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. Introduction 

urrently, the diagnosis of neuropsychiatric disorders sepa- 
ates disorders into non-overlapping diagnostic categories, 
uch as Schizophrenia and Alzheimer’s disease. This sep- 
ration is not based on underlying aetiologies, but on 
onvention-based clustering of qualitative clinical symp- 
oms. While these current diagnostic categories are suffi- 
ient to provide a basis for general clinical management, 
hey fail to take into account the underlying neurobiology 
hat gives rise to individual symptoms ( Kas et al., 2007 ; 
nsel and Cuthbert, 2015 ). The ability to precisely link these 
ymptoms to the underlying neurobiology would not only fa- 
ilitate the development of better treatments, but would 
otentially also allows physicians to provide patients with a 
etter understanding of the complexities and management 
f their illness. To realise this ambition, a paradigm shift is 
eeded to raise awareness and to build an understanding of 
ow neuropsychiatric diagnoses can be based on quantita- 
ive biological parameters. One of the main difficulties in 
he construction of biologically valid diagnoses is the lack 
f objective biomarkers with both translational and transdi- 
gnostic value. 
The PRISM project, funded through the Innovative 
edicines Initiative 2 as a joint undertaking between the EU 

orizon 2020 research and innovation framework and EF- 
IA, is pioneering the field in this respect and aims to de- 
elop a quantitative biological approach to the understand- 
ng and classification of neuropsychiatric diseases in order to 
ccelerate the discovery and development of better treat- 
ents for patients ( Kas et al., 2019 ). In this way, tradi- 
ional symptom-based classifications will be deconstructed 
nd replaced by a range of quantitative biological assess- 
ents using several analytical platforms to parse current 
eterogeneous syndromes into homogeneous, biology-based 
lusters. 
4 
sological categories underlie pragmatic treatment choice, reg- 
 does not encompass biological rationale. However, subgroups 
ophrenia or Alzheimer’s disease have more in common than 
their condition, such as the expression of social dysfunction. 
 initial quantitative biological insights allowing the first steps 

 classification of psychiatric and neurological symptomatology 
iscovery in this area. In this study, we applied spectral clus-
dpoints derived from passive smartphone monitoring data in a 
Alzheimer’s disease patients, as well as age matched healthy
nical study. This analysis provided an objective social function-
differential clusters that transcended initial diagnostic classi- 
ked to quantitative neurobiological parameters assessed. This 
rk will both offer new ways to classify individuals in biologi- 
ective of their initial diagnosis, and also offer insights into the
underlying these clusters. 
 by Elsevier B.V. This is an open access article under the CC BY
s.org/licenses/by/4.0/ ) 

The PRISM project aims to demonstrate that quan- 
itative biological parameters of shared symptom do- 
ains across three neuropsychiatric disorders (Schizophre- 
ia, Alzheimer’s disease and Depression) can be used to 
reate novel biologically meaningful clusters. These neu- 
opsychiatric disorders share part of their symptomatol- 
gy, in particular social withdrawal ( Peralta et al., 1992 ; 
eichman and Negron, 2001 ; Winograd-Gurvich et al., 
006 ; Porcelli et al., 2019 ) and specific cognitive deficits 
i.e., working memory, sensory processing and attention 
eficits) ( Weintraub et al., 2012 ; Millan et al., 2012 ; 
cIntyre et al., 2013 ; Lepage et al., 2014 ; Gilmour et al.,
019 ; Danjou et al., 2019 ). With Schizophrenia, Depres- 
ion and Alzheimer’s disease patients, amongst others, 
nown to commonly exhibit social deficits, it was decided 
o focus on Schizophrenia and Alzheimer’s as being the 
ost neurobiologically dissimilar and hence offering the 
est chance of finding different clusters. Schizophrenia 
s a neurodevelopmental disorder, with a strong genetic 
omponent and typically characterised by the emergence 
f psychotic symptoms in adolescence or early adulthood 
 Kahn et al., 2015 ; Insel, 2010 ; Schizophrenia Working Group 
f the Psychiatric Genomics Consortium, 2014 ). Alzheimer’s 
isease is a neurodegenerative disorder characterised by 
n impairment in cognitive functioning that emerges in 
ater life and by the presence of amyloid plaques in the 
rain ( Scheltens et al., 2016 ; Frere and Slutsky, 2018 ). As
chizophrenia and Alzheimer’s disease typically emerge at 
ifferent ages, the single strongest discriminative parame- 
er may simply prove to be age. Therefore, to remove age as 
 confounding factor in the analysis, age-matched healthy 
ontrol subjects were included in the study as well. 
The basic concept of the PRISM clinical study is to define 

