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Abstract
Background: Social anxiety disorder is a highly prevalent and burdensome condition. Persons with social anxiety frequently
avoid seeking physician support and rarely receive treatment. Social anxiety symptoms are frequently underreported and
underrecognized, creating a barrier to the accurate assessment of these symptoms. Consequently, more research is needed to
identify passive biomarkers of social anxiety symptom severity. Digital phenotyping, the use of passive sensor data to inform
health care decisions, offers a possible method of addressing this assessment barrier.
Objective: This study aims to determine whether passive sensor data acquired from smartphone data can accurately predict
social anxiety symptom severity using a publicly available dataset.
Methods: In this study, participants (n=59) completed self-report assessments of their social anxiety symptom severity, depressive
symptom severity, positive affect, and negative affect. Next, participants installed an app, which passively collected data about
their movement (accelerometers) and social contact (incoming and outgoing calls and texts) over 2 weeks. Afterward, these
passive sensor data were used to form digital biomarkers, which were paired with machine learning models to predict participants’
social anxiety symptom severity.
Results: The results suggested that these passive sensor data could be utilized to accurately predict participants’ social anxiety
symptom severity (r=0.702 between predicted and observed symptom severity) and demonstrated discriminant validity between
depression, negative affect, and positive affect.
Conclusions: These results suggest that smartphone sensor data may be utilized to accurately detect social anxiety symptom
severity and discriminate social anxiety symptom severity from depressive symptoms, negative affect, and positive affect.
(J Med Internet Res 2020;22(5):e16875) doi: 10.2196/16875
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Introduction
Background
Social anxiety disorder (SAD) affects approximately 13% of
Americans [1]. It is characterized by an intense, persistent, and
exaggerated fear of evaluation or scrutiny in social situations
and associated with behavioral avoidance [2]. SAD has a high
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XSL• FO
RenderX

socioeconomic cost, as it is associated with increased risk of
school dropout, reduced productivity in the workplace, and
lower quality of life [3]. Individuals with SAD symptoms are
also at increased risk for developing depressive disorders [4],
with comorbidity rates estimated between 30% and 70% in
clinical and community samples [5-7].
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Broadly speaking, anxiety around social situations (eg, fear of
rejection or embarrassment) is relatively commonplace and can
negatively impact individuals even outside the confines of this
diagnostic category [8]. Furthermore, given the social inhibition
and private anguish inherent to this pathology, SAD symptoms
are often mistaken for shyness by others or perceived as a
character flaw by the individual. As a result of these
misconceptions, the nuanced effects of the condition are
frequently underreported and underrecognized. Indeed,
individuals with SAD often avoid consulting physicians about
their psychological problems [9], and studies estimate that only
35% of individuals who meet clinical criteria receive treatment
[3]. Thus, a sizable proportion of individuals who are struggling
with SAD symptoms and could benefit from intervention go
unaided. Moreover, there is a large time gap between disorder
onset and the individual receiving treatment, with 36%
experiencing SAD for more than 10 years before seeking help
[10]. Currently, much of our understanding of the occurrence
and presentation of SAD symptomatology is based on
dispositional measures that have limited ecological validity.
There is a great need for novel methodologies to improve our
understanding and ability to identify individuals who may be
vulnerable to developing this debilitating condition.
Smartphones have shown promise in recent years as ecologically
valid tools for monitoring and predicting one’s behavior and
psychological state [11-14]. Specifically, passive usage and
sensor data streams (eg, accelerometers, microphones, and GPS)
offer insight into momentary behaviors that can serve as proxies
for important mental health variables. The overarching goal of
harnessing such data is to better understand, predict, and
ultimately intervene when subtle behaviors are suggestive of
problematic pathology. These data can be used to evaluate
indicators of pathology over time with minimal burden or cost
to the individual, researchers, or the broader health care system.
Previous research examining patterns of smartphone use by
socially anxious individuals have investigated a number of
constructs including level of smartphone addiction [15,16],
communication preferences (eg, preference for texting over
voice calls) [17], behavioral markers before outgoing phone
calls [18], location data (ie, using GPS) [19], and use of camera
and health-related apps [20].

Previous Findings
Despite the promise of offering a better understanding of the
contextual factors related to SAD symptom severity, most of
the current research to date has not examined whether symptom
severity can be accurately predicted utilizing only sensor data
(ie, without additional severity indicators). This investigation
is necessary to assess the utility of smartphone sensor data as
a stand-alone predictive tool. Particularly, research is needed
to determine whether passive sensor data could present a viable
alternative to traditional assessments. Some research has
examined the within-sample correlations of specific sensor
metrics related to SAD symptom severity with significant
correlations between some passive sensor data, including
location, movement, calls, and texts [19,21]. However,
correlations presented in previous publications have been based
on general linear models utilizing the entire dataset and,
consequently, may overfit the sample and overestimate how
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well these models would generalize to new independent samples
[22]. In addition, the correlations used in these methods were
not based on machine learning models, which can combine
features to better predict SAD symptom severity (consequently,
the absolute correlations between these features and social
anxiety were only 0.01-0.36). The study by Boukhechba et al
[21] was the only previous study that used the same publicly
available data contained within this study.
To date, few researchers have investigated the out-of-sample
accuracy of predicting social anxiety from these passive sensors
[17,20]. Rather than examining SAD symptom severity
continuously, one such study created three categories of SAD
symptom severity (low, mid, and high) [18], which artificially
and arbitrarily changes the scale and reduces the variance of
the outcome [23]. Although previous researchers were successful
in predicting social anxiety severity from phone calls, the
out-of-sample prediction only explained 15.38% of the total
variation in symptoms based on the statistics reported [19],
indicating that the majority of the variance is explained by other
variables not captured in the model. Consequently, although
passive sensor data hold promise in assessing constructs related
to SAD symptom severity, more research is needed to determine
whether passive data can accurately predict symptoms to the
degree that they represent a potential alternative to traditional
assessments.

