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Critical flicker frequency (CFF) is the minimum frequency at which a flickering light source appears fused to an observer.
Measuring CFF can support early diagnosis of minimal hepatic encephalopathy (MHE), a condition affecting up to 80% of
people with cirrhosis of the liver. However, adoption of CFF measurement in clinical practice has been hampered by the cost
of a device for measuring CFF and the need for specialized training to administer the test. This paper presents Beacon, a
portable, inexpensive device that enables people to measure their own critical flicker frequency. We adopt a mixed-methods
approach to informing and evaluating the design of and potential opportunities for Beacon. We first report on a two-part
formative study with 10 participants to evaluate the choice of certain parameters in the design of Beacon. We then report on a
study of 41 healthy adults ranging from 18 to 99 years of age, finding that Beacon performs on par with Lafayette Flicker
Fusion System, an established medical device, achieving a pearson correlation coefficient of 0.88. We finally report on a focus
group with five hepatoligists who work with patients with cirrhosis of the liver, using our initial prototype development to
examine their perspectives on potential opportunities and challenges in adoption of a device like Beacon. We discuss Beacon
as an exploration of reframing critical flicker frequency measurement from a clinical screening tool into a self-administered
self-tracking measure, thereby drawing upon and contributing to research in the health and personal informatics.
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BEACON & BEACONAPP

Fig. 1. Beacon — A portable, inexpensive, and self-administrable alternative for measuring critical flicker frequency (CFF) to
enable timely detection of minimal hepatic encephalopathy (MHE). A person uses the BeaconApp to pair with the Beacon
device over Bluetooth. The person can press anywhere on the blue screen to record their input (i.e., see a flickering light or
see a fused light). In practice, the phone need not be facing the person and should be held outside of the person’s view to
avoid distraction.

1 INTRODUCTION

Chronic liver disease, including cirrhosis of the liver, is a major source of morbidity and mortality that is both
preventable and currently underestimated [13]. In the United States alone, there are 3.9 million adults diagnosed
with liver disease [2]. According to the Centers for Disease Control and Prevention, cirrhosis was the 12th-leading
cause of death in the United States in 2013, accounting for more than 36,000 deaths [36].

Up to 80% of patients with cirrhosis will develop a spectrum of neurocognitive impairments known as hepatic
encephalopathy (HE) [63]. HE fluctuates over time and occurs in a spectrum of severity ranging from minimal
hepatic encephalopathy (MHE), which often goes undetected, up to advanced/overt hepatic encephalopathy (OHE),
which can lead to coma and be life-threatening. MHE is associated with (1) subtle cognitive impairments and
reduced quality of life [28]; (2) driving accidents [10] and falls [51]; (3) future development of OHE [8, 53] leading
to hospitalization and even death [4]. If identified early, MHE can be treated and controlled relatively easily with
medications (e.g., lactulose, rifaximin), avoiding these complications and reducing risk of progression [9, 50, 60].

Although practice guidelines recommend frequent screening of all cirrhotic patients for MHE [63], studies
have demonstrated that cirrhotic patients are not being adequately screened. The need for expensive equipment
and specialized training to operate that equipment are major barriers to broader adoption of early screening
practices [7, 8]. Prior work has suggested public health efforts are needed to reduce the burden of cirrhosis,
particularly among racial/ethnic minorities and among individuals at lower socioeconomic status [5, 55].

Critical flicker frequency (CFF) is a neurophysiological test that is an excellent candidate for timely screening
for MHE. CFF is the minimum frequency at which a flickering light source appears fused to an observer.
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Multiple studies have established that a healthy CFF of 40-45 Hz is reduced to <39 Hz in people with MHE
[4, 35, 54, 57, 58, 62]. CFF has been shown to accurately detect MHE and, more importantly, to independently
predict overall survival[4]. The accuracy of CFF in diagnosing MHE has been reported to be 80%, with a sensitivity
and specificity of 65% and 91% [58]. However, measuring CFF currently requires specialized equipment, such
as the Lafayette Flicker Fusion System (FFS, Lafayette Instrument Company, Lafayette, IN) [3]. To date, such
specialized equipment has been used mostly as a research tool and is not available in routine clinical practice.

This paper presents Beacon, a portable, inexpensive, and self-administrable device for measuring critical flicker
frequency. With Beacon, we aim to make CFF measurement more accessible to clinicians, patients, and caregivers.
Although our goal is for Beacon to eventually be used as a clinical decision support tool, the initial research
presented in this paper focuses on evaluating the performance of Beacon compared to an existing device among
healthy participants. CFF measurement can be performed using different values for parameters like the intensity
of the light source and the intensity of ambient light, and existing medical research has controlled for specific
values of these parameters in prior studies. Because Beacon is motivated as a portable device, we cannot assume
the same values used in prior medical research and need to examine how these values affect CFF measurement
relative to a medical device like the Lafayette FFS. We therefore conducted two 10-participant formative data
collection studies, examining the impact of the intensity of the light source and the intensity of ambient light
on CFF measurement with Beacon. We found Beacon’s CFF measure was directly proportional to the intensity
of the light source and inversely proportional to the intensity of the ambient light, which is in agreement with
prior research. This formative data collection also allowed choosing appropriate values for these parameters
in the Beacon device. We then conducted a 41-participant comparative study to examine CFF measurement
with Beacon relative to CFF measurement with the Lafayette FFS, finding that Beacon measurements correlate
to measurements by the gold-standard device with a Pearson’s r of 0.88. Finally, we conducted a focus group
with five senior hepatologists who work with patients with cirrhosis of the liver, using our initial prototype as
a prompt to examine their perspectives on opportunities and challenges for adoption of a device like Beacon.
Although none of the clinicians currently screen their patients with cirrhosis for MHE, they expressed desire to
use a device like Beacon if it were available and easy to use.

The overall goal of this research is to design a portable device for self-administering CFF measurements.
The specific contributions in this paper are:

(1) Developing Beacon: a portable, inexpensive, and self-administrable alternative for CFF measurement.

(2) Evaluating CFF measurement with Beacon against measurement with the gold-standard Lafayette FFS.

(3) Examining clinician perspectives on the current state of chronic care related to MHE, current practices
regarding screening for MHE, and the potential opportunities and challenges for a device such as Beacon.

(4) Reframing CFF measurement from a clinical screening test to a self-administered self-tracking measure,
thereby offering new potential for early identification and treatment of MHE before it progresses to the
more severe forms.

2 BACKGROUND AND RELATED WORK
2.1 Hepatic Encephalopathy

2.1.1 Stages of Hepatic Encephalopathy. Cirrhosis of the liver is a major source of morbidity and mortality in the
United States with 3.9 million adults diagnosed with liver diseases [2]. Hepatic Encephalopathy (HE) is a spectrum
of neurocognitive impairments, and will occur at some point in up to 80% of patients with cirrhosis [63]. HE is
one of the major unsolved complications of cirrhosis and there is a call to action from the medical community to
increase diagnosis in its early stages [7]. One of the well-known classifications of the spectrum of HE is the West
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Haven criteria, also known as the Conn score, based upon impairment in consciousness, intellectual function,
and behavior [25]. It classifies HE into five grades or stages of severity, from Grade 0 (also known as minimal
hepatic encdephalopathy (MHE)) to Grade IV (leading to coma and death), as seen in Figure 2.

Stages of Hepatic Ecephalopathy

Covert Encephalopathy Overt Encephalopathy
Grade O
(Minimal HE) Grade | Grade ll Grade lll Grade IV
ﬁ + Normal - Slight mental - Increased fatigue - Somnolence - Coma
%5 slowing down - Apathy
T 3 - Lethargy
0’0
-2
o
o
‘§ - Impairments only + Eu-/dysphoria - Slight personality - Aggression -
-_;:l’ g measurable with - Irritability disorder + Marked disorientation
3] psychometric tests - Anxiety - Slight disorientation to time and place
a g - Shortened to time and place
g & attention span
2
<., None - Fine motor skills - Flapping tremor - Rigor - Signs of increased
'5 g disturbed (impaired - Ataxia - Clonus intracranial pressure
—g = ability to write, - Slurred speech - Asterixis
5€E finger tremor)
23
>
A -
>
A -
>
Detectable by CFF Detectable by Visibly detected during

Neurological tests clinical visit
Fig. 2. The stages of hepatic encephalopathy. Current clinical screening practices only diagnose HE at Grade 1 or above. Our
goal with Beacon is to identify Grade 0 HE (MHE) in individuals.