 set of quantifiable biological parameters for social with- 
rawal and cognitive deficits in order to cluster Schizophre- 
ia and Alzheimer’s disease patients into biologically ho- 
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ogenous patient groups that transcend clinical labels. Se- 
ected patients have subsequently been assessed in a clini- 
al deep phenotyping study (for clinical protocol specifica- 
ions, see ( Bilderbeck et al., 2019 )). Methods, instruments, 
nd inclusion/exclusion criteria for this clinical deep phe- 
otyping study have been selected and implemented based 
n scientific, feasibility, and ethical considerations obtained 
uring consensus meetings between project partners, exter- 
al scientific, ethical and clinical advisory panel members, 
s well as based upon input from patient/family organisa- 
ions and regulators ( Bilderbeck et al., 2019 ). The quantita- 
ive assessments in Schizophrenia and Alzheimer’s disease 
atients focus on social dysfunction ( Porcelli et al., 2019 ), 
ensory processing ( Danjou et al., 2019 ), as well as on work- 
ng memory and attention ( Gilmour et al., 2019 ). 
Recent studies have shown that passive remote smart- 

hone monitoring can provide digital behavioural endpoints 
elated to social functioning that are able to differenti- 
te between patients and controls ( Jongs et al., 2020 ; 
uurling et al., 2022 ). Based on these endpoints (e.g., 
otal phone calls, unique stay points, home stay time), 
ovel insights in objective and real-world environment mea- 
ures of individual social communication and exploration 
ehaviour can be obtained ( Eskes et al., 2016 ). To ad- 
ress whether these digital behavioural features can pro- 
ide meaningful transdiagnostic clustering, a subgroup of 
RISM study subjects installed the Behapp smartphone app 
n their phones that subsequently monitored smartphone 
ctivities in the background (without active involvement of 
he subjects) ( Jagesar et al., 2021 ). In this study, we applied 
pectral clustering on the behavioural endpoints derived 
rom the Behapp smartphone app collected in a subgroup of 
chizophrenia and Alzheimer’s disease patients, as well as 
ge matched healthy controls, as part of the PRISM clinical 
tudy. 

. Experimental procedures 

.1. Subjects 

ligible patient and healthy control participants were identified 
ia patient cohort registers and clinical programs affiliated with 
he participating centres (VUMC (Amsterdam, the Netherlands), 
UMC (Leiden, the Netherlands), UMCU (Utrecht, the Netherlands), 
IBERSAM (Madrid, Spain)). Patient participants were selected to 
iffer by level of social functioning (high vs. low), according to their 
esearcher-rated score on a subset of items from the WHODAS-2 
social withdrawal) scale. Low social functioning was defined as a 
core ≤ 10, whereas high social withdrawal was denoted by a score 
11. 
Key inclusion criteria for patients included an absence of social 

ithdrawal due to external circumstances or disease-unrelated dis- 
bilities (e.g. lack of access to transport, lack of mobility, facial dis- 
gurement), and right-handedness/ambidextrousness. Alzheimer’s 
isease patients were additionally required to fall between the ages 
f 50 and 80 (inclusive), meet the National Institute on aging and 
he Alzheimer’s Association (NIA-AA) criteria for probable AD and 
ave an MMSE score of 20 to 26 (inclusive). Schizophrenia patients 
ere required to fall between the ages of 18 and 45 (inclusive), 
eet the DSM-IV diagnosis of Schizophrenia with at least one con- 
rmed psychotic episode but a maximum of 10 years disease du- 
ation since diagnosis and be on stable doses of medication for at 
east 8 weeks prior to screening. According to the exclusion criteria 
5 
or patients, patients were excluded if they presented very severe 
isease symptoms (e.g. a score of ≥ 22 on the 7-item PANSS positive
ymptom factor for schizophrenia, or a score < 20 on the MMSE for
lzheimer’s disease). Furthermore, they were excluded if they had 
 current DSM-IV diagnosis of Major Depressive Disorder as assessed 
y the MINI or scored ≥ 16 on the QIDS-SR16, suffered from drug
r alcohol dependence within the three years prior to screening or 
ad any contraindications for MRI studies. 
Healthy control participants were required to fall into the same 

wo age brackets as the patient groups and to be right handed or
mbidextrous, and were excluded if they had a past or current di- 
gnosis of an Axis-I psychiatric disorder as determined by the MINI, 
ild depressive symptoms as indicated by a score of 5 on the QIDS-
R16, or any contraindications for MRI studies. For complete inclu- 
ion/exclusion criteria, see ( Bilderbeck et al., 2019 ). 