Study Aims
This study sought to test the utility of passive smartphone sensor
data (ie, incoming and outgoing calls, text messages, and
accelerometer data), gathered over 2 weeks via the Sensus
mobile app as predictors of SAD symptoms in an unselected
sample of undergraduates. Studies show that anxiety symptoms
are common in undergraduate populations [24], and analog
samples are useful for examining this pathology on a continuum
[25]. Moreover, the study also utilized this sample to limit the
influence of heterogeneity, given that undergraduates often
experience similar environmental stressors and life phases. We
hypothesized that we would be able to accurately predict SAD
symptom severity with at least moderate accuracy (correlations
greater or equal to 0.5 between out-of-sample predicted and
observed social anxiety symptom severity) [26]. We also
hypothesized that the predicted SAD symptom severity would
show discriminant validity, evidenced by significantly higher
correlations between the observed and predicted SAD symptom
severity, compared with correlations with measures of affect
(ie, depression symptoms, negative affect, and positive affect).
Furthermore, given the novel nature of these data, we had some
exploratory aims namely, we were interested in whether the
data indicated any nuanced biomarkers that may be worth
examining in future iterations of this work.

Methods
Participants
The current sample comes from a public use dataset [21]. A
total of 72 undergraduate students within the United States
consented to participate in the study (37/72, 51% female, mean
age 19.8 years, SD 2.4; age range 18-23 years; 30/72, 41%
white, 27/72, 37% Asian, 3/72, 4% black, 3/72, 4%
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Latinx/Hispanic, and 9/72, 12% multiracial or unspecified).
Participants were recruited through email advertisements sent
to university email listserv for undergraduate students and the
psychology department study participant pool. Participants were
required to own their own Android devices (with an operating
system 4.3 or higher). Although 72 participants were enrolled,
only 59 with any phone calls, text data, and accelerometer data
across the study period were a part of this study (all three
channels were required to be included in the current analysis).

Measures
Social Interaction Anxiety Scale
The Social Interaction Anxiety Scale (SIAS) represented the
primary outcome for this study [27]. The SIAS assesses the
level of anxiety experienced in social situations using 20
self-report statements. Participants rate each of these items on
a 0 (not at all characteristic of me) to 4 (extremely characteristic
of me) Likert scale. In comparing patient populations with
nonpatient populations, the SIAS demonstrated superior ability
in differentiating SAD from nonanxious controls, with 82% to
86% sensitivity and 82% to 90% specificity using a cutoff point
of 34 [28,29]. The SIAS also demonstrated high convergent
validity (r=0.72) with the social phobia scale [28]. Previous
research suggests that the optimal cutoff score for differentiating
clinically significant SAD for the SIAS is 36 and that this cutoff
point results in 93% sensitivity and 60% specificity in
differentiating SAD from other clinically anxious groups,
including panic disorder and agoraphobia [30]. Thus, the SIAS
has strong convergent and discriminant validity in assessing a
range of social anxiety symptoms. Moreover, the internal
consistency of the SIAS in the current sample was good
(alpha=.83) [11].

Depression, Anxiety, and Stress Scale—Depression Scale
The Depression, Anxiety, and Stress Scale (DASS-21) was used
to assess depressive symptoms as a measure of discriminant
validity for the study. The depression scale has excellent
convergent validity (r=0.78 with the personal disturbance
depression scale, r=0.66 with the Hamilton depression scale)
[31] and adequate discriminant validity (r=0.62 for personal
disturbance anxiety scale, r=0.59 for the Hamilton anxiety scale)
[31]. The depression scale also has excellent internal consistency
in the current sample (alpha=.91) [11].

Positive Affect Negative Affect Schedule
The positive affect negative affect schedule (PANAS) is a
commonly utilized measure of positive and negative affect and
was used in this study as a means of assessing discriminant
validity [32]. The PANAS is a 20-item instrument that asks
participants to rate the degree to which they experience positive
(eg, alert, inspired, enthusiastic) and negative (eg, distressed,
upset, guilty) affect in general on a 1 (very slightly or not at
all) to 5 (extremely) Likert scale. The negative affect subscale
of the PANAS has demonstrated convergent validity with the
Beck Depression Inventory (r=0.58), the Hopkins Symptom
Checklist (r=0.74), and the State Trait Anxiety Inventory state
anxiety scale (A-State; r=0.51); while the positive affect
subscale is negatively correlated with these measures (rs=−.35,
−.19, and −.35, respectively [32]). Both subscales exhibit good
http://www.jmir.org/2020/5/e16875/
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internal consistency (alpha negative affect=.87, alpha positive
affect=.88 [32]; note that the raw items were not reported for
this sample, so the internal consistency of these scales is
unknown for the current sample).

Passive Sensor Data
Accelerometer data were collected once per second (1/Hz) for
the duration of the study. Notably, accelerometers sampled at
this frequency have been used to detect related psychopathology
(eg, major depression and bipolar disorders; pain and worry
severity) [33-35]. Likewise, incoming and outgoing calls and
text timestamps were recorded during the study period (note
that the text message content was not included). Passive sensor
data were collected for approximately 2 weeks (mean 16.41
days, SD 2.69).

