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Background: Benzodiazepines (BZDs) are readily available potent drugs that act
as central depressants. These drugs are widely used, misused, and abused. For
patients with BZD use disorder, the traditional sobriety monitoring method is
periodic urine tests.

Methods: The utility of eye-scanning data related to non-convergence (the
ability to cross eyes) collected using smartphones with the Previct Drugs app
before and after ingestion of the BZD lorazepam for detecting BZD-driven
effects was evaluated using data from 12 individuals from a historic clinical
study (NCT05731999). Using a novel metric that represents the change in
distance between irises when converging eyes, either in absolute terms
(NCdiff) or individualized (NCdiffind), classifiers were built using
logistic regression.

Results: The ability to converge eyes is a strongly individual and acquired skill
that is impaired after ingesting lorazepam. The maximum NCdiff for a BZD-
sober individual may be smaller than the impaired NCdiff for another
individual. Using the NCdiff measured in a sober condition after approximately
1 week of regular eye-scanning as the individual baseline to form NCdiffind
produced a highly functional classifier with an area under the curve
(AUC) = 0.88, which was superior to a classifier based on NCdiff with an
AUC =0.79.

Conclusions: The loss of eye convergence induced by lorazepam is continuous,
individual, and can be partial. Smartphone-based eye-scanning technology
combined with a classifier adapted to the ability of eye convergence of
individuals shows promising performance in detecting ingestion of lorazepam.
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1 Introduction

Drugs of the benzodiazepine (BZD) family are used for many
conditions, including anxiety, insomnia, muscle relaxation,
spasticity relief (from central nervous system pathology), and
epilepsy (1). As a readily available potent central depressant
family of drugs, widespread use (as prescribed) (2), misuse (using
more than prescribed) (3), and abuse (qualifying as substance use
disorder) of benzodiazepines has become a significant public
health dilemma with 0.3%-2% of the population being affected
(4, 5). The frequent co-abuse of BZD with alcohol (6) and other
substances (5, 6) is a major concern (7). The most serious
example is the often-lethal effect of combining opioids with
BZDs (8). Furthermore, withdrawal from BZD abuse (9) can
cause severe problems with a risk of suicide for subjects with
psychiatric comorbidities (10). In addition to the suffering of
individuals struggling with substance abuse and their families,
society is impacted by increased risk of traffic accidents (11, 12)
and the costly use of healthcare resources (13).

Traditional sobriety monitoring methods, including periodic
urine tests and clinical assessments (14), are expensive and
require the patient to visit a clinic in person (15, 16), resulting in
infrequent monitoring of patient sobriety during therapy that
jeopardizes the therapeutic alliance (17). The imperative to detect
and manage substance use in real-time drives the quest for more
accessible, cost-effective, and patient-centered intensive outpatient
solutions (18).

For decades, manual techniques for detecting substance effects
through a police officer’s ocular inspection of the eyes of a person
suspected to be under the influence, including nystagmus (NY) and
non-convergence (NC), have been used as documented in police
handbooks and standardized field sobriety testing (SFST)
protocols (19). However, detection of the use of therapeutic BZD
has failed using the SEST eye tests based on pupil size and
(20). The
movement analyses, such as smooth pursuit (21), impaired near

nystagmus incorporation of sophisticated eye
point eye convergence (22), and eyelid fluctuation (23), marks a
pivotal development in the field. Smooth pursuit involves the
eye’s ability to actively follow a moving object smoothly, a
function that can be disrupted by the intake of central nervous
system depressants such as alcohol or BZD (21). Intake of
lorazepam and other BZD drugs has been shown to impair near
point eye convergence, i.e., the active ability to cross one’s eyes
(22, 24, 25). Eyelid fluctuations, however, refer to involuntary
eyelid movements that can also be indicative of BZD intake (23).
Manual methods, as conducted in SFST, are, however, prone to
subjectiveness and have poor repeatability, limiting their utility
for general, routine remote monitoring.

Smartphones, with their advanced sensors and widespread use,
present an excellent opportunity to develop new monitoring
methods. The idea of using smartphones to monitor eye
movements, such as NC, NY, and pupillary light reflex (PLR),
(26).
Conventional pupillometry, which measures the PLR, fails to

for drug wuse detection is particularly promising

adequately detect BZD-induced changes, pointing to the necessity
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for alternative or supplementary biomarkers (27, 28). Yet, how
these metrics can be effectively applied in a smartphone format
for monitoring BZD abuse remains largely unexplored.

This study aimed to bridge this gap by evaluating the
effectiveness of a new smartphone application (29) designed for
the self-administered monitoring of eye movements to detect
BZD use. We introduce an innovative method for measuring eye
convergence utilizing a mobile app, wherein the user’s eye
movements are captured via the smartphone’s camera. The
captured video data are subsequently analyzed through edge
computing and artificial intelligence (AI) models to generate a
novel metric, i.e., non-convergence represented by the difference
in distance between irises when eyes look straight and when
converged (NCdiff). NCdiff offers a continuous scale of non-
convergence, aiming to surpass the limitations of traditional
pupillometry and thus establishing itself as a reliable indicator of
Acknowledging the
significant variability in baseline eye movement metrics among

being under the influence of BZDs.

individuals and the need for initial training and testing to
establish a stable baseline, we advocate for the individualized
adjustment of the NCdiff measure. The study aims to evaluate
the effectiveness of detecting BZD use with a smartphone by
individualizing the NCdiff signal, providing NCdiffInd.