.1.1. Ethical approval and informed consent 
articipants were recruited between July 2017 and March 2019 from 

ve different recruiting sites across Spain (Hospital General Univer- 
itario Gregorio Marañón and Hospital Universitario de La Princesa) 
nd the Netherlands (University Medical Center Utrecht, VU Uni- 
ersity Medical Center Amsterdam and Leiden University Medical 
enter). The study was approved by the Ethics Review Board of all 
articipating centers: University Medical Center Utrecht, VU Uni- 
ersity Medical Center Amsterdam, Leiden University Medical Cen- 
er, Hospital General Universitario Gregorio Marañón and Hospital 
niversitario de La Princesa. All participants provided verbal and 
ritten consent prior to participation and were considered suffi- 
iently competent to participate by researcher and caregivers. 

.2. Clinical protocol 

he PRISM clinical study comprised an exploratory investigation of 
hree groups: Alzheimer’s Disease patients, schizophrenia patients 
nd healthy control participants. Participants were assessed on a 
ast array of validated neuroimaging, neuropsychological and neu- 
ophysiological assessments of cognitive, attentional and sensory 
rocessing. 
After initial contact with the research team, interested individ- 

als were provided with the PIS and ICF, and given the opportu-
ity to provide oral/email consent to be contacted by phone for 
elephone/email pre-screening. The pre-screening was designed to 
ssess the likelihood that participants would be eligible for the 
tudy based on a subset of their demographic and clinical data, 
ncluding the five items from the WHODAS-2 scale. The aim of 
he pre-screening was to reduce participant burden, especially for 
atients who would have been found ineligible for the study at 
creening. 
Eligible participants attended their study centre on three assess- 
ent days. Assessment day 1 included further screening, collection 
f questionnaire measures, behavioural testing, a blood draw and 
ptional installation of a smartphone application for the remote 
ollection of sociability and social exploration data (Behapp ser- 
ice ( Jagesar et al., 2021 ); www.Behapp.com ). Assessment days 2
nd 3 each included an MRI and EEG neuroimaging session, dur- 
ng which various structural and functional scans were acquired. 
ollow-up activities consisted of continued Behapp app data col- 
ection and remote completion of a short set of social withdrawal 
uestionnaires near the end of the follow-up period ( + 42 days from
ssessment day 1). A flow diagram of the clinical study protocol is
rovided in Fig. 1 . 

.2.1. Data collection 
he final sample for the PRISM clinical study consisted of 165 par- 
icipants: 52 Alzheimer’s Disease patients, 56 schizophrenia pa- 
ients, 29 younger and 28 elderly healthy controls. In this study, 

http://www.Behapp.com
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Fig. 1 Schematic representation of the PRISM clinical study protocol. SZ = Schizophrenia; AD = Alzheimer’s Disease. 

Table 1 Characteristics of the PRISM subsample for this study. 

AD = 20 SZ = 14 Young HC = 11 Old HC = 14 

N male 13 8 7 9 
N female 7 6 4 5 
N White 19 12 10 14 
Age 65.55, SEM = 2.66 31.21, SEM = 1.64 27.55, SEM = 1.60 66.71, SEM = 1.73 
Years in education 14.75, SEM = 1.03 14.93, SEM = 0.79 17.36, SEM = 0.66 17.00, SEM = 1.27 