2.1.2  Minimal Hepatic Encephalopathy. MHE is a subtype of hepatic encephalopathy without manifest neurological
symptoms, but with cognitive deficits [64]. The absence of neurological symptoms in its early stages and the

difficulty of a patient with self-diagnosing cognitive impairments means that MHE remains undiagnosed in a

vast majority of patients. MHE is associated with deficits in driving skills, reduction in quality of life, impairment

of working capability, and predicting the subsequent onset of overt HE [45]. MHE is also a negative predictor for

survival in patients with liver cirrhosis [64]. It is therefore important to detect MHE early when it is relatively

straightforward to treat. In recent randomized, controlled studies, lactulose and rifaximin have improved the

quality of life of patients with MHE and had a positive effect on their driving skills. Long-term therapy with

medicine like lactulose or rifaximin significantly reduces the recurrence of episodic HE in patients who have

previously had HE [64]. However, if not controlled, MHE can develop into overt HE with severe consequences,
including leading to coma or death.

2.1.3  Screening for Minimal Hepatic Encephalopathy. Although practice guidelines recommend frequent screening
of all cirrhotic patients for MHE [63], studies have demonstrated that cirrhotic patients are not being adequately
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screened [7, 8]. This is in part because of the complicated and time-consuming nature of the two major categories
of available screening tests: psychometric screening tests (i.e., tests measuring mental capabilities and behavioral
style) and neurophysiologic screening tests (i.e., tests measuring function of the nervous system). In practice, this
means that most patients with MHE are not diagnosed and going about their daily life unaware that they are
more prone to driving accidents, falls, and other complications. By the time HE is identified in these patients, it
has usually already progressed to Grade 1 or 2 (see Figure 2), with a person showing easily discernible signs such
as asterixis (i.e., tremor of the hand when the wrist is extended) or disorientation in time and place. Vilstrup et.
al. highlighted this lack of effective diagnosis of MHE stating, “The diagnostic and treatment strategies for the
overt form (Grade 2+) are generally well-outlined and agreed upon. However, it is the silent epidemic of covert HE
(MHE) found in the majority of tested cirrhotic patients, which is an unmet need.” [63]. With Beacon, we aim to help
diagnose MHE at Grade 0 where the treatment is easier, patients are at lower risk of danger, and where early
identification can significantly improve quality of life.

The Hepatic Encephalopathy Consensus Group at the World Congress of Gastroenterology in 1998 endorsed
the psychometric hepatic encephalopathy score (PHES) as the gold standard for diagnosing Covert or Minimal
HE [25] (Figure 3). Although the PHES is popular in Europe, it has failed to gain widespread acceptance in
the United States, in part due to copyright issues and the lack of availability of testing material [49]. Several
drawbacks of this testing system have also been identified over the past decade, including test administration and
scoring in the outpatient setting [45]. Abnormalities in psychometric tests such as PHES can be caused by many
other conditions that affect attention and concentration, such as sleep deprivation/insomnia, medications, alcohol,
and drug use. In addition, performance in these tests is strongly affected by effort, training, age, interaction
with the test administrator, literacy, numeracy, and education level [30, 59]. PHES and other psychometric tests
are subject to learning effects, a key limitation in their suitability for self-monitoring of MHE. Because there
are a limited number of variations of the test available, repeatedly administering the test on a regular basis is
inappropriate and likely to undermine sensitivity of the test.

The above limitations make psychometric tests such as PHES less desirable for early diagnosis of MHE, leaving
neurophysiological tests as the more reliable alternative. Critical Flicker Frequency (CFF) is one of the more
promising alternatives, with a high specificity of 91% at diagnosing MHE [58]. However, the high cost of a device
like the Lafayette FFS (about $3000) and need for special training to administer the measure have deterred its
adoption.

2.2 Critical Flicker Frequency

Critical flicker frequency (CFF) is defined as the frequency at which an intermittent light stimulus (i.e., a blinking
light) appears completely fused to the observer (i.e. steadily on, not flickering). It is a neuropsychological test
of visual perception that has been used in detecting abnormalities in conditions ranging from visual signal
processing (e.g., retinal gliopathy) to cognitive functioning. CFF is particularly apt for studying alterations in
visual signal processing, and is suitable for the detection of arousal or attention abnormalities [52]. The CFF
phenomena depends on both the brain and the retina, so transient effects in either can affect a person’s critical
flicker fusion frequency threshold. In addition to minimal hepatic encephalopathy, CFF has been applied to the
study of neurological disorders including muliple sclerosis and Alzheimer’s disease [52]. Important to our goals
for self-monitoring for MHE, a neuropsychological test like CFF is also appropriate for repeated measurements
(i.e., in contrast to the problematic learning effects expected with repeated administration of psychometric tests
like PHES).

The CFF test has been in limited clinical and research use for over a decade, and its diagnostic accuracy has
been evaluated in a number of reviews [6, 47, 48, 62]. Early research applying the CFF test established a set of
standard testing conditions that have since been adopted by subsequent work [35, 62]. These conditions are also
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Fig. 3. Psychometric Hepatic Encephalopathy Score (PHES) consists of a battery of psychometric tests recommended for
diagnosing minimal hepatic encephalopathy (example of the tests on the left, descriptions on the right).

implemented in commercially available devices, such as the Lafayette Flicker Fusion System' that we use as a
gold standard in our research, the Hepatonorm Analyzer?, and the Schuhfried Flicker Fusion Analyzer®, each of
which cost approximately $3000 USD. Standardized measurement of CFF is done in a quiet, semi-darkened room.
A white light source is used to generate square waves with 50% duty cycle. Parameters of the test are chosen
by the administrator, including the end points of the sweep (usually 25Hz and 55Hz) and step rate of sweep
(usually 0.1, 0.5, 1, or 2Hz/sec). Starting at the lower end point (e.g., 25Hz), the light increases its frequency of
flicker at a fixed step rate (e.g., 0.5Hz/sec). The person is asked to press a button once they perceive the light has
stopped flickering. The light then starts from the highest end point (e.g., 55Hz) and decreases its frequency at a
fixed step rate (e.g., 0.5Hz/sec). The person is asked to press the button once they perceive the light as flickering.
This procedure is usually repeated 6 to 8 times to calculate the mean threshold value (CFF) and also estimate
the standard deviation of the measurement. The whole procedure can therefore take about 10 to 15 minutes to
complete [35].

In Beacon, we have aimed to preserve the core components of this procedure while adapting CFF to a form
more appropriate for self-administration with a mobile device, with changes as detailed in the design section (3).

2.3 Personal Health Technologies

Health contributions in UbiComp research have taken a variety of forms, ranging from theoretical models to
specific technology designs. One dimension of such research has considered personal informatics, exploring
how people measure and track various aspects of their health and well-being with various goals in mind. Those
findings are then distilled into models and frameworks that inform how tools can best support such practices.
Models such as the Stage-Based Model [40] and the Lived Informatics Model [23] provide understanding of the

Lafayette Flicker Fusion System (FFS)- http://www.lafayettelifesciences.com/product_detail.asp?itemid=36

2Hepatonorm Analyzer - http://www.nevolab.de/portfolio/hepatonorm-analyser/
3Schuhfried Flicker Fusion Analyzer - http://www.schuhfried.com/test/FLIM
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tracking process barriers self-trackers are likely to encounter. Choe et al. further examined diagnostic self-tracking,
explored the practices among people trying to answer questions about their health and the additional barriers
they encounter due to lack of appropriate tools [14]. Within the health informatics community, Mamykina
et al. contextualized self-tracking within chronic diseases and proposed the Sensemaking framework for chronic
disease self-management[42]. Karkar et al. proposed a framework for self-experimentation in personalized health
to guide people in answering questions about their health using self-tracking [32].