2 Materials and methods
2.1 Study design and ethics

The study (26) had an explorative, randomized, parallel open-
label feasibility design that took place in a single center in the
Netherlands. The study was conducted at the Anesthesia and
Pain Research Unit at Leiden University Medical Center between
February and July 2023. The study protocol was approved by the
ethics committee METC-LDD (Leiden, the Netherlands; approval
date 2 February 2023). All the study procedures were performed
according to good clinical practice guidelines and adhered to the
tenets of the Declaration of Helsinki. The study was registered in
the public register  clinicaltrials.gov  with
NCT05731999. Prior to study enrollment, all subjects provided
written informed consent. Adverse events were collected between

trial identifier

study enrollment and the end of the study for each subject and

were assessed based on severity and relatedness to
study procedures.

The study design, the participants, and the data collection
procedures are described in detail in Kuijpers et al. (29) and in
the public trial register. In brief, eye characteristic data were
collected with an app embedded in the Previct platform (version
2.18, Previct Drugs; Kontigo Care AB, Uppsala, Sweden) in
parallel with frequent blood sampling to obtain reference
concentrations (29). After an initial visit (visit 1) with brief
training of the subjects in how to use the Previct Drugs App,
video-recordings of eye characteristics were made by the
participants themselves both at home and during the second visit

when study drugs were administered (visit 2). In total, 48 healthy
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volunteers, aged 18-70 years, mixed male and female, with a body
mass index of 18.5-30 kg/m® and weight of 50-100kg were
included as previously described (29). Only data from the 12
subjects receiving the BZD lorazepam (2.0 mg Lorazepam
Aurobindo, oral, Aurobindo Pharma, East Windsor, NJ, USA)
are analyzed in this report. The number of subjects was selected
to allow confirmation of historic findings by others (22, 24, 25).

Atvisit 2, the subjects arrived at the research unit after fasting for
at least 6 h. Visit 2 started with the collection of data in a sober state
and continued with eye characteristic data collection every hour
until 5h after drug intake. Eye characteristic data measurements
during visits 1 and 2 were collected in two controlled light
conditions, approximately 50 and 500 lux, corresponding to dim
indoor lights and bright indoor lights, respectively. Light
conditions were pre-installed in a dedicated no-daylight room
using smart controllable lighting equipment (IKEA, Almhult,
Sweden) and validated using a luminometer (Sekonic Flashmate
L-308, Sekonic Inc., North White Plains, NY, USA). The main
purpose of including different light conditions was to evaluate the
influence of ambient light on the PLR results, as previously
described (29).

Blood samples were drawn from an intravenous access line at
six time points in conjunction with eye testing to allow for
pharmacokinetic Assen, the
Netherlands).

The Previct Drugs App was programmed to collect data from

analyses (Ardena Bioanalysis,

three different eye-scanning procedures: PLR, NC, and horizontal
NY (29). However, only data from NC are analyzed in this
publication. NC data were collected using the front camera with
the help of digitized voice guidance. The test was self-
administered, i.e., the subjects conducted the test themselves.

2.2 Data analysis

The process of measuring eye convergence with the application
involves several detailed steps, encompassing a quantitative

10.3389/fdgth.2025.1584716

assessment of the face, eye, iris, and the position of the iris
relative to the nose for both eyes. The measurement procedure
includes audio guidance that first helps the user find adequate
lighting conditions and then guides the user to hold the phone
in the correct way. It finally gives the instruction to “look
straight,” approximately 1.5 s later gives the instruction to “cross
your eyes,” and, finally, after approximately 5’s, instructs the user
to “look straight” again. Based on the 7.4-s-long video collected
during the provision of instructions, the sum of the iris locations
(calculated from the nose) obtained for the two conditions (look
straight, cross your eyes) is estimated and subtracted, and
denoted NCdiff. NCdiff is the sum of the left and right eye
distances to the nose before the “look straight” and “cross your
eyes” instructions (Figure 1). The obtained NCdiff values were,
for each subject, normalized by subtracting the average sober
baseline results at visit 2 (V2base) from all the collected data,
denoted NCdiffInd. In this way, the effect of each drug is
expressed as a deviation from one’s own baseline. Descriptive
statistics and regression modeling were conducted using JMP-Pro
16.2.0 -statistical software (SAS Institute Inc., Cary, NC, USA).

