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Abstract

Background: Mood and anxiety disorders are highly prevalent and comorbid worldwide, with variability
in symptom severity that fluctuates over time. Digital phenotyping, a growing field that aims to characterize
clinical, cognitive and behavioral features via personal digital devices, enables continuous quantification
of symptom severity in the real world, and in real-time.

Methods: In this study, N=114 individuals with a mood or anxiety disorder (MA) or healthy controls (HC)
were enrolled and completed 30-days of ecological momentary assessments (EMA) of symptom severity.
Novel real-world measures of anxiety, distress and depression were developed based on the established
Mood and Anxiety Symptom Questionnaire (MASQ). The full MASQ was also completed in the laboratory
(in-lab). Additional EMA measures related to extrinsic and intrinsic motivation, and passive activity data
were also collected over the same 30-days. Mixed-effects models adjusting for time and individual tested
the association between real-world symptom severity EMA and the corresponding full MASQ sub-scores.
A graph theory neural network model (DepNA) was applied to all data to estimate symptom interactions.

Results: There was overall good adherence over 30-days (MA=69.5%, HC=71.2% completion), with no
group difference (ts3=0.874, p=0.386). Real-world measures of anxiety/distress/depression were
associated with their corresponding MASQ measure within the MA group (t’s >2.33, p’s < 0.024). Physical
activity (steps) was negatively associated with real-world distress and depression (IRRs > 0.93, p’s < 0.05).
Both intrinsic and extrinsic motivation were negatively associated with real-world distress/depression
(IRR’s > 0.82, p’s < 0.001). DepNA revealed that both extrinsic and intrinsic motivation significantly
influenced other symptom severity measures to a greater extent in the MA group compared to the HC group
(extrinsic/intrinsic motivation: tues) = 2.62, p <0.02, ¢ FDR < 0.05, Cohen’s d = 0.76; tues) = 2.69, p < 0.01,
q FDR < 0.05, Cohen’s d = 0.78 respectively), and that steps significantly influenced intrinsic motivation
(tus) =3.24, p <0.003, q FDR < 0.05, Cohen’s d = 0.94).

Conclusions: Novel real-world measures of anxiety, distress and depression significantly related to their
corresponding established in-lab measures of these symptom domains in individuals with mood and anxiety
disorders. Novel, exploratory measures of extrinsic and intrinsic motivation also significantly related to
real-world mood and anxiety symptoms and had the greatest influencing degree on patients’ overall
symptom profile. This suggests that measures of cognitive constructs related to drive and activity may be
useful in characterizing phenotypes in the real-world.
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Introduction

Mood and anxiety disorders are highly prevalent and comorbid in the United States (Hasin et al.,
2018; Saha et al., 2021). Mood disorders such as Major Depressive Disorder (MDD) and anxiety disorders
such as Generalized Anxiety Disorder (GAD) are characterized by a defined set of psychiatric symptoms,
but both categorical diagnoses share substantial overlap in their clinical presentation. For example, both
present with executive function deficits, sleep disturbances, fatigue, maladaptive arousal, and psychomotor
abnormalities (Liu et al., 2018). This overlap, co-occurrence (Kessler et al., 2015), and mutual exacerbation
(Liu et al., 2018) can complicate specificity of diagnoses and measurement of treatment outcomes.
Measurement of symptom severity rather than categorical diagnoses can thus be useful in characterizing
these overlapping disorder domains.

Current tools for measuring and diagnosing mood and anxiety disorders include clinical interview,
often via the Diagnostic and Statistical Manual of Mental Disorders (DSM), which facilitates categorical
diagnosis of disorders. The self-reported Mood and Anxiety Symptom Questionnaire (MASQ) (Watson et
al., 1995) can also measure symptom severity for separate domains of anxious arousal, general distress, and
anhedonic depression on a dimensional continuum. While this assessment can discriminate anxiety and
depressive symptom severity within psychiatric patient populations (Watson et al., 1995), much like many
other self-report questionnaires, the MASQ requires that a patient recall a week's worth of experiences and
distill complex emotional and mental states into a single number. This recall bias may therefore lead to an
inaccurate representation of symptom severity that has been averaged over a long period over time and
potentially distorted by any underlying cognitive dysfunction, which is highly prevalent in mood and
anxiety disorders (Balderston et al., 2017; Gadassi Polack et al., 2020; Khdour et al., 2016; LeMoult and
Gotlib, 2019; Onnela, 2021). Determining diagnosis and symptom severity in this way overlooks the
intricacies and nuances of symptom profiles that can fluctuate on a day-to-day basis within patients
(Nemesure et al., 2022; van Eeden et al., 2019).

Digital phenotyping — i.e. momentary assessment of symptom profiles in the real-world through
personal digital devices — can counteract some of these limitations in symptom profiling, by assessing
symptom severity across multiple timepoints, with low patient burden (Torous et al., 2016). Approximately
90% of Americans own a smartphone (“Mobile Fact Sheet,” 2024) with a projected increase to over 5
billion people owning smartphones globally by 2030 (Poushter, 2016; Reinertsen and Clifford, 2018). The
ubiquity of smartphones enables novel quantification of patients’ behaviors and symptoms in real life and
real-time through digital phenotyping. Since mood and anxiety symptom severity can fluctuate over time,
digital phenotyping tools may detect vulnerability towards mood and anxiety disorders before they become
taxing on an individual’s life, and indicate behavioral markers that predict symptom changes (Choi et al.,
2024). Digital phenotyping tools may also highlight how different symptoms interact with one another
(Ebrahimi et al., 2024), and how underlying cognitive changes, such as changes in motivation, might impact
those relationships (Fervaha et al., 2016). Maladaptive changes in motivation are consistently observed in
individuals with mood and anxiety disorders (Bi et al., 2022; Charpentier et al., 2017; Treadway et al.,
2012; Westra et al., 2009), and recent evidence suggests that both intrinsic motivation (actions driven by
‘internal drivers’) and extrinsic motivation (actions driven by tangible external stimuli or outcomes) may
be differentially impaired (Morris et al., 2022). While motivational deficits are commonly observed within
psychiatric populations, understanding how different kinds of motivation may differentially impact
symptom severity in the real-world remains limited.

Over the past decade, research on digital phenotyping has accelerated (Choi et al., 2024) by
providing active data (captured via ecological momentary assessments (EMAs) (Shiffman et al., 2008) and
passive data from sensors including accelerometer, GPS, and screen usage that can provide greater
ecological validity and minimize patient recall bias. The utility of digital phenotyping has been exemplified
across many psychiatric conditions (Bufano et al., 2023). Wearable sensors can provide motion data that
helps infer the risk of anxiety disorders such as GAD (Jacobson and Feng, 2022), although wearable devices
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can be costly and could exclude certain populations. Motion data from phone sensors alone also holds value
and may be able to inform predictions of periods of increased anxiety (Cohen et al., 2024; Nguyen et al.,
2022). Taken together these studies suggest that digital phenotyping, and in particular passively collected
sensor data, can be used to probe psychiatric symptoms and serve as a powerful tool for enabling early
detection of behaviors that may inform risk prediction.

The current study presents a new set of single-item, self-reported, real-world measures of anxiety,
distress, and depression captured via a research-based open-source smartphone application (mindLAMP)
(Vaidyam et al., 2022) in individuals with mood and anxiety (MA) disorders and healthy controls (HC).
Gold-standard clinical assessments of mood and anxiety symptom severity (MASQ) were also captured in
the laboratory (in-lab) in order to test whether real-world measures of Anxious Arousal (anxiety), General
Distress (distress), and Anhedonic Depression (depression) related to their corresponding “gold-standard”
in-lab measure. Additional exploratory real-world measures of intrinsic and extrinsic motivation and
passive activity were also collected. We hypothesized that these novel real-world measures of mood and
anxiety symptoms would be significantly associated with their corresponding in-lab measure and would
show high variability over time in the real-world.

Methods

Participants

Adult volunteer research participants (ages 18-75) were recruited from the greater New York City
area through the Depression and Anxiety Center at the Icahn School of Medicine at Mount Sinai (ISMMS).
Participants in the MA group were included if they met DSM-V criteria for MDD, post-traumatic stress
disorder (PTSD), or an anxiety disorder (including GAD, Social Anxiety Disorder, and Panic Disorder) as
determined by the Structural Clinical Interview for DSM-V Axis Disorders (SCID) (American Psychiatric
Association, 2013). Healthy control participants free from any current or past psychiatric diagnoses as
determined by the SCID or the MINI were also enrolled. Participants were excluded if they did not speak
English or own a smartphone that could run the study applications. After screening, the full MASQ was
completed in-lab to assess Anxious Arousal, General Distress, and Anhedonic Depression (Watson et al.,
1995). All study procedures were conducted in accordance with the guidelines and regulations set by the
Program for Protection of Human Subjects and Institutional Review Board at the ISMMS. Participants
provided written informed consent and were compensated for their time.

Digital Phenotyping

The smartphone application, mindLAMP, was utilized to capture active data and passive data on
both Apple and Android personal smartphone devices over a 30-day study period. Active data included
daily single-item measures of Anxious Arousal (anxiety), General Distress (distress), and Anhedonic
Depression (depression) (see Table 1). These novel single-item scales were developed by summarizing
questions that constitute the MASQ (Casillas and Clark, 2000) tripartite subscores for Anxious Arousal,
General Distress, and Anhedonic Depression (see Table 1). Participants also completed two exploratory
novel measures of intrinsic and extrinsic motivation on the same daily basis (see Table 1). The intrinsic
motivation measure was developed by summarizing themes from the interest/enjoyment subscale of the
Intrinsic Motivation Inventory (“Intrinsic Motivation Inventory (IMI) — selfdeterminationtheory.org,” n.d.)
and the Work Extrinsic and Intrinsic Motivation Scale (Tremblay et al., 2009). Meanwhile the extrinsic
motivation measure was developed by summarizing themes surrounding work motivation from the Work
Extrinsic and Intrinsic Motivation Scale (Tremblay et al., 2009). Participants provided responses to each
measure on a 0-10 point Likert scale, with 0 indicating 'Strongly Disagree' and 10 indicating 'Strongly
Agree.' Passive data were also collected continuously in the background via smartphone sensors and served
to monitor screentime and steps taken per day through a pedometer and Apple Health application (“iOS -
Health,” n.d.). Participants were guided through download of mindLAMP onto their own smartphone. Each
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week, the research team assessed adherence and provided feedback to the participant via a standardized
email template to encourage adherence (Currey and Torous, 2023).

