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ORIGINAL RESEARCH

Quantifying Induced Nystagmus Using 
a Smartphone Eye Tracking Application 
(EyePhone)
Pouya B. Bastani , MD; Hector Rieiro , PhD; Shervin Badihian, MD; Jorge Otero- Millan , PhD; 
Nathan Farrell, BSc; Max Parker, MD; David Newman- Toker , MD, PhD; Yuxin Zhu, PhD; Ali Saber Tehrani , MD

BACKGROUND: There are ≈5 million annual dizziness visits to US emergency departments, of which vestibular strokes account 
for over 250 000. The head impulse, nystagmus, and test of skew eye examination can accurately distinguish vestibular 
strokes from peripheral dizziness. However, the eye- movement signs are subtle, and lack of familiarity and difficulty with rec-
ognition of abnormal eye movements are significant barriers to widespread emergency department use. To break this barrier, 
we sought to assess the accuracy of EyePhone, our smartphone eye- tracking application, for quantifying nystagmus.

METHODS AND RESULTS: We prospectively enrolled healthy volunteers and recorded the velocity of induced nystagmus using 
a smartphone eye- tracking application (EyePhone) and then compared the results with video oculography (VOG). Following 
a calibration protocol, the participants viewed optokinetic stimuli with incremental velocities (2–12 degrees/s) in 4 directions. 
We extracted slow phase velocities from EyePhone data in each direction and compared them with the corresponding slow 
phase velocities obtained by the VOG. Furthermore, we calculated the area under the receiver operating characteristic curve 
for nystagmus detection by EyePhone. We enrolled 10 volunteers (90% men) with an average age of 30.2±6 years. EyePhone- 
recorded slow phase velocities highly correlated with the VOG recordings (r=0.98 for horizontal and r=0.94 for vertical). The 
calibration significantly increased the slope of linear regression for horizontal and vertical slow phase velocities. Evaluating the 
EyePhone’s performance using VOG data with a 2 degrees/s threshold showed an area under the receiver operating charac-
teristic curve of 0.87 for horizontal and vertical nystagmus detection.

CONCLUSIONS: We demonstrated that EyePhone could accurately detect and quantify optokinetic nystagmus, similar to the 
VOG goggles.

Key Words: eye movements ■ health technology ■ HINTS ■ nystagmus ■ vestibular strokes

Cerebrovascular accidents are the underlying cause 
of ≈3% to 5% of >5 million annual dizziness visits 
in emergency departments.1,2 While comprising 

only 20% to 25% of all ischemic strokes, posterior cir-
culation strokes pose a unique diagnostic challenge as 
they are misdiagnosed in up to 40% of cases, almost 
4 times that of anterior circulation strokes, due to the 
nonspecific nature of the symptoms they cause (eg, 
dizziness, imbalance).3,4

The head impulse, nystagmus, and test of skew 
(HINTS) eye examination battery has a sensitivity and 
specificity of 99% and 97%, respectively, in detecting 
posterior circulation strokes compared with traditional 
approaches such as vascular risk factor assessment 
and imaging (computed tomography and magnetic 
resonance imaging) in the first 24 hours.5 Nystagmus 
detection is an integral part of the HINTS examination 
as direction- changing gaze- evoked nystagmus strongly 
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indicates central dizziness (eg, stroke). Moreover, diag-
nosing a vestibular stroke by a negative head impulse 
test is valuable only in the presence of spontaneous nys-
tagmus.6,7 Therefore, detecting nystagmus in patients 
with acute dizziness and vertigo and differentiating be-
tween the central and peripheral forms of nystagmus is 
paramount in diagnosing vestibular strokes.6 Evaluating 
nystagmus and accurate classification pose a challenge 
to nonexpert physicians, which hampers the correct 
application and interpretation of the HINTS examina-
tion.8,9 Furthermore, studies show that the nystagmus 
caused by vestibular strokes has a significantly lower 
mean slow phase velocity (SPV) than that of peripheral 
pathologies, which makes identifying the nystagmus in 
patients with stroke even more challenging in the ab-
sence of a quantified eye movement recording.10 Video 
oculography (VOG) goggles can address such issues 
by quantifying eye movements and providing eye po-
sition traces and close- up recording of the eye move-
ments, which assist clinicians in detecting the presence, 
direction, and velocity of nystagmus.11 Nevertheless, the 
use of these devices is not a common practice in the 

emergency department, and there are still obstacles to 
the widespread use of VOG goggles, including the high 
price, the need for an expert operator, and the limited 
availability of neurovestibular experts to interpret the 
findings in the context of the clinical presentation.