3 Results

The technique to measure change in the ability to converge
eyes is illustrated in Figure la for baseline measurements at visit
2 and after the administration of the BZD lorazepam in
Figure 1b. The graph in Figure la shows the gaze for each eye
during the course of the 7.4-s-long video, calculated as the eye-
to-nose distance. Figure 1b shows the results for the same subject
conducting the same type of measurement when under the
influence of lorazepam. As evident from the collected distances
from nose to irises before and after the audio instruction to cross
eyes (at ~1.5s), the ability to cross eyes was impaired. Figure 1c
shows the NCdiff values from each measurement made during
the study for subject B, starting with the initial training at visit 1
(V1base), followed by use at home (home), and thereafter the

Baseline visit 2 1h post 2 mg BZD
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Illustration of the measured ability to converge one's eyes (left eye, red, right eye blue) in a sober state (a) and under the influence of 2 mg of orally
administered lorazepam. (b) The subject was video-filmed for 8 s, during which audio guidance told the subject to cross their eyes (at ~1.5 s) and later
to look straight ahead (~5 s). GDFN is the gaze distance from the nose. NCdiff values from each measurement made during the study (first visit sober
baseline, measurements at home, second visit baseline, and finally measurements under the influence of the BZD drug lorazepam) for subject B is
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results from the sober baseline test on the day of administering
(V2base) and the results collected 1-5h
administration of lorazepam. In this case, the subject had an

lorazepam after
increased ability to cross eyes during the use at home
(Section 1). Such an acquired ability to converge eyes at home
was seen in 5 of the 12 subjects in the study. The administration
of lorazepam (Section 2) reduced their ability to cross eyes
(Section 3) during the first 1-3 h when under the influence of
lorazepam, followed by recovery (Section 4).

Figure 2 shows the NCdiff results from all 12 subjects pre
(BZD=0) and post (BZD=1) lorazepam administration. The
within-subject NCdiff values were significantly smaller after
lorazepam administration in 11 subjects (p <0.0009 for 10 subjects,
P <0.03 for 1) and insignificant for one of the 12 subjects. Subject
E showed a good ability to cross eyes and no difference in NCdiff
pre/post-lorazepam. The difference was also small for K, albeit
significant (p <0.03). The post-lorazepam result for subject
C overlapped with the average baseline for four subjects (A, F, G,
and J) and was even higher for five other subjects (B, D, I, K,
and L), illustrating the need for individualized models of the ability
to converge eyes for optimal indication of drug use. When using
NCdiff alone as x to predict a target variable reflecting drug
n=>525,
meaning each NCdiff measurement was evaluated independently)

ingestion  (pre/post-lorazepam  administration = 0/1,
using logistic regression, the threshold for separating sober from
under the influence of lorazepam was 0.15, as indicated by the red
horizontal line in Figure 2. The logistic regression model had an
area under the curve (AUC) value of 0.79 (Figure 3a) and a true
negative (TN) rate of 0.89 and a true positive (TP) rate of 0.56,
indicating that the effect size was large.

To individualize the NCdiff measurements, the average

baseline NCdiff value of each subject at their second visit

10.3389/fdgth.2025.1584716

(NCdiff @V2base) was subtracted from their other NCdiff values,
the NCdiffind values. The of this
individualization was assessed by constructing logistic regression

resulting in impact
models on the entire dataset (n=525), using the same target
variable as previously. The model utilizing NCdiffInd alone
achieved an AUC value of 0.88 (Figure 3b), with a TP rate of
0.67 and a TN rate of 0.90. The classification threshold for
NCdiffInd was —0.075 (indicated by a dashed line in Figure 4).
A considerable part of the false negative results (Figure 4, filled
red diamonds) was related to the subjects who did not show a
decreased NCdiff after lorazepam intake (E and K; Figures 2, 4).
Subject K also contributed to nearly half of the false positives
(Figure 4, filled blue circles, squares, and rectangles). Another
subject with false negatives was D, who has corneal arcus and
altered irises. Data collected 4-5 h after drug administration were
false negatives for some subjects (B, G, and L). The presence of
false positives at the start of the test series further indicates an
acquired test skill effect, emphasizing the importance of
adaptation over time. The NC-tests performed at home are
primarily classified as TN (Figure 4, open blue squares) and
were, in most cases, well-separated from the tests performed
post-intake of lorazepam. Of the total 199 home tests, 179 were
TN and 20 false positive (FP) (of which 7 belonged to subject K).

Before drug administration (blue symbols), there were trends of
increased (A, B, C, H, and K; positive slope) and decreased (E and
F; negative slope) ability to converge eyes over time (Figure 4, blue
circles, squares, and rectangles). For a few subjects, the ability to
converge eyes varied considerably over time. After drug
administration, for six subjects, the immediate loss of ability to
converge eyes slowly recovered, seen as a significantly positive
NCdiffInd vs. test order slope (as exemplified in Figure 1 and
seen in Figure 4 for subjects A, B, C, H, I, ], and L).

R wz .7 R'oae - oo -
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0.6 1
0.4 1 : ry 'y
S 3
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FIGURE 2
NCdiff results from all 12 subjects pre (BZD = 0) and post (BZD = 1) lorazepam administration. The red line indicates the classification limit. Open blue
circles denote true negative results, filled blue circles denote false positive results, open red diamonds denote true positive results, and filled red
diamonds represent false negative results.
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FIGURE 4
All the NCdiffInd results from all study subjects in the study are plotted in ord
open symbols represent true positives and negatives, while the filled symbols

lorazepam at visit 2.
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performed during the two hospital visits before drug administration. The Home-true negative (TN) / false positive (FP) tests represent all tests conducted at
home between these visits. The BZD1-5h-false negative (FN) / true positive (TP) tests refer to those performed 1-5 h after the administration of 2 mg of

er of the performed tests. The red line indicates the classification limit. The
indicate false positives and negatives. V1Base and V2Base refer to the tests