Procedure
The study was approved by the institutional review board at the
University of Virginia. Participants received partial course credit
or payment for their participation, and they were told that the
study examined how their thoughts and feelings interacted with
their daily environment. They were also instructed on the type
of data that would be collected from their mobile phones.
Individuals provided informed consent and attended two
laboratory visits. During the first laboratory visit, they completed
the SIAS and other measures (not relevant to this study). After
this, participants installed the Sensus mobile app onto their own
Android phones. They returned approximately 2 weeks later,
where they completed additional measures and were debriefed
(although the authors may have collected these same measures
during the follow-up assessment, only the baseline assessments
were released).

Planned Analyses
Overview of Analyses
Before any analyses, a set of biomarkers was created for each
person’s data. Note that passive sensor data are based on
within-person variation (ie, changes over time), and yet the
primary hypothesis is based on a between-person question (ie,
stable individual differences across people, which matches
previous research conceptualizing anxiety disorders as
dynamical systems) [36]. Consequently, the same set of
biomarkers was extracted separately for each person from the
time series of their passive sensor data, and, then, these
biomarkers were used for interindividual analyses.

Accelerometer Biomarkers
The accelerometer data were processed consistently with a
previously published procedure [33]. The first feature creation
was used to describe the overall distribution of the outcome
scores; this included the following raw data metrics: (1) the
mean, (2) median, (3) mode, (4) minimum, (5) maximum, (6)
skewness, (7) kurtosis, and (8) SD. Furthermore, we included
(9) the root mean square of successive difference from 1 and 2
lags difference, and (10) the first through 99th quantiles in
increments of 1 percentile. Thus, these features were
predominantly created to extract relevant signals related to the
functional form of the raw data.
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The second set of features was created to represent the
autoregressive dynamic nature of the raw data, which can
measure complex relationships of temporal stability and
oscillatory patterns while imposing a constraint for smoothness.
This was constructed using the differential time-varying effect
model, which is based on a generalized additive modeling
framework utilizing the following formula for each person. In
particular, the mean of yi,l’, μi≡E(yi,l’) is linked to a
semiparametric predictor, ηi, expressed as:
ηi=f1(TDi,l)yi,l
Here, y represents the raw data for each measurement i, at lag
l. Note that l’ represents a stacked vector of the outcome such
that the same time series is stacked repeatedly to account for
each potential lagged relationship l. The term f1 represents a
smooth based on a thin-plate regression spline. Note that the
term f1 is a nonparametric component wherein the effects of a
series of covariates on the mean of the transformed dependent
response variable are of unknown functional forms. TD reflects
the time difference between the measurement occasion i and
lag l. The primary term interest is thus: f1(TDi,l)yi,l, which is a
varying-coefficient model representing the linear relationship
between the lagged outcome of y on itself at later time points
as a function of nonlinear time differences [37]. Features were
created separately for each person’s raw data (ie, one model per
person). The extracted feature was the predicted
varying-coefficients across the entire time series from all
possible lags.
The third set of features was based on the spectral analysis,
wherein each of the estimated power spectral densities was
recovered for the raw data [38]. This represents the decomposed
cyclical patterns that are common throughout the time series
within the data. The power density describes the degree of
strength of the variation in the raw data as a function of
frequency. There was no missing accelerometer biomarker data.

Text Message Biomarkers
Notably, the text message data were much sparser than the
accelerometer data, and consequently, fewer biomarkers could
be derived. The distributional outcomes described within the
accelerometer biomarkers above (eg, mean, median, mode, etc)
were applied to the vector of the time difference between the
text messages with the goal of processing the distribution of the
time difference between adjacent text messages (attempting to
capture whether the participant engaged in text messages with
long delays or shorter-time periods). This was first applied for
all text messages, then all incoming text messages, and, finally,
all outgoing text messages. The typical distribution variance
between persons was also captured by taking the same
distributional features of the time differences for each person
that the person contacted, and then calculating the SD of the
distribution of time differences (note that this was to account
for the potential that a socially anxious person may vary in the
speed with which they text back persons with whom they are
close as opposed to persons with whom they enjoy a more
distant relationship). This resulted in a measure of how much
variation there was in the length of time between contacts.
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Finally, the last feature that was extracted was the number of
total texts. There was no missing text message biomarker data.

Call Biomarkers
The following features were created to process the call data: (1)
the total number of calls, (2) the percentage of calls that were
missed, (3) the percentage of calls that came during times the
phone was idle (ie, to capture a time in which they might have
been interrupted from their current tasks, which could facilitate
avoidance among those with high social anxiety), (4) the number
of total persons that the participants contacted, and (5) the
distribution features extracted from the time differences between
calls (ie., similar to the text messages, this approach was to
account for how long it would take a person to call someone
back, which we suspected could be higher in persons with high
social anxiety). There was no missing call biomarker data.