On the other hand, smartphones can address some 
of the barriers in the path of widespread eye movement 
recording. Smartphones are ubiquitous, and recent 
technological advances has provided them with the 
necessary computing power and imaging quality to 
perform eye movement recordings under visible light 
conditions.12–14

Our team has developed a smartphone application, 
EyePhone, that uses the embedded facial recognition 
capabilities of the iPhone’s (Apple, Cupertino, CA) front 
camera (FACE ID) to record and quantify eye move-
ments. (Figure 1). We have previously published about 
the capabilities of our application in performing video 
head impulse tests and quantifying the vestibulo- ocular 
reflex.15 We aimed to study our application’s capabili-
ties in detecting nystagmus in multiple directions and 
velocities and compare the accuracy of the EyePhone 
with VOG goggles used as a standard reference to 
quantify nystagmus.

METHODS
We prospectively enrolled healthy volunteers (n=10) with 
no known eye movement or vestibular disorders be-
tween January and September 2022. The study team 
used an iPhone 13 ProMax (Apple) with the EyePhone 
application installed for all the phone recordings. The 
VOG traces were recorded by ICS Impulse goggles 
(Natus Medical Incorporated, Middleton, WI) using the 
OtoSuite Vestibular software provided by the goggles 
manufacturer.

The inclusion criteria were (1) age >18 years and (2) 
no current or previous vestibular or ocular motor dis-
orders. The exclusion criteria included (1) severe visual 
disturbance rendering the participant incapable of fol-
lowing calibration targets and (2) presence of abnormal 
eye movement before recording.

To obtain optimal and comparable recordings, we 
performed all the recordings in a well- lit room with the 
same set of targets and devices. The recording in-
cluded an initial calibration protocol and a subsequent 
recording of the eye movements while the participants 
were looking at an optokinetic stimulus.

Before the recording, we obtained informed written 
consent from all participants. The Institutional Review 
Board at Johns Hopkins reviewed and approved the 
study protocol (IRB00258938).

The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

RESEARCH PERSPECTIVE

What Is New?
• Studies show that strokes are more likely to 

be missed when they present with nonspecific 
symptoms like dizziness, highlighting the role 
of eye movement evaluation in accurate stroke 
diagnosis.

• We developed EyePhone, a smartphone appli-
cation, to provide an accessible eye- movement 
evaluation tool to improve the diagnosis of pos-
terior circulation strokes.

What Question Should Be Addressed 
Next?
• Our testing on healthy volunteers indicated that 

EyePhone performs with similar accuracy to the 
current clinical standard devices (video oculog-
raphy goggles), and the next step would be to 
evaluate the accuracy of the application in real- 
world clinical conditions.