AD = Alzheimer’s Disease; SZ = Schizophrenia; HC = healthy controls; SE = standard error of the mean. 
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ata from 59 participants was used. This number was lower than 
he actual number of participants in the study due to various 
easons (e.g., Behapp participation in the clinical study was op- 
ional; at the time of the study, Behapp was only available for 
ndroid phones; for that reason, participants with an iPhone did 
ot participate in this part of the study). The demographic char- 
cteristics of the sample for the present study in terms of gen- 
er, ethnicity, age and years in education can be visualised in 
able 1 . 
Participants who consented to the remote collection of socia- 

ility data via Behapp were given the option of installing the app 
n their personal Android smartphone. Participants were encour- 
ged to allow follow-up data collection for 28 days (4 weeks) from 

ssessment day 1, to allow for the collection sufficient data for 
eaningful analysis, but they were free to choose to discontinue 
ehapp data collection at any time whilst continuing with other as- 
ects of the study. Whilst installed, the Behapp app passively mon- 
tored smartphone activities, including frequency, duration and di- 
ersity of events, such as incoming and outgoing phone calls (with 
umber encryption), SMS usage, and social media activities (e.g., 
hatsApp and Facebook events), to provide an objective measure 
f sociability and social exploration in a longitudinal daily-life man- 
er. No content (e.g., from calls or messages) was collected. In 
he case of each participant, each one of these longitudinal end- 
oints was condensed into a cumulative measure, representing the 
otal count of observed events throughout the follow-up period. To 
ccommodate variations in the duration of follow-up among partic- 
6 
pants, these consolidated measures were subsequently normalized 
y dividing them by the individualized follow-up durations of each 
articipant. 
The PRISM clinical study involved 4 MRI data collection sites (3 

sing Philips Ingenia 3T-scanners and one using a Siemens Prisma 3T- 
canner) in two countries (The Netherlands and Spain). The basic 
OLD parameters were standardized between the different scan- 
ers and advanced shims were performed at all sites. Behavioural 
ask data was collected using the P1vital® ePRO system. Tasks were 
ompleted online via a personalized account which researchers cre- 
ted for participants. The ePRO system is built to high, industry- 
egulation standards, and site staff was provided with training and 
aterials to ensure standardized data collection procedures across 
ites ( Bilderbeck et al., 2019 ). 

.3. Statistical analysis 

.3.1. Participant inclusion in current analysis 
ithin the full PRISM dataset we had access to Behapp endpoint 
ata for 75 participants for whom we had derived endpoints avail- 
ble. We removed participants who had more than 10 missing end- 
oints and removed endpoints where more than 5 participants 
issed data. This resulted in inclusion of 59 participants (19 AD, 
4 SZ, and 26 HC) and 62 endpoints. Remaining missing endpoints 
ere replaced with the mean value for that endpoint in the avail- 
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ble participants. Finally, each endpoint score was converted to a 
-score by subtracting its mean and dividing by its standard devia- 
ion across the population. 

.3.2. Clustering approach 
o obtain subgroups of participants exhibiting a similar profile of 
ehapp endpoint scores we applied spectral clustering on a partic- 
pant by participant correlation matrix. This matrix is calculated 
cross all endpoints and illustrates how similar the endpoint profile 
i.e., all endpoints) of each participant is to the endpoint profile of 
ach other participant in the population. We used Pearson Correla- 
ion as the measure of similarity. For further clustering we rescaled 
he similarity matrix to a 0–1 range. 
We choose to apply spectral clustering as our initial clustering 

pproach. This is an unsupervised clustering method indicating that 
e do not make use of available diagnostic labels to decide on the
umber of clusters that should be retrieved by the algorithm. In- 
tead we use data-driven criteria to decide on the most likely num- 
er of clusters. Note that this number is typically validated using 
out-of-sample) cross-validation, however, in light of the current 
ata exploration we have not implemented such cross-validation. 
o inform ourselves about the potential number of clusters present 
n our dataset we assessed the silhouette metric and a principal 
omponent decomposition of the similarity matrix. 
Based on the silhouette metric a solution with 2 or 3 clusters 

ould yield the best possible separation. This was further con- 
rmed by a PCA decomposition on the similarity matrix in order to 
stimate the underlying intrinsic dimensionality of the data. That 
he first 4 principal components cumulatively explained 80 % of the 
ariance in the data. In terms of the percent of explained vari- 
nce per component we observed a first inflection point (’elbow’) 
t component number 3. Based on these metrics we obtained a 3- 
luster solution. 

.3.3. Cluster characterization 
o investigate how the resulting clusters related to available clini- 
al and demographic variables we assessed the distribution of diag- 
ostic labels among the clusters, the relationship with participant 
ge, and the relationship with participant sex. In addition, we char- 
cterised each of the clusters in terms of the scores on the Behapp 
ndpoints and tentatively named each profile based on the distri- 
ution of participant z-scores across endpoints. 