A second dimension of research has developed new approaches to better supporting existing medical practices.
For example, systems have examined and supported tracking practices around specific needs in contexts that
include mental health [11, 12], irritable bowel syndrome [31], diabetes [17, 24, 41], glucose monitoring[29], and
sleep apnea [20]. A subset of such research has explored how to take specialized medical tests, currently confined
to research or the clinic, into broader use. These include SymDetector for detecting sound based respiratory
symptoms [61], contactless sleep apnea detection using smartphones [46], SpiroSmart and SpiroCall for enabling
spirometry tests over a phone call [39], and PupilScreen for on-field assessment of traumatic brain injury [43].

A third dimension of research has explored how new approaches to capturing medical measures can lead to
rethinking what the traditional measures mean and how the influx of self-tracked patient data can lead to new
practices. For example, Kendall et al. explored daily blood pressure measurement and its recontextualization and
reframing from the traditional clinical measure [34]. Researchers have also explored how traditional measures
can be re-imagined in areas like food journaling [15, 16, 56] and weight measurement [33].

With Beacon, our contributions are in making the CFF measurement more accessible to patients and providers,
initial exploration of the potential for new use of the measure in clinical practice, and discussing potential
reframing of CFF from a clinical screening tool to a long-term self-tracking measure for chronic care.

3 DESIGN
3.1 Design Goal & Principles

3.1.1  Design Goal. With Beacon, we sought to create a portable, inexpensive, and self-administrable device for
measuring the CFF threshold, thereby increasing access to the measure by clinicians and patients. We selected the
Lafayette FFS, a medical gold standard device, as the reference device for us to model and compare performance
against while building and testing Beacon. We adopted an iterative design process to arrive at the current version
of the Beacon prototype.

3.1.2  Design Principles. Our design principles for Beacon were guided by current barriers to the adoption of the
CFF measure in clinics. The key barriers we focused on addressing include: (1) limited access to testing devices
due to cost constraints, and (2) the need for specialized training to use the device [8].

These led to our initial design principles that Beacon should be: (1) affordable enough enable adoption as a
widely-used screening device, and (2) easy to use (i.e., requiring minimal training to operate). We also envisioned
an additional use case for Beacon, enabling at-home CFF measurements for patient self-monitoring. This further
emphasizes the above principle of minimal training, as people without medical training will be using the device.
It also leads to the additional design principle that Beacon should have: (3) a portable form factor to allow easy
at-home self-administering. These design principles are in addition to the core requirement that the Beacon
prototype should perform as well as the existing medical devices that measure CFF.

3.2 Factors Affecting CFF Measurement

The CFF measure of an individual is not only affected by the neurological symptoms an individual might be
experiencing, but also by the apparatus design and set up [37, 38]. We discuss some of the key factors that can
affect an individual’s CFF measurement, which therefore need to be addressed in a design, and how current
medical devices like Lafayette FFS address these factors.
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The key factors affecting an individual’s CFF measure:

(1) The intensity of the light source used in the device is directly proportional to the measured CFF value
(i.e., the brighter the light source, the higher the CFF value measured using that light).

(2) The intensity of the ambient light of the room has an inverse relationship with the measured CFF value
(i.e., the brighter the room, the lower the CFF value measured in that room).

(3) The viewing angle also affects the CFF measure, with an ideal viewing angle being close to 0°. Peripheral
vision has a greater sensitivity to movement, and hence a higher CFF value may be measured at other
viewing angles.

Measuring CFF also requires choice of an appropriate threshold detection algorithm. A common algorithm used
in CFF research is the method of limits, which is borrowed from psychophysical research and focuses on the
influence and relationship between stimuli and the sensation and perception of these stimuli by an individual[26].
In the method of limits, a stimulus (i.e., light in the case of CFF) is presented and increased or decreased until
it is perceivable by an individual. The primary parameter to be tuned in the method of limits is the step rate
(i.e., the rate of change in the stimulus’s ascent or descent). The design trade-off between step rate and effective
CFF measurement is that of reaction time and fatigue. If the step rate is high (e.g., 2Hz/sec), even a small delay
in reaction time would amount to a large error in the measured CFF. If the step rate is too low (e.g., 0.1Hz/sec),
there will be an adverse impact of fatigue, which will likely compound during consecutive CFF measures.

3.3 Formative Design Work

We now discuss how these factors are addressed by current medical devices like the Lafayette FFS and by Beacon.
Systems like the Lafayette FFS encase the light source in a viewing chamber (Figure 4A) and have the individual
use a mask (Figure 4B) with the device. The viewing chamber allows even a low intensity light to be clearly
visible in the dark chamber, and the mask ensures that ambient light is completely blocked out (Figure 4 right
image), thereby controlling for the effect of both variables. The viewing chamber also has two circular cut-outs
for the eyes, which are aligned with the light sources, ensuring that the viewing angle is close to 0°.

Fig. 4. Left: The Lafayette Flicker Fusion System (Lafayette FFS) has three components: a viewing chamber with the light
stimulus (A, B), a controller (C), and a software program to record results (D). The clicker (E) is connected to the viewing
chamber and records a person’s input (i.e., indicating they see a flickering light or a fused light). Right: To use the Lafayette
Flicker Fusion System, a person presses their face against the mask covering the viewing chamber so as not to allow any
outside light. The person then focuses on the light inside the viewing chamber and uses the clicker to record their input.

We evaluated the feasibility of using existing capabilities of a modern phone to measure CFF and faced
prohibitive limitations in choosing an appropriate light source, which deterred us from further pursuing that
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direction. Although many phones include an LED used as a flash, no modern phones provide the API access
necessary to generate frequency modulations to administer a CFF measurement. Additionally, standard phone’s
display does not have a high enough refresh rate to generate the necessary frequencies at 50% duty cycle.

The goal of our first prototype was to create a less expensive CFF device which can be operated using a phone
(i-e., replacing the controller and computer set up with an application on the phone). Initially, by still using a
viewing chamber design, we addressed the three factors in the same manner as Lafayette FFS. We began with
a cardboard prototype to understand the set up we would need to build Beacon, such as what components are
required and how the components might be housed (Figure 5 B). Upon finalizing the initial electronics (i.e., LED,
microprocessor, power source), we upgraded to an acrylic box that allowed us to manipulate the distance between
the light source and the eyes by sliding the LED inside the viewing chamber along pre-cut slots (Figure 5 C).
It was during these design explorations that we realized that we could make the device portable by removing
the viewing chamber. This led us to the first portable prototype of Beacon, which housed the LED and held the
circuit inside it (Figure 5 D). However, the removal of viewing chamber would require examining the three factors
described above to ensure the device still functions as intended. We conducted the formative studies described
in section 4 to determine the value of the intensity of the light source and ambient light. We also added four
calibration lights, red LEDs, as guiding lights to assist an individual in self-aligning themselves horizontally and
vertically to be centered with the white light (Figure 5 E & 6).

The phone application, BeaconApp, connects with the RFduino over Bluetooth and allows an individual to
self-administer the CFF measurement. It can be used to run the protocol to measure CFF (i.e., the method of
limits), turn the calibration lights on or off, and view results. To start the measurement and record input, a person
can press anywhere on the screen (i.e., a person does not look at the screen while measuring CFF).

Towards our design principles, we offer details about the affordability, portability, and ease-of-use of the current
Beacon prototype. The total cost of the prototype, including the microprocessor, LED, diffuser, wiring, and acrylic
for the case is less than $50 USD. Our current prototype’s external dimensions are 140 x 40 x 40 mm. For a device
like Lafayette FFS, the process of setting up the device includes plugging in cables across the viewing chamber,
controller, and computer, starting the components and software, and then starting the measurement process. In
contrast, the set up process for Beacon includes turning the device on and launching BeaconApp on the phone to
begin taking a measure.