Preprocessing

Active and passive data were preprocessed in Python. Days were stratified to begin at 6am to
account for potential duplicates from the built-in sensors. A flow chart illustrating the breakdown of
participants is shown in Figure 1. Briefly, while N=114 participants were enrolled in the study, N=8
participant’s data were unable to be preprocessed due to technical issues resulting in no data, or a complete
lack of participant engagement. Therefore N=106 participants data were successfully downloaded and
preprocessed. Of these, N=101 participants (49 HC, 52 MA) met criteria for inclusion based on completing
at least 3 days of active data (see Table 2 for participant demographics). These participants were included
in an adherence analysis given the study requirements for completing 30 days of surveys. Of the N=52
participants in the MA group with active data, N=47 had MASQ scores available and were included in the
analysis for assessing the reliability of the real-world scales.

A total of N=106 participants had passive data available upon download. However, only N=73
participants (38 HC, 35 MA) had steps sensor data and N=81 participants (43 HC, 38 MA) had screentime
sensor data and met criteria for inclusion based on having at least 3 days of data. Steps sensor data was
collected from two distinct sources via mindLAMP: 1) a pedometer within the mindLAMP platform which
was used to calculate daily steps by taking the maximum step count on a given day and 2) Apple Health
which was used to calculate steps taken per day by taking the cumulative sum of step counts on a given day.
Apple Health was selected as the primary source of steps data. To account for days with missing steps data,
we interpolated values from the pedometer source on days where this source had data available given the
moderate correlation that exists across values between these two data sources (see Supplementary Figure
1). Finally, to account for a sensor-related error-margin, values recorded within 30 seconds of each other
and within 10% magnitude of each other were considered duplicates and only the first entry was included
(see Supplementary Figure 2).

Screentime sensor data were subset into epochs of morning (6am-12pm), afternoon (12pm-6pm),
evening (6pm-12am), and overnight (12am-6am). The raw screentime data consisted of timestamps
corresponding to each instance of change in “device state,” including “screen on,” “screen off,” “device
locked,” and “device unlocked,” with each timestamp denoting the transition between these states.
Preprocessing involved segmenting the data by calculating the duration between each instance of “screen
on” and either “screen off” or “device locked,” accounting for instances where the device transitioned
directly to “device locked.” Subsequently, the total screentime for each quadrant of the day was computed.
Segments with durations of less than 30 seconds were excluded to minimize the influence of brief screen
activations, often attributed to notifications rather than active use. Taking the raw data, we separately subset
participants with a minimum of 5 days of active, steps, and screentime data to retain sufficient timepoints
for a reliable correlation analysis between each feature. This resulted in a sample of N=48 participants (27
HC, 21 MA). Using this dataset, we extracted the time course of each of the measures to apply the
Dependency Network Analysis (DepNA) method described in detail in the following section (Integrating
data over time: Dependency Network Analysis (DepNA)).

Statistical Analysis
All statistical analyses were conducted in R.
Adherence

To assess how well participants engaged with the application and determine the feasibility of digital
phenotyping studies within a psychiatric patient population, we used simple, unpaired two-sample t-tests
to determine if there was a significant difference in the average number of days on which participants from
each group completed at least one EMA. Additionally, given the requirement to complete surveys daily for
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30 days, an unpaired two-sample t-test was used to assess if there is a significant difference in survey
completion by day between our two groups.

Assessing reliability and consistency of ecological momentary assessments

To determine the reliability of participant’s self-reported symptoms in the real-world, we assessed
the relationship between in-lab MASQ scores (Anxious Arousal, General Distress, Anhedonic Depression)
and their corresponding real-world score using mixed-effects models per the /mer package in R with: real-
world measure ~ MASQ + day + (1 | participant). This reliability analysis was only conducted within the
MA group given the MASQ's specificity for detecting differences in psychiatric domains within psychiatric
patient populations (Watson et al., 1995).

To determine the generalizability of our real-world scales, we constructed models with the real-
world scales as the dependent variables, the corresponding MASQ score and subgroup classification (MA
vs. HC) as independent variables, and participant as a random effect. Additionally, we conducted a stratified
analysis to examine differences in associations across each subgroup. In this analysis, we refitted three
similar regression models without the group term as a predictor for different cohorts (i.e., MA, HC, and
combined MA + HC). We evaluated and visualized the differences in regression coefficients for each model
using lollipop plots. Finally, to assess the internal consistency of the real-world scales over time, we
extracted intraclass correlation coefficients (ICC) from the models, which were also visualized via lollipop
plots. The ICC was interpreted using standard nomenclature where values below 0.5 indicate poor reliability,
between 0.5 and 0.75 moderate reliability, and any value above 0.75 indicates good-to-excellent reliability
(Koo and Li, 2016) (see Supplementary Materials for results).

All follow-up analyses were conducted in the full study sample (HC + MA). To examine variability
of these three measures in the real-world, the standard deviation over time was computed for each
participant in each group and entered into independent-samples t-tests, or welch tests where appropriate.

Exploring the effects of intrinsic and extrinsic motivation on anxiety, distress, and depression

To assess the relationship between intrinsic and extrinsic motivation and real-world symptoms in
the whole sample (HC and MA), six distinct Zero-inflated Poisson (ZIP) mixed-effects models were
constructed given that healthy controls consistently reported on the lower end of our real-world scales for
anxiety, distress, and depression (Supplementary Figure 3).

ZIP models are mixture models that consist of two parts: 1) a Poisson count model which serves to
estimate the incident risk ratio (IRR) and 2) a logit model for estimating an odds ratio and predicting excess
zeros (“Zero-Inflated and Two-Part Mixed Effects Models,” n.d.; “Zero-Inflated Poisson Regression | R
Data Analysis Examples,” n.d.). Therefore, models were specified and fitted using the GLMMadaptive
package’s “zi.poisson()’ family in R such that the count model was specified as: real-world measure ~
motivation + day + group + (I|participant) while the logit model was specified as: ~motivation and varied
in predictor variables to minimize residuals. The ZIP models specified in this analysis were selected based
on lowest AIC and by assessing the normality of residuals (see Supplementary Materials for tables and
figures).

Exploring the effects of physical activity and screentime on symptoms

Similarly to the motivation analysis, ZIP models were selected to separately assess the relationship
between variability in real-world symptoms and physical activity (steps taken per day) and real-world
symptoms and screentime within the whole sample. Count models were specified as follows for steps: real-
world measure ~ steps_scaled + day + group + (I|participant) and logit model ~ steps scaled. For
screentime the count model was specified as: real-world measure ~ screentime_scaled + day + group +
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(I|participant) and logit model ~ screentime scaled. For each of these models, the logit model varied in
predictor variables to minimize residuals (see Supplementary Materials for tables and figures).

Integrating data over time: Dependency Network Analysis (DepNA)

To assess how all measures interact with one another over time, we applied the DepNA model to
the full dataset (Jacob et al., 2018a, 2018b, 2016; Yael Jacob et al., 2019; Y. Jacob et al., 2019; Kenett et
al., 2010, 2011; Madi et al., 2011). DepNA is a graph theory network method for constructing a directed
graph and estimating the direction of influence among nodes within the whole network, where each node
is an individual digital phenotyping variable such as depression symptom severity or screentime. DgpNA
quantifies the influence of each network node according to its partial correlation influence. This analysis,
described in detail elsewhere (Jacob et al., 2016), quantifies the impact of a node over the connectivity of
other pairs of nodes. DepNA offers a new computational model for quantifying and comparing directed
graphs based on timeseries data.

In this approach, each of the active and passive data measures represents a node in the graph. First,
all the nodes (i.e. measures) time course were normalized using Z-Score. Then, the pairwise node—node
connectivity matrix was calculated using Pearson correlations and normalized using a Fisher r-to-Z
transformation. We then define the influence of node j on the pair of elements i and k as the difference
between the correlation and the partial correlation, given by the following equation:

d@K )=CER-PCEH 1) (1)

C(i.xk) - CG.NC(.))
- C 6. M- C (k.

PCG.A| )=

This quantity is large only when a significant fraction of the correlation between nodes i and k can
be explained in terms of node j. We then calculate the partial correlation effect for each node on all other
pairwise correlations in the network. The total influence of node j on node i, D(i,j) is defined as the average
influence of node j on the correlations C(i,k), over all nodes k, given by:

N-1
DG j)= N—l_lzd(z;kl ) o

The node dependencies define a dependency matrix D, whose (i,j) element is the influence of node
j on node i. Particularly, the dependency matrix is nonsymmetrical since the influence of node j on node i
is not equal to the influence of node i on node j.

The 'Influencing Degree' of node j is defined as the sum of the influence of node j on all other nodes
1, that is:

N-1
Influencing Degree(j) =7 D(.J)

izj

The 'Influencing Degree' measure indicates the hierarchy of efferent (out-degree) influence of the
node on the entire network. The higher this measure, the greater its impact on all other connections in the
network and the more likely it is to generate the information flow in the network. The influence of the
network on node j is termed the ‘influenced degree’ and is defined as the sum of the influences (or
dependencies) of all other nodes i in the network on node j, that is:

N1
Influenced Degree(j)= Y D(j.i)
= “)
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The higher the ‘Influenced Degree’ measure the more this node was dependent or influenced by all
the other nodes in the network.

Next, we conducted a between-group two-sample t-test for each node's degree of influence. All
results were corrected for multiple comparisons using false discovery rate (FDR) correction with p < 0.05
threshold. To create network graph visualization, we used the pair-wise dependency connectivity matrix.
A two-tailed t-statistic was computed to compare the two groups. We then connected only pair-wise nodes
with dependencies that were significantly different between the two groups (p < 0.05, FDR corrected for
number of nodes) creating a simple graph visualization of the differences between the groups. Graph
visualization was conducted using the NetworkX library in Python (Hagberg et al., 2008).

Results
Participants

A total of N=114 participants participated in the study. Following data cleaning and preprocessing
(see Methods: Preprocessing, Figure 1), a total of N=101 participants remained, including N=49 HC and
N=52 in the MA group. The MA group included N=32 individuals with primary MDD and N=20 with an
anxiety or stress-related disorder (see Table 2).

Adherence

Over the 30-day period, HCs completed an average of 21.3 + 6.23 total days of EMAs while the
MA group completed an average of 20.9 + 5.72 total days, with no significant difference in days of surveys
completed between groups (Figure 2A, tos9) = 0.403, p = 0.687). With respect to whether there was a
significant difference in survey completion by day between the two groups, an average of 71.2% of HC and
69.5% of MA completed surveys each day, with no significant difference in adherence between groups
(Figure 2B, tiss) = 0.874, p=0.386), suggesting an overall good adherence and in line with prior EMA
studies conducted in participants with MDD showing completion rates ranging from 65% - 85% (Jones et
al., 2021).