Discussion

Benzodiazepine drugs are widely used and abused in many
regions of the world. Current monitoring methods are limited
and include the analysis of body fluids such as blood, urine, or
saliva. In this report, the correlation of eye reaction impairment
to the intake of lorazepam was evaluated using a smartphone-
based app, allowing distributed follow-up of
individuals using (or misusing) benzodiazepines. The significant

putatively

differences in eye convergence observed between the drug-free
home tests and the post-lorazepam intake measurements are in
line with police training material (24) and highlight the potential

Frontiers in Digital Health 05

of using a smartphone app to monitor pharmacological effects of
benzodiazepines in an at-home setting. Since the subjects in the
study were only instructed to perform the tests indoors when
using the app at home, the collected data represents a fair
average of the indoor environments encountered in and around
the urban area of the city of Leiden (in the Netherlands).

The original analysis of the clinical study data as stipulated in
the study protocol (26) was based on averaged data from visit 2
only, where it was shown that a decreased ability to perform NC
was significantly correlated with the lorazepam drug effect at
peak plasma concentration and the effect was significant up to
5h after drug administration (29), confirming the impact of
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BZDs on convergence suggested by others (24, 25). This report
extends the analysis of the relationship of BZD and NC by also
including the data from the tests performed at home in the week
before drug intake.

Furthermore, police handbooks (24) generally state that the
ability to converge the eyes is something one can or cannot do.
This study shows that the ability to converge the eyes and the
extent to which this capacity is lost due to ingestion of a
benzodiazepine drug is a quantitative value that is highly specific
to an individual. As evident from Figure 2, there is notable
individual variability in the baseline ability to perform eye
convergence, highlighting the complexity of interpreting eye
movement data. The administration of lorazepam resulted in a
discernible but variable effect on the ability of the subjects to
converge their eyes, with most experiencing a diminished
capacity. This effect varied among the subjects and over time,
showing the complex influence of lorazepam on eye function.
Hence, the loss of eye convergence induced by lorazepam is
continuous, individual, and can be partial. It is essential to
embrace these characteristics when engineering an individualized
classifier to estimate lorazepam intake.

We argue that the ability to converge the eyes is an acquired
skill. During the eye tests conducted at home the week prior to
the day of the intervention, some of the subjects improved their
ability to cross eyes significantly (Figure 4). It has been discussed
that 7.5% (range 1.7%-30%) of the population lack the ability to
converge their eyes (30). We argue that the large variation in the
reported prevalence of convergence inability may be due to
variations in definitions and test methods. While it is likely that
some individuals entirely lack the ability to converge their eyes
irrespective of training, our hypothesis is that a vast majority of
the population can, after some training, converge their eyes to
some extent. Only access to more data can resolve this
hypothesis, where a suitable source could be the ongoing clinical
study NCT06629740. However, a complicating factor is the
of the skill and the benefit of
individualization, leading to the question, “When has a subject

combination acquired

reached their typical ability to converge their eyes?” If

individualization is conducted too early, it will not be
representative of the individual’s ultimate capacity to converge
their eyes. Here, the baseline visit on the day of the intervention
(V2base) was assumed to represent the ability to converge their
eyes at least on the day of intervention and was hence used for
individualization purposes. Even after individualization, there was
variation in the baseline tests, indicating that the test method
may benefit from standardization, such as requesting the subject
to hold their index finger on their nose and visually focus on the
finger to guide their eyes.

For 2 of the 12 subjects, the reduction in ability to converge
their eyes due to lorazepam administration was small, leading to
a high fraction of false negatives and false positives for these two.
Of these two subjects, E demonstrated a good ability to converge
their eyes both before and after BZD administration, whereas
K exhibited a poor ability to converge their eyes both before and
after BZD administration. Therefore, any attempt to indicate

benzodiazepine use based on individualized data also needs to
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first confirm that an individual can converge their eyes before
using this method, but this will not prevent all false negative
results. Overall, this indicates that not every individual will show
detectable changes in eye movement behavior after intake of
2 mg of lorazepam. However, the average performance of the eye
test classifier using individualized NCdiffind was on par with or
even better than many biochemical tests (AUC=~0.9), with a
true positive rate of ~0.6 and a false negative rate of ~0.05
(Figure 3). Since this classifier requires individualization, it will
be apparent if an individual cannot converge their eyes even after
training. By including an eligibility test based on the results from
the individualization procedure, the test performance will
increase because an individual incapable of converging their eyes
sufficiently would be excluded upfront. Such an eligibility test
would, in a real-life scenario, exclude subject K from using the
test to monitor BZD use, because K failed to converge their eyes
more than the classification limit (NCdiff = 0.15) when sober.

