https://www.researchprotocols.org/2022/7/e36417

XSL• FO
RenderX

JMIR Res Protoc 2022 | vol. 11 | iss. 7 | e36417 | p. 8
(page number not for citation purposes)

JMIR RESEARCH PROTOCOLS

Cotes et al

[DOC File , 27 KB-Multimedia Appendix 1]

References
1.

2.

3.
4.

5.
6.
7.

8.

9.
10.
11.
12.

13.

14.

15.

16.
17.

18.
19.
20.
21.

22.

GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 diseases and injuries in 204 countries and territories,
1990-2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet 2020 Oct 17;396(10258):1204-1222
[FREE Full text] [doi: 10.1016/S0140-6736(20)30925-9] [Medline: 33069326]
GBD 2019 Mental Disorders Collaborators. Global, regional, and national burden of 12 mental disorders in 204 countries
and territories, 1990-2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet Psychiatry 2022
Feb;9(2):137-150 [FREE Full text] [doi: 10.1016/S2215-0366(21)00395-3] [Medline: 35026139]
Solanki R, Singh P, Midha A, Chugh K. Schizophrenia: Impact on quality of life. Indian J Psychiatry 2008 Jul;50(3):181-186
[FREE Full text] [doi: 10.4103/0019-5545.43632] [Medline: 19742235]
Hjorthøj C, Stürup AE, McGrath JJ, Nordentoft M. Years of potential life lost and life expectancy in schizophrenia: a
systematic review and meta-analysis. Lancet Psychiatry 2017 Apr;4(4):295-301. [doi: 10.1016/S2215-0366(17)30078-0]
[Medline: 28237639]
Olfson M, Gerhard T, Huang C, Crystal S, Stroup TS. Premature Mortality Among Adults With Schizophrenia in the United
States. JAMA Psychiatry 2015 Dec 01;72(12):1172-1181. [doi: 10.1001/jamapsychiatry.2015.1737] [Medline: 26509694]
Barbato A. Schizophrenia and public health. World Health Organization. 1997. URL: https://apps.who.int/iris/bitstream/
handle/10665/63837/WHO_MSA_NAM_97.6.pdf [accessed 2022-06-07]
Cloutier M, Aigbogun MS, Guerin A, Nitulescu R, Ramanakumar AV, Kamat SA, et al. The Economic Burden of
Schizophrenia in the United States in 2013. J Clin Psychiatry 2016 Jun;77(6):764-771. [doi: 10.4088/JCP.15m10278]
[Medline: 27135986]
Greenberg PE, Fournier A, Sisitsky T, Pike CT, Kessler RC. The economic burden of adults with major depressive disorder
in the United States (2005 and 2010). J Clin Psychiatry 2015 Feb;76(2):155-162 [FREE Full text] [doi:
10.4088/JCP.14m09298] [Medline: 25742202]
National Health Expenditure Data: Historical 2017. Center For Medicare and Medicaid Services. URL: https://tinyurl.com/
ye2yj77v [accessed 2022-06-07]
Kraus C, Kadriu B, Lanzenberger R, Zarate CA, Kasper S. Prognosis and improved outcomes in major depression: a review.
Transl Psychiatry 2019 Apr 03;9(1):127 [FREE Full text] [doi: 10.1038/s41398-019-0460-3] [Medline: 30944309]
Wyatt RJ, Henter ID. The effects of early and sustained intervention on the long-term morbidity of schizophrenia. J Psychiatr
Res 1998;32(3-4):169-177 [FREE Full text] [doi: 10.1016/s0022-3956(97)00014-9] [Medline: 9793870]
Albert N, Melau M, Jensen H, Hastrup LH, Hjorthøj C, Nordentoft M. The effect of duration of untreated psychosis and
treatment delay on the outcomes of prolonged early intervention in psychotic disorders. NPJ Schizophr 2017 Sep 26;3(1):34
[FREE Full text] [doi: 10.1038/s41537-017-0034-4] [Medline: 28951544]
Kane JM, Robinson DG, Schooler NR, Mueser KT, Penn DL, Rosenheck RA, et al. Comprehensive Versus Usual Community
Care for First-Episode Psychosis: 2-Year Outcomes From the NIMH RAISE Early Treatment Program. Am J Psychiatry
2016 Apr 01;173(4):362-372 [FREE Full text] [doi: 10.1176/appi.ajp.2015.15050632] [Medline: 26481174]
Howes OD, Whitehurst T, Shatalina E, Townsend L, Onwordi EC, Mak TLA, et al. The clinical significance of duration
of untreated psychosis: an umbrella review and random-effects meta-analysis. World Psychiatry 2021 Feb 12;20(1):75-95
[FREE Full text] [doi: 10.1002/wps.20822] [Medline: 33432766]
Addington J, Heinssen RK, Robinson DG, Schooler NR, Marcy P, Brunette MF, et al. Duration of Untreated Psychosis in
Community Treatment Settings in the United States. Psychiatr Serv 2015 Jul;66(7):753-756. [doi: 10.1176/appi.ps.201400124]
[Medline: 25588418]
Psychosis and schizophrenia in adults: prevention and management. National Institute for Health and Care Excellence.
URL: https://www.nice.org.uk/guidance/cg178
Birchwood M, Connor C, Lester H, Patterson P, Freemantle N, Marshall M, et al. Reducing duration of untreated psychosis:
care pathways to early intervention in psychosis services. Br J Psychiatry 2013 Jul 02;203(1):58-64. [doi:
10.1192/bjp.bp.112.125500] [Medline: 23703317]
Mental Health In America - Access to Care Data 2018. Mental Health America. URL: https://www.mhanational.org/issues/
mental-health-america-access-care-data-2018 [accessed 2022-06-09]
American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed. Washington, DC:
American Psychiatric Association; 2013.
World Health Organization. ICD-10: International statistical classification of diseases and related health problems, tenth
revision. Geneva, Switzerland: World Health Organization; 2004.
Ramirez Basco M, Bostic JQ, Davies D, Rush AJ, Witte B, Hendrickse W, et al. Methods to improve diagnostic accuracy
in a community mental health setting. Am J Psychiatry 2000 Oct;157(10):1599-1605. [doi: 10.1176/appi.ajp.157.10.1599]
[Medline: 11007713]
Lieberman JA, Fenton WS. Delayed detection of psychosis: causes, consequences, and effect on public health. Am J
Psychiatry 2000 Nov;157(11):1727-1730. [doi: 10.1176/appi.ajp.157.11.1727] [Medline: 11058464]