Relationships between real-world and in-lab measures of symptom severity

Using a linear mixed-effects model adjusted for time and individual, we found that in the MA group,
daily real-world single—item measures for anxiety, distress, and depression were associated with their
corresponding in-lab measures (Figure 3B-D, MASQ Anxious Arousal, tuso = 2.33, p = 0.024; General
Distress, tus.4)= 4.65, p < 0.001; Anhedonic Depression, tus9)= 2.73, p =0.009). The variability of all three
real-world measures was higher in the MA group compared to the HC group (anxiety, tgs) = -6.09, p <
0.001; distress, to9) = -5.70, p < 0.001; depression, ts7.1) = -4.99, p < 0.001) (see Supplementary Figure
4).

In the full cohort (i.e., MA + HC), there was a significant association between the MASQ Anxious
Arousal and real-world anxiety after adjusting for day and group (Figure 4, tisss= 4.61, p < 0.001).
Associations were also seen in the stratified analyses for MA (tgo9) = 2.28, p = 0.023) and HC groups (tsss)
=6.46, p <0.001). Similarly, in the full cohort, a significant association was observed between the MASQ
General Distress and real-world distress after adjusting for day and group (Figure 4, t(567 = 6.50, p <0.001).
Associations were also seen in the stratified analyses for MA (too9) =4.55, p <0.001) and HC groups (tes7)
= 6.94, p < 0.001). Finally, in the full cohort, a significant association was observed between the MASQ
Anhedonic Depression and real-world depression after adjusting for day and group (Figure 4, tss53) = 3.21,
p <0.001). Associations were also seen in the stratified analyses for MA (t9o1) = 2.67, p = 0.008) and HC
(tsy = 2.03, p = 0.043) groups. See Supplementary Materials for additional results for the association
between the MASQ total score and real-world anxiety/distress/depression total score.
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Exploring the effects of intrinsic and extrinsic motivation on anxiety, distress and depression

We assessed the relationship between real-world measures of intrinsic (Figure 4A-C) and extrinsic
(Figure 4D- F) motivation, and real-world anxiety, distress, and depression on an exploratory basis. See
Supplementary Materials for tables, model residuals, and Q-Q plots.

Intrinsic Motivation

For anxiety, there was a main effect of intrinsic motivation on anxiety in the count regression model
(IRR = 0.87, CI = (0.83-0.90), p < 0.001), whereby lower intrinsic motivation was associated with higher
anxiety severity. There was also a significant interaction between intrinsic motivation and group (IRR =
1.12, CI= (1.07-1.17), p < 0.001), whereby as intrinsic motivation increased, groups differed more in
anxiety severity. There was no significant effect of group (IRR = 1.23, CI = (0.83-1.83), p = 0.303), or day
(IRR = 1.00, CI = (1.00-1.00), p = 0.447). The logit model similarly revealed a main effect of intrinsic
motivation on anxiety (IRR = 1.62, CI = (1.29 -2.04), p < 0.001), whereby the odds of observing zero
symptoms of anxiety increased with higher intrinsic motivation. There was no significant effect of group
in the logit model (IRR = 0.20, CI=(0.03 - 1.58), p = 0.127).

For distress, there was a main effect of intrinsic motivation on distress in the count regression model
(IRR =0.86, CI = (0.83-0.89), p <0.001), whereby lower intrinsic motivation was associated with a higher
distress severity. There was also a significant interaction between intrinsic motivation and group on distress
(IRR =1.08, CI = (1.04 - 1.12), p < 0.001), whereby as intrinsic motivation increased, groups differ more
in distress severity. Again, there was no significant effect of group (IRR =1.21, CI=(0.87-1.69), p=0.260),
or day (IRR =1.00, CI = (1.00-1.00), p=0.941). The logit model similarly revealed main effects of intrinsic
motivation on presence of distress (IRR = 2.67, CI = (1.85 - 3.85), p <0.001) and day on distress (IRR =
1.06, CI=(1.02-1.10), p = 0.003), whereby the odds of observing zero symptoms of distress increased with
higher intrinsic motivation and by day. This effect varied by group such that participants in the MA group
had lower odds of zero distress symptoms compared to HCs (IRR = 0.110, CI = (0.02-0.69), p = 0.019).

For depression, there was also a main effect of intrinsic motivation on depression in the count
regression model (IRR = 0.82, CI = (0.79 - 0.86), p < 0.001), whereby lower intrinsic motivation was
associated with higher depression severity. There was a significant interaction between intrinsic motivation
and group on depression (IRR = 1.11, CI = (1.06 - 1.17), p < 0.001), whereby as intrinsic motivation
increased, groups differed more in depression severity. There was no significant effect of group (IRR =
1.10, CI=(0.76 -1.58), p =0.629), or day (IRR = 1.00 CI = (1.00-1.00), p =0.886). The logit model similarly
revealed a main effect of intrinsic motivation on presence of depression (IRR =2.29, CI = (1.60 — 3.29), p
<0.001), as well as day (IRR = 1.05, CI = (1.01-1.10), p = 0.013), whereby the odds of observing zero
symptoms of depression increased with higher intrinsic motivation and by day. This effect varied by group
such that participants in the MA group had lower odds of zero depression symptoms compared to HCs (IRR
=0.01 CI=(0.00-0.16), p <0.001).

Extrinsic Motivation

For anxiety, there was a main effect of extrinsic motivation on anxiety in the count regression
model (IRR =0.93, CI = (0.90-0.99), p = 0.001), whereby lower extrinsic motivation was associated with a
higher anxiety severity. There was a significant interaction between extrinsic motivation and group on
anxiety (IRR = 1.05, CI= (1.01 — 1.10), p = 0.024), whereby as extrinsic motivation increased, groups
differed more in anxiety severity. There was also a main effect of group on anxiety (IRR =2.07, CI= (1.39-
3.08), p <0.001), whereby participants in the MA group experience greater anxiety compared to HCs, with
no effect of day (IRR = 1.00, CI = (1.00-1.00), p= 0.676). The logit model similarly revealed a main effect
of extrinsic motivation on presence of anxiety (IRR = 1.62, CI = (1.27 — 2.07), p < 0.001), whereby the
odds of observing zero symptoms of anxiety increases with higher extrinsic motivation. There was no
significant effect of group (IRR =0.15, CI = (0.02-1.23), p = 0.077).
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For distress, there was a main effect of extrinsic motivation on distress (IRR = 0.93, CI = (0.98 —
0.97), p <0.001), whereby lower extrinsic motivation was associated with a higher distress severity. There
was a main effect of group on distress (IRR =2.02, CI = (1.42 — 2.87), p < 0.001), whereby participants in
the MA group experience greater distress compared to HCs, with no effect of day (IRR = 1.00, CI = (1.00-
1.00), p= 0.431), and no significant interaction between extrinsic motivation and group on distress (IRR =
1.02, CI=(0.98 — 1.06), p = 0.297). The logit model similarly revealed a main effect of extrinsic motivation
on presence of distress (IRR = 2.22, CI = (1.54 — 3.19), p < 0.001), whereby the odds of observing zero
symptoms of distress increases with higher extrinsic motivation by day (IRR = 1.05, CI = (1.01-1.09), p =
0.009). This effect varies by group such that participants in the MA group have a decrease in the odds of
observing zero distress symptoms compared to HCs (IRR = 0.09, CI = (0.01-0.57), p = 0.010).

For depression, there was also a main effect of extrinsic motivation (IRR = 0.88, CI = (0.85 - 0.92),
p < 0.001) and day on depression (IRR=1.00, CI=(0.99-1.00), p=0.059), whereby greater extrinsic
motivation was associated with lower depression severity and a decrease in depression symptoms over time.
There was also a main effect of group on depression (IRR = 1.70, CI = (1.16 — 2.48), p = 0.007), whereby
participants in the MA group experience greater depression symptoms compared to HCs. There was also
an interaction between group and extrinsic motivation on depression (IRR = 1.06, CI = (1.01 — 1.10), p =
0.019), whereby as extrinsic motivation increases, groups differ more in depression severity. The logit
model similarly revealed a main effect of extrinsic motivation on presence of depression (IRR =1.33, CI =
(1.06 — 1.65), p=0.012), whereby the odds of observing zero symptoms of depression increases with higher
extrinsic motivation. Again, this effect varies by group such that participants in the MA group have a
decrease in the odds of observing zero depression symptoms compared to HCs (IRR = 0.01, CI = (0.00 —
0.06), p <0.001).

Exploring the effects of activity on anxiety, distress and depression
Physical Activity: Steps

For anxiety (Figure 6A), there was no main effect of steps or day on anxiety severity in the count
regression model (steps, IRR =0.98, CI1=(0.94-1.03), p=0.46; day, IRR = 1.00, CI = (1.00-1.00), p=0.939).
There was a main effect of group on anxiety (IRR =3.28, CI =(2.29-4.69), p < 0.001), whereby participants
in the MA group reported greater anxiety severity compared to HCs. Similarly, the logit model showed a
main effect of group (IRR =0.06, CI =(0.00-1.03), p = 0.052) and there was no effect of steps (IRR = 1.09,
CI=(0.69-1.73), p= 0.716) or day (IRR = 0.98, CI = (0.93-1.03), p = 0.478) on anxiety.

For distress (Figure 6B), there was a main effect of steps in the count regression model (IRR =
0.96, CI=(0.91 - 1.00), p = 0.059), whereby higher physical activity was associated with lower severity of
distress. There was also a main effect of group (IRR = 2.18, CI = (1.64 - 2.92), p < 0.001) on distress,
whereby participants in the MA group reported greater distress severity compared to HCs, with no effect
of day (IRR =1.00, CI =(0.99 - 1.00), p = 0.406). The logit model revealed a main effect of group (IRR =
0.02, CI=(0.00-0.13), p <0.001), such that participants in the MA group had lower odds of zero symptoms
of distress. There was a main effect of day (IRR = 1.05, CI = (1.01-1.09), p=0.022) whereby the odds of
observing zero symptoms of distress increased over time, but there was no effect of steps (IRR = 1.14, CI
=(0.73 - 1.80), p = 0.556).