.3.4. Relationship with imaging derived endpoints 
o assess the relationship between the cluster solution and end- 
oints derived from the imaging modalities present in PRISM, we 
mplemented group-analyses using cluster-membership as group- 
dentifiers (instead of diagnostic label). Given the exploratory na- 
ure of these analyses and the limited number of participants we 
ssessed effects at a significance level of p < 0.05 without further 
orrection for multiple comparisons. Group-level 1-factor ANOVA 
odels were applied to endpoint data residualized for the effects 
f AGE, SEX, and SITE. The factor group comprised three levels 
orresponding to each participant’s cluster membership. Table 2 
ists the unimodal endpoints that were assessed and the modality 
hey were derived from. Here, we assessed the effect of cluster 
embership on multi-modal components derived through linked- 

CA ( Groves et al., 2011 ) based on simultaneous decomposition of 
hole-brain endpoints derived from the T1 (volume, area, thick- 
ess), EEG, and resting fMRI (Default mode network, and seed- 
ased networks derived for nucleus accumbens, anterior cingulate 
ortex, amygdala, and medial prefrontal cortex). 

. Results 

ehapp passive remote behavioural monitoring through the 
martphone of subjects allowed us to define behavioural 
7 
rofiles of objectively assessed individual levels of social 
unctioning. Based on 62 BEHAPP endpoints (e.g., total 
n- and outgoing phone calls and chats, GPS signal-derived 
nique visits of places, home stay time), novel insights in 
bjective and real-world environment measures of individ- 
al social communication and exploration behaviour were 
btained. This analysis revealed three discriminable clus- 
ers (indicated as the green “hot spots” in Fig. 2A ), impor- 
antly, as Fig. 2 Band C illustrate, these clusters did not show 

 1-to-1 mapping to the initial diagnostic groups and were 
ot driven by participant age. Relating the 3-group clus- 
er solution to multimodal components derived across struc- 
ural, functional, and EEG neuroimaging endpoints yielded a 
ignificant effect of cluster for one of the multimodal com- 
onents ( Fig. 2 D). This component was driven by between- 
articipant differences in brain anatomy endpoints includ- 
ng volume, cortical surface area, and cortical thickness. 
hese initial findings indicate that multimodal quantitative 
euroimaging measures are associated with specific social 
rofiles that transcend the initial clinical diagnosis ( Fig. 2 D). 
We characterised each of the clusters in terms of the 

cores on Behapp endpoint classes (outgoing calls, incom- 
ng calls, social diversity, communication, social media us- 
ge, phone usage, location diversity, travelling, home stay). 
ach of these classes were built on a variety of Behapp end- 
oint features functionally related to a class, as indicated in 
able 3 . This profile showed the average score for each class 
core across the participants in each cluster. We tentatively 
haracterized each profile based on the distribution of par- 
icipant z-scores across classes. Cluster 1 is related to high 
evels of communication, as participants in this profile score 
igher than the population on call- and text-related end- 
oints, have a highly diverse social network, yet lower on 
ravel-related classes, such as location diversity and travel- 
ing. In contrast, cluster 2 is related to reduced social inter- 
ctions, with lower scores on call-and other communication- 
elated classes, and by increased home stay time. Finally, 
articipants in cluster 3 show a mixed distribution of classes 
ith lower home stay time and increased usage of social me- 
ia ( Fig. 3 ). 

. Discussion 

he PRISM project set out to use an unbiased approach to 
xploring a number of inter-related issues in neuropsychi- 
try ( Kas et al., 2019 ). Across the range of data collected
he project is clearly demonstrating that quantitative pa- 
ameters offer both practical and differentially informative 
lternatives and/or adjuncts to traditional subject and/or 
ualitative assessment. By taking social dysfunction as a 
ransdiagnostic domain ( Porcelli et al., 2019 ) the project 
s providing new insights into the nature, quantification and 
iology of this poorly understood area. This focus has also 
llowed an illustration that by utilising a transdiagnostic 
pproach unexpected commonalities and differences can 
dentified adding, it is believed, novel colour to our under- 
tanding of these disorders. Taken together the merit and 
racticality of a true trans-diagnostic, biology-driven clas- 
ification system for use across psychiatry and neurology is 
merging. 
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Table 2 List of the unimodal endpoints that were assessed as part of the clinical protocol in PRISM. 