A potential use case for a widespread measurement system that
indicates benzodiazepine use is to support the monitoring of a
patient with substance use disorder in achieving and maintaining
sobriety. Such support tools exist for other substances, for
example, alcohol (31-33). For use in a therapy support situation
with intensive outpatient care, test frequency is as important as
test functionality (18). The time window after intake of 2 mg of
lorazepam when the eye test can indicate the drug is up to
3-5h. Hence, conducting three to four tests per day appears to
be an appropriate interval for indicating drug use, which is
clearly possible with a distributed smartphone app solution.
Considering that drug administration in abuse situations is typically
3-10 times higher than the dose used in the clinical study (34, 35),
the detection window for lorazepam is probably longer. Other
benzodiazepines have variations in potency and formulation,
meaning that dosing, pharmacokinetic, and pharmacodynamic
profiles all impact the detection window and consequently the
number of necessary measurements per day. One should also note
that the smartphone-based tests were performed frequently and thus
increased the potential to detect drug use compared with a single
chemical test performed with 1-2-week intervals.

The smartphone solution evaluated here was built on a
technology framework that has been deployed to support therapy
for alcohol use disorder (31-33) for almost a decade. All the
peripheral functions supporting patients in outpatient care, such
as maintaining a diary, questionnaires on mood and motivation,
communication, and the like, are hence readily available. The
eHealth solution for alcohol use disorder patients has been
shown to be helpful for patients to maintain motivation to stay
sober and avoid relapses (36). The smartphone-based eye-
scanning approach described in this report was recently deployed
on a pilot scale, where the data collected from early experiences
(37) indicates that the same could be true for patients with
substance use disorder. With fewer persons misusing or abusing
drugs, including BZDs, fewer children will have intoxicated
parents and fewer motor vehicles will be driven under the
influence, to mention two examples.

The raw NCdiff data serve as a benchmark for expected
outcomes in a control scenario where data individualization is
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not feasible. By “control scenario,” we refer to the monitoring of
BZD use in an entrance gate test situation, i.e., use outside a
therapeutic context and without access to individualization. The
receiver operator characteristic AUC of the classifier with native
NCdiff data was 0.79, which is often categorized as within an
“acceptable” range (0.7-0.8) for diagnosis. These findings derive
from a small sample of 12 subjects who conducted repeated
of a week (n=30-52
measurements), compared to tests conducted within 5h of drug

drug-free tests over the course

intake (n=16-37 measurements), indicating a somewhat
unbalanced logistic regression model. Despite this imbalance,
with a TN rate at 90% and a TP rate at 56%, the classifier based
on NCdiff alone approached a performance that can be of use in
a control scenario. The performance in a control scenario could
be further improved by including nystagmus data in the
regression model, and since BZD exhibits its action through the
GABA receptor system, it is probable that other intoxicating
substances acting on the same receptor system [such as alcohol
(38)] would cause a similar effect on eye function.

The strength of this study lies in the large number of tests
conducted both under controlled laboratory conditions and in
the at-home setting, providing a solid statistical basis for
detecting differences. A limitation is that it only involved 12
which

overestimating classifier performance. Furthermore, for ethical

healthy volunteer subjects, introduces the risk of
reasons, the administered dose was in the therapeutic range,
which is often lower than the doses used in abuse situations.
Possible follow-up activities include evaluating other substances
that act on the same GABA receptor system and increasing the
number of subjects.

In conclusion, individualized data from the eye non-
convergence paradigm demonstrates an ability to indicate
lorazepam use during a window of up to 3-5 h after drug intake,
with tests also conducted in ambient at-home situations. Critical
observations from this study are the importance of
individualizing the NCdiff signal for each individual and the
acquired ability to converge one’s eyes. The development of a
smartphone application to monitor eye convergence represents a
significant step forward in the non-invasive surveillance of
benzodiazepine ingestion using consumer-grade hardware and a

rapid, distributed test setting.

Data availability statement
The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by METC-LDD
(Leiden, the Netherlands; approval date 2 February 2023). The
studies were conducted in accordance with the local legislation

Frontiers in Digital Health

10.3389/fdgth.2025.1584716

and institutional requirements. The participants provided their
written informed consent to participate in this study.

Author contributions

KK: Investigation, Writing - review & editing, Project
administration. MH: Investigation, Writing - review & editing,
Conceptualization, Formal Analysis, Validation, Visualization.
AZ: Resources, Software, Writing - review & editing. MW:
Conceptualization, Funding acquisition, Resources, Writing -
review & editing. MN: Investigation, Resources, Supervision,
Writing - review & editing. MvV: Investigation, Resources,
Supervision, Writing - review & editing. FN: Conceptualization,
Supervision, Writing - review & editing. AD: Conceptualization,
Resources, Writing - review & editing, Supervision. KA:
Writing - original draft, Formal

Analysis, Investigation,

Writing - review & editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. Kontigo Care
funded this study, which was conducted in accordance with
ISO14155 to guarantee the collection of unbiased, accurate data.