Machine Learning
After each of the features were created, an ensemble of extreme
gradient boosting machines (XGboost) was utilized. Extreme
gradient boosting machines are learning algorithms composed
of several weak tree-based learners. They have shown to be
more robust at predicting outcomes compared with many
traditional algorithms and are often the algorithm that
consequently wins machine learning competitions for this
reason. The lower level extreme gradient boosting learners were
blocked in the following way: (1) predicting social anxiety from
the accelerometer distribution features (which constituted one
model), (2) predicting social anxiety from the accelerometer
autoregressive dynamics (which comprised a second model),
(3) predicting social anxiety from the accelerometer spectral
densities (trained based on spectral densities in blocks of 1000
features each), (4) predicting social anxiety from the text
message biomarkers, and (5) predicting social anxiety from the
call biomarkers. Note that each of the extreme gradient–boosting
models utilized leave-one-out cross-validation, such that the
features that were extracted were the predictions from the model
without including that participant in the model (ie, all features
were out-of-sample predictions). Finally, the final ensemble
model was trained based on the model predictions of the lower
order models, with the higher-order model also being based on
an extreme gradient boosting model. The final ensemble model
also utilized leave-one-out cross-validation, such that the final
model was based on an out-of-sample prediction.

Outcome Metrics
The primary outcome of interest was the correlation between
the predicted and observed SAD symptom severity scores. In
addition, the discriminant validity of the predicted SAD
symptom scores was also compared by comparing the
correlation between the SAD symptom scores based on the
smartphone biomarkers and depression, negative affect, and
positive affect. As there was missing data in the depression (5%
missing), negative affect (14% missing), and positive affect
(14% missing), multiple imputation was utilized to estimate the
correlations for the discriminant validity. Similar to Ortiz et al
[39], discriminant validity was compared by comparing the
correlations between predicted SAD symptom severity based
on the smartphone biomarkers and the observed SAD symptom
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severity strength, compared with the correlation between the
smartphone biomarkers and depression, negative affect, and
positive affect, respectively [40].

Results

The variable importance from the model ensemble was
identified, such that the most important feature will be extracted
and plotted to determine the most important contribution to the
model predictions. In addition, the t-distributed stochastic
neighbor embedding (t-SNE) plot was examined from the lower
order ensemble models and the final predictions to visualize
the degree of separation between the predictors and social
anxiety symptoms. The t-SNE plot is a visual depiction of how
well the machine learning models naturally separate different
degrees of SAD symptom severity. The variable importance of
the primary feature was also extracted from the higher-order
ensemble, as well as from the lower order model to determine
the single most influential digital biomarker of the predictions
of SAD symptom severity.

The distribution of the SAD symptom severity is depicted in
Figure 1. The mean of the SIAS was 29.125, with an SD of
9.407, and a range from 11 to 52. On the basis of previous
validated cutoffs (score of 34 on the SIAS), 36% (21/59) of the
sample was above the primary cutoff, suggesting they were at
clinical levels of SAD. In applying the more conservative cutoff
of 36 used in clinical outpatient samples to differentiate anxiety
from other anxiety disorders, a total of 34% (21/59) of the
sample was very likely to have clinically significant social
anxiety (and not merely other anxiety disorders, based on the
results of a previous study suggesting that this clinical cutoff
discriminated SAD from other anxiety disorders [30]).

Percentage of the Sample With Clinical Anxiety

Figure 1. Social anxiety symptom severity based on the social interaction anxiety scale.

Primary Results
Convergent Validity
The results suggested that there was a strong correlation between
predicted and observed social anxiety symptom severity r=0.702,

95% CI 0.543-0.812; P<.001 (see Figure 2 for a plot of the
individual level predictions). Supporting our hypothesis, the
bounds of the 95% CI suggested that the strength of the
correlation was above 0.5. See Figure 3 for a visual depiction
of the degree of separation of the lower order ensemble model
features and SAD symptom severity.

Figure 2. Z-scores of the predicted social anxiety disorder (SAD) severity and the observed SAD symptom severity for each participant. Note that the
patient index represents each of the 59 participants and not a continuous metric. SAD: social anxiety disorder; SIAS: social interaction anxiety scale.
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Figure 3. t-distributed stochastic neighbor embedding (t-SNE) plot depicting the ensembled model features (ie, the predictions extracted from the lower
order ensembles) and the observed social anxiety symptoms. Note that closer points in the t-SNE are shown to be similar to one another, and dissimilar
objects are shown to be farther away from one another. Note that the axes themselves are used to reduce the dimensionality of the machine learning
features, so the Dimension 1, Dimension 2, and Dimension 3 labels are not of interest. This plot shows the ability to differentiate the level of social
anxiety symptom severity based on the ensembled model features. As can be seen, the combination of the lower order ensembles was able to well
differentiate SAD symptom severity. SAD: social anxiety disorder; SIAS: social interaction anxiety scale; t-SNE: t-distributed stochastic neighbor
embedding.

Discriminant Validity
Regarding the discriminant validity of the measure, the results
suggested that there was a weaker but positive relationship
between the predicted SAD symptom severity from smartphone
biomarkers and depression severity (r=0.357, 95% CI
0.112-0.562; P=.005), and this correlation is significantly lower
than that between the predicted SAD symptom severity from
the smartphone biomarkers and the observed SAD symptom
severity (Z=3.441; P<.001). Likewise, the predicted SAD
symptom severity from smartphone biomarkers had a positive
correlation with negative affect (r=0.384, 95% CI 0.143-0.583;
P=.003), and the correlation is significantly lower than that
between the predicted and observed SAD symptom severity
(Z=3.484; P<.001). The predicted SAD symptoms had a
nonsignificant negative correlation with positive affect
(r=−0.138, 95% CI −0.380 to 0.122; P=.32), which was
significantly lower than the correlation between predicted and
observed SAD symptom severity (Z=5.980; P<.001). The
magnitude of the variance explained was also more than three
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times greater between the predicted and observed SAD severity,
compared with the variance explained by the predicted SAD
severity and each of the discriminant constructs. This suggests
that smartphone biomarkers demonstrate discriminant validity
between depression, negative affect, and positive affect. Note
that the partial correlation between the predicted SAD severity
and the observed SAD severity was also still strong and
significant when controlling for depression, positive affect, and
negative affect (r=0.502, 95% CI 0.283 to 0.671; P<.001).