https://www.researchprotocols.org/2022/7/e36417

XSL• FO
RenderX

JMIR Res Protoc 2022 | vol. 11 | iss. 7 | e36417 | p. 9
(page number not for citation purposes)

JMIR RESEARCH PROTOCOLS
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.
34.
35.

36.

37.

38.

39.

40.
41.

42.

Behavioral Health Workforce Projections, 2017-2030. Health Resources and Services Administration. URL: https://bhw.
hrsa.gov/sites/default/files/bureau-health-workforce/data-research/bh-workforce-projections-fact-sheet.pdf [accessed
2022-06-07]
Wittchen H, Mühlig S, Beesdo K. Mental disorders in primary care. Dialogues Clin Neurosci 2003 Jun;5(2):115-128 [FREE
Full text] [doi: 10.31887/DCNS.2003.5.2/huwittchen] [Medline: 22034245]
Harati S, Crowell A, Mayberg H, Jun Kong, Nemati S. Discriminating clinical phases of recovery from major depressive
disorder using the dynamics of facial expression. Annu Int Conf IEEE Eng Med Biol Soc 2016 Aug;2016:2254-2257. [doi:
10.1109/EMBC.2016.7591178] [Medline: 28268777]
Crowell A, Harati S, Nemati S, Mayberg H. Quantification of Subjective Intraoperative Response to Deep Brain Stimulation
of the Subcallosal Cingulate Using Facial Dynamics. Biol Psychiatry 2017 May;81(10):S334. [doi:
10.1016/j.biopsych.2017.02.890]
Jiang Z, Luskus M, Seyedi S, Griner EL, Rad AB, Clifford GD, et al. Utilizing computer vision for facial behavior analysis
in schizophrenia studies: A systematic review. PLoS One 2022 Apr 8;17(4):e0266828 [FREE Full text] [doi:
10.1371/journal.pone.0266828] [Medline: 35395049]
Reinertsen E, Osipov M, Liu C, Kane JM, Petrides G, Clifford GD. Continuous assessment of schizophrenia using heart
rate and accelerometer data. Physiol Meas 2017 Jun 27;38(7):1456-1471 [FREE Full text] [doi: 10.1088/1361-6579/aa724d]
[Medline: 28653659]
Osipov M, Behzadi Y, Kane JM, Petrides G, Clifford GD. Objective identification and analysis of physiological and
behavioral signs of schizophrenia. J Ment Health 2015 Jul 20;24(5):276-282 [FREE Full text] [doi:
10.3109/09638237.2015.1019048] [Medline: 26193048]
Reinertsen E, Nemati S, Vest AN, Vaccarino V, Lampert R, Shah AJ, et al. Heart rate-based window segmentation improves
accuracy of classifying posttraumatic stress disorder using heart rate variability measures. Physiol Meas 2017 Jun
10;38(6):1061-1076 [FREE Full text] [doi: 10.1088/1361-6579/aa6e9c] [Medline: 28489609]
Jiang Z, Seyedi S, Haque RU, Pongos AL, Vickers KL, Manzanares CM, et al. Automated analysis of facial emotions in
subjects with cognitive impairment. PLoS One 2022 Jan 21;17(1):e0262527 [FREE Full text] [doi:
10.1371/journal.pone.0262527] [Medline: 35061824]
Tron T, Peled A, Grinsphoon A, Weinshall D. Facial expressions and flat affect in schizophrenia, automatic analysis from
depth camera data. 2016 Presented at: IEEE-EMBS International Conference on Biomedical and Health Informatics; Feb
24-27, 2016; Las Vegas, NV p. 24-27. [doi: 10.1109/bhi.2016.7455874]
