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The “empirical valuation” of morbid 
manifestations of these mental phenomena 
[retention, reproduction, and association of 
ideas], that is commonly made by the alienist, 
has the greater value when, by careful study 
and comparison with the action of the normal 
mechanisms…by a like “tireless observation”. 
Then knowing what to look for, as he who is 
expert with the microscope, he may report what 
he sees…with more completeness and 
precision”





T O O L S  O F  “ T I R E L E S S  O B S E R V A T I O N ”  I N  O U R  
“ S U R R O U N D I N G  C O N D I T I O N S ”



E C O L O G I C A L  M O M E N T A R Y  A S S E S S M E N T  
( E M A ) / U B I Q U I T O U S  S E N S I N G



P A S S I V E  M O N I T O R I N G  O F  M O O D  A N D  C O G N I T I O N :  

D E E P  E M B E D D E D  R E A L - T I M E  D I G I T A L  S A M P L I N G

• The core is a custom keyboard that tracks 

ALL keystroke metadata in the 

background. E.g.,
o Force of key presses measured by accelerometer

• Using both keystroke dynamics and iPhone 

sensor data, BiAffect builds a mathematical 

model that performs neuropsychological 

testing without actually testing. 
iOS BiAffect Keyboard

o Residence time

o Inter-key time

o Character count

o Backspace ratio

o Auto-correction rate 



P=0.001 P=0.01

Zulueta et al, JMIR 2018



Accelerometer Inter-key time Backspace Autocorrect

Session length # Session 

Accelerometer Inter-key time

Session length # Session 

Backspace Autocorrect

Zulueta et al, JMIR 2018



Stange et al, Bipolar Disorders 2018



Ross et al, Brain and Behavior 2021



T I M E - S E R I E S  O F  K E Y P R E S S E S

 entropy,  regularity time-series

 entropy,  regularity time-series

Ajilore et al, Frontiers in Psych 2025



T I M E - S E R I E S  O F  T O W E R  O F  L O N D O N  M O V E S

t1 t2

t1 t2

 entropy,  regularity time-series

 entropy,  regularity time-series

Ajilore et al, Frontiers in Psych 2025



Participants with bipolar disorder demonstrate significantly increased  entropy/decreased regularity in 
move times for the Tower of London task and in typing (p < .05)

Ajilore et al, Frontiers in Psych 2025



In participants with bipolar disorder, 
typing entropy was significantly 
correlated:

- TOL entropy (r=.53,p=.03)

- HAMD variability (r=.5, p=.03)

- Variability in impulsive actions 
(r=.55, p =.04)

- Variability in impulsive feelings 
(r=.63, p=.02).

Ajilore et al, Frontiers in Psych 2025



L I N K I N G  N E U R A L  A N D  D I G I T A L  S I G N A T U R E S  O F  
A F F E C T I V E  D I S O R D E R S



U N O B T R U S I V E  M O N I T O R I N G  O F  
A F F E C T I V E  S Y M P T O M S  A N D  
C O G N I T I O N  U S I N G  K E Y B O A R D  
D Y N A M I C S  ( U N M A S C K )



U N M A S C K  -  A P P R O A C H

• Specific Aim 1. To evaluate whether keyboard dynamics prospectively predict brain network 
correlates of cognitive dysfunction in 132 participants (100 with mood disorders, 32 controls) using 
multimodal neuroimaging (diffusion imaging, task-based and resting functional imaging)

• Specific Aim 2. To evaluate whether keyboard dynamics prospectively predict changes in clinical 
mood symptoms in 132 participants (100 with mood disorders, 32 controls) (increased depressive 
and/or manic symptoms)

• Exploratory Aim. To examine whether the relationship between keyboard dynamics and clinical mood 
symptoms is mediated in a mechanistic way by alterations in brain network properties.



U N M A S C K  -  A P P R O A C H



BIAFFECT 
METRIC

CONNECTOMIC CORRELATE COGNITIVE 
DOMAIN/CONSTRUCT

Typing speed Structural brain network Efficiency
Interhemispheric Efficiency

Processing speed

Instability in typing 
speed

Reduced nodal efficiency in ventrolateral prefrontal 
cortex/altered modularity

Response inhibition

Backspace Reduced nodal efficiency in anterior cingulate 
cortex

Performance monitoring

Autocorrect Reduced nodal efficiency in salience networks Attention



W H A T  T Y P I N G  F E A T U R E S  M A P  O N T O  C O G N I T I O N ?



P R I N C I P L E  C O M P O N E N T  A N A L Y S I S  O F  T Y P I N G  
F E A T U R E S

• PC1 – Typing Speed

• PC2 – Typing Volume

Ning et al, 2025



T Y P I N G  S P E E D  P R E D I C T S  T M T - B  P E R F O R M A N C E

Ning et al, 2025



D E P R E S S I O N  M O D E R A T E S  T H E  R E L A T I O N S H I P  
B E T W E E N  T Y P I N G  S P E E D  A N D  P R O C E S S I N G  S P E E D

Ning et al, 2025



S U M M A R Y

• Typing features such as typing speed and typing volume predict processing speed

• The relationship between typing speed and processing speed is strongest for participants with more 
depressive symptoms



U N M A S C K  S T U D Y  T I M E L I N E  O V E R V I E W :  



W H I C H  B R A I N  N E T W O R K S  A R E  A S S O C I A T E D  W I T H  
T Y P I N G  F E A T U R E S  A N D  C O G N I T I O N ?