Exploratory Aims
Note that based on the variable importance metrics, the
oscillations occurring every 6.35 seconds appeared to be the
most influential contributor to the final ensemble model (see
Figure 4). Graphical depictions of the results showed clear
differences in amplitude between those with higher social
anxiety symptoms and those with lower social anxiety symptom
severity, such that those with low social anxiety tended to have
greater oscillatory frequency patterns during this 6-second
timespan.
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Figure 4. Oscillations of movement at approximately every 6 seconds and the relationship to social anxiety symptom severity. Note that each line
represents a separate person. The lines are shaded from blue (low social anxiety symptoms) to red (high social anxiety symptoms). This graph clearly
depicts that those with high social anxiety symptoms tended to have lower amplitudes of these 6-second oscillations than those with higher social anxiety
symptoms. SIAS: social interaction anxiety scale.

Discussion
Principal Findings
Our data indicated that calls, texts, and movement patterns
captured by individuals’ smartphones over 2 weeks provided
sufficient information to predict severity of SAD symptoms
with moderately strong accuracy (r=0.702), and that these
patterns can also accurately discriminate social anxiety from
depression (r=0.357), negative affect (r=0.384), or positive
affect (r=−0.138). Although preliminary, these data are
promising, as they suggest that simple behavioral information
that is already passively collected for most individuals in the
United States may represent a highly feasible, low-cost,
low-burden, and specific mechanism for identifying people who
are vulnerable to experiencing problematic levels of social
anxiety.
Note that the present findings provide unique and incremental
contributions of the previous public use dataset [21]. In
particular, the previous research trained models based on the
entire dataset and did not use a holdout sample, which may
result in overfitting the sample and overestimate how well these
models would generalize to new independent samples [22]. In
addition, the correlations used via these methods were not based
on machine learning models, which may combine features to
better predict SAD symptom severity (consequently, the absolute
correlations between these features and social anxiety were only
0.01-0.36) [21]. By utilizing a combination of features, rather
than single features, the correlations were substantially better
within the current sample despite being based on out-of-sample
predictions.
The current findings are particularly notable when one considers
the concurrent validity of SAD symptom measures. In particular,
http://www.jmir.org/2020/5/e16875/
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the convergent validity of these predictions is approximately
equivalent to the convergent validity between established social
anxiety symptom scales (eg, r=0.730 between the SIAS and the
Liebowitz Social Anxiety Scale) [41]. This suggests that the
accuracy of these behavioral phenotypes is approximately
equivalent to the validity of symptom measures, which is
particularly noteworthy given that self-report scales are known
to tend to overly correlate with one another more strongly than
other methods due to the artifact of shared method variance
alone [42]. This has important implications for the field of
psychology, as behavioral profiles are not based on subjective
feelings, but rather replicable observable phenomena. Although
this work is preliminary and more work is needed to develop a
broader constellation of digital biomarkers, these behavioral
profiles may be interesting outcomes to help organize and
conceptualize psychiatric disorders themselves.
This study has many notable strengths. In particular, the
smartphone app collected passive data from participants over
2 weeks continuously (once per second), allowing for rich
behavioral signals that are well beyond the temporal precision
available in existing social anxiety measures. Likewise, this
study also applied some cutting-edge machine learning
techniques in analyzing these digital biomarkers. This study
also utilized leave-one-out cross-validation to examine the
overall performance, which directly examines the degree to
which the trained model generalizes to unseen data, and these
models continued to suggest that they had high predictive
accuracy. Finally, this study included a large percentage of those
at clinical levels of SAD.

Limitations
This study has some limitations that provide direction for future
research. First, our sample size was modest, and participants
were all undergraduate students, which may limit the
J Med Internet Res 2020 | vol. 22 | iss. 5 | e16875 | p. 7
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generalizability of findings as SAD affects individuals of all
ages and educational backgrounds. Furthermore, although 36%
(20/59) of the sample reported symptom severity above the
suggested clinical cutoff on the SIAS, we did not use a clinical
sample in this study. Thus, it will be important that future
replications of this work be conducted in larger, more
representative samples. Larger samples would also allow for
more power to test possible moderating variables (eg, gender).
Second, passive data collection does not allow us to quantify
the type of social contact that someone may be experiencing
(ie, it may be difficult to infer whether someone is contacting
a relative or a distant acquaintance). Third, the current models
were trained to predict between-person differences, and,
consequently, it is unknown whether the results would generalize
to predicting within-person variability.
Our data also revealed that the most influential contributor to
the predictive model was oscillatory frequency patterns during
a 6.35-second timespan, such that less socially anxious
individuals evidenced greater oscillatory frequency than
high-social anxiety counterparts. Given the nature of the speed,
we suspect that this reflects the length of several sequential
strides during walking (ie, where this pace would reflect a
slightly below average stride of six consecutive strides based
on persons average walking pace) [43]. We suspect that this
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oscillatory pattern occurred as it best reflected continued
walking frequency (ie, between 1 and 2 strides in a local
environment likely has very high instability as persons only
navigate very little distance). Nevertheless, given the novel
nature of this metric, the true implications of this finding are
unclear. It is possible that this pattern reflects persons with low
social anxiety walking at a consistent confident and steady pace,
whereas persons with high social anxiety walking might walk
more quickly and less confidently or at an irregular pace.
Continued research is needed to clarify the degree to which this
finding is specific to this population, and the relevance of this
metric for our understanding of symptom presentation.