Bishay M, Palasek P, Priebe S, Patras I. SchiNet: Automatic Estimation of Symptoms of Schizophrenia from Facial Behaviour
Analysis. IEEE Trans Affective Comput 2021 Oct 1;12(4):949-961. [doi: 10.1109/taffc.2019.2907628]
Tron T, Peled A, Grinsphoon A, Weinshall D. Automated Facial Expressions Analysis. In: Schizophrenia: A Continuous
Dynamic Approach. Cham, Switzerland: Springer; 2016.
Vijay S, Baltrusaitis T, Pennant L, Ongur D, Baker J, Morency L. Computational study of psychosis symptoms and facial
expressions. Carnegie Mellon University. URL: http://multicomp.cs.cmu.edu/wp-content/uploads/2017/09/
2016_CMHW_vijay_computational.pdf [accessed 2022-06-09]
Vail A, Baltrusaitis T, Pennant L, Liebson E, Baker J, Morency L. Visual attention in schizophrenia: Eye contact and gaze
aversion during clinical interactions. 2017 Presented at: 2017 Seventh International Conference on Affective Computing
and Intelligent Interaction (ACII); Oct 23-26, 2017; San Antonio, TX URL: https://ieeexplore.ieee.org/document/8273644
[doi: 10.1109/acii.2017.8273644]
Tron T, Resheff Y, Bazhmin M, Peled A, Weinshall D. Real-time schizophrenia monitoring using wearable motion sensitive
devices. 2017 Presented at: 7th EAI International Conference on Wireless Mobile Communication and Healthcare
(MobiHealth); Nov 14-15, 2017; Vienna, Austria URL: https://link.springer.com/chapter/10.1007/978-3-319-98551-0_28
[doi: 10.1007/978-3-319-98551-0_28]
Tron T, Resheff Y, Bazhmin M, Weinshall D, Peled A. ARIMA-based motor anomaly detection in schizophrenia inpatients.
2018 Presented at: 2018 IEEE EMBS International Conference on Biomedical & Health Informatics (BHI); March 4-7,
2018; Las Vegas, NV. [doi: 10.1109/bhi.2018.8333460]
Tron T, Resheff Y, Bazhmin M, Peled A, Grinsphoon A, Weinshall D. Topic models for automated motor analysis in
schizophrenia patients. 2018 Presented at: 2018 IEEE 15th International Conference on Wearable and Implantable Body
Sensor Networks; March 4-7, 2018; Las Vegas, NV. [doi: 10.1109/bsn.2018.8329678]
Parola A, Simonsen A, Bliksted V, Fusaroli R. Acoustic patterns in schizophrenia: a systematic review and meta-analysis.
Schizophr Bull 2018 Apr 01;44:S169 [FREE Full text] [doi: 10.1093/schbul/sby016.414]
Iter D, Yoon J, Jurafsky D. Automatic Detection of Incoherent Speech for Diagnosing Schizophrenia. In: Proceedings of
the Fifth Workshop on Computational Linguistics and Clinical Psychology: From Keyboard to Clinic.: Association for
Computational Linguistics; 2018 Presented at: Fifth Workshop on Computational Linguistics and Clinical Psychology:
From Keyboard to Clinic; Jun 5, 2018; New Orleans, LA p. 136-146. [doi: 10.18653/v1/w18-0615]
Bedi G, Carrillo F, Cecchi GA, Slezak DF, Sigman M, Mota NB, et al. Automated analysis of free speech predicts psychosis
onset in high-risk youths. NPJ Schizophr 2015;1:15030 [FREE Full text] [doi: 10.1038/npjschz.2015.30] [Medline: 27336038]