Fig. 5. Stages of the iterative design process for Beacon. Left: (A) Lafayette FFS, the golden standard device that informed our
design of Beacon. Right: (B) Cardboard prototype, (C) Acrylic prototype with adjustable distance between light source and
eyes, (D) portable prototype, and (E) portable prototype with guiding lights for horizontal and vertical alignment.
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Launch BeaconApp Use Calibration Lights to Press Screen to Start BeaconApp displays
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Fig. 6. (A) To begin the process of a CFF measurement, a person launches BeaconApp. They can press the ’Calibration LED’
button on the top right of screen to initiate calibration step, or skip the step and start the CFF measurement by pressing
anywhere in the blue region. (B) To ensure an appropriate viewing angle, Beacon uses two sets of two red LEDs forming a
target around the central white LED. During the calibration phase, the red LEDs are visible through a tiny holes only when
looking straight at them (i.e., at a viewing angle close to 0°). (C) The CFF measurement is conducted using the method of
limits, with the LED starting the ascending step at 25.0Hz and increasing at a fixed rate of 0.5Hz/sec. A person presses on
the anywhere on the screen when they see it as no longer flickering. The same process is repeated in the descending step,
decreasing from an initial 55.0Hz. (D) After a person has repeated the ascending and descending steps a predefined number
of times (8 times in image), they are presented with their results of each step. The CFF is calculated as a mean of all the steps.

3.4 Implementation Details

Beacon is built using off-the-shelf components and software with minor modifications. We use a RFduino
microprocessor (RFD22102), selected because of it’s small form factor and two-way communication API allowing
for rapid prototyping of the mobile application to control the device. We selected a wide range white LED
(C503D-WAN-CCBEB151 - luminous intensity from 28cd to 64cd) paired with a milky white diffuser in front
of it to be the light source. The RFduino generates 50% duty cycle square waves (i.e., where pulse remains high
for half of the period and low for the other half of the period) ranging from 25.0Hz to 55.0Hz at a step rate of
0.5Hz/sec (implemented as 0.1Hz/0.2sec) for the ascending and descending phase of CFF measurement.

Although past experiments have used a wider range of frequencies, most commonly between 20.0Hz and
60.0Hz, we selected 25.0 to 55.0Hz because (1) we expect all participants (including healthy individuals) to fall
comfortably between those end points based on past medical research in MHE, and (2) a tighter range means
a shorter run time which leads to less fatigue. Similarly, past experiments have used step rates ranging from
0.1Hz/sec to 3Hz/sec[22, 35]. We selected 0.5Hz/sec as a compromise in the trade-off between accuracy and
fatigue.
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3.5 Using Beacon & BeaconApp

We now briefly illustrate how Beacon and BeaconApp work through a scenario following a person who needs
their CFF measure taken, either at the clinic or at home.

The person would sit in a dimly lit room in a chair next to a table. They place Beacon in front of them, on the
table, at eye height. They then turn on Beacon, and open the associated BeaconApp on their phone. Parameters
for the measurement are preset per clinician instructions (i.e., minimum and maximum frequencies of the sweep,
step rate, number of repetitions). Administering a measurement then follows these steps:

e Turn on the red calibration lights to ensure the person’s view is aligned with the center (Figure 6B).

o Press on the BeaconApp screen (Figure 6A), which automatically turns off the calibration lights and then
begins the CFF measurement procedure.

o The central white LED starts at the lowest frequency of the sweep (i.e., perceived as flickering) and then
increases at a fixed step rate until the person presses the application screen to indicate that they see it as
fused (i.e., no longer flickering) (Figure 6C).

e Upon pressing the screen again, the central white LED starts at the highest frequency of the sweep
(i.e., perceived as fused) and then decreases at the same step rate until the person presses the application
screen to indicate that they see it as flickering.

e The ascending and descending measure are repeated several times per clinician instructions.

Voice prompts are provided by BeaconApp at each step of this procedure, guiding a person through the process
without requiring they look at the phone application. Upon completing the final repetition, a person sees a screen
which shows them their CFF measure from this session (Figure 6D).

4 STUDY DESIGN & RESULTS

A multi-disciplinary team of researchers across computer science, design, and medicine have contributed to the
design and development of Beacon. Although our end goal with Beacon is for it to be used as a clinical decision
support tool, we first need to evaluate whether its performance is comparable to existing CFF measurement
devices. In this paper, we demonstrate that Beacon performs on par with an existing gold standard device (Lafayette
FFS) using healthy study participants. In addition to comparing the two devices, we also conducted a focus group
with hepatologists regarding their current practices for diagnosing HE and possible opportunities and challenges
for Beacon. This focus group complemented the expertise of the medical researchers on the team. In particular,
we were able to solicit additional expert perspectives on the opportunities afforded by Beacon’s portable and
easy-to-use form factor, including the prospect of patients using Beacon for at-home self-monitoring of their HE.

We adopt a mixed-methods approach to informing and evaluating the design of and potential opportunities for
Beacon. We conducted three studies, with each study informing the next:

(1) Two formative data collection studies examining the impact of the intensity of the light source and the
intensity of ambient light on CFF measurement with our current Beacon prototype.

(2) A comparative study examining CFF measurement with our current Beacon prototype relative to CFF
measurement with the Lafayette FFS.

(3) A focus group with hepatologists to understand current practices regarding screening and treatment of
hepatic encephalopathy and their perspectives on the potential opportunities and challenges of integrating
of a device like Beacon into their clinical care.

The formative and comparative study consisted of self-reported healthy individuals above 18 years of age. We
recruited healthy participants because the goal of the studies was to compare the designs of the devices and not
to perform a medical diagnosis. As noted in our introduction, the effectiveness of CFF as a diagnostic test for
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Fig. 7. Series of studies used to evaluate the design of and potential opportunities for Beacon. Formative studies assisted in
selecting appropriate values of light source intensity and ambient light intensity for Beacon. Comparative study provided
evidence of Beacon’s comparable performance to Lafayette FFS in measuring CFF of healthy individuals. Focus group provided
information about current screening practices and potential impact of Beacon in screening and treating patients with HE.

MHE is already proven, with a reported accuracy of 80%, with a sensitivity and specificity of 65% and 91% [58]
Our recruitment methods and study protocols were reviewed and approved by our University’s Human Subjects
Division under IRB number 00001222, Evaluating a Novel Flicker Frequency Device.

4.1 Formative Studies to Configure Beacon’s Parameters

Due to Beacon’s portable design, we cannot use the same values of intensity of the light source and intensity
of ambient light that have been used in prior medical research (i.e., similar to the designs which consisted a
viewing chamber). We therefore conducted two formative studies to examine the impact of these two parameter
on the measurements of CFF by Beacon. For each intensity parameter, we selected five different values to examine
their impact on the CFF measurement. Conducting a fully balanced study including two parameters with five
levels each would be overly burdensome and fatigue-inducing for participants. To circumvent this problem, we
examined each parameter independently and utilized the findings from the first to inform the design of the
second. We initially measured the impact of light source intensity while controlling the ambient light intensity.
We then used a fixed value of the light source intensity while varying ambient light intensity. We recruited the
same participants for both parts of these formative studies.

4.1.1  Part 1: Impact of Light Source Intensity on Measured CFF.
Study Parameters. To examine how varying the intensity of the light source impacts the CFF measured by
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Beacon, we collected data using five levels of intensity — 2 lux, 4 lux, 13.5 lux, 33 lux, and 145 lux. The
intensity levels are not evenly spaced because (1) visual perception is not linear, and (2) we selected them
subjectively to cover a wide range from dim to extremely bright. Approximately 15 different intensities were
visually inspected in a dimly lit room, to emulate conditions we might expect in the wild, and from among them
five we chose 5 for this formative study. Light intensities were measured using a light meter sensor (Amprobe
LM-200LED) pressed against the diffuser of Beacon in a completely dark room. The different intensities were
generated using the same white LED by varying the value of the resistor.

We configured both Beacon and the Lafayette Flicker Fusion System to use the previously-described method of
limits algorithm, with a range between 25.0Hz and 55.0Hz, and a step rate fixed at 0.5Hz/sec.

Procedure. The study was conducted in an empty office room on the University campus. Participants first
filled out a pre-task form consisting of their legal name, age, gender, and contact information. Participants were
then introduced to the Lafayette FFS and Beacon. Because learnability of the system was not an aim of this study, a
researcher guided each participant through measuring their CFF using both devices for at least two ascending and
two descending measures until they were comfortable and confident with the measurement process. The study
began after the participant reported they understood how the CFF measure worked and the devices functioned.
The ambient light of the room was measured by putting the sensor next to Beacon and facing the wall. The
ambient light was less than 30 lux across all 10 participants with a mean of 16.9 lux, median of 15.35 lux and
standard deviation of 5.44 lux.