Conclusions
Taken together, our study extends recent efforts to utilize passive
smartphone sensor data to improve the field’s ability to detect
nuanced behavioral indicators of problematic pathology [44,45].
This is especially important for individuals with social anxiety,
given that the occurrence of these symptoms is more frequent
than is typically reported. However, this method of harnessing
naturally occurring behavioral data is certainly relevant for
identifying and better understanding a range of maladaptive
thoughts and behaviors that underlie psychiatric conditions more
broadly.

Conflicts of Interest
NJ is the owner of a free app entitled Mood Triggers. He does not receive any direct or indirect revenue from his ownership of
the app (ie, the appl is free; there are no advertisements, and the data are only being used for research purposes). SW has received
salary support from Telefonica Alpha, Inc. She is a presenter for the Massachusetts General Hospital Psychiatry Academy in
educational programs supported through independent medical education grants from pharmaceutical companies. She has received
royalties from Elsevier Publications, Guilford Publications, New Harbinger Publications, and Oxford University Press. She has
also received speaking honoraria from various academic institutions and foundations, including the International
Obsessive-Compulsive Disorder Foundation and the Tourette Association of America. In addition, she has received payment
from the Association for Behavioral and Cognitive Therapies for her role as Associate Editor for the Behavior Therapy journal,
as well as from John Wiley & Sons, Inc. for her role as Associate Editor for the journal Depression & Anxiety.

References
1.

2.
3.

4.
5.

6.
7.

8.

Kessler RC, Petukhova M, Sampson NA, Zaslavsky AM, Wittchen H. Twelve-month and lifetime prevalence and lifetime
morbid risk of anxiety and mood disorders in the United States. Int J Methods Psychiatr Res 2012 Sep;21(3):169-184 [FREE
Full text] [doi: 10.1002/mpr.1359] [Medline: 22865617]
American Psychiatric Association. Diagnostic And Statistical Manual Of Mental Disorders: DSM-5. Fifth Edition. Arlington,
Virginia: American Psychiatric Publishing; 2013.
Ruscio AM, Brown TA, Chiu WT, Sareen J, Stein MB, Kessler RC. Social fears and social phobia in the USA: results from
the National Comorbidity Survey Replication. Psychol Med 2008 Jan;38(1):15-28 [FREE Full text] [doi:
10.1017/S0033291707001699] [Medline: 17976249]
Jacobson NC, Newman MG. Anxiety and depression as bidirectional risk factors for one another: a meta-analysis of
longitudinal studies. Psychol Bull 2017 Nov;143(11):1155-1200. [doi: 10.1037/bul0000111] [Medline: 28805400]
Adams GC, Balbuena L, Meng X, Asmundson GJ. When social anxiety and depression go together: a population study of
comorbidity and associated consequences. J Affect Disord 2016 Dec;206:48-54. [doi: 10.1016/j.jad.2016.07.031] [Medline:
27466742]
Dalrymple KL, Zimmerman M. Treatment-seeking for social anxiety disorder in a general outpatient psychiatry setting.
Psychiatry Res 2011 May 30;187(3):375-381. [doi: 10.1016/j.psychres.2011.01.004] [Medline: 21310497]
Kessler RC, Stang P, Wittchen HU, Stein M, Walters EE. Lifetime co-morbidities between social phobia and mood disorders
in the US National Comorbidity Survey. Psychol Med 1999 May;29(3):555-567. [doi: 10.1017/s0033291799008375]
[Medline: 10405077]
Furmark T, Tillfors M, Everz P, Marteinsdottir I, Gefvert O, Fredrikson M. Social phobia in the general population:
prevalence and sociodemographic profile. Soc Psychiatry Psychiatr Epidemiol 1999 Aug;34(8):416-424. [doi:
10.1007/s001270050163] [Medline: 10501711]

http://www.jmir.org/2020/5/e16875/

XSL• FO
RenderX

J Med Internet Res 2020 | vol. 22 | iss. 5 | e16875 | p. 8
(page number not for citation purposes)

JOURNAL OF MEDICAL INTERNET RESEARCH
9.
10.
11.

12.
13.

14.

15.
16.
17.
18.

19.

20.
21.

22.
23.
24.

25.

26.
27.
28.
29.

30.

31.
32.
33.