https://www.researchprotocols.org/2022/7/e36417

XSL• FO
RenderX

Cotes et al

JMIR Res Protoc 2022 | vol. 11 | iss. 7 | e36417 | p. 10
(page number not for citation purposes)

JMIR RESEARCH PROTOCOLS
43.

44.
45.
46.
47.
48.

49.
50.

51.

52.

53.
54.
55.
56.

57.

58.

59.
60.
61.

62.
63.

64.

65.
66.

Dvey-Aharon Z, Fogelson N, Peled A, Intrator N. Schizophrenia detection and classification by advanced analysis of EEG
recordings using a single electrode approach. PLoS One 2015;10(4):e0123033 [FREE Full text] [doi:
10.1371/journal.pone.0123033] [Medline: 25837521]
Acharya UR, Sudarshan VK, Adeli H, Santhosh J, Koh JE, Adeli A. Computer-Aided Diagnosis of Depression Using EEG
Signals. Eur Neurol 2015;73(5-6):329-336 [FREE Full text] [doi: 10.1159/000381950] [Medline: 25997732]
Acharya UR, Sudarshan VK, Adeli H, Santhosh J, Koh JE, Puthankatti SD, et al. A Novel Depression Diagnosis Index
Using Nonlinear Features in EEG Signals. Eur Neurol 2015;74(1-2):79-83. [doi: 10.1159/000438457] [Medline: 26303033]
Cai H, Han J, Chen Y, Sha X, Wang Z, Hu B, et al. A Pervasive Approach to EEG-Based Depression Detection. Complexity
2018;2018:1-13 [FREE Full text] [doi: 10.1155/2018/5238028]
Seal A, Bajpai R, Agnihotri J, Yazidi A, Herrera-Viedma E, Krejcar O. DeprNet: A Deep Convolution Neural Network
Framework for Detecting Depression Using EEG. IEEE Trans Instrum Meas 2021;70:1-13. [doi: 10.1109/tim.2021.3053999]
Acharya UR, Oh SL, Hagiwara Y, Tan JH, Adeli H, Subha DP. Automated EEG-based screening of depression using deep
convolutional neural network. Comput Methods Programs Biomed 2018 Jul;161:103-113. [doi: 10.1016/j.cmpb.2018.04.012]
[Medline: 29852953]
Goldsmith DR, Crooks CL, Walker EF, Cotes RO. An Update on Promising Biomarkers in Schizophrenia. Focus (Am
Psychiatr Publ) 2018 Apr;16(2):153-163 [FREE Full text] [doi: 10.1176/appi.focus.20170046] [Medline: 31975910]
Olmert T, Cooper JD, Han SYS, Barton-Owen G, Farrag L, Bell E, et al. A Combined Digital and Biomarker Diagnostic
Aid for Mood Disorders (the Delta Trial): Protocol for an Observational Study. JMIR Res Protoc 2020 Aug 10;9(8):e18453
[FREE Full text] [doi: 10.2196/18453] [Medline: 32773373]
Rykov Y, Thach T, Bojic I, Christopoulos G, Car J. Digital Biomarkers for Depression Screening With Wearable Devices:
Cross-sectional Study With Machine Learning Modeling. JMIR Mhealth Uhealth 2021 Oct 25;9(10):e24872 [FREE Full
text] [doi: 10.2196/24872] [Medline: 34694233]
Cho C, Lee T, Kim M, In HP, Kim L, Lee H. Mood Prediction of Patients With Mood Disorders by Machine Learning
Using Passive Digital Phenotypes Based on the Circadian Rhythm: Prospective Observational Cohort Study. J Med Internet
Res 2019 Apr 17;21(4):e11029 [FREE Full text] [doi: 10.2196/11029] [Medline: 30994461]
Kroenke K, Spitzer RL, Williams JBW. The PHQ-9: validity of a brief depression severity measure. J Gen Intern Med
2001 Sep;16(9):606-613 [FREE Full text] [doi: 10.1046/j.1525-1497.2001.016009606.x] [Medline: 11556941]