Modality Endpoint N Notes 

EEG Visit 2 various 3234 111 unique endpoints were extracted, of those 
certain endpoints were collected from 58 
electrodes; also included in Linked-ICA analysis 

Anatomical MRI volume 134 total volume for 134 regions of the brain derived 
via Freesurfer segmentation; also included in 
Linked-ICA analysis 

thickness 70 cortical thickness for 70 regions along the grey 
matter surface of the brain derived via Freesurfer 
segmentation; also included in Linked-ICA analysis 

area 70 surface area for 70 regions along the grey matter 
surface of the brain derived via Freesurfer 
segmentation; also included in Linked-ICA analysis 

BOLD Resting State DMN 1 whole brain map of the default mode network 
derived via dual regression ( Filippini et al., 2009 ); 
included in Linked-ICA analysis only 

seed-maps 26 whole brain seed-based functional connectivity 
maps, one for each of the masks provided for the 
task-based analysis endpoint extraction; 
Whole-brain seed-based networks derived for 
nucleus accumbens, anterior cingulate cortex, 
amygdala, and medial prefrontal cortex included 
in Linked-ICA analysis 

BOLD FEP mean z-score in 
region 

36 average z-score within the regions provided by 
the data champions; average scores were 
extracted for all provided contrasts; N 

contrasts = 6; N regions = 6 
BOLD VMWM mean z-score in 

region 
32 average z-score within the regions provided by 

the data champions; average scores were 
extracted for all provided contrasts; N 

contrasts = 4; N regions = 8 
BOLD MSID mean z-score in 

region 
36 average z-score within the regions provided by 

the data champions; average scores were 
extracted for all provided contrasts; N 

contrasts = 4; N regions = 9 
BOLD NBACK mean z-score in 

region 
21 average z-score within the regions provided by 

the data champions; average scores were 
extracted for all provided contrasts; N 

contrasts = 7; N regions = 3 
DWI FA, MD, MO 20 diffusion metrics extracted for 20 white-matter 

tracts; FA: Fractional anisotropy; MD: Mean 
Diffusivity; MO: Mode of anisotropy 

ASL CBF 120 cerebral blood flow in 120 regions of the brain 
FERT (Behaviour) various 47 
Hinting Task 
(Behaviour) 

1 Total Score 

DSST (Behaviour) various 3 
EEfRT (Behaviour) various 7 
CPT (Behaviour) various 9 
BOLD FEP (Behaviour) various 12 
BOLD VMWM 

(Behaviour) 
various 4 

BOLD MSID 
(Behaviour) 

various 147 

BOLD NBACK 
(Behaviour) 

various 30 
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Table 3 Composition of BEHAPP classes on the basis of BEHAPP endpoint features. 
BEHAPP endpoint classes 
location diversity Travelling Phone usage Communication Social diversity 
Total amount of minutes spent in a 
stationary state. 

Day and night distribution of activity based on the 
distance from home. 

Number of times a phone 
usage events was 
registered. 

Entropy of the usage time of 
communication apps. 

Number of contact-id’s with a single 
outgoing call. 

Total number of stay points. Stay 
points are defined as being 
stationary for 60 min within an area 
of 350 m. 

Number of trajectories that represent the movement 
between two stay points. 

Total time of 
entertainment apps 
usage ∗. 

Mean usage time of 
communication apps. 

Most frequent contact-id divided by 
the number of unique contact-id’s. 

Number of places that are visited 
once. 

Day and night distribution of activity based on raw 

location data. 
Total count of news apps 
usage ∗. 

Total count of communication 
apps usage ∗. 

Normalized entropy for incoming 
and outgoing calls when using the 
count. Values range from 0 to 1. 1 
indicates that the number of calls 
are uniformly distributed over the 
contact-id’s. 

Total number of places visited. 
Based on WiFi data. 

Day and night distribution of activity based on the 
unique stay points. 

Total time of phone usage. Total time of communication 
apps usage ∗. 

Average repetition per contact for 
outgoing, incoming and missed calls. 

Volume of the minimum bounding 
box. 

Total distance travelled in kilometres. Number of times phone 
usage events are 
registered between 24:00 
pm and 05:00 am. 

Total number of calls. Normalized entropy for incoming 
and outgoing calls over time. Values 
range from 0 to 1. 1 indicates that 
the time spend calling with different 
contact-id’s is uniformly distributed. 

Number of unique MAC addresses 
found via WiFi. 