To mitigate any carryover effect (e.g., fatigue, learning), the study included seven conditions administered in
a completely randomized order. Five of the conditions were the varying intensities of the Beacon light source,
and the other two conditions were the Lafayette FFS (i.e., Lafayette Test and Lafayette Retest). We included the
collection of two measures with the Lafayette FFS to observe any variance of measured CFF within the same
participants. For each of the seven conditions, participants were asked to do six ascending and six descending runs
of the method of limits, yielding 12 measures per condition. Although CFF measurements can be conducted
with six to eight runs, we decided to collect 12 to account for possible outliers in the measurements due to lapses
in attention, delays in response time, or some other unforeseen reasons. Participants recorded their input using
either a study phone with BeaconApp installed and paired with Beacon or the switch associated with the Lafayette
FFS (Fig. 4 C). Participants were instructed to take as many breaks as they needed during the study. The study
session lasted between 60-75 minutes.

Recruitment. We recruited 10 healthy participants through campus mailing lists. Of the 10, six reported
themselves as male and four as female. Participants were between the ages of 18 and 36 years, with a mean of
27.1 years, a median of 25.5 years, and standard deviation of 4.9 years. Participants were provided with a $15 gift
card as a compensation for participating in the study.

Data Cleaning. Collecting 12 measures per condition allowed us to discard extreme measures which may
have been caused by reaction time, confusion, or some other factor. This use of a trimmed or truncated mean is
common to obtain a more robust statistic. For each of the seven conditions we discarded the four most extreme
CFF measurements (i.e., two lowest and two highest), then averaged the remaining values per participant. We
combined the two Lafayette FFS measures to form the Lafayette_Avg condition to use as a baseline comparison
value.

Results. The goal of this part of the formative study was to examine the impact of light source intensity on
the measured CFF and select an appropriate value for Part 2 of the formative study. We examine the mean CFF

value per condition (i.e., across participants) to understand the impact of light source intensity. We found that
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145 lux (highest intensity) had a mean CFF of 43.01Hz, and 2 lux (lowest intensity) had a mean of 36.96Hz. The
trend in Figure 8, shows that measured CFF is directly proportional to the Beacon’s light source intensity and is
in alignment with prior research and our understanding [22]. The difference between the CFF measured using
145 lux and 2 lux intensities is 6.05Hz, or 15.7% of the Lafayette FFS’s average mean (38.49Hz).

We also observed that there was low variability within the conditions, indicating consistent measures.
Examining the variation within the seven conditions, we observed low CFF variability between participants (o=
std error = %: 0.58Hz to 0.91Hz). We observed slightly lower variability for Lafayette device, test, re-test, and

average (oz: 0.56Hz to 0.60Hz) as compared to Beacon with its five intensities (o: 0.74Hz to 0.91Hz).
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Std. Dev  1.89 1.76 1.84 2.68 2.61 259 2.88 235
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Fig. 8. Analysis of formative study Part 7 examining the impact of light source intensity on measured CFF. The blue lines in
the plot represent the median; the green triangles, the mean. Left: The absolute values of the 7 conditions (5 light source
intensities, Lafayette test, and Lafayette retest) alongside a new calculated measure called the “Lafayette average” obtained by
combining the test and retest scores. The plot shows a trend that CFF value is directly proportional to light source intensity.
The table underneath the plot shows the corresponding descriptive statistics. Right: The values of light source intensities
relative to the Lafayette average (using that average as the baseline). Light source intensity value of 4 lux, which is the closest
to Lafayette average, was chosen for the remaining studies.

For Part 2 of the formative study, we wanted to select a value of the light source intensity which would produce
CFF measures closest to the Lafayette FFS. We observed the intensity of 4 lux had a mean CFF of 38.85Hz and
standard error of 0.91Hz, which was closest to Lafayette_Avg mean of 38.49Hz and standard error of 0.60Hz.
Based on these observations, we selected light source intensity of 4 lux as the study parameter for Part 2 of the
formative study.

4.1.2  Part 2: Impact of Ambient Light Intensity on Measured CFF.

Study Parameters. To examine how varying the intensity of ambient light impacts the CFF measured by Beacon,
we collected data using five levels of intensity — 13 lux, 45 lux, 90 lux, 120 lux, and 600 lux. The different
ambient light intensities were achieved by combining and manipulating the settings of multiple light bulbs
capable of three different brightness settings (GE LED A21 3-Way Lamp). During the study, the participant sat on
a chair at a table adjacent to a wall of the room, facing the wall, with all of the light sources behind the participant.
We selected the ambient intensities based on how easy it would be to replicate the lighting conditions in a home
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or a clinic. For perspective, 600 lux is similar to recommendations for office illumination while 45 lux is similar to
recommended illumination for a relatively dark public area, such as a parking lot at night [1]. The light intensities
were measured using a light meter sensor placed next to Beacon and facing the participant (i.e., facing the light
sources). We used the same algorithm, range, and step rate as Part 1 of the formative study. The light source
intensity for Beacon was set at 4 lux as informed by the findings from Part 1.

Procedure. The study followed an identical procedure to that in Part 1, wherein participants were introduced
to both the systems and completed practice runs before starting the study. The study consisted of seven conditions,
using Beacon with the five varying intensities of ambient light of the room and using the Lafayette FFS device
twice, with 12 measures per condition.

Recruitment. The 10 participants who participated in the previous study were recruited again for Part 2.
Participants were provided with a $15 gift card as a compensation for participating in the study.

Data Cleaning. Part 2 followed the same data cleaning process as Part 1.

Results. In this this part of the formative study, we examined the effect of ambient light intensity on the
measured CFF and select an appropriate value for the comparative study. We observed that 600 lux (highest
ambient light intensity) had the lowest mean CFF of 37.19Hz, while 13 lux (lowest ambient light intensity) had
the highest mean CFF of 38.69 lux. The trend in Figure 9, shows that measured CFF is indirectly proportional to
the ambient light intensity for Beacon, and is in alignment with prior research and our understanding [22]. The
difference between the CFF measured using 600 lux and 13 lux intensities is 1.5Hz, or 3.85% of the Lafayette FFS’s
average mean (38.91Hz).

Examining the variation within the seven conditions, we observed low CFF variability between participants
(o%= std error = %: 0.58Hz to 0.73Hz). We observed similar variability for Lafayette FES test, re-test, and average

(0%: 0.59Hz to 0.73Hz) as compared to Beacon with the five ambient intensities (oz: 0.58Hz to 0.72Hz). Comparing
differences between the highest and lowest intensities across the two parts of our formative studies, we observe
that changing light source intensity has greater impact on resulting CFF measurement (a difference of 6.05Hz
between the maximum and minimum, or 15.7% of mean) than changing ambient light intensity (a difference of
1.5Hz between the maximum and minimum, or 3.85% of mean).

For the comparative study (4.2), we desired a value of the light source intensity and ambient light intensity
such that CFF measured by Beacon would be similar to the Lafayette FFS. Although ambient intensity of 13 lux
was objectively the closest value to Lafayette_Avg (38.69Hz to 38.91Hz, difference of 0.22Hz), we decided to select
45 lux for the comparative study because we deemed it was a much more reasonable level of ambient lighting
for clinicians and patients to be able to achieve in their respective environments, and the impact on the CFF was
small and not clinically meaningful (38.41Hz to 38.91Hz, a difference of 0.5Hz compared to a difference of 0.22Hz
at 13 lux).

4.2 Comparative Study to Evaluate Beacon

The formative studies guided our decision of selecting appropriate light source and ambient light intensity
parameters for Beacon to calibrate the measured CFF with the existing Lafayette FFS medical device. Using the
selected parameters, we next conducted a comparative study to examine the CFF measured by Beacon relative
to Lafayette FFS. Because our primary goal is to measure device performance, building upon prior research
validating the potential for CFF measurement in diagnosis [58], we focus this comparison on healthy volunteer
participants. Future research can then build upon this device validation to explore clinical usage with appropriate
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Fig. 9. Analysis of formative study Part 2 examining the impact of ambient light intensity on measured CFF. The blue lines in
the plot represent the median; the green triangles, the mean. Left: This plot shows the absolute values of the 7 conditions (5
light source intensities, Lafayette test, and retest) alongside a new measure called Lafayette average which combines the test
and retest score. The plot shows a trend that CFF value is indirectly proportional to ambient light intensity. Table underneath
the plot shows the corresponding descriptive statistics. Right: This plot shows the values of ambient light intensities relative
to Lafayette average by using it as the baseline. Ambient light intensity of 45 lux was chosen for the comparative study since
it was deemed to be a more easily achievable ambient light setting in clinics and homes.

patients. Similarly, we do not collect psychometric tests such as PHES because we do not expect them to be
informative with healthy volunteer participants (i.e., there is no diagnosis to be made). Future clinical trials of
Beacon could collect additional such measures as appropriate.