Guy W. ECDEU assessment manual for psychopharmacology. Rockville, MD: US Department of Health, Education, and
Welfare; 1976.
Kay SR, Fiszbein A, Opler LA. The positive and negative syndrome scale (PANSS) for schizophrenia. Schizophr Bull
1987;13(2):261-276. [doi: 10.1093/schbul/13.2.261] [Medline: 3616518]
Park S, Lee KU, Choi J. Factor Structure of the Clinician-Rated Dimensions of Psychosis Symptom Severity in Patients
with Schizophrenia. Psychiatry Investig 2016 Mar;13(2):253-254 [FREE Full text] [doi: 10.4306/pi.2016.13.2.253] [Medline:
27081390]
Sheehan D, Lecrubier Y, Sheehan K, Amorim P, Janavs J, Weiller E, et al. The Mini-International Neuropsychiatric
Interview (M.I.N.I.): the development and validation of a structured diagnostic psychiatric interview for DSM-IV and
ICD-10. J Clin Psychiatry 1998;59 Suppl 20:22-33;quiz 34. [Medline: 9881538]
Moretti R, Rossini E. The Thematic Apperception Test (TAT). In: Hilsenroth MJ, Segal DL, Hersen M, editors.
Comprehensive handbook of psychological assessment, Vol 2: Personality assessment. Hoboken, NJ: John Wiley & Sons;
2004:356-371.
Goodglass H, Kaplan E. The assessment of aphasia and related disorders. Philadelphia, PA: Lea & Febiger; 1972.
Benton A, Hamsher K, Sivan A. Multilingual aphasia examination. Iowa City, IA: AJA Associates; 1994.
Cohen SR, Sawatzky R, Russell LB, Shahidi J, Heyland DK, Gadermann AM. Measuring the quality of life of people at
the end of life: The McGill Quality of Life Questionnaire-Revised. Palliat Med 2017 Feb;31(2):120-129. [doi:
10.1177/0269216316659603] [Medline: 27412257]
Spitzer RL, Kroenke K, Williams JBW, Löwe B. A brief measure for assessing generalized anxiety disorder: the GAD-7.
Arch Intern Med 2006 May 22;166(10):1092-1097. [doi: 10.1001/archinte.166.10.1092] [Medline: 16717171]
Rogers RD, Owen AM, Middleton HC, Williams EJ, Pickard JD, Sahakian BJ, et al. Choosing between small, likely rewards
and large, unlikely rewards activates inferior and orbital prefrontal cortex. J Neurosci 1999 Oct 15;19(20):9029-9038 [FREE
Full text] [Medline: 10516320]
Rogers R, Everitt B, Baldacchino A, Blackshaw A, Swainson R, Wynne K, et al. Dissociable deficits in the decision-making
cognition of chronic amphetamine abusers, opiate abusers, patients with focal damage to prefrontal cortex, and
tryptophan-depleted normal volunteers: evidence for monoaminergic mechanisms. Neuropsychopharmacology 1999
Apr;20(4):322-339. [doi: 10.1016/S0893-133X(98)00091-8] [Medline: 10088133]
Ekman P, Friesen WV. Measuring facial movement. Environ psychol nonverbal behav 1976;1(1):56-75. [doi:
10.1007/bf01115465]
Ekman P, Friesen WV. Facial action coding system. American Psychological Association. 1978. URL: https://psycnet.
apa.org/doiLanding?doi=10.1037%2Ft27734-000 [accessed 2022-06-10]

https://www.researchprotocols.org/2022/7/e36417

XSL• FO
RenderX

Cotes et al

JMIR Res Protoc 2022 | vol. 11 | iss. 7 | e36417 | p. 11
(page number not for citation purposes)

JMIR RESEARCH PROTOCOLS
67.