For depression (Figure 6C), there was a main effect of steps on depression in the count regression
model (IRR = 0.93, CI = (0.89 - 0.98), p = 0.003), whereby higher physical activity was associated with
lower severity of depression. There was also a main effect of group (IRR =2.13, CI = (1.54 - 2.95), p <
0.001) and day (IRR = 0.99, CI = (0.99-1.00), p=0.025), whereby participants in the MA group reported
greater depression severity compared to HCs and lower depression severity was observed over time. The
logit model revealed a main effect of group (IRR = 4.6 x 10, CI = (0.00-0.01), p < 0.001) on depression,
whereby participants in the MA group had lower odds of observing zero symptom severity of depression.
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Digital Activity: Screentime

For anxiety (Figure 7A), there was no main effect of screentime on anxiety (IRR =1.02, CI =(0.96
—1.07), p = 0.573) in the count regression model. There was a main effect of day (IRR = 1.01, CI = (1.00
—1.01), p=0.032) and group (IRR =2.67, CI = (1.90 — 3.78), p < 0.001), whereby participants in the MA
group reported greater anxiety severity compared to HCs and lower anxiety severity observed over time.
The logit model revealed no significant effects of screentime (IRR = 1.50, CI = (0.90 — 2.52), p = 0.120),
day (IRR = 1.04, CI = (0.99 — 1.09), p = 0.087), or group (IRR = 0.05, CI = (0.00 — 1.65), p = 0.093) on
anxiety.

For distress (Figure 7B), there was no main effect of screentime (IRR = 1.00, CI = (0.95 — 1.05),
p = 0.987) or day (IRR = 1.00, CI = (1.00 — 1.01), p = 0.311) on distress in the count regression model.
There was a main effect of group on distress (IRR = 2.16, CI = (1.63 — 2.86), p < 0.001), whereby
participants in the MA group reported greater distress severity compared to HCs. The logit model revealed
a main effect of screentime on distress (IRR =1.85, CI = (1.18 — 2.90), p = 0.007), whereby the odds of
observing zero symptoms of distress increased with higher screentime. There was also a main effect of day
(IRR=1.08, CI = (1.04 — 1.13), p < 0.001), and group (IRR= 0.02, CI = (0.00, 0.25), p=0.003) on distress
such that participants in the MA group had lower odds of observing zero symptoms of distress and the odds
of observing zero symptoms of distress increased over time.

For depression (Figure 7C), there was no main effect of screentime (IRR =1.01, CI=(0.96-1.07),
p =0.625) or day (IRR = 1.00, CI =(0.99 — 1.01), p = 0.851) on depression in the count regression model.
There was a main effect of group on depression (IRR=2.81, CI= (2.01 — 3.92), p < 0.001), whereby
participants in the MA group reported greater depression severity compared to HCs. Similarly, the logit
model revealed a main effect of group (IRR = 0.00410, CI = (0.00 - 0.14), p=0.002) and day (IRR=1.11,
CI=(1.03, 1.19), p = 0.008), such that participants in the MA group showed lower odds of observing zero
symptoms of depression and the odds of observing zero symptoms of depression increased over time. There
was no effect of screentime (IRR = 0.60, CI = (0.25 — 1.43), p = 0.249), on depression.

Assessing interactions over time: DgpNA

The DepNA method provided an estimation of the influence of each individual symptom measure
on the entire network of symptom and activity measures over time (Figure 8A-C). In terms of overall
influence, intrinsic motivation and extrinsic motivation had the highest Influencing Degree on the rest of
the symptom network in the MA group (Table 3). Indeed, the MA group exhibited significantly higher
influence of extrinsic motivation and intrinsic motivation, as compared to HC (tus) = 2.62, p <0.02, g FDR
<0.05, Cohen’s d=0.76 and tus) = 2.69, p < 0.01, g FDR < 0.05, Cohen’s d = 0.78 respectively) (Table 3,
Figure 7B). Depression and extrinsic motivation were more influenced in the MA group compared to HC
(tus) =2.59,p=10.01, g FDR = 0.07, Cohen’s d = 0.75 and tue) = 2.46, p = 0.02, ¢ FDR = 0.07, Cohen’s d
=0.71 (Table 3, Figure 7C), although this did not survive FDR-correction. In terms of specific, directed
influence, steps significantly influenced intrinsic motivation (tue) = 3.24, p < 0.003, q FDR < 0.05, Cohen’s
d=0.94), to a greater extent among the MA group compared to HC (Figure 7A). On the other hand, distress
influenced extrinsic motivation to a greater extent among the MA group compared to HC (tus) = 3.04, p <
0.004, q FDR < 0.05, Cohen’s d = 0.88) (Figure 7A). We did not find any significant FDR corrected results
among HC compared to MA.
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Discussion

This study presents a new set of single-item self-reported real-world measures of anxiety, distress
and depression that were significantly related to established in-lab measures of these symptom domains in
individuals with mood and anxiety disorders. Novel, exploratory digital phenotyping measures of extrinsic
and intrinsic motivation were also significantly related to mood and anxiety symptoms in the real-world.
Both types of motivation significantly influenced all other symptom and activity measures to a greater
extent in the mood and anxiety group compared to the HC group. Finally, physical activity (steps) was
significantly associated with the severity of depression and distress but not anxiety; whereas digital activity
(screentime) was only associated with the absence of distress. These results demonstrate how digital
phenotyping measures can reliably measure symptom severity and symptom interactions in the real-world
in individuals with mood and anxiety disorders.

Overall, the current results demonstrate the utility and feasibility of digital phenotyping for
accurately monitoring symptoms in participants with psychiatric conditions that have been associated with
high burden and drop-out rates (Torous et al., 2020, 2018). Indeed, in this work we found similarly good
adherence levels between groups, suggesting that the use of few >=5 single-item daily surveys over 30-
days, alongside weekly check-ins provide good adherence within a feasible, low-burden framework. Indeed,
previous work demonstrates that providing some form of digital feedback can enhance adherence (Joseph
etal., 2021; Mouchabac et al., 2021). Maintaining good adherence over time is critical given the significant
variability in symptom severity in individuals with mood and anxiety disorders demonstrated.

Previous work assessing the relationship between extrinsic and intrinsic motivation and real-world
anxiety, distress, and depression has been limited, in part due to a lack of consensus on the precise definition
of intrinsic motivation, and how it can be distinguished from extrinsic motivation (Lee et al., 2012; Morris
et al.,, 2022). Reduced extrinsic motivation and sensitivity to extrinsic rewards has been consistently
measured in mood disorders such as MDD (Pizzagalli et al., 2009; Treadway et al., 2012; Vrieze et al.,
2013; Yang et al., 2014), but the impact of intrinsic motivation is unclear. Here, both extrinsic and intrinsic
motivation showed significant relationships with real-world anxiety, distress, and depression such that
lower motivation was associated with higher symptom severity, suggesting a lack of divergence, at least in
these measures. There were significant interactions between group and intrinsic motivation for all three
symptom measures, whereby groups differed more in symptom severity when intrinsic motivation was high.
Interestingly, intrinsic motivation seemed to have a greater impact on depression severity than extrinsic
motivation (18% decrease versus 11.7% decrease). This is in line with prior work, suggesting that when
individuals can effectively engage intrinsic motivational processes such as working for personal growth or
for personal satisfaction, they may be more protected against depression (Ling et al., 2016). Notably, group
differences were only observed in the extrinsic motivation models whereby participants with a mood or
anxiety disorder showed greater anxiety, distress, and depression symptom severity in comparison to
healthy controls, when extrinsic motivation was held constant. Together this suggests that the impact of
intrinsic motivation is more variable based on group membership but overall, may have more protective
effects on depression than extrinsic motivation. In terms of anxiety symptoms, there was a significant
interaction with group, whereby as intrinsic motivation increased, groups differed more in anxiety severity.
Previous work supports how the development of high intrinsic motivation in individuals with anxiety
disorders might derive from maladaptive uncertainty learning that problematically drives elevated
avoidance behaviors (Charpentier et al., 2017; Winch et al., 2015). Conversely in depressive phenotypes,
there is evidence suggestive of a general difficulty with engaging intrinsic motivational processes (Furman
et al., 2011; Mori et al., 2018; Winch et al., 2015). While this study cannot explicitly demonstrate which
kinds of intrinsic or extrinsic motivators participants drew from when completing assessments, the provided
examples aligned with a mix of previous reports of intrinsic and extrinsic rewards in order to capture the
entire scope of the phenotype (Chew et al., 2021; Lee and Reeve, 2017; Morris et al., 2022; Reeve, 1989).
It is also not clear from this study whether intrinsic versus extrinsic reward sensitivity versus motivational
tone were important, as both outcome sensitivity and internal drive or vigor could differentially contribute
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to the self-assessment of intrinsic or extrinsic motivation. Future work should more precisely characterize
the array of intrinsic and extrinsic factors that could contribute to motivation in the real-world. Nonetheless,
these findings implicate the importance of assessing for the kinds of motivators individuals experience and
how they may relate to affective processes.

In terms of digital activity (screentime), we did not observe an effect of digital activity on anxiety,
distress, or depression in the count models. However, there was a main effect of screentime on distress in
the logit model suggesting that increased screentime was associated with higher odds of not experiencing
distress. While concerns regarding the psychological and cognitive impacts of screentime persist (Rast et
al., 2021; Ward et al., 2017), this latter finding may be reflective of the positive impact of smartphone usage
(Firth et al., 2024; Przybylski et al., 2020). Recent work emphasizes the importance of considering the type
of motivation behind smartphone usage when assessing its impact on health outcomes (Taylor et al., 2024).
For instance, smartphones might be increasingly used to stay updated with news and maintain social
connections which can have positive outcomes (Roberts and David, 2023), or more negatively used to
passively monitor others’ online lives. Although this dichotomous view has been recently challenged
(Valkenburg et al., 2022b) motivations behind use, and a range of other variables, can all influence the
effect of screentime between users and within users over time (Orben et al., 2022; Valkenburg et al., 2022a;
Vuorre et al., 2021). The present study did not assess the type of usage nor motivations for personal digital
device usage, which could contribute to the null findings in the count models. However, we did explore
whether steps taken per day was associated with real-world measures of anxiety, distress, and depression
given the established relationship between screentime, sedentary behaviors, and cognition (Firth et al.,
2024; Walsh et al., 2018; Woessner et al., 2021). Higher physical activity was associated with lower severity
of depression and distress in line with previous work (Briichle et al., 2021a; Buschert et al., 2019; Mizrahi
et al., 2023). We did not observe an association between physical activity and anxiety which may be due to
the type of physical activity being considered herein (i.e. steps per day). Prior work indicates that the mode
and intensity of physical activity can differentially affect patient symptoms with yoga and mind-body
activities having the greatest effect on anxiety relief (Singh et al., 2023). Future research should consider
not only the quantity of physical activity in relation to psychiatric symptoms but also the type and intensity
in relation to other behaviors such as screentime.