4.2.1 Study Design. We used the same algorithm, range, and step rate as the formative studies. Based on the
previous studies, we set the light source intensity at 4 lux and ambient light intensity at 45 lux. We conducted
a within subjects study with two conditions, using Beacon and using Lafayette FFS, counterbalanced across
participants. For each of the two conditions, participants were asked to do eight ascending and eight descending
runs of the method of limits, yielding 16 measures per condition.

4.2.2  Procedure. To control the ambient light, the study was conducted in empty rooms with no windows.
Similar to the formative studies, participant information was collected and they were introduced to both the
systems and given a couple practice runs before starting the study.

4.2.3  Recruitment. 43 healthy participants, 18 years or older, were recruited for the comparative study using
mailing lists, fliers, and sign up sheet at a retirement community. 24 participants reported themselves as female
and 19 as male. Participants were between the ages of 18 and 99 years with a mean of 41.7 years, median of 28
years, and standard deviation of 25.3 years.

4.2.4 Data Cleaning. Data cleaning for the comparative study involved: (1) removing two participants due to
missing data, (2) using an adaptive algorithm to discard outliers, and (3) testing the normality of collected data to
justify use of specific statistical test.
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We removed data for two participants (P33 and P35) from the analysis because we could not obtain their CFF
measures using Beacon, leaving us with 41 participants for analysis. P33 (87 y.o.) was unable to see flicker using
Beacon at any frequency for unknown reasons, their CFF measure using the Lafayette FFS was 31Hz. P35 (88 y.0.)
who self-reported as being legally blind in one eye, had a very low CFF measure of 13Hz (using Lafayette FFS)
which we were unable to capture without updating the BeaconApp during the session.

We collected 16 measures for each of the two conditions (i.e., Beacon and Lafayette FFS). Because of the potential
for erroneous measurements (e.g., due to distractions), prior work using CFF has implemented a constraint where
measures per participant should be collected repeatedly until the standard deviation is less than 3Hz [22]. We
followed an adaptive algorithm for discarding high and low extremes based on a similar constraint:

o If max-sd > 3Hz, discard two extreme measures — lowest and highest.
o If max-sd still > 3Hz, repeat previous step.
e Terminate if number of measures is < 8 per condition.

We tested the normality of the data using D’Agostino and Pearson’s test that combines skew and kurtosis
to produce an omnibus test of normality [18, 19]. The normality test has the null hypothesis the sample is not
normal, which means a p » 0.05 implies that the sample is not significantly different from a normal distribution
(i.e., sample is normal). The normality test for the lafayette CFF measures (coef=1.529, p=0.465) and Beacon CFF
measures (coef=3.033, p=0.219) suggested that normality was a reasonable assumption.

4.2.5 Results. The goal of the comparative study was to measure the performance of Beacon as compared to
Lafayette FFS. As discussed in the introduction, the effectiveness of CFF for diagnosing MHE is already proven
[58]. Demonstrating that Beacon performs on par with Lafayette FFS is a first step toward our goal of providing
an accessible clinical decision support tool for measuring CFF.

We first examine the performance of our adaptive algorithm and then present our analysis on the cleaned
data. For us to consider the adaptive algorithm effective, it should (1) be less sensitive to outliers than original
data, and (2) still give a reasonable central tendency. As we can see from Table 1, before discarding any extremes
the maximum standard deviation for Lafayette FFS is 5.51Hz and for Beacon is 8.59Hz (i.e., before applying our
algorithm). After discarding 6 extremes, we still have 10 measures per condition and find the maximum standard
deviation is much more similar, at 2.78Hz for Lafayette and 2.93Hz for Beacon. During this process the mean CFF
values of Lafayette FFS changed from 37.60Hz to 37.58Hz and for Beacon they changed from 38.31Hz to 38.01Hz.
Both of these difference are negligible, showing that the algorithm is removing outliers without affecting the
mean. We also noted that while using the adaptive algorithm on Lafayette FFS, only 1 participant needed two
extremes discarded, compared to Beacon where 6 participants had two extremes discarded, 5 had four discarded,
and 1 had six discarded extremes. Although this did not impact the means, it suggests there is more internal
variation in the measures taken by Beacon when compared to Lafayette FFS.

We took the mean CFF measured per participant in the two conditions and used correlation analysis to evaluate
the consistency in measured CFF values between the devices (Fig. 10). Despite the normality test results suggesting
reasonable assumption of normality, we present results from both Pearson and Spearman correlation analyses for
greater transparency (i.e., because Pearson assumes normality while Spearman is non-parametric). We observed
a Pearson correlation coefficient of 0.88 (p « 0.001) and Spearman correlation coefficient of 0.84 (p « 0.001), both
of which correspond to strong correlations.

We used a Bland-Altman plot to better understand the agreement and the expected limits of difference
between the CFF measurements taken by Beacon and Lafayette FFS. Also know as a difference plot, Bland-Altman
plot is ideal for comparing two measurement techniques (or devices) that each produce some error in their
measures and is extensively used to evaluate the agreement among two different instruments or measurement
techniques [21, 22, 27]. Figure 10 shows the Bland-Altman plot on the right. The X-axis represents the mean of the
CFF measurements for both devices and the Y-axis represents the absolute difference between the measurements
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Table 1. Descriptive statistics for the Adaptive Algorithm used in the Comparative study data cleaning for each device (in
Hz). The goal of the algorithm is to reduce maximum standard deviation while having minimal impact on the mean CFF.
As seen here, using the adaptive algorithm Beacon achieved a maximum standard deviation of 2.93Hz compared to 2.78Hz
achieved by Lafayette FFS. The mean CFF remains unaffected with a difference of only 0.29Hz in Beacon when not using and
using the algorithm and 0.02Hz in Lafayette FFS.

Lafayette FFS Beacon
Without discarding extremes Mean CFF: 37.6033 Mean CFF: 38.31033
Max SD | Min SD | Mean SD Max SD | Min SD | Mean SD
5.5104 | 0.6743 1.6992 8.4901 | 0.7314 2.6949
After discarding 2 extremes Mean CFF: 37.5870 Mean CFF: 38.1118
Max SD | Min SD | Mean SD Max SD | Min SD | Mean SD
2.7150 | 0.5943 1.2974 7.5569 | 0.5967 1.8686
After discarding 4 extremes Mean CFF: 37.5787 Mean CFF: 37.9726
Max SD | Min SD | Mean SD Max SD | Min SD | Mean SD
2.5332 | 0.5006 1.0690 6.0237 | 0.4097 1.3807
Adaptive until SD per condition < 3Hz Mean CFF: 37.5787 Mean CFF: 38.0145
Max SD | Min SD | Mean SD Max SD | Min SD | Mean SD
2.7837 | 0.6529 1.5801 2.932 0.7082 1.8197

taken by the two devices. The plot includes the line for the mean difference between the measurements (0.40Hz
between Lafayette and Beacon) and the 2 lines showing the 2s (1.96 standard deviation) limits of differences
between the measurements (also called 95% limits of agreement) which span from -3.27Hz to +4.07Hz for Beacon
and lafayette. The limits of agreement tell us that the difference in CFF measured by Beacon and Lafayette will be
at most £3.67Hz for 95% of the measurements. A recent comparison of different CFF protocols using the same
device reported limits of agreement from +3.02Hz to +6.74Hz [22]. Given that prior comparison of results from
the same device using different algorithms, our results are promising when comparing two devices.