68.

69.
70.
71.
72.

73.

74.

75.
76.
77.
78.
79.
80.

81.
82.
83.

84.
85.

86.

87.

88.

Jiang Z, Harati S, Crowell A, Mayberg HS, Nemati S, Clifford GD. Classifying Major Depressive Disorder and Response
to Deep Brain Stimulation Over Time by Analyzing Facial Expressions. IEEE Trans Biomed Eng 2021 Feb;68(2):664-672.
[doi: 10.1109/tbme.2020.3010472]
Schultz BG, Tarigoppula VSA, Noffs G, Rojas S, van der Walt A, Grayden DB, et al. Automatic speech recognition in
neurodegenerative disease. Int J Speech Technol 2021 May 04;24(3):771-779 [FREE Full text] [doi:
10.1007/s10772-021-09836-w]
Pennebaker JW, Booth RJ, Boyd RL, Francis ME. Linguistic Inquiry Word Count: LIWC2015. 2015. URL: https:/
/s3-us-west-2.amazonaws.com/downloads.liwc.net/LIWC2015_OperatorManual.pdf [accessed 2022-06-07]
Mikolov T, Chen K, Corrado G, Dean J. Efficient estimation of word representations in vector space. ArXiv. Preprint posted
online on Jan 16, 2013 2022:1-12.
Straw I, Callison-Burch C. Artificial Intelligence in mental health and the biases of language based models. PLoS One
2020;15(12):e0240376 [FREE Full text] [doi: 10.1371/journal.pone.0240376] [Medline: 33332380]
De Choudhury M, De S. Mental Health Discourse on Reddit: Self-Disclosure, Social Support, and Anonymity. In: Proceedings
of the International AAAI Conference on Web and Social Media. 2014 Presented at: International AAAI Conference on
Web and Social Media; Jun 1-4, 2014; Ann Arbor, MI p. 71-80 URL: https://ojs.aaai.org/index.php/ICWSM/article/view/
14526
De Choudhury M, Gamon M, Counts S, Horvitz E. Predicting Depression via Social Media. In: Proceedings of the
International AAAI Conference on Web and Social Media. 2013 Presented at: International AAAI Conference on Web and
Social Media; Jul 8-11, 2013; Cambridge, MA p. 128-137 URL: https://ojs.aaai.org/index.php/ICWSM/article/view/14432
Morgan SE, Diederen K, Vértes PE, Ip SHY, Wang B, Thompson B, et al. Natural Language Processing markers in first
episode psychosis and people at clinical high-risk. Transl Psychiatry 2021 Dec 13;11(1):630 [FREE Full text] [doi:
10.1038/s41398-021-01722-y] [Medline: 34903724]
Szöke A, Trandafir A, Dupont M, Méary A, Schürhoff F, Leboyer M. Longitudinal studies of cognition in schizophrenia:
meta-analysis. Br J Psychiatry 2008 Apr 02;192(4):248-257. [doi: 10.1192/bjp.bp.106.029009] [Medline: 18378982]
Henry J, Crawford J. A meta-analytic review of verbal fluency deficits in schizophrenia relative to other neurocognitive
deficits. Cogn Neuropsychiatry 2005 Jan;10(1):1-33. [doi: 10.1080/13546800344000309] [Medline: 16571449]
Deakin J, Aitken M, Robbins T, Sahakian B. Risk taking during decision-making in normal volunteers changes with age.
J Int Neuropsychol Soc 2004 Jul;10(4):590-598. [doi: 10.1017/S1355617704104104] [Medline: 15327737]
Newson JJ, Thiagarajan TC. EEG Frequency Bands in Psychiatric Disorders: A Review of Resting State Studies. Front
Hum Neurosci 2018;12:521 [FREE Full text] [doi: 10.3389/fnhum.2018.00521] [Medline: 30687041]
de Bardeci M, Ip CT, Olbrich S. Deep learning applied to electroencephalogram data in mental disorders: A systematic
review. Biol Psychol 2021 May;162:108117 [FREE Full text] [doi: 10.1016/j.biopsycho.2021.108117] [Medline: 33991592]