Standard deviation of the duration of trajectories in 
minutes. 

Total time of news apps 
usage ∗. 

Total number of calls with a 
duration longer than 0 s. 

Number of contact-id’s with a single 
incoming call. 

Area of a minimum bounding box Standard deviation of the length of trajectories in 
kilometres. 

Total count of 
entertainment apps 
usage ∗. 

Total time whatsapp used. Number of unique contact-id’s for 
missed calls. 

Number of unique places visited. Maximum distance from home. Total duration of all 
communication events ∗. 

Number of unique contact-id’s for 
outgoing calls. 

Normalized entropy for the time 
spent at different locations. 

Average length of a trajectory in kilometres. Number of times WhatsApp 
opened. 

Number of unique contact-id’s. 

Area of operation in km 

2 . Total amount of time spent travelling in minutes. Number of unique contact-id’s for 
incoming calls. 

Average duration of visits in 
minutes. 

Average distance from home. Number of contact-id’s that are 
contacted once. 

Average duration of a trajectory in minutes. 
Radius of gyration based on the mass of the data. 
Radius of gyration from home location. 
Total number of location observations. 

BEHAPP endpoint classes 
Outgoing call Incoming call Home stay Social Media 
Total duration of outgoing calls. Total duration of incoming calls. Time spent at home. Total count of social media apps 

usage. 
Total number of no responses on 
outgoing calls. 

Total number of missed calls. Total time of social media apps 
usage. 

Total number of outgoing calls. Total number of incoming calls. 
∗ Classification of apps is according to listing of the google play store. 

9
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Fig. 2 Illustration of Behapp clustering results. (A) Re-ordered similarity matrix for BEHAPP smartphone data obtained across all 
participants with completed Behapp data ( N = 59) after applying spectral clustering with n = 3 clusters. The matrix illustrates 
how similar the endpoint profile (i.e., all endpoints) of each participant is to the endpoint profile of the other participants in the 
population. Pearson correlation was used as the measure of similarity. (B) The three identified clusters showed an approximately 
equal distribution of Healthy Controls (HC) and schizophrenia (SZ) patients over the 3 clusters, while Alzheimer’s disease (AD) 
patients were overrepresented in the second cluster. (C) Age was not a determining factor in the clustering solution. (D) The 3- 
group cluster solution entered into a multimodal analysis including structural, functional, and EEG neuroimaging endpoints yielded 
a significant effect of cluster for one of the multimodal components, loading primarily on brain volume, cortical thickness and 
curvature. These initial findings indicate that multimodal quantitative neuroimaging measures are associated with specific social 
profiles that transcend the initial clinical diagnosis. 

Fig. 3 Behapp endpoint profile for each of the three clusters. Spectral clustering analysis on Behapp endpoint profiles revealed 
three distinct clusters. For each cluster, mean cluster scores for Behapp endpoint classes (e.g., travelling, social diversity) are 
plotted relative to cohort mean scores ( = score 0). 
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In the present study the data collected from the deploy- 
ent of the Behapp, a passive smartphone App, has been 
oncentrated on ( Jagesar et al., 2021 ). The data collected 
ithin the unique framework of the PRISM project provides 
 compelling, first empirical demonstration of the unbiased 
dentification of potentially novel, meaningful, biological 
henotypes. With three clear groupings in the profile of the 
ubjects; Healthy Controls, Alzheimer and Schizophrenic 
atients, along with major potential contributory factors; 
uch as age and sex, a realistic null hypothesis would be that 
ne or a small collection of these factors would be the most 
onvincing driver for first order clustering. This though was 
ot the case with the clustering, based on behavioural pro- 
les using the smartphone app endpoint measures, reveal- 
ng three distinct “social profiles” each containing healthy 
10 
ontrols, as well as Schizophrenia and Alzheimer’s disease 
atients. In the first cluster which is principally made up 
f schizophrenic patients, healthy controls both young and 
ld, and a few Alzheimer patients there is no evidence of 
nusual overall social media or App usage. Further, their 
mount of travel is close to the mean for the whole cohort 
hile the time spent at home is only marginally above the 
ean. However, there is strong evidence that these indi- 
iduals have a diffuse and well curated social network sus- 
ained through the use of their smartphones. Individuals in 
his cluster seem to have a prosocial profile with a relatively 
road social network and active social engagement (as re- 
ected by the high levels of in- and out-coming calls, as well 
s their high level of social diversity). The second cluster 
hich again contains both young and old healthy controls 
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ut a predominance of Alzheimer versus Schizophrenic pa- 
ients stay at home more and do use their phones less. How- 
ver, they also show normal travel in terms of amount and 
omplexity. It is therefore a little surprising that their so- 
ial networks, even allowing for the lower use of the phone 
re so impoverished, for instance in- and out-coming calls 
re well below the cohort mean. In addition, based on their 
ow social diversity in contact, their social network seems 
o be less diverse than for those individuals belonging to 
luster 1. This would suggest that this cluster is more in- 
roverted and social impoverished a hypothesis that needs 
o be explored further. The Third cluster made up of the 
ost even spread of patients and healthy controls use their 
mart phones a little more than normal and have an av- 
ragely complex and curated social network. They do not 
hough stay at home but also do not appear to have a com- 
lex life away from home. This pattern is the most difficult 
o interpret but could perhaps infer a group of individu- 
ls who “follow” society rather than engage with it (e.g., 
o from home to work and back home again), again a hy- 
othesis that could be easily tested going forward. Thus, 
n this initial analysis in a subgroup of Schizophrenia and 
lzheimer’s disease patients, and their matched controls, 
 quantitative digital clustering of three distinct social sig- 
atures was identified. Further studies will be necessary to 
roperly understand how these clusters can provide clinical 
elevance, however, it provides a novel basis for quantifying 
ehavioural differences in a transdiagnostic manner and for 
tratification of patient groups based on digital phenotypes 
hat may have a biological basis. Hopefully, in the future, 
his will not only improve clinical trial outcomes (via new 