Lecrubier Y, Wittchen HU, Faravelli C, Bobes J, Patel A, Knapp M. A European perspective on social anxiety disorder.
Eur Psychiatry 2000 Feb;15(1):5-16. [doi: 10.1016/s0924-9338(00)00216-9] [Medline: 10713797]
Anxiety and Depression Association of America. Facts & Statistics URL: https://adaa.org/about-adaa/press-room/
facts-statistics [accessed 2020-02-24]
Chow PI, Fua K, Huang Y, Bonelli W, Xiong H, Barnes LE, et al. Using mobile sensing to test clinical models of depression,
social anxiety, state affect, and social isolation among college students. J Med Internet Res 2017 Mar 3;19(3):e62 [FREE
Full text] [doi: 10.2196/jmir.6820] [Medline: 28258049]
Cornet VP, Holden RJ. Systematic review of smartphone-based passive sensing for health and wellbeing. J Biomed Inform
2018 Jan;77:120-132 [FREE Full text] [doi: 10.1016/j.jbi.2017.12.008] [Medline: 29248628]
Dogan E, Sander C, Wagner X, Hegerl U, Kohls E. Smartphone-based monitoring of objective and subjective data in
affective disorders: where are we and where are we going? Systematic review. J Med Internet Res 2017 Jul 24;19(7):e262
[FREE Full text] [doi: 10.2196/jmir.7006] [Medline: 28739561]
Seppälä J, de Vita I, Jämsä T, Miettunen J, Isohanni M, Rubinstein K, M-RESIST Group, et al. Mobile phone and wearable
sensor-based mhealth approaches for psychiatric disorders and symptoms: systematic review. JMIR Ment Health 2019 Feb
20;6(2):e9819 [FREE Full text] [doi: 10.2196/mental.9819] [Medline: 30785404]
Enez Darcin A, Kose S, Noyan CO, Nurmedov S, Yılmaz O, Dilbaz N. Smartphone addiction and its relationship with
social anxiety and loneliness. Behav Inf Technol 2016 Apr 7;35(7):520-525. [doi: 10.1080/0144929X.2016.1158319]
Lee Y, Chang C, Cheng Z, Lin Y. How social anxiety and reduced self-efficacy induce smartphone addiction in materialistic
people. Soc Sci Comput Rev 2016 Dec 29;36(1):36-56. [doi: 10.1177/0894439316685540]
Reid DJ, Reid FJ. Text or talk? Social anxiety, loneliness, and divergent preferences for cell phone use. Cyberpsychol
Behav 2007 Jun;10(3):424-435. [doi: 10.1089/cpb.2006.9936] [Medline: 17594267]
Huang Y, Gong J, Rucker M, Chow P, Fua K, Gerber M. Discovery of Behavioral Markers of Social Anxiety from
Smartphone Sensor Data. In: Proceedings of the 1st Workshop on Digital Biomarkers. 3089343: ACM; 2017 Presented at:
DigitalBiomarkers'17; June 23, 2017; Niagara Falls, NY, USA p. 9-14. [doi: 10.1145/3089341.3089343]
Boukhechba M, Chow P, Fua K, Teachman BA, Barnes LE. Predicting social anxiety from global positioning system traces
of college students: feasibility study. JMIR Ment Health 2018 Jul 4;5(3):e10101 [FREE Full text] [doi: 10.2196/10101]
[Medline: 29973337]
Gao Y, Li A, Zhu T, Liu X, Liu X. How smartphone usage correlates with social anxiety and loneliness. PeerJ 2016;4:e2197
[FREE Full text] [doi: 10.7717/peerj.2197] [Medline: 27478700]
Boukhechba M, Daros A, Fua K, Chow P, Teachman B, Barnes L. DemonicSalmon: Monitoring mental health and social
interactions of college students using smartphones. Smart Health 2018 Dec;9-10:192-203 [FREE Full text] [doi:
10.1016/j.smhl.2018.07.005]
Arlot S, Celisse A. A survey of cross-validation procedures for model selection. Statist Surv 2010;4:40-79. [doi:
10.1214/09-SS054]
Fitzsimons GJ. Death to dichotomizing. J Consum Res 2008 Jun 1;35(1):5-8. [doi: 10.1086/589561]
Blanco C, Okuda M, Wright C, Hasin DS, Grant BF, Liu S, et al. Mental health of college students and their
non-college-attending peers: results from the national epidemiologic study on alcohol and related conditions. Arch Gen
Psychiatry 2008 Dec;65(12):1429-1437 [FREE Full text] [doi: 10.1001/archpsyc.65.12.1429] [Medline: 19047530]
Stopa L, Clark DM. Social phobia: comments on the viability and validity of an analogue research strategy and British
norms for the fear of negative evaluation questionnaire. Behav Cogn Psychother 2001 Oct 23;29(4):423-430. [doi:
10.1017/S1352465801004039]
Ferguson CJ. An effect size primer: a guide for clinicians and researchers. Prof Psychol Res Pract 2009 Oct;40(5):532-538.
[doi: 10.1037/a0015808]
Mattick RP, Clarke JC. Development and validation of measures of social phobia scrutiny fear and social interaction anxiety.
Behav Res Ther 1998 May;36(4):455-470. [doi: 10.1016/s0005-7967(97)10031-6] [Medline: 9670605]
Brown EJ, Turovsky J, Heimberg RG, Juster HR, Brown TA, Barlow DH. Validation of the social interaction anxiety scale
and the social phobia scale across the anxiety disorders. Psychol Assess 1997;9(1):21-27. [doi: 10.1037/1040-3590.9.1.21]
Heimberg RG, Mueller GP, Holt CS, Hope DA, Liebowitz MR. Assessment of anxiety in social interaction and being
observed by others: The social interaction anxiety scale and the Social Phobia Scale. Behav Ther 1992;23(1):53-73. [doi:
10.1016/S0005-7894(05)80308-9]
Peters L. Discriminant validity of the social phobia and anxiety inventory (SPAI), the social phobia scale (SPS) and the
social interaction anxiety scale (SIAS). Behav Res Ther 2000 Sep;38(9):943-950. [doi: 10.1016/s0005-7967(99)00131-x]
[Medline: 10957828]
Crawford JR, Henry JD. The Depression Anxiety Stress Scales (DASS): normative data and latent structure in a large
non-clinical sample. Br J Clin Psychol 2003 Jun;42(Pt 2):111-131. [doi: 10.1348/014466503321903544] [Medline: 12828802]
Watson D, Clark LA, Tellegen A. Development and validation of brief measures of positive and negative affect: The
PANAS scales. J Pers Soc Psychol 1988;54(6):1063-1070. [doi: 10.1037/0022-3514.54.6.1063]
Jacobson NC, Weingarden H, Wilhelm S. Digital biomarkers of mood disorders and symptom change. NPJ Digit Med
2019;2(1):3 [FREE Full text] [doi: 10.1038/s41746-019-0078-0] [Medline: 31304353]

http://www.jmir.org/2020/5/e16875/

XSL• FO
RenderX

Jacobson et al

J Med Internet Res 2020 | vol. 22 | iss. 5 | e16875 | p. 9
(page number not for citation purposes)

JOURNAL OF MEDICAL INTERNET RESEARCH
34.
35.
36.
37.