Conflict of interest

MH and AZ is and MW was at the time of authoring this
manuscript employees of Kontigo Care AB that have made a
product partly based on the results of the presented results
(Previct Drugs). KA is an employee of Skillsta Teknik Design
och Kvalitet AB, which is a subcontractor to Kontigo Care AB.
KA, AZ and MH are co-inventors of two (MH) and three (KA,
AZ) different patents that are related to the presented work
[PCT/SE2023/050638 “Quality assurance in body images”,
PCT/SE2023/051070; “Method for estimating pupil size” (only
KA and AZ), PCT/SE2023/051071; “Method and system for
selfadministered surveillance of use of addictive stimulus”]. FN is
part of the advisory board of Kontigo Care AB. The authors
declare that this study received funding from Kontigo Care. The
funder had the following involvement in the study: Study design,
interpretation of data, and the writing of the manuscript.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

frontiersin.org


https://doi.org/10.3389/fdgth.2025.1584716
https://www.frontiersin.org/journals/digital-health
https://www.frontiersin.org/

Kuijpers et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Griffin CE 3rd, Kaye AM, Bueno FR, Kaye AD. Benzodiazepine pharmacology
and central nervous system-mediated effects. Ochsner J. (2013) 13(2):214-23.
Available at: https://www.ochsnerjournal.org/content/13/2/214

2. Blanco C, Han B, Jones CM, Johnson K, Compton WM. Prevalence and correlates
of benzodiazepine use, misuse, and use disorders among adults in the United States.
J Clin Psychiatry. (2018) 79(6):18m12174. doi: 10.4088/JCP.18m12174

3. Robertson S, Peacock EE, Scott R. Benzodiazepine use disorder: common
questions and answers. Am Fam Physician. (2023) 108(3):260-6. Available at:
https://www.aafp.org/pubs/afp/issues/2023/0900/benzodiazepine-use-disorder.html

4. Votaw VR, Geyer R, Rieselbach MM, McHugh RK. The epidemiology of
benzodiazepine misuse: a systematic review. Drug Alcohol Depend. (2019)
200:95-114. doi: 10.1016/j.drugalcdep.2019.02.033

5. Schmitz A. Benzodiazepine use, misuse, and abuse: a review. Ment Health Clin.
(2016) 6(3):120-6. doi: 10.9740/mhc.2016.05.120

6. Lopez E, Jeanne G, Lefort LH, Autissier C, Picot MC, Peyri¢re H, et al.
Characterization of benzodiazepine misuse and comorbidities in patients with
alcohol use disorder. Fundam Clin Pharmacol. (2021) 35(6):1133-40. doi: 10.1111/
fcp.12678

7. Chen KW, Berger CC, Forde DP, D’Adamo C, Weintraub E, Gandhi D.
Benzodiazepine use and misuse among patients in a methadone program. BMC
Psychiatry. (2011) 11:90. doi: 10.1186/1471-244X-11-90

8. Boon M, van Dorp E, Broens S, Overdyk F. Combining opioids and
benzodiazepines: effects on mortality and severe adverse respiratory events. Ann
Palliat Med. (2020) 9(2):542-57. doi: 10.21037/apm.2019.12.09

9. Ashton H. The treatment of benzodiazepine dependence. Addiction. (1994)
89(11):1535-41. doi: 10.1111/j.1360-0443.1994.tb03755.x

10. Joughin N, Tata P, Collins M, Hooper C, Falkowski J. In-patient withdrawal
from long-term benzodiazepine use. Br | Addict. (1991) 86(4):449-55. doi: 10.1111/
j.1360-0443.1991.tb03422.x

11. Smink BE, Egberts AC, Lusthof KJ, Uges DR, de Gier JJ. The relationship
between benzodiazepine use and traffic accidents: a systematic literature review.
CNS Drugs. (2010) 24(8):639-53. doi: 10.2165/11533170-000000000-00000

12. Dassanayake T, Michie P, Carter G, Jones A. Effects of benzodiazepines,
antidepressants and opioids on driving: a systematic review and meta-analysis of
epidemiological and experimental evidence. Drug Saf. (2011) 34(2):125-56. doi: 10.
2165/11539050-000000000-00000

13. Zamboni L, Toldo S, Fusina F, Mattiello M, Mannari V, Campagnari S, et al.
Study protocol-evoked craving in high-dose benzodiazepine users. Front Psychiatry.
(2022) 13:956892. doi: 10.3389/fpsyt.2022.956892

14. Kapur BM, Aleksa K. What the lab can and cannot do: clinical interpretation of
drug testing results. Crit Rev Clin Lab Sci. (2020) 57(8):548-85. doi: 10.1080/
10408363.2020.1774493

15. Rajsi¢ I, Javorac D, Tatovi¢ S, Repi¢ A, Pukié-Cosi¢ D, Pordevié S, et al. Effect of
urine adulterants on commercial drug abuse screening test strip results. Arh Hig Rada
Toksikol. (2020) 71(1):87-93. doi: 10.2478/aiht-2020-71-3315

16. Kluge J, Rentzsch L, Remane D, Peters FT, Wissenbach DK. Systematic
investigations of novel validity parameters in urine drug testing and prevalence of
urine adulteration in a two-year cohort. Drug Test Anal. (2018) 10(10):1536-42.
doi: 10.1002/dta.2447

17. Kaye AD, Marshall ZJ, Lambert SM, Trescot AM, Prabhakar A, Elhassan AO,
et al. Ethical perspectives on urine drug screening for pain physicians. Pain
Physician. (2014) 17(5):E559-64. Available at: https://www.painphysicianjournal.
com/current/pdf?article=MjE1MQ%3D%3D&journal=84

18. Forman RF, Nagy PD. Substance abuse: clinical issues in intensive outpatient
treatment. In: Forman RF, editor. Treatment Improvement Protocol (TIP) Series 47.
DHHS Publication No. (SMA) 06-4182. Rockville, MD: Substance Abuse and
Mental Health Services Administration (2006). Available at: https://www.ncbinlm.
nih.gov/books/NBK64093/pdf/Bookshelf_NBK64093.pdf