Nonstandard Abbreviations and Acronyms

HINTS head impulse, nystagmus, and test of 
skew

OKN optokinetic nystagmus
SPV slow phase velocity
VOG video oculography
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Calibration
A set of targets were placed on a wall spanning 50 
degrees of the horizontal visual field (25 degrees to the 
right and left) and 40 degrees of the vertical visual field 
(20 degrees above and below the center of the visual 
field) with fixed distances. Eight horizontal targets were 
placed at ±5 degrees (8.75 cm), ±10 degrees (17.5 cm), 
±15 degrees (26.25 cm), and ±25 degrees (43.75 cm) 
distance from the central target (positive for the right 
and negative for the left corresponding to the visual 
field at 1 m distance). Six vertical targets were placed 
at ±5° (8.75 cm), ±10° (17.5 cm), and ±20° (35 cm) of 
the central target (positive for above and negative for 
below). The participants were seated on a chair with its 
center 1 m away from the wall, and the chair’s height 
was adjusted so the central target would be at the 
center of the participant’s visual field. We did not re-
strain participants’ heads; however, we advised them 
to limit their head movement to the best of their abil-
ity. We obtained 2 separate calibration recordings, 1 
for the horizontal and 1 for the vertical calibration. The 
operator set a timer to beep every 2 seconds and in-
structed the participants to switch their gaze between 
the targets with each ring, while the EyePhone appli-
cation recorded their eye movements. If participants 
could not perform the calibration as instructed, the 
operator would discard the recording, reinstruct the 
participant, and obtain a new recording.

We calibrated the VOG goggles using the OtoSuite 
V software’s automated calibration protocol per the 
manufacturer’s guidelines.

Optokinetic Stimulus Recording
We used an optokinetic stimulus to induce optokinetic 
nystagmus (OKN) in healthy volunteers with no nys-
tagmus. This method relies on the optokinetic reflex in 
healthy subjects induced by movements of bars in the 
visual field, resulting in the slip of the images projected 
on the fovea (eg, looking at trees from the window of a 
moving car).16 To induce the OKN, we used a set of vid-
eos that showed moving black- and- white strips, hence 
simulating a movement of the visual field. We aimed to 
induce nystagmus in 4 directions (right, left, up, and 
down) with incremental velocity (from 2 degrees/s up 
to 12 degrees/s). To achieve this, we prepared 2 sets 
of videos, 1 with stripes moving horizontally 1 one with 
stripes moving vertically. Each video started with a 
fixed target in the middle of the screen for 5 seconds, 
followed by the movement of the stripes in the follow-
ing order with 5 second pauses between changes in 
velocity: 10 seconds at 2 degrees/s, 10 seconds at 4 
degrees/s, 10 seconds at 8 degrees/s, 10 seconds at 
12 degrees/s. This order was consistent across all 4 
directions (right, left, up, and down).

The videos were displayed 50 cm from the partic-
ipant’s eyes on a laptop screen. First, we recorded 

Figure 1. Overview of EyePhone application environment.
The figure on the left represents the recording environment. The middle figures show how eye- movement tests are visualized as 
eye- position traces. The figure on the right shows the test history browser, where users can access videos and traces of previously 
performed tests.
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the induced OKN using VOG goggles, followed by 
EyePhone recording. However, there was at least 
10 minutes of rest between VOG and EyePhone re-
cording to prevent any potential remaining effect. For 
the EyePhone recording, the phone was placed in front 
of the monitor at 50 cm from the participant’s eyes.

Analysis of Eye Movements
We analyzed the data using MATLAB R2022a 
(MathWorks Inc, Natick, MA).

Preprocessing
Data from the EyePhone and VOG goggles were seg-
mented to remove the gaps between the different OKN 
stimuli. Furthermore, to reduce any effect of inaccurate 
cropping, the first and last second of each nystagmus 
epoch was removed from the analysis.

Calibration
For each sequence of horizontal and vertical calibra-
tion, we extracted the samples corresponding to each 
eye position and used these data to fit the coefficients 
βi,j of the pair of second- degree polynomial equations:

We used the Broyden–Fletcher–Goldfarb–Shanno 
quasi- Newton method with a cubic line search proce-
dure to minimize the average Euclidean distance be-
tween samples and the expected position.