38.
39.
40.
41.
42.

43.

44.

45.

Jacobson et al

Jacobson NC, Weingarden H, Wilhelm S. Using digital phenotyping to accurately detect depression severity. J Nerv Ment
Dis 2019 Oct;207(10):893-896. [doi: 10.1097/NMD.0000000000001042] [Medline: 31596769]
Jacobson NC, O'Cleirigh C. Objective digital phenotypes of worry severity, pain severity and pain chronicity in persons
living with HIV. Br J Psychiatry 2019 Jul 12:1-3 epub ahead of print. [doi: 10.1192/bjp.2019.168] [Medline: 31298167]
Frank B, Jacobson NC, Hurley L, McKay D. A theoretical and empirical modeling of anxiety integrated with RDoC and
temporal dynamics. J Anxiety Disord 2017 Oct;51:39-46. [doi: 10.1016/j.janxdis.2017.09.002] [Medline: 28922648]
Jacobson NC, Chow S, Newman MG. The differential time-varying effect model (DTVEM): a tool for diagnosing and
modeling time lags in intensive longitudinal data. Behav Res Methods 2019 Feb;51(1):295-315 [FREE Full text] [doi:
10.3758/s13428-018-1101-0] [Medline: 30120682]
Soica P, Moses R. Spectral Analysis of Signals. Upper Saddle River, New Jersey: Prentice Hall; 2004.
Ortiz A, Clinton A, Schaefer BA. Construct validity evidence for bracken school readiness assessment, third edition, Spanish
form scores. Psychol Sch 2014 Dec 4;52(2):208-221. [doi: 10.1002/pits.21816]
Steiger JH. Tests for comparing elements of a correlation matrix. Psychol Bull 1980;87(2):245-251. [doi:
10.1037/0033-2909.87.2.245]
Heimberg RG, Horner KJ, Juster HR, Safren SA, Brown EJ, Schneier FR, et al. Psychometric properties of the Liebowitz
social anxiety scale. Psychol Med 1999 Jan;29(1):199-212. [doi: 10.1017/s0033291798007879] [Medline: 10077308]
Orth U. How large are actor and partner effects of personality on relationship satisfaction? The importance of controlling
for shared method variance. Pers Soc Psychol Bull 2013 Oct;39(10):1359-1372. [doi: 10.1177/0146167213492429] [Medline:
23798373]
Beauchet O, Annweiler C, Lecordroch Y, Allali G, Dubost V, Herrmann FR, et al. Walking speed-related changes in stride
time variability: effects of decreased speed. J Neuroeng Rehabil 2009 Aug 5;6:32 [FREE Full text] [doi:
10.1186/1743-0003-6-32] [Medline: 19656364]
Wilhelm S, Weingarden H, Ladis I, Braddick V, Shin J, Jacobson N. Cognitive-behavioral therapy in the digital age:
presidential address. Behav Ther 2020 Jan;51(1):1-14 [FREE Full text] [doi: 10.1016/j.beth.2019.08.001] [Medline:
32005328]
Burns MN, Begale M, Duffecy J, Gergle D, Karr CJ, Giangrande E, et al. Harnessing context sensing to develop a mobile
intervention for depression. J Med Internet Res 2011 Aug 12;13(3):e55 [FREE Full text] [doi: 10.2196/jmir.1838] [Medline:
21840837]

Abbreviations
DASS-21: Depression, Anxiety, and Stress Scale
PANAS: positive affect negative affect schedule
SAD: social anxiety disorder
SIAS: social interaction anxiety scale
t-SNE: t-distributed stochastic neighbor embedding

Edited by G Eysenbach; submitted 04.11.19; peer-reviewed by M Hirschtritt, B Teachman; comments to author 04.01.20; revised
version received 26.02.20; accepted 27.02.20; published 29.05.20
Please cite as:
Jacobson NC, Summers B, Wilhelm S
Digital Biomarkers of Social Anxiety Severity: Digital Phenotyping Using Passive Smartphone Sensors
J Med Internet Res 2020;22(5):e16875
URL: http://www.jmir.org/2020/5/e16875/
doi: 10.2196/16875
PMID: 32348284

©Nicholas C Jacobson, Berta Summers, Sabine Wilhelm. Originally published in the Journal of Medical Internet Research
(http://www.jmir.org), 29.05.2020. This is an open-access article distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work, first published in the Journal of Medical Internet Research, is properly cited. The complete
bibliographic information, a link to the original publication on http://www.jmir.org/, as well as this copyright and license information
must be included.

http://www.jmir.org/2020/5/e16875/

XSL• FO
RenderX

J Med Internet Res 2020 | vol. 22 | iss. 5 | e16875 | p. 10
(page number not for citation purposes)