The present study used the DepNA model to determine how each of the symptom severity and
activity measures captured in the real-world influenced one another over time. This is the first application
of this type of directed graph network analysis to digital phenotyping data in mood and anxiety disorders.
The DepNA model uniquely provides a temporally-directed measure of partial correlation effects such that
a correlational influence over time can be determined. The model revealed that, rather than symptom
severity per se, it was the putative underlying measures of intrinsic and extrinsic motivation that had the
greatest influence over symptoms and activity in the MA group. This suggests that measures of cognitive
constructs related to drive and activity may be more useful in characterizing phenotypes in the real-world.
Further work should explore other cognitive measures that have been linked to mood and anxiety disorders
such as executive function or sleep disturbance. In the MA group, depression was the symptom domain that
was most influenced by the other measures, suggesting that this particular symptom domain is most
malleable or receptive to change. This coincides with the high variability we observed of this measure over
time (see Supplementary Figure 4). Interestingly, while intrinsic motivation had amongst the greatest
influence on the other measures over time, physical activity seemed to influence intrinsic motivation more
in the MA group. Previous work demonstrates a link between higher physical activity and lower mood and
anxiety symptoms (Briichle et al., 2021b; Buschert et al., 2019; Hird et al., 2024). Together, this suggests
that in this population, physical activity might act through intrinsic motivation to modulate symptom
severity.

Recent work on symptom dynamics demonstrates that despite different patients presenting with the
same level of depression severity, there are underlying differences in how symptoms are interacting with
one another to drive this severity (Ebrahimi et al., 2024). The current findings also highlight the importance
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of assessing motivational changes in relation to mood and anxiety disorders. Indeed, prior work
demonstrates that motivational deficits undermine functioning in patients with depression (Fervaha et al.,
2016) and that secondary effects on specific symptoms can occur through changes in other symptoms
(Bekhuis et al., 2018; Boschloo et al., 2019). Therefore, the assessment of motivation levels could 1) serve
as an important risk factor for mood and anxiety disorders, 2) aid in understanding symptoms that are prone
to exacerbating into a depressive episode, and 3) serve as a surrogate endpoint in clinical trials where the
primary endpoint is unmet. This latter point speaks to the need to investigate the effect of treatments on
individual symptoms as opposed to a summed score.

There are several limitations of this study that could be addressed in future research. First, there
was missing data across EMAs that could be attributed to participant’s either skipping certain surveys or a
technical issue with the application failing to administer surveys on a given day. Despite this missingness,
we still observed a good level of adherence to the study and were able to maintain at least 3 days of survey
data per participant. In line with this limitation, we would like to recognize our use of ZIP models as it
speaks to new analytical methods that must be applied with the kind of large-scale, time-series data that
comes from digital phenotyping (Reinertsen and Clifford, 2018). Indeed, these data often present challenges
wherein capturing multiple measures, data points are no longer independent of one another, inter-individual
variability arises, and there are often multiple variables interacting with one another. Therefore, we call for
future researchers to visually inspect their data and assess for zero-inflation when there are control groups
that may inevitably report zero symptoms. Further, we suggest the use of DepNA or network models to
assess how different variables interact with one another given the dynamics of mood. Second, models
assessing the relationship between extrinsic and intrinsic motivation on anxiety indicated residual
dispersion, as did the models for screentime and those assessing the relationship between anxiety and steps
(see Supplementary Materials for tables and figures). Therefore, while we include these results, we adhere
caution with their interpretation. Third, the steps data downloaded from the mindLAMP server came from
two different sources: 1) a pedometer and 2) Apple health. Within these data, there were instances in which
the source was not clearly specified, and null values were assumed to come from the pedometer after
consulting with the application’s platform developers. It is unclear whether the pedometer or Apple health
has greater sensitivity, however, we did find a moderate correlation between the two sources (see
Supplementary Figure 1). Therefore, we do not expect that the choice of data source would alter the
presented results. Nonetheless, future researchers may capture greater sensitivity of movement by
measuring the accelerometer data or using wearable devices. Finally, we acknowledge the lack of diversity
of our study sample, which may raise concerns about the lack of representation of ethnic minorities in
research studies. Although digital phenotyping aims to offer insights into real-world patient populations, its
effectiveness is compromised when certain groups are excluded. This exclusion can stem from factors such
as lower smartphone ownership, digital literacy, or limited access to healthcare, which in turn exacerbates
these groups' vulnerability to mental health issues. To ensure greater access and a greater representation of
ethnic diversity, we encourage researchers to supply digital devices and engage in efforts to actively recruit
participants from underserved communities.

In conclusion, this study presents novel real-world measures of anxiety, distress and depression
symptom severity in individuals with mood and anxiety disorders, that corresponded well to gold-standard
in-lab measures. These findings highlight the potential of digital phenotyping for accurately assessing and
monitoring psychiatric conditions with good adherence. Furthermore, using a combination of ZIP models
and network analysis, the presented work highlights how underlying cognitive measures such as intrinsic
and extrinsic motivation may be most influential in predicting symptom severity and physical/digital
activity.


https://doi.org/10.1101/2024.08.06.24311477
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.08.06.24311477; this version posted August 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Acknowledgements

We would like to thank all the participants who took part in this study and The Charles Bronfman Institute
for Personalized Medicine for their technological resources, maintenance, and staff expertise. [llustrations
in Figure 1 were created with BioRender.com. Funding was provided by NIMH KOIMH12043, the
Friedman Brain Institute, the Ehrenkranz Laboratory for Human Resilience, and the Gottesman Foundation.
This work was supported in part through the computational and data resources and staff expertise provided
by Scientific Computing and Data at the Icahn School of Medicine at Mount Sinai and supported by the
Clinical and Translational Science Awards (CTSA) grant UL1TR004419 from the National Center for
Advancing Translational Sciences.

Disclosures

Dr. Murrough has provided consultation services for Allergan Pharmaceuticals (AbbVie), Biohaven
Pharmaceuticals, Inc., Boehreinger Ingelheim Inc., Cliniclabs, Inc., Clexio Biosciences, Ltd., Compass
Pathfinder, Plc., Engrail Therapeutics, Inc., Fortress Biotech, FSV7, Llc., Genentech, Impel
Neuropharma, Janssen Pharmaceuticals, KetaMed, Inc., LivaNova, Plc., Merck & Co., Inc., Novartis,
Otsuka Pharmaceutical, Ltd., Sage Therapeutics, WCG, and Xenon Pharmaceuticals, Inc.

References

American Psychiatric Association, 2013. Diagnostic and statistical manual of mental disorders, fifth
edition (DSM- 5). American Psychiatric Association.

Balderston, N.L., Vytal, K.E., O’Connell, K., Torrisi, S., Letkiewicz, A., Ernst, M., Grillon, C., 2017.
Anxiety Patients Show Reduced Working Memory Related dIPFC Activation During Safety and
Threat. Depress. Anxiety 34, 25-36. https://doi.org/10.1002/da.22518

Bekhuis, E., Schoevers, R., de Boer, M., Peen, J., Dekker, J., Van, H., Boschloo, L., 2018. Symptom-
Specific Effects of Psychotherapy versus Combined Therapy in the Treatment of Mild to
Moderate Depression: A Network Approach. Psychother. Psychosom. 87, 121-123.
https://doi.org/10.1159/000486793

Bi, R., Dong, W., Zheng, Z., Li, S., Zhang, D., 2022. Altered motivation of effortful decision-making for
self and others in subthreshold depression. Depress. Anxiety 39, 633—-645.
https://doi.org/10.1002/da.23267

Boschloo, L., Bekhuis, E., Weitz, E.S., Reijnders, M., DeRubeis, R.J., Dimidjian, S., Dunner, D.L.,
Dunlop, B.W., Hegerl, U., Hollon, S.D., Jarrett, R.B., Kennedy, S.H., Miranda, J., Mohr, D.C.,
Simons, A.D., Parker, G., Petrak, F., Herpertz, S., Quilty, L.C., John Rush, A., Segal, Z.V.,
Vittengl, J.R., Schoevers, R.A., Cuijpers, P., 2019. The symptom-specific efficacy of
antidepressant medication vs. cognitive behavioral therapy in the treatment of depression: results
from an individual patient data meta-analysis. World Psychiatry Off. J. World Psychiatr. Assoc.
WPA 18, 183—191. https://doi.org/10.1002/wps.20630

Briichle, W., Schwarzer, C., Berns, C., Scho, S., Schneefeld, J., Koester, D., Schack, T., Schneider, U.,
Rosenkranz, K., 2021a. Physical Activity Reduces Clinical Symptoms and Restores
Neuroplasticity in Major Depression. Front. Psychiatry 12, 660642.
https://doi.org/10.3389/fpsyt.2021.660642

Briichle, W., Schwarzer, C., Berns, C., Scho, S., Schneefeld, J., Koester, D., Schack, T., Schneider, U.,
Rosenkranz, K., 2021b. Physical Activity Reduces Clinical Symptoms and Restores
Neuroplasticity in Major Depression. Front. Psychiatry 12, 660642.
https://doi.org/10.3389/fpsyt.2021.660642


https://doi.org/10.1101/2024.08.06.24311477
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.08.06.24311477; this version posted August 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Bufano, P., Laurino, M., Said, S., Tognetti, A., Menicucci, D., 2023. Digital Phenotyping for Monitoring
Mental Disorders: Systematic Review. J. Med. Internet Res. 25, e46778.
https://doi.org/10.2196/46778

Buschert, V., Prochazka, D., Bartl, H., Diemer, J., Malchow, B., Zwanzger, P., Brunnauer, A., 2019.
Effects of physical activity on cognitive performance: a controlled clinical study in depressive
patients. Eur. Arch. Psychiatry Clin. Neurosci. 269, 555-563. https://doi.org/10.1007/s00406-
018-0916-0

Casillas, A., Clark, L.A., 2000. The Mini Mood and Anxiety Symptom Questionnaire (Mini-MASQ).
https://doi.org/10.1037/e413792005-215

Charpentier, C.J., Aylward, J., Roiser, J.P., Robinson, O.J., 2017. Enhanced Risk Aversion, But Not Loss
Aversion, in Unmedicated Pathological Anxiety. Biol. Psychiatry 81, 1014-1022.
https://doi.org/10.1016/j.biopsych.2016.12.010