Once we obtained the calibration polynomials, we 
applied them to the OKN data in 2 ways:

 1. Each participant using their own set of coef-
ficients (individual calibration)

 2. Calculating the average coefficients across all 
participants and applying the same average pol-
ynomials to the data from all participants (aver-
age calibration)

Nystagmus Measurements
We calculated the instantaneous velocity using a 
second- order finite differences method for each of the 
horizontal and vertical traces. We then detected and 
eliminated quick phases using a 2- step thresholding 
procedure. First, we identified samples with instanta-
neous velocities >50 degrees/s (in absolute value) and 
removed them from the calculations. Then, we calcu-
lated a new threshold as twice the SD plus the aver-
age velocity of the remaining velocities and removed 
all samples above the new threshold. At each thresh-
olding step, we removed additional samples before 

and after (100 ms on the first pass and 50 ms on the 
second) the samples above the threshold to avoid arti-
facts due to the initial acceleration of the quick phases. 
Finally, we defined the SPV as the average velocity of 
the remaining samples.

Comparison Analysis
Induced Nystagmus Velocity

We compared the velocity measured by both VOG and 
EyePhone to the velocity of the OKN stimulus. To do so, 
we fitted a linear equation (y=ax+b) for each participant 
with the stimulus velocity as an independent variable 
and the average measured SPV as the dependent vari-
able. The slope of the equation provides the OKN gain, 
that is, how much of the stimulus velocity is translated 
into nystagmus velocity. We also took the average SPV 
as measured by both devices for each trial and cal-
culated the Spearman correlation coefficients. In both 
instances, we calculated the correlation between the 
EyePhone and the VOG measurements for each indi-
vidual, then we calculated the population correlation 
coefficients by averaging the correlation coefficients of 
all patients and estimated the SEM.

Presence of Nystagmus

In a clinical setting, one of the main findings of a neu-
rovestibular evaluation is the absence or presence of 
nystagmus, as opposed to the velocity measured. We 
evaluated the EyePhone’s performance in this regard 
in 2 ways:

 1. We assessed the presence or absence of 
nystagmus on the basis of the fact that we 
knew which traces had been recorded while 
the patients watched the optokinetic stimuli, 
and we used it as true positive. We calcu-
lated the area under the curve (AUC) for both 
EyePhone and VOG with this method.

 2. We assessed the EyePhone’s ability in detect-
ing clinically relevant nystagmus by using VOG 
traces with nystagmus >2 degrees/s as the true 
positive.

The details of each method are as follows: first, we 
assessed the ability to discriminate between presence 
of induced nystagmus versus no nystagmus. We used 
traces of vertical eye position of a participant as the no- 
nystagmus control when we evaluated the presence of 
horizontal induced nystagmus, and vice versa. In this 
manner, since we opted to induce nystagmus only in 
1 plane at a time (ie, either horizontal or vertical), there 
was always a trace with no nystagmus as the ground 
truth against which the traces with nystagmus were 
compared. To measure how well we differentiate the 

x̂ = �x,0 + �x,1x + �x,2y + �x,3x
2
+ �x,4y

2

ŷ = �y,0 + �y,1x + �y,2y + �y,3x
2
+ �y,4y

2
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nystagmus and no- nystagmus signals, we calculated 
the receiver operating characteristic (ROC) and mea-
sured the AUC. We estimated 95% CIs for the AUCs by 
bootstrapping our sample of individuals 1000 samples.

Additionally, to evaluate the accuracy of the 
EyePhone’s nystagmus detection in a more clinically 
relevant manner, we repeated the analysis above with 
a change in the ground truth for true positive defined 
as presence of nystagmus >2 degrees/s on VOG. In 
the initial ROC curves, we considered nystagmus to be 
present whenever it was induced regardless of its actual 
velocity, while in true clinical practice only nystagmus >2 
degrees/s would be considered present. Hence, we re-
peated the analysis, this time classifying the nystagmus 
as present when the VOG (ICS goggles) measured the 
SPV >2 degrees/s. In this manner, any eye recordings 
with SPV <2 degrees/s threshold on the corresponding 
VOG was classified as no nystagmus (eg, anywhere a 
participant’s VOG traces showed nystagmus of 1 de-
gree/s, the ground truth was considered as no nys-
tagmus, and the corresponding EyePhone trace of the 
same participant was judged based on that).

Nystagmus Direction

Another clinically relevant finding is the direction of the 
measured nystagmus. We estimated the direction of