19. Downey LA, Hayley AC, Porath-Waller AJ, Boorman M, Stough C. The
standardized field sobriety tests (SFST) and measures of cognitive functioning.
Accid Anal Prev. (2016) 86:90-8. doi: 10.1016/j.aap.2015.10.019

20. Smink BE, Lusthof KJ, de Gier JJ, Uges DR, Egberts AC. The relation
between the blood benzodiazepine concentration and performance in suspected

Frontiers in Digital Health

10.3389/fdgth.2025.1584716

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

impaired drivers. J Forensic Leg Med. (2008) 15(8):483-8. doi: 10.1016/j.jflm.2008.
04.002

21. Roy-Byrne PP, Cowley DS, Radant A, Hommer D, Greenblatt DJ.
Benzodiazepine pharmacodynamics: utility of eye movement measures.
Psychopharmacology (Berl). (1993) 110(1-2):85-91. doi: 10.1007/BF02246954

22. Speeg-Schatz C, Giersch A, Boucart M, Gottenkiene S, Tondre M, Kauffmann-
Muller F, et al. Effects of lorazepam on vision and oculomotor balance. Binocul Vis
Strabismus Q. (2001) 16(2):99-104.

23. Wilkinson VE, Jackson ML, Westlake ], Stevens B, Barnes M, Cori J, et al.
Assessing the validity of eyelid parameters to detect impairment due to
benzodiazepines. Hum Psychopharmacol. (2020) 35(2):e2723. doi: 10.1002/hup.2723

24. National Highway Traffic Safety Administration, part of the U.S. Department
of Transportation. Drug Recognition Expert School, Participant Material. USA:
NHTSA (2023). Available at: https://www.nhtsa.gov/sites/nhtsa.gov/files/2024-02/
16163_DRE_7-Day_Participant_Manual_2023-tag.pdf

25. Dhingra D, Kaur S, Ram J. Illicit drugs: effects on eye. Indian ] Med Res. (2019)
150(3):228-38. doi: 10.4103/ijmr.JMR_1210_17

26. Hiamildinen M. Clinical investigation KCClin01 NCT05731999 (2025).
Available at:  https:/classic.clinicaltrials.gov/ct2/show/NCT05731999  (Accessed
February 27, 2025).

27. Hou RH, Samuels ER, Langley RW, Szabadi E, Bradshaw CM. Arousal and the
pupil: why diazepam-induced sedation is not accompanied by miosis.
Psychopharmacology (Berl). (2007) 195(1):41-59. doi: 10.1007/s00213-007-0884-y

28. Hou RH, Scaife J, Freeman C, Langley RW, Szabadi E, Bradshaw CM.
Relationship between sedation and pupillary function: comparison of diazepam and
diphenhydramine. Br J Clin Pharmacol. (2006) 61(6):752-60. doi: 10.1111/j.1365-
2125.2006.02632.x

29. Kuijpers KWK, Andersson K, Winkvist M, Niesters M, Van Velzen M, Nyberg F,
et al. Eye reactions under the influence of drugs of abuse as measured by smartphones:
a controlled clinical study in healthy volunteers. Front Neurosci. (2024) 18:1492246.
doi: 10.3389/fnins.2024.1492246

30. Gantz L, Stiebel-Kalish H. Convergence insufficiency: review of clinical
diagnostic signs. J Optom. (2022) 15(4):256-70. doi: 10.1016/j.0ptom.2021.11.002

31. Hamildinen MD, Zetterstrom A, Winkvist M, Séderquist M, Karlberg E,
Ohagen P, et al. Real-time monitoring using a breathalyzer-based eHealth system
can identify lapse/relapse patterns in alcohol use disorder patients. Alcohol Alcohol.
(2018) 53(4):368-75. doi: 10.1093/alcalc/agy011

32. Himildinen MD, Zetterstrom A, Winkvist M, Soderquist M, Ohagen P,
Andersson K, et al. Breathalyser-based eHealth data suggest that self-reporting of
abstinence is a poor outcome measure for alcohol use disorder clinical trials.
Alcohol Alcohol. (2020) 55(3):237-45. doi: 10.1093/alcalc/agaa004

33. Zetterstrom A, Himildinen MD, Winkvist M, Soderquist M, Ohagen P,
Andersson K, et al. The clinical course of alcohol use disorder depicted by
digital biomarkers. Front Digit Health. (2021) 3:732049. doi: 10.3389/fdgth.2021.732049

34. Bech AB, Clausen T, Waal H, Vindenes V, Edvardsen HE, Frost ], et al. Post-
mortem toxicological analyses of blood samples from 107 patients receiving opioid
agonist treatment: substances detected and pooled opioid and benzodiazepine
concentrations. Addiction. (2021) 116(4):845-55. doi: 10.1111/add.15211

35. Gjerde H, Bogstrand ST, Jamt REG, Vindenes V. Crash-involved THC-positive
drivers in Norway have a high frequency of polysubstance use. Drug Alcohol Depend.
(2023) 244:109800. doi: 10.1016/j.drugalcdep.2023.109800