Chew, B., Blain, B., Dolan, R.J., Rutledge, R.B., 2021. A Neurocomputational Model for Intrinsic
Reward. J. Neurosci. 41, 8963-8971. https://doi.org/10.1523/INEUROSCI.0858-20.2021

Choi, A., Ooi, A., Lottridge, D., 2024. Digital Phenotyping for Stress, Anxiety, and Mild Depression:
Systematic Literature Review. JMIR MHealth UHealth 12, e40689. https://doi.org/10.2196/40689

Cohen, A., Naslund, J., Lane, E., Bhan, A., Rozatkar, A., Mehta, U.M., Vaidyam, A., Byun, A. (Jin S.,
Barnett, 1., Torous, J., 2024. Digital phenotyping data and anomaly detection methods to assess
changes in mood and anxiety symptoms across a transdiagnostic clinical sample. Acta Psychiatr.
Scand. No Pagination Specified-No Pagination Specified. https://doi.org/10.1111/acps.13712

Currey, D., Torous, J., 2023. Increasing the value of digital phenotyping through reducing missingness: a
retrospective review and analysis of prior studies. BMJ Ment. Health 26, €300718.
https://doi.org/10.1136/bmjment-2023-300718

Ebrahimi, O.V., Borsboom, D., Hoekstra, R.H.A., Epskamp, S., Ostinelli, E.G., Bastiaansen, J.A.,
Cipriani, A., 2024. Towards precision in the diagnostic profiling of patients: leveraging symptom
dynamics as a clinical characterisation dimension in the assessment of major depressive disorder.
Br. J. Psychiatry J. Ment. Sci. 224, 157-163. https://doi.org/10.1192/bjp.2024.19

Fervaha, G., Foussias, G., Takeuchi, H., Agid, O., Remington, G., 2016. Motivational deficits in major
depressive disorder: Cross-sectional and longitudinal relationships with functional impairment
and subjective well-being. Compr. Psychiatry 66, 31-38.
https://doi.org/10.1016/j.comppsych.2015.12.004

Firth, J., Torous, J., Lopez-Gil, J.F., Linardon, J., Milton, A., Lambert, J., Smith, L., Jari¢, 1., Fabian, H.,
Vancampfort, D., Onyeaka, H., Schuch, F.B., Firth, J.A., 2024. From “online brains” to “online
lives”: understanding the individualized impacts of Internet use across psychological, cognitive
and social dimensions. World Psychiatry 23, 176—190. https://doi.org/10.1002/wps.21188

Furman, D.J., Hamilton, J.P., Gotlib, I.H., 2011. Frontostriatal functional connectivity in major depressive
disorder. Biol. Mood Anxiety Disord. 1, 11. https://doi.org/10.1186/2045-5380-1-11

Gadassi Polack, R., Tran, T.B., Joormann, J., 2020. “What has been is what will be”? Autobiographical
memory and prediction of future events in depression. Cogn. Emot. 34, 1044—1051.
https://doi.org/10.1080/02699931.2019.1710467

Hagberg, A., Swart, P.J., Schult, D.A., 2008. Exploring network structure, dynamics, and function using
NetworkX (No. LA-UR-08-05495; LA-UR-08-5495). Los Alamos National Laboratory (LANL),
Los Alamos, NM (United States).

Hasin, D.S., Sarvet, A.L., Meyers, J.L., Saha, T.D., Ruan, W.J., Stohl, M., Grant, B.F., 2018.
Epidemiology of Adult DSM-5 Major Depressive Disorder and Its Specifiers in the United States.
JAMA Psychiatry 75, 336—346. https://doi.org/10.1001/jamapsychiatry.2017.4602

Hird, E.J., Slanina-Davies, A., Lewis, G., Hamer, M., Roiser, J.P., 2024. From movement to motivation: a
proposed framework to understand the antidepressant effect of exercise. Transl. Psychiatry 14,
273. https://doi.org/10.1038/s41398-024-02922-y

Intrinsic Motivation Inventory (IMI) — selfdeterminationtheory.org, n.d. URL
https://selfdeterminationtheory.org/intrinsic-motivation-inventory/ (accessed 7.7.24).


https://doi.org/10.1101/2024.08.06.24311477
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.08.06.24311477; this version posted August 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

i0S - Health [WWW Document], n.d. . Apple. URL https://www.apple.com/ios/health/ (accessed 7.7.24).

Jacob, Y., Gilam, G., Lin, T., Raz, G., Hendler, T., 2018a. Anger Modulates Influence Hierarchies Within
and Between Emotional Reactivity and Regulation Networks. Front. Behav. Neurosci. 12, 60.
https://doi.org/10.3389/fnbeh.2018.00060

Jacob, Y., Or-Borichev, A., Jackont, G., Lubianiker, N., Hendler, T., 2018b. Network Based fMRI Neuro-
Feedback for Emotion Regulation; Proof-of-Concept. pp. 1250-1260.
https://doi.org/10.1007/978-3-319-72150-7_101

Jacob, Yael, Rosenberg-Katz, K., Gurevich, T., Helmich, R.C., Bloem, B.R., Orr-Urtreger, A., Giladi, N.,
Mirelman, A., Hendler, T., Thaler, A., 2019. Network abnormalities among non-manifesting
Parkinson disease related LRRK?2 mutation carriers. Hum. Brain Mapp. 40, 2546-2555.
https://doi.org/10.1002/hbm.24543

Jacob, Y., Shany, O., Goldin, P.R., Gross, J.J., Hendler, T., 2019. Reappraisal of Interpersonal Criticism
in Social Anxiety Disorder: A Brain Network Hierarchy Perspective. Cereb. Cortex N. Y. N 1991
29, 3154-3167. https://doi.org/10.1093/cercor/bhy181

Jacob, Y., Winetraub, Y., Raz, G., Ben-Simon, E., Okon-Singer, H., Rosenberg-Katz, K., Hendler, T.,
Ben-Jacob, E., 2016. Dependency Network Analysis (DEPNA) Reveals Context Related
Influence of Brain Network Nodes. Sci. Rep. 6, 27444. https://doi.org/10.1038/srep27444

Jacobson, N.C., Feng, B., 2022. Digital phenotyping of generalized anxiety disorder: using artificial
intelligence to accurately predict symptom severity using wearable sensors in daily life. Transl.
Psychiatry 12, 336. https://doi.org/10.1038/s41398-022-02038-1

Jones, S.E., Moore, R.C., Pinkham, A.E., Depp, C.A., Granholm, E., Harvey, P.D., 2021. A cross-
diagnostic study of Adherence to Ecological Momentary Assessment: Comparisons across study
length and daily survey frequency find that early adherence is a potent predictor of study-long
adherence. Pers. Med. Psychiatry 29—30, 100085. https://doi.org/10.1016/j.pmip.2021.100085

Joseph, M.A., Natarajan, J., Buckingham, J., Al Noumani, M., 2021. Using digital badges to enhance
nursing students’ attendance and motivation. Nurse Educ. Pract. 52, 103033.
https://doi.org/10.1016/j.nepr.2021.103033

Kenett, D.Y., Tumminello, M., Madi, A., Gur-Gershgoren, G., Mantegna, R.N., Ben-Jacob, E., 2010.
Dominating Clasp of the Financial Sector Revealed by Partial Correlation Analysis of the Stock
Market. PLOS ONE 5, €15032. https://doi.org/10.1371/journal.pone.0015032

Kenett, Y.N., Kenett, D.Y., Ben-Jacob, E., Faust, M., 2011. Global and Local Features of Semantic
Networks: Evidence from the Hebrew Mental Lexicon. PLOS ONE 6, €23912.
https://doi.org/10.1371/journal.pone.0023912

Kessler, R.C., Sampson, N.A., Berglund, P., Gruber, M.J., Al-Hamzawi, A., Andrade, L., Bunting, B.,
Demyttenaere, K., Florescu, S., Girolamo, G. de, Gureje, O., He, Y., Hu, C., Huang, Y., Karam,
E., Kovess-Masfety, V., Lee, S., Levinson, D., Mora, M.E.M., Moskalewicz, J., Nakamura, Y.,
Navarro-Mateu, F., Browne, M.A.O., Piazza, M., Posada-Villa, J., Slade, T., Have, M. ten,
Torres, Y., Vilagut, G., Xavier, M., Zarkov, Z., Shahly, V., Wilcox, M.A., 2015. Anxious and
non-anxious major depressive disorder in the World Health Organization World Mental Health
Surveys. Epidemiol. Psychiatr. Sci. 24, 210-226. https://doi.org/10.1017/S2045796015000189

Khdour, H.Y., Abushalbaq, O.M., Mughrabi, [.T., Imam, A.F., Gluck, M.A., Herzallah, M.M., Moustafa,
A.A., 2016. Generalized Anxiety Disorder and Social Anxiety Disorder, but Not Panic Anxiety
Disorder, Are Associated with Higher Sensitivity to Learning from Negative Feedback:
Behavioral and Computational Investigation. Front. Integr. Neurosci. 10.
https://doi.org/10.3389/fnint.2016.00020

Koo, TK,, Li, M.Y., 2016. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for
Reliability Research. J. Chiropr. Med. 15, 155-163. https://doi.org/10.1016/j.jcm.2016.02.012

Lee, W., Reeve, J., 2017. Identifying the neural substrates of intrinsic motivation during task
performance. Cogn. Affect. Behav. Neurosci. 17, 939-953. https://doi.org/10.3758/s13415-017-
0524-x


https://doi.org/10.1101/2024.08.06.24311477
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.08.06.24311477; this version posted August 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Lee, W., Reeve, J., Xue, Y., Xiong, J., 2012. Neural differences between intrinsic reasons for doing
versus extrinsic reasons for doing: an fMRI study. Neurosci. Res. 73, 68—72.
https://doi.org/10.1016/j.neures.2012.02.010

LeMoult, J., Gotlib, I.H., 2019. Depression: A cognitive perspective. Clin. Psychol. Rev. 69, 51-66.
https://doi.org/10.1016/j.cpr.2018.06.008

Ling, Y., He, Y., Wei, Y., Cen, W., Zhou, Q., Zhong, M., 2016. Intrinsic and extrinsic goals as
moderators of stress and depressive symptoms in Chinese undergraduate students: A multi-wave
longitudinal study. BMC Psychiatry 16, 138. https://doi.org/10.1186/s12888-016-0842-5

Liu, Y., Zhao, J., Guo, W., 2018. Emotional Roles of Mono-Aminergic Neurotransmitters in Major
Depressive Disorder and Anxiety Disorders. Front. Psychol. 9, 2201.
https://doi.org/10.3389/fpsyg.2018.02201

Madi, A., Kenett, D.Y., Bransburg-Zabary, S., Merbl, Y., Quintana, F.J., Boccaletti, S., Tauber, A.L.,
Cohen, L.R., Ben-Jacob, E., 2011. Analyses of antigen dependency networks unveil immune
system reorganization between birth and adulthood. Chaos Woodbury N 21, 016109.
https://doi.org/10.1063/1.3543800

Mizrahi, D., Swain, C.T.V., Bruinsma, F., Hodge, A., Taylor, N., Lynch, B.M., 2023. The Relationship
Between Psychological Distress and Physical Activity Is Non-linear and Differs by Domain: a
Cross-Sectional Study. Int. J. Behav. Med. 30, 673—681. https://doi.org/10.1007/s12529-022-
10130-5

Mobile Fact Sheet, 2024. . Pew Res. Cent. URL https://www.pewresearch.org/internet/fact-sheet/mobile/
(accessed 6.26.24).