Identify altered brain networks via digital phenotypes by extracting features from multimodal data 

sets (i.e., structural and functional neuroimaging and longitudinal keypress data) that can be 

associated with predicting differences in cognitive performance. 



S I M I L A R I T Y  N E T W O R K  F U S I O N

Nguyen et al, in prep



C L U S T E R  A N A L Y S I S  R E S U L T S

• Inputs: 

1) Functional Neuroimaging Data

2) Structural Neuroimaging Data

3) Smartphone Keyboard Typing Data 

• SNF clustered participants by similarity from all three inputs 

• SNF → 3 clusters 

• Examined cluster differences to use in a data driven approach for regression models

Nguyen et al, in prep



C L U S T E R  D I F F E R E N C E S

• Age

• Gender

• Typing Speed

• Cognitive Function

• Between-network Functional Connectivity (centered on salience network)

Nguyen et al, in prep



H O W  D O  T H E S E  F E A T U R E S  R E L A T E  T O  E A C H  
O T H E R ?



U N M A S C K  S T U D Y  T I M E L I N E  O V E R V I E W :  



T Y P I N G  S P E E D  P R E D I C T S  B R A I N  C O N N E C T I V I T Y

Nguyen et al, in prep



T Y P I N G  S P E E D  P R E D I C T S  B R A I N  C O N N E C T I V I T Y

Nguyen et al, in prep



T Y P I N G  S P E E D  I S  A S S O C I A T E D  W I T H  B R A I N  
C O N N E C T I V I T Y

Nguyen et al, in prep



T Y P I N G  S P E E D  I S  A S S O C I A T E D  W I T H  B R A I N  
C O N N E C T I V I T Y

Nguyen et al, in prep



B R A I N  C O N N E C T I V I T Y  P R E D I C T S  T Y P I N G  S P E E D

Nguyen et al, in prep



B R A I N  C O N N E C T I V I T Y  P R E D I C T S  T Y P I N G  S P E E D

Nguyen et al, in prep



S U M M A R Y

• Similarity Network Fusion can be used to model joint properties of neuroimaging and digital 
biomarkers to inform relevant clusters of participants that can identify linked features.

• The salience network may play a key role in linking typing dynamics to cognitive dysfunction in the 
context of mood disorders



S N - D M N  D E C I S I O N  M A K I N G
Network dynamics of SN and DMN 
associated with delayed discounting 

(“Give me $5 now, instead of $50 in a 
week”)

Chen et al, Neuroscience 2017



D E C I S I O N -
M A K I N G



Major Depressive Disorder

Alcohol Use Disorder

Bipolar Disorder



H I E R A R C H I C A L  D R I F T  D I F F U S I O N  M O D E L  ( H D D M )

• Method to model aspects of decision-making

Vinding et al (2018) 

Efficiency of evidence 
accumulation

Perception and motor 
activity time

Cautious vs impulsive



Vinding et al (2018) 



Lawlor et al, Psychol Med. 2020 Jul; 50(10): 1613–1622.

D I S S E C T I N G  T H E  I M P A C T  O F  D E P R E S S I O N  O N  D E C I S I O N -
M A K I N G



U N M A S C K  S T U D Y   
• Neuropsychological assessment

Dimensional Change Card Sort



D I M E N S I O N A L  C H A N G E  C A R D  S O R T  T A S K  ( D C C S )



V I S I T  1  R E S U L T S

MD have slower drift rates 
compared to HC

MD have slower non-decision 
times compared to HC

MD have smaller boundary 
separation compared to HC



V I S I T  2  R E S U L T S

MD have slower drift rates 
compared to HC

MD have slower non-decision 
times compared to HC

MD have smaller boundary 
separation compared to HC



B I A F F E C T  T Y P I N G  D A T A



H O W  C A N  W E  C O M P A R E  T H I S  T O  T Y P I N G  D A T A ?

• Typing speed measured by inter-key delay ~ reaction time



H O W  C A N  W E  C O M P A R E  T H I S  T O  T Y P I N G  D A T A ?

• Intended keypress – “correct RT”

• Typo  - “incorrect RT”



W I N D O W  1  R E S U L T S

MD have slower drift rates 
compared to HC

MD have wider boundary 
separations compared to HC



W I N D O W  2  R E S U L T S

MD have slower drift rates 
compared to HC

MD have wider boundary 
separations compared to HC



Lawlor et al, Psychol Med. 2020 Jul; 50(10): 1613–1622.

D I S S E C T I N G  T H E  I M P A C T  O F  D E P R E S S I O N  O N  D E C I S I O N -
M A K I N G



D A I L Y  D R I F T  R A T E



S U M M A R Y

• Aspects of decision-making derived from standard neuropsychological tests may be captured by 
passive, unobtrusively obtained naturalistic smartphone data

• Dense temporal sampling of keyboard data have the potential to be a daily measure of decision-
making capacity



C O N C L U S I O N S

• Using passive sensing to track cognition has the potential to enhance precision is diagnosis and 
symptom tracking

• This may be particularly relevant for emerging subtypes of psychiatric disorders (i.e. cognitive biotypes 
of MDD)
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