Our participant sample spanned a wide age distribution (18-99), which allowed us to examine the possible impact
of age on the difference in CFF measurements by Beacon and Lafayette devices. Although we counterbalanced
the order of measurement using each device, we also wanted to check if ordering had any systematic impact on
differences in measurements. To examine both, we performed a regression analysis. We regressed the age and
measurement order on the difference in CFF measurement between both devices. We found no significant impact
of age (B = —0.0043, SE = 0.013, p = 0.746) or order ( = —0.0171, SE = 0.619, p = 0.978).

4.3 Focus Group with Clinicians to Understand Current Practices and Opportunities Surrounding
Screening for MHE

The Beacon research team includes a gastroenterologist and a hepatologist, who provided medical expertise
to support our development of Beacon. Our initial prototype and results demonstrated technical feasability of
Beacon. To complement this, we gathered clinical perspectives on the acceptability and utility of such a device.
Consultations with additional practitioners helped us better understand current diagnostic practices for HE,
barriers to adoption of CFF, provider interest in a device like Beacon, and barriers they might envision to successful
adoption. As the new form factor might allow new use cases for CFF, we were eager to explore provider views on
more routine screening for MHE, such as patient use of Beacon for at-home self-monitoring of HE. Because HE
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Fig. 10. Analysis of comparative study evaluating the performance of Beacon when compared to the Lafayette FFS. Left:
Regression analysis shows a strong correlation between the CFF measure by Beacon and Lafaytte FFS with a Pearson’s R
of 0.88. Right: The Bland-Altman plot shows the mean difference between Beacon and Lafayette FFS to be 0.4Hz with a
maximum difference of at most +3.67Hz for 95% of the measurements.

primarily occurs among patients with end-stage liver diseases, treatment is often managed by specialists such as
hepatologists. Consequently, we recruited five senior hepatologists at a medical school to participate in a focus
group about challenges and opportunities associated with the adoption of a tool like Beacon.

4.3.1  Procedure. The focus group was conducted at a medical school for the convenience of the clinicians. Before
starting the group discussion we collected background information about the clinicians, including title and years
of experience treating patients with cirrhosis and HE. The focus group was structured around three key areas of
inquiry in order to understand the current state of:

e Screening practices for patients with HE (e.g., At what stage are patients screened? How are they screened?
What is the clinician’s satisfaction with the screening process?)

o Standard of chronic care for patients with HE (e.g., What is the advice given? What does routine care
include? Do patients do any self-tracking of their condition?)

o Barriers to using CFF as a screening option for MHE (e.g., Why they do or do not use CFF? What benefits
would they anticipate if CFF were an easily available measure? Why might they decide not to use CFF?)

Participants also completed a short paper-based questionnaire during the focus group to collect individual
responses to specific questions.

We offered $30 compensation to the clinicians as a token of appreciation, but each clinician declined the
compensation and indicated they would prefer it spent on further research and development.

4.3.2  Recruitment. The five hepatologists were recruited through the medical school mailing lists. All the
clinicians had more than 10 years of experience of seeing patients with cirrhosis and hepatic encephalopathy.

4.3.3 Data Analysis. The focus group discussion’s audio was recorded and later transcribed by the researchers
along with the questionnaire responses. The transcript was used to collect and organize the responses and
reactions to the specific themes outlined in the three key areas of inquiry mentioned above. For any result based
on the questionnaire, we report how many of the five participants were in agreement with the particular response.
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4.3.4  Results. The goal of the focus group was to better understand current practices surrounding diagnosing
HE and exploring possible avenues of integrating Beacon in the screening and chronic care process. We organize
our findings from the focus group by the three key areas of inquiry outlined above. Quotes by specific clinicians
are referred by CX.

Current Screening Practices & Diagnostic Workflow. All the participants reported that, as specialists (i.e.,
hepatologists), most of the patients with HE that they treat have been pre-diagnosed with potential HE and
referred to them by either the primary care physician or a gastroenterologist. Each clinician reported using
clinical evaluation (which can only diagnose grade 2 and above HE (Fig. 2)) as the primary method to screen
patients for HE.

Clinicians agreed that many cases of MHE are missed or go undiagnosed until the condition has progressed to
grade 1 or 2, where it is easily clinically diagnosable. While discussing MHE cases that go undiagnosed, clinicians
mentioned time constraints during clinical visit as the primary reason for not using screening tests for MHE.
However, clinicians also reported they would consider using a screening test for MHE if it were easy and quick
enough to be administered by a medical assistant before a patient sees them, as highlighted by C4’s comment “if
there was a tool that was accurate like the Stroop test that was available in the clinic which could be administered by
a medical associate when they check their BP, heart rate, weight, test for encephalopathy.”

Describing topics covered during a routine clinical visit for the patient with HE, the clinicians reported
conducting a clinical evaluation, going over their lactulose (medication) use, compliance with medication, and
checking if they have any financial issues with the medication.

Current Standard of Chronic Care. Clinicians reported that the first advice they give patients diagnosed with
HE was to stop driving or operating heavy equipment. C4 explained it is pretty hard for [patients] to assess
themselves that they have enough impairment that [them driving with HE] is probably worse than walking outside
the bar and thinking it is safe to drive”. As a part of their treatment of the chronic condition, all clinicians reported
prescribing patients Lactulose to restrict further deterioration and control HE. Lactulose is a colonic acidifier that
works by decreasing the amount of ammonia in the blood. Although this does not cure HE, it does help improve
the mental status of the patient.

Discussing commonly prescribed at-home chronic-care, clinicians ask patients to self-titrate lactulose to achieve
a goal of about 2-3 smooth bowel movements per day.

Explaining how they track whether a patient’s MHE is worsening or stable, C5 reported using some measure
of cognitive ability like the number connection test (Fig. 3): “sometimes I give a stack of number connection test
and then use that to track patients who are subclinical [MHE], or if people like to play tablet or phone games which
require some cognitive activity like I have a patient who plays Sudoku or something and they notice that their score
is going down then that is a sign.” Clinicians also reported asking caregivers, family or professional, to update
them in case of any noticeable change in personality or behavior.

Barriers to using CFF as screening tool. None of the five clinicians currently use CFF measurement as a part
of their screening process. However, everyone expressed their desire to use Beacon, and thereby CFF, if it were
proven to be useful (i.e., clinically capable of screening for MHE) and could be administered quickly. C1 explained
“there are lots of people who don’t even have encephalopathy clinically [diagnosed] yet, so we could use it [Beacon].”
When asked about potential uses of Beacon beyond a clinician’s screening of patients with MHE, C2 responded
that Beacon could be a useful tool that provides some objectivity in what usually is a subjective evaluation: “We
spend a lot of time with family members who are trying to (convince) the patient that they shouldn’t be driving and
the patient doesn’t believe it. But, if you have something objective it can be used to help them realize the situation.”
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Although clinicians were excited about the potential to use Beacon in the clinic, they were more skeptical of
at-home use by patients. Discussing potential use of Beacon at home by the patients, the clinicians raised liability
concerns. C1 said “What if we get the data and they got in a car accident? Do we have medical or legal liability since
we had data suggesting that they had abnormal flicker [CFF]. I don’t want that data.” Clinicians also expressed
concerns with data overload burdening their already strained workload, such as patients coming to their clinical
visit with another piece of information that the clinician needs to interpret. When discussing about the value of
Beacon for caregivers looking after patients with HE, C2 said ‘T have sense that with the population at hand their
families will pretty much appreciate the objective data so that they can save the patient / loved ones [by preventing
them from driving].”

5 DISCUSSION

With Beacon, we seek to provide an accessible clinical decision support tool capable of measuring CFF. As the first
step towards that goal, we conducted multiple studies to examine its feasibility for measuring CFF by comparing
against an existing medical device. Although this is not the same as proving its diagnostic capabilities, it is
a necessary precursor before testing the device with patients. We then collected impressions from experts to
understand barriers to Beacon’s acceptance and provide feedback for future iterations. Our results indicate that
Beacon has potential for use in screening and managing MHE, and that several barriers must still be overcome
before it can be used as a screening tool in the clinic or at home. In addition to screening, development of a
mobile, self-administered tool such as Beacon also enables new possibilities, such as observing CFF measurement
trends over time to raise (i.e., observing a drop in CFF measurements over time) or reducing patient anxiety and
concern (i.e., by observing stable or increasing CFF measurements over time).