Mori, A., Okamoto, Yasumasa, Okada, G., Takagaki, K., Takamura, M., Jinnin, R., Ichikawa, N.,
Yamamura, T., Yokoyama, S., Shiota, S., Yoshino, A., Miyake, Y., Okamoto, Yuri, Matsumoto,
M., Matsumoto, K., Yamawaki, S., 2018. Effects of behavioural activation on the neural circuit
related to intrinsic motivation. BJPsych Open 4, 317-323. https://doi.org/10.1192/bjo.2018.40

Morris, L.S., Grehl, M.M., Rutter, S.B., Mehta, M., Westwater, M.L., 2022. On what motivates us: a
detailed review of intrinsic v. extrinsic motivation. Psychol. Med. 52, 1801-1816.
https://doi.org/10.1017/S0033291722001611

Mouchabac, S., Maatoug, R., Conejero, 1., Adrien, V., Bonnot, O., Millet, B., Ferreri, F., Bourla, A.,
2021. In Search of Digital Dopamine: How Apps Can Motivate Depressed Patients, a Review and
Conceptual Analysis. Brain Sci. 11, 1454. https://doi.org/10.3390/brainscil 1111454

Nemesure, M.D., Collins, A.C., Price, G., Griffin, T.Z., Pillai, A., Nepal, S., Heinz, M.V., Lekkas, D.,
Campbell, A.T., Jacobson, N.C., 2022. Depressive Symptoms as a Heterogeneous and Constantly
Evolving Dynamical System: Idiographic Depressive Symptom Networks of Rapid Symptom
Changes among Persons with Major Depressive Disorder. https://doi.org/10.31234/osf.io/pfdke

Nguyen, B., Ivanov, M., Bhat, V., Krishnan, S., 2022. Digital phenotyping for classification of anxiety
severity during COVID-19. Front. Digit. Health 4, 877762.
https://doi.org/10.3389/fdgth.2022.877762

Onnela, J.-P., 2021. Opportunities and challenges in the collection and analysis of digital phenotyping
data. Neuropsychopharmacology 46, 45—54. https://doi.org/10.1038/s41386-020-0771-3

Orben, A., Przybylski, A.K., Blakemore, S.-J., Kievit, R.A., 2022. Windows of developmental sensitivity
to social media. Nat. Commun. 13, 1649. https://doi.org/10.1038/s41467-022-29296-3

Pizzagalli, D.A., Holmes, A.J., Dillon, D.G., Goetz, E.L., Birk, J.L., Bogdan, R., Dougherty, D.D.,
losifescu, D.V., Rauch, S.L., Fava, M., 2009. Reduced caudate and nucleus accumbens response
to rewards in unmedicated individuals with major depressive disorder. Am. J. Psychiatry 166,
702-710. https://doi.org/10.1176/appi.ajp.2008.08081201

Poushter, J., 2016. Smartphone Ownership and Internet Usage Continues to Climb in Emerging
Economies. Pew Res. Cent. URL https://www.pewresearch.org/global/2016/02/22/smartphone-
ownership-and-internet-usage-continues-to-climb-in-emerging-economies/ (accessed 7.7.24).

Przybylski, A.K., Orben, A., Weinstein, N., 2020. How Much Is Too Much? Examining the Relationship
Between Digital Screen Engagement and Psychosocial Functioning in a Confirmatory Cohort


https://doi.org/10.1101/2024.08.06.24311477
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.08.06.24311477; this version posted August 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Study. J. Am. Acad. Child Adolesc. Psychiatry 59, 1080—1088.
https://doi.org/10.1016/j.jaac.2019.06.017

Rast, R., Coleman, J.T., Simmers, C.S., 2021. The darkside of the like: The effects of social media
addiction on digital and in-person communication. J. Soc. Media Soc. 10, 175-201.

Reeve, J., 1989. The interest-enjoyment distinction in intrinsic motivation. Motiv. Emot. 13, 83—103.
https://doi.org/10.1007/BF00992956

Reinertsen, E., Clifford, G.D., 2018. A review of physiological and behavioral monitoring with digital
sensors for neuropsychiatric illnesses. Physiol. Meas. 39, 05TRO1. https://doi.org/10.1088/1361-
6579/aabf64

Roberts, J.A., David, M.E., 2023. On the outside looking in: Social media intensity, social connection,
and user well-being: The moderating role of passive social media use. Can. J. Behav. Sci. Rev.
Can. Sci. Comport. 55, 240-252. https://doi.org/10.1037/cbs0000323

Saha, S., Lim, C.C.W., Cannon, D.L., Burton, L., Bremner, M., Cosgrove, P., Huo, Y., J. McGrath, J.,
2021. Co-morbidity between mood and anxiety disorders: A systematic review and meta-analysis.
Depress. Anxiety 38, 286—306. https://doi.org/10.1002/da.23113

Shiffman, S., Stone, A.A., Hufford, M.R., 2008. Ecological Momentary Assessment. Annu. Rev. Clin.
Psychol. 4, 1-32. https://doi.org/10.1146/annurev.clinpsy.3.022806.091415

Singh, B., Olds, T., Curtis, R., Dumuid, D., Virgara, R., Watson, A., Szeto, K., O’Connor, E., Ferguson,
T., Eglitis, E., Miatke, A., Simpson, C.E., Maher, C., 2023. Effectiveness of physical activity
interventions for improving depression, anxiety and distress: an overview of systematic reviews.
Br. J. Sports Med. 57, 1203—-1209. https://doi.org/10.1136/bjsports-2022-106195

Taylor, Z., Yankouskaya, A., Panourgia, C., 2024. Social media use, loneliness and psychological distress
in emerging adults. Behav. Inf. Technol. 43, 1312-1325.
https://doi.org/10.1080/0144929X.2023.2209797

Torous, J., Kiang, M.V, Lorme, J., Onnela, J.-P., 2016. New Tools for New Research in Psychiatry: A
Scalable and Customizable Platform to Empower Data Driven Smartphone Research. JMIR
Ment. Health 3, e16. https://doi.org/10.2196/mental.5165

Torous, J., Lipschitz, J., Ng, M., Firth, J., 2020. Dropout rates in clinical trials of smartphone apps for
depressive symptoms: A systematic review and meta-analysis. J. Affect. Disord. 263, 413—419.
https://doi.org/10.1016/j.jad.2019.11.167

Torous, J., Nicholas, J., Larsen, M.E., Firth, J., Christensen, H., 2018. Clinical review of user engagement
with mental health smartphone apps: evidence, theory and improvements. Evid. Based Ment.
Health 21, 116-119. https://doi.org/10.1136/eb-2018-102891

Treadway, M.T., Bossaller, N., Shelton, R.C., Zald, D.H., 2012. Effort-Based Decision-Making in Major
Depressive Disorder: A Translational Model of Motivational Anhedonia. J. Abnorm. Psychol.
121, 553-558. https://doi.org/10.1037/a0028813

Tremblay, M.A., Blanchard, C.M., Taylor, S., Pelletier, L.G., Villeneuve, M., 2009. Work Extrinsic and
Intrinsic Motivation Scale: Its value for organizational psychology research. Can. J. Behav. Sci.
Rev. Can. Sci. Comport. 41, 213-226. https://doi.org/10.1037/a0015167

Vaidyam, A., Halamka, J., Torous, J., 2022. Enabling Research and Clinical Use of Patient-Generated
Health Data (the mindLAMP Platform): Digital Phenotyping Study. JMIR MHealth UHealth 10,
€30557. https://doi.org/10.2196/30557

Valkenburg, P.M., Beyens, 1., Pouwels, J.L., van Driel, LI, Keijsers, L., 2022a. Social Media Browsing
and Adolescent Well-Being: Challenging the “Passive Social Media Use Hypothesis.” J.
Comput.-Mediat. Commun. 27, zmab0135. https://doi.org/10.1093/jcmc/zmab015

Valkenburg, P.M., van Driel, L.I., Beyens, 1., 2022b. The associations of active and passive social media
use with well-being: A critical scoping review. New Media Soc. 24, 530-549.
https://doi.org/10.1177/14614448211065425

van Eeden, W.A., van Hemert, A.M., Carlier, I.V.E., Penninx, B.W., Giltay, E.J., 2019. Severity, course
trajectory, and within-person variability of individual symptoms in patients with major depressive
disorder. Acta Psychiatr. Scand. 139, 194-205. https://doi.org/10.1111/acps.12987


https://doi.org/10.1101/2024.08.06.24311477
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.08.06.24311477; this version posted August 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Vrieze, E., Pizzagalli, D.A., Demyttenaere, K., Hompes, T., Sienaert, P., de Boer, P., Schmidt, M., Claes,
S., 2013. Reduced reward learning predicts outcome in major depressive disorder. Biol.
Psychiatry 73, 639—645. https://doi.org/10.1016/j.biopsych.2012.10.014

Vuorre, M., Orben, A., Przybylski, A.K., 2021. There Is No Evidence That Associations Between
Adolescents’ Digital Technology Engagement and Mental Health Problems Have Increased. Clin.
Psychol. Sci. 9, 823-835. https://doi.org/10.1177/2167702621994549

Walsh, J.J., Barnes, J.D., Cameron, J.D., Goldfield, G.S., Chaput, J.-P., Gunnell, K.E., Ledoux, A.-A.,
Zemek, R.L., Tremblay, M.S., 2018. Associations between 24-hour movement behaviours and
global cognition in a cross-sectional sample of US children. Lancet Child Adolesc. Health 2,
783-791. https://doi.org/10.1016/S2352-4642(18)30278-5