igital stratification biomarkers and/or digital endpoints for 
ocial functioning), but could also provide a basis for per- 
onalized treatments on the basis of these different bio- 
ypes ( Insel and Cuthbert, 2015 ; Kas et al., 2019 ). 
As these novel findings provide innovative ways of clus- 

ering patients with real world quantitative digital measures 
rrespective of their traditional diagnosis, we have to take 
he limitations of the present study into account. First, the 
ample sizes per patient group are still relatively small, and 
n independent replication would be important to further 
xpand on these findings, which we are currently pursuing 
n the ongoing PRISM2 project. Second, the inclusion and ex- 
lusion criteria for patient recruitment for the study do, for 
xample, preclude participation of early onset and severely 
ffected schizophrenia and Alzheimer patients, making 
hese findings relevant to a selected population. Thirdly, 
articipants with severe cognitive decline or mental illness 
ay have difficulties to interact with their phone, however, 
his may be more problematic for smartphone-base ecolog- 
cal monetary assessments than for passive monitoring that 
equires no active interaction with the smartphone from the 
articipants. Furthermore, changes in phone usage due to 
ental illness or cognitive decline (e.g., changes in com- 
unication and/or movement) is also part of what we want 
o measure, as they may be reflecting early signs of rel- 
vant changes in social behaviour. Finally, participation to 
he smartphone component of the PRISM study was optional 
nd only possible for Android users, which may have intro- 
uced a bias in our sample. Subsequent studies with larger 
ample sizes, less restrictions on type of smartphone and 
xpansion of the breadth of the psychiatric and neurological 
11 
pectrum will be relevant to both replicate and generalize 
he present findings. 
The present clustering on behavioural profiles using 

martphone app endpoint measures revealed three distinct 
ocial profiles each containing healthy controls, as well 
s Schizophrenia and Alzheimer’s disease patients. This 
rovisional finding demonstrates the potential for novel 
nd/or alternative nosologies to emerge. Further, as these 
re quantitatively derived, they offer the opportunity for 
estable hypotheses to be formed and investigated rapidly. 
n a subsequent study, these behavioural profiles were cou- 
led to other quantitative parameters collected in the 
tudy, such as the neuro-imaging data and revealed asso- 
iations with these clusters. In this way, we are providing 
vidence for new ways of classifying cohorts and to develop 
 growing understanding of the associated phenotypes un- 
erlying these classifications. These new classifications will 
hen be based on quantitative biological measures under- 
ying the social behavioural profiles rather than the tradi- 
ional clinical diagnostic framework. Together, we hope that 
his novel approach will contribute to the acceleration of 
eveloping new treatments with high efficacy and provide 
olutions to the growing public health challenges of psychi- 
try and neurology. 
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