5.1 Challenges & Opportunities in Designing Beacon

We designed Beacon as an effort to take a clinical measure which has been studied in research contexts and
transition it in to clinical practice. Our comparative study demonstrated a strong correlation between the CFF
measurements taken by Beacon and the gold standard Lafayette FFS. The reliability of Beacon makes new screening
and monitoring possibilities available, such as providing patients with a device to measure CFF at home.

Through our studies, we also began refining the design in ways that will better support these opportunities. In
our testing with participants at the retirement community, we discovered a design shortcoming in the BeaconApp
wherein a person with limited dexterity or hand tremors might have unintended inputs due to accidentally
pressing the screen in rapid succession. This resulted in two participants (P31 and P38) who had three and four
measures respectively which were close to the range end-points of 25Hz and 55Hz (out of 16 measurements). We
addressed this issue by introducing a 2-second delay between presses during which the screen remains inactive.
This prevented any further misreports by other participants. Although adjustments like above can be easily
implemented in a study, for a device like Beacon to be useful in practice it should be robust to adapt to a range of
conditions. Although we observed that ambient light intensity has low impact on the measured CFF, one way
to increase robustness for in-the-wild use would be to install components which automatically adjust the light
source intensity by measuring the ambient light intensity (e.g., with a photocell).

During the comparative study, although the mean CFF reported by Beacon was close to that of the Lafayette
FFS, we noticed slightly higher variance in the Beacon measures. The adaptive algorithm successfully removed the
outliers and achieved the target of a <3Hz maximum standard deviation, affecting measures for 12 participants
compared to just 1 for Lafayette FFS. We hypothesize that removal of the viewing chamber may have introduced
this additional variance. We might explore increasing light source intensity and/or decreasing ambient light
parameters to see if that reduces the variance.
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Although greater measurement variability can be interpreted as an unreliable measure, we believe this can be
offset by the richness of data which can be possibly collected by patients from their home. Daily or weekly CFF
measures collected by a patient could provide an overview of their HE that can be useful to bring in during a
clinical visit, instead of being limited to a single data point collected on the day of the visit. Our work on Beacon
suggests the design question of how to meaningfully present the data collected by patient in a succinct and
actionable manner.

The focus group provided valuable insights regarding the challenges and opportunities that might be expected
in clinical adoption of Beacon. Clinicians emphasized that for Beacon to help them screen MHE in a clinical context,
it would need to be accurate as well as easy and quick to administer. We also unpacked some of the potential
opportunities and challenges associated with using Beacon as an at-home self-tracking tool for HE patients.
Although Beacon may provide a crucial objective measure where none exists now, there remain important ethical
and legal questions surrounding the collected data and its implications for medical practice that will need to
continue to be examined. Because our participant pool was recruited from a single location and does not represent
the diverse practices or needs of clinics around the country and the world, future work to move Beacon or a
similar device into clinical use should engage with clinicians, staff, administrators, and patients in a variety of
contexts.

5.2 Potential Limitations of a Single-Point Threshold Based Assessment

Medical studies have put forward the notion that a CFF of 39Hz is the threshold for MHE (i.e., if a person has
CFF below 39Hz they likely have MHE) [35]. Based on our work, we highlight problems with the notion of a
single-point threshold based assessment that does not take other factors into consideration.

As we discovered during our focus group, medical professionals are overburdened and do not have the
bandwidth to perform long screening tests during a clinical visit. Even if the CFF measurements are conducted
in clinics, medical professionals will not take more than the minimum number of observations to get a CFF
measurement. If during those observations, the patient is distracted, or misunderstands the process, their CFF
measurement will be flawed. To base their treatment on such a flawed measure would be erroneous.

Contrary to the notion that a healthy individual’s CFF score should be >39Hz [35], the comparative results
showed otherwise [44]. CFF scores between 30Hz and 35Hz were common among our participants at the retirement
community, across both the devices. Part of this can be attributed to age-related degradation of sight reported by
some participants (e.g., macular degeneration and astigmatism). Although the majority of the at-risk population
might not be in that age group (65+ years old), it is crucial to understand that such thresholds or single-point
assessments should be used with caution as like many other medical conditions, hepatic encephalopathy does
not occur in a vacuum. Similarly, there can be other age or health related factors which can significantly reduce
an otherwise healthy individual’s CFF score.

We believe that by reducing the CFF measurement to a single-point assessment we are losing valuable insights
like daily or weekly changes in condition, which can lead to better, more targeted health care interventions.
Beacon offers a new potential approach to this limitation.

5.3  Monitoring CFF Trends as an Alternate to Single-Point Assessment

Prior to the development of Beacon, it was not practically feasible to collect CFF over time, and as such a
single-point assessment was the only approach considered. To address the issues outlined in the above section,
we propose reframing CFF from a clinical screening tool to a self-tracking measure collected at home.

As a preliminary investigation of the variability in CFF measurement over time, one member of the research
team self-administered CFF measure using Beacon twice daily for one month: a morning measurement within 30
minutes of waking up and an evening measurement less than an hour before heading to bed. The measures were
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found to be relatively stable as seen in Figure 11. To measure the sensitivity of Beacon, after the first two weeks,
the morning measurement was switched to be later (i.e., after breakfast). We found that Beacon was able to detect
that small shift in wakefulness as seen after the 14-day mark in Figure 11.

Morning measurement Morning measurement
pre-breakfast  post-breakfast

“ Mean = 41.8Hz Mean = 42.9Hz 6

Std. Dev = 0.8Hz Std. Dev = 0.42Hz
45 45
y=0.0435x +41.121 y=0.0096x +42.493

w4 10199 10044 44

43

42
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Mean CFF (in Hz)
(zH ) 440 uesy

40 40

39 39

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Days
( Two measures per day - Morning & Evening)

Fig. 11. Month-long CFF measurement data collected by member of the research team using Beacon. Measures were taken
twice daily—morning and evening. After 2 weeks, the morning measurement time was pushed back to see if the change in
wakefulness would be picked up by Beacon. Beacon successfully picked up the slight variation in wakefulness, providing
evidence of potential for long term CFF tracking.

We envision a person with cirrhosis collecting their daily CFF measurements in relatively similar conditions
(e.g., at a consistent point in their daily routine). Instead of comparing their data to a threshold value, we envision
examining variation in a person’s measurements over time. If a person’s average CFF over a week drops by 1.5Hz
or 2Hz, then they might reach out to their clinician or increase their dosage of lactulose. This shows an alternative
possibility of thinking about the CFF measure. The frequency of CFF measurement in such a scenario might be
agreed upon by the clinician and the patient. This practice can motivate further research in understanding the
stability of CFF measurement for making treatment recommendations. Future work, enabled by a device like
Beacon, can also explore what would be an ideal frequency of CFF measurements for people with different stages
of HE, thus providing guidance to clinicians for tailoring treatment plans to a patient.

This new form of data and its representation raises interesting opportunities. It also raises important questions
for patient-provider collaboration around such data in a patient’s chronic self-management and about the ethics
and legal implications of such data. Although we found support from the clinicians regarding using CFF in clinics
and encouraging patients and caregivers to use CFF at home, there were still concerns regarding liability. This
motivates further research investigating the longitudinal data collection of CFF measurements by patients, how
to best communicate and present the measurements, and how to best enable collaboration around the data with
clinicians.

Although our current focus with Beacon is to enable timely diagnosis of HE, CFF also has potential applications
in other medical conditions like muliple sclerosis and Alzheimer’s disease [52]. By making CFF measurement
accessible, Beacon has the potential for impact across a range of medical conditions.

6 CONCLUSION

We designed and examined Beacon, a portable, in-expensive, and self-administrable device capable of measuring
critical flicker frequency. We performed two formative studies with 10 participants each to validate the portable
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design of Beacon, and we then performed a comparative study with 41 participants and found its performance
to be comparable to an existing medical device. In a focus group with five hepatologists we found that Beacon
would be valuable not just for clinicians but also for the patients and their caregivers if it was proven to be
clinically effective. Beacon suggests new opportunities in cirrhosis and other conditions and motivates future
work examining field deployment of such new forms of self-administrable medical diagnoses.
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