Sun J, Cao R, Zhou M, Hussain W, Wang B, Xue J, et al. A hybrid deep neural network for classification of
schizophrenia using EEG Data. Sci Rep 2021 Feb 25;11(1):4706 [FREE Full text] [doi: 10.1038/s41598-021-83350-6]
[Medline: 33633134]
Hjorth B. EEG analysis based on time domain properties. Electroencephalogr Clin Neurophysiol 1970 Sep;29(3):306-310.
[doi: 10.1016/0013-4694(70)90143-4] [Medline: 4195653]
Spencer KM, Nestor PG, Niznikiewicz MA, Salisbury DF, Shenton ME, McCarley RW. Abnormal neural synchrony in
schizophrenia. J Neurosci 2003 Aug 13;23(19):7407-7411 [FREE Full text] [Medline: 12917376]
Koppe G, Toutounji H, Kirsch P, Lis S, Durstewitz D. Identifying nonlinear dynamical systems via generative recurrent
neural networks with applications to fMRI. PLoS Comput Biol 2019 Aug;15(8):e1007263 [FREE Full text] [doi:
10.1371/journal.pcbi.1007263] [Medline: 31433810]
Guler N, Ubeyli E, Guler I. Recurrent neural networks employing Lyapunov exponents for EEG signals classification.
Expert Syst Appl 2005 Oct;29(3):506-514. [doi: 10.1016/j.eswa.2005.04.011]
Reinertsen E, Shashikumar SP, Shah AJ, Nemati S, Clifford GD. Multiscale network dynamics between heart rate and
locomotor activity are altered in schizophrenia. Physiol Meas 2018 Oct 30;39(11):115001 [FREE Full text] [doi:
10.1088/1361-6579/aae1ed] [Medline: 30222594]
Zhou F, De la Torre F. Generalized time warping for multi-modal alignment of human motion. 2012 Presented at: IEEE
Conference on Computer Vision and Pattern Recognition; Jun 16-21, 2012; Providence, RI p. 1282-1289 URL: https:/
/ieeexplore.ieee.org/document/6247812 [doi: 10.1109/cvpr.2012.6247812]
Rajagopalan S, Morency L, Baltrusaitis T, Goecke R. Extending Long Short-Term Memory for Multi-View Structured
Learning. In: Leibe B, Matas J, Sebe N, Welling M, editors. Computer Vision – ECCV 2016. Cham, Switzerland: Springer;
2016:338-353.
Tsai Y, Bai S, Pu LP, Kolter J, Morency LP, Salakhutdinov R. Multimodal Transformer for Unaligned Multimodal Language
Sequences. In: Proceedings of the 57th Annual Meeting of the Association for Computational Linguistics. 2019 Presented
at: 57th Annual Meeting of the Association for Computational Linguistics; Jul 28-Aug 2, 2019; Florence, Italy p. 6558-6569.
[doi: 10.18653/v1/p19-1656]

https://www.researchprotocols.org/2022/7/e36417

XSL• FO
RenderX

Cotes et al

JMIR Res Protoc 2022 | vol. 11 | iss. 7 | e36417 | p. 12
(page number not for citation purposes)

JMIR RESEARCH PROTOCOLS

Cotes et al

Abbreviations
CGI-I: Clinical Global Impression-Improvement
CGI-S: Clinical Global Impression-Severity
CGT: Cambridge Gambling Task
CRDPSS: Clinician-Rated Dimensions of Psychosis Symptom Severity in Patients with Schizophrenia
DSM-5: Diagnostic and Statistical Manual of Mental Disorders
EEG: electroencephalogram
GAD-7: General Anxiety Disorder-7
GSQ: General Symptom Questionnaire
HIPAA: Health Insurance Portability and Accountability Act of 1996
MINI: Mini International Neuropsychiatric Interview
MQOL Part A: McGill Quality of Life Questionnaire-Revised Part A
MUQ: Medication Utilization Questionnaire
PANSS: Positive and Negative Syndrome Scale
PHQ-9: Patient Health Questionnaire-9
PPE: Personal Protective Equipment
TAT: Thematic Apperception Test
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