Ward, A.F., Duke, K., Gneezy, A., Bos, M.W., 2017. Brain Drain: The Mere Presence of One’s Own
Smartphone Reduces Available Cognitive Capacity. J. Assoc. Consum. Res. 2, 140-154.
https://doi.org/10.1086/691462

Watson, D., Weber, K., Assenheimer, J.S., Clark, L.A., Strauss, M.E., McCormick, R.A., 1995. Testing a
tripartite model: I. Evaluating the convergent and discriminant validity of anxiety and depression
symptom scales. J. Abnorm. Psychol. 104, 3—14. https://doi.org/10.1037//0021-843x.104.1.3

Westra, H.A., Arkowitz, H., Dozois, D.J.A., 2009. Adding a motivational interviewing pretreatment to
cognitive behavioral therapy for generalized anxiety disorder: a preliminary randomized
controlled trial. J. Anxiety Disord. 23, 1106—1117. https://doi.org/10.1016/j.janxdis.2009.07.014

Winch, A., Moberly, N.J., Dickson, J.M., 2015. Unique associations between anxiety, depression and
motives for approach and avoidance goal pursuit. Cogn. Emot. 29, 1295-1305.
https://doi.org/10.1080/02699931.2014.976544

Woessner, M.N., Tacey, A., Levinger-Limor, A., Parker, A.G., Levinger, P., Levinger, 1., 2021. The
Evolution of Technology and Physical Inactivity: The Good, the Bad, and the Way Forward.
Front. Public Health 9. https://doi.org/10.3389/fpubh.2021.655491

Yang, X., Huang, J., Zhu, C., Wang, Y., Cheung, E.F.C., Chan, R.C.K., Xie, G., 2014. Motivational
deficits in effort-based decision making in individuals with subsyndromal depression, first-
episode and remitted depression patients. Psychiatry Res. 220, 874-882.
https://doi.org/10.1016/j.psychres.2014.08.056

Zero-Inflated and Two-Part Mixed Effects Models [WWW Document], n.d. URL
https://drizopoulos.github.io/GLMMadaptive/articles/Zerolnflated and TwoPart Models.html
(accessed 7.7.24).

Zero-Inflated Poisson Regression | R Data Analysis Examples [WWW Document], n.d. URL
https://stats.oarc.ucla.edu/r/dae/zip/ (accessed 7.7.24).


https://doi.org/10.1101/2024.08.06.24311477
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.08.06.24311477; this version posted August 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Tables
Symptom EMA
Anxiety “Today, I feel physically anxious.
Physically anxious is when you feel short of breath, dizzy, shaky, trembling or
sweaty.”
Distress “Today, I feel distressed.
Distressed is when you feel tense, hopeless, keyed up, worthless, uneasy or
discouraged.”
Depression “Today, I feel depressed.

Depressed is when you feel unhappy, uninterested, withdrawn from people,
with nothing to look forward to, with no energy or unable to enjoy things.”

Intrinsic Motivation “Today, I feel motivated to do things that are personally interesting or
enjoyable to me.”

Extrinsic Motivation “Today, I feel motivated to do things that might earn me money or please
other people.”

Table 1. EMAs administered to participants via the mindLAMP application. Measures of real-world anxiety,
distress, and depression were developed based on the MASQ (Watson et al., 1995). Measures of intrinsic
and extrinsic motivation were developed by summarizing themes from the Intrinsic Motivation Inventory
and the Work Extrinsic and Intrinsic Motivation Scale (Ryan, 1982; Ryan et al., 1983, Tremblay et al.,
2009), respectively.

Participant Demographics and Clinical features

HC (N=49) MA (N=52) Group Comparison t/

mean/count (SD/%) mean/count (SD/%) ¥ (p-value)
Age (years) 31 (10.75) 31.82 (9.85) 0.383 (p=0.702)
Sex (female) 30 (61.0%) 33 (63.5%) 6.9 x 10™* (p=0.98)
Race (White or 22 (44.9%) 19 (36.5%) 0.22 (p=0.64)
Caucasian)
Ethnicity (Hispanic or 9 (18.4%) 16 (30.8%) 1.96 (0.162)
Latino)
Income ($50,001 - 21 (42.9%) 19 (36.5%) 0.1 (0.752)
$100,000)
Education (Graduated 4- 17 (34.7%) 12 (23.1%) 0.862 (0.353)
year college)
MASQ Anxious Arousal -- 25.7 (9.62) --
MASQ General Distress -- 22.4 (9.78) --
MASQ Anhedonic -- 39.1(7.43) --
Depression

Table 2. Demographics reported for healthy controls (HC) and participants with a mood or anxiety
disorder (MA) (N=32 MDD, 15 GAD, 5 PTSD). Welch two-sample t-tests were used to examine
differences between continuous variables while Chi-squared tests examined differences between
categorical variables. For race, income, and education, we report counts and percentages for the most
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common category.

Measure HC MA t- D- FDR Cohen’s
mean £ std mean £ std value value  adjusted d
p-value
Influencing Screentime 0.21 +0.23 0.34+0.39 1.39 0.17 0.34 0.40
Degree
Checks total 0.27+0.22 0.26+0.22 -0.21 0.84 0.90 -0.06
Steps 0.24 £0.38 0.25+0.22 0.13 0.90 0.90 0.04
Anxiety 0.32+0.32 0.40+0.31 0.88 0.38 0.51 0.26
Depression 0.25+0.23 0.38+0.25 1.83 0.07 0.20 0.53
Distress 0.31+0.32 0.42+0.28 1.26 0.21 0.34 0.37
Extrinsic motivation 0.22+0.22 0.42+£0.30 2.62  0.01* 0.05% 0.76
Intrinsic motivation 0.22+0.21 0.47+041 270 0.01* 0.05% 0.78
Influenced Screentime 0.23+0.22 0.30+0.20 1.00 0.32 0.35 0.29
Degree
Checks total 0.27+0.25 0.34 +£0.23 0.95 0.35 0.35 0.28
Steps 0.25+0.20 0.30+0.15 0.99 0.33 0.35 0.29
Anxiety 0.26 £0.24 0.38+0.31 1.48 0.15 0.29 0.43
Depression 0.26 £0.26 0.45+0.24 2.59  0.01% 0.07 0.75
Distress 0.28£0.21 0.40+0.24 1.87 0.07 0.18 0.54
Extrinsic motivation 0.23+£0.23 0.43+0.31 246  0.02* 0.07 0.71
Intrinsic motivation 0.27+0.26 0.35+0.21 1.22 0.23 0.35 0.36

Table 3. Influencing and influenced degree of symptoms and activity measures as estimated by the

Dependency Network Analysis (DepNA).
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Figure 1. Flowchart illustrating phases of data preprocessing and participants included in each set of
analyses. Bold text indicates datasets in which analyses were performed. HC = Healthy Control group,
MA = Mood/Anxiety disorder group
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Figure 2. Study Adherence between groups. A. Box plots illustrate the percentage of days out of the 30-
day requirement on which participants completed at least one survey. B. Line graph illustrates the
percentage of subjects who completed at least one survey on a given day out of the total number enrolled
to determine study adherence. Error bars = standard deviation of a proportion, HC = Healthy Control

group, MA = Mood/Anxiety disorder group
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Figure 3. Results from assessing the reliability of real-world measures for anxiety, distress, and depression
within the MA group. A. Distribution of the MA group’s MASQ scores beside their corresponding anxiety,
distress, and depression EMA score distributions. B-D. Linear mixed-effects regression models showcasing
significant relationships between the in-lab MASQ for Anxious Arousal, General Distress, and Anhedonic
Depression against real-world anxiety, distress, and depression scores (tus.0) = 2.33, p = 0.024; ts.4) = 4.65,
p <0.001; tueg = 2.73, p =0.009). Individual data points represent survey responses per participant. M4 =
Mood/Anxiety disorder group, MASQ= Mood and Anxiety Symptom Questionnaire
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Figure 4. Results from assessing the generalizability of real-world measures for anxiety, distress, and
depression. Lollipop plots depict the regression coefficient for the MASQ subscale scores in relation to
their corresponding real-world scales between the full cohort (HC + MA) and each subgroup. In the full
cohort, significant associations were found between the MASQ Anxious Arousal/General
Distress/Anhedonic Depression and their corresponding real-world scale demonstrating the generalizability
of these scales (t’s >2.28, p’s < 0.05). HC = Healthy Control, MA = Mood/Anxiety disorder group
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Figure 5. ZIP regression models illustrating the relationship between intrinsic (A-C) and extrinsic (D-F)
motivation and real-world anxiety, distress, and depression. For each anxiety/distress/depression model
there were main effects of intrinsic motivation (IRRs > 0.82, p’s < 0.001) and extrinsic motivation (IRRs >
0.88, p’s <0.001). There were also significant interactions between group and intrinsic motivation on
anxiety/distress/depression (IRRs > 1.08, p’s < 0.001) and group and extrinsic motivation on depression
(IRR =1.06, p=0.019). HC = Healthy Control group, MA = Mood/Anxiety disorder group
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Figure 6. Relationship between steps and real-world anxiety, distress, and depression. A main effect of
steps on real-world distress and depression (but not anxiety) was observed (IRRs > 0.93, p’s <0.05). Across
all three measures, participants in the MA group experience greater symptom severity (IRRs > 2, p’s <
0.001) in comparison to HC. HC = Healthy Control group, MA = Mood/Anxiety disorder group
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Figure 7. Relationship between screentime and real-world anxiety, distress, and depression. There was no
effect of screentime on real-world anxiety, distress and depression in the count model (IRRs > 1.00, p’s >
0.05). Meanwhile, the logit model revealed a main effect of screentime only on distress (IRR =1.85, CI =
(1.18 — 2.90), p = 0.007), whereby the odds of observing zero symptoms of distress increase with higher
screentime. Across all three measures, participants in the MA group experience greater symptom severity
(IRRs >2, p’s <0.001) in comparison to HCs. HC = Healthy Control group, MA = Mood/Anxiety disorder

group
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Figure 8. Dependency network analysis (DepNA) results. (A) A network illustration and graph visualization
of the ‘influencing degree’ of symptoms in the MA group against healthy controls. Each region is color-
coded according to the t statistic value from the t-test between the 'Influencing Degree' of the two groups.
All pair-wise ROIs with connections, significant at the p<0.05 level, are plotted as edges. (B) The nodes’
averaged 'Influencing Degree’ and (C) 'Influenced Degree’. The total influence of both extrinsic and
intrinsic motivation was significantly higher among the MA group compared to healthy controls. *p<0.05,
** p<0.05 FDR corrected. HC = Healthy Control group, MA = Mood/Anxiety disorder group
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