36. Wallden M, Dahlberg G, Ménflod J, Knez R, Winkvist M, Zetterstrém A, et al.
Evaluation of 6 years of eHealth data in the alcohol use disorder field indicates
improved efficacy of care. Front Digit Health. (2024) 5:1282022. doi: 10.3389/fdgth.
2023.1282022

37. Hamaldinen MD, Manflod J, Winkvist M, Andersson K. “Smartphone based
drug detection applied in addiction care: experiences from introduction of the tool
in real patient cohorts” scientific tracks abstracts. J Psychiatry. (2024) 27. ISSN
2378-5756, 13 World congress on Addictive Disorders & Addiction Therapy
October 24-25, 2024. Available at: https://www.walshmedicalmedia.com/conference-
abstracts-files/smartphone-based-drug-detection-applied-in-addiction-care-experiences-
from-introduction-of-the-tool-in-real-patient-coho.pdf

38. Ticku MK. Alcohol and GABA-benzodiazepine receptor function. Ann Med.
(1990) 22(4):241-6. doi: 10.3109/07853899009148934

frontiersin.org


https://www.ochsnerjournal.org/content/13/2/214
https://doi.org/10.4088/JCP.18m12174
https://www.aafp.org/pubs/afp/issues/2023/0900/benzodiazepine-use-disorder.html
https://doi.org/10.1016/j.drugalcdep.2019.02.033
https://doi.org/10.9740/mhc.2016.05.120
https://doi.org/10.1111/fcp.12678
https://doi.org/10.1111/fcp.12678
https://doi.org/10.1186/1471-244X-11-90
https://doi.org/10.21037/apm.2019.12.09
https://doi.org/10.1111/j.1360-0443.1994.tb03755.x
https://doi.org/10.1111/j.1360-0443.1991.tb03422.x
https://doi.org/10.1111/j.1360-0443.1991.tb03422.x
https://doi.org/10.2165/11533170-000000000-00000
https://doi.org/10.2165/11539050-000000000-00000
https://doi.org/10.2165/11539050-000000000-00000
https://doi.org/10.3389/fpsyt.2022.956892
https://doi.org/10.1080/10408363.2020.1774493
https://doi.org/10.1080/10408363.2020.1774493
https://doi.org/10.2478/aiht-2020-71-3315
https://doi.org/10.1002/dta.2447
https://www.painphysicianjournal.com/current/pdf?article=MjE1MQ%3D%3D&amp;journal=84
https://www.painphysicianjournal.com/current/pdf?article=MjE1MQ%3D%3D&amp;journal=84
https://www.ncbi.nlm.nih.gov/books/NBK64093/pdf/Bookshelf_NBK64093.pdf
https://www.ncbi.nlm.nih.gov/books/NBK64093/pdf/Bookshelf_NBK64093.pdf
https://doi.org/10.1016/j.aap.2015.10.019
https://doi.org/10.1016/j.jflm.2008.04.002
https://doi.org/10.1016/j.jflm.2008.04.002
https://doi.org/10.1007/BF02246954
https://doi.org/10.1002/hup.2723
https://www.nhtsa.gov/sites/nhtsa.gov/files/2024-02/16163_DRE_7-Day_Participant_Manual_2023-tag.pdf
https://www.nhtsa.gov/sites/nhtsa.gov/files/2024-02/16163_DRE_7-Day_Participant_Manual_2023-tag.pdf
https://doi.org/10.4103/ijmr.IJMR_1210_17
https://classic.clinicaltrials.gov/ct2/show/NCT05731999
https://doi.org/10.1007/s00213-007-0884-y
https://doi.org/10.1111/j.1365-2125.2006.02632.x
https://doi.org/10.1111/j.1365-2125.2006.02632.x
https://doi.org/10.3389/fnins.2024.1492246
https://doi.org/10.1016/j.optom.2021.11.002
https://doi.org/10.1093/alcalc/agy011
https://doi.org/10.1093/alcalc/agaa004
https://doi.org/10.3389/fdgth.2021.732049
https://doi.org/10.1111/add.15211
https://doi.org/10.1016/j.drugalcdep.2023.109800
https://doi.org/10.3389/fdgth.2023.1282022
https://doi.org/10.3389/fdgth.2023.1282022
https://www.walshmedicalmedia.com/conference-abstracts-files/smartphone-based-drug-detection-applied-in-addiction-care-experiences-from-introduction-of-the-tool-in-real-patient-coho.pdf
https://www.walshmedicalmedia.com/conference-abstracts-files/smartphone-based-drug-detection-applied-in-addiction-care-experiences-from-introduction-of-the-tool-in-real-patient-coho.pdf
https://www.walshmedicalmedia.com/conference-abstracts-files/smartphone-based-drug-detection-applied-in-addiction-care-experiences-from-introduction-of-the-tool-in-real-patient-coho.pdf
https://doi.org/10.3109/07853899009148934
https://doi.org/10.3389/fdgth.2025.1584716
https://www.frontiersin.org/journals/digital-health
https://www.frontiersin.org/

	Detecting benzodiazepine use through induced eye convergence inability with a smartphone app: a proof-of-concept study
	Introduction
	Materials and methods
	Study design and ethics
	Data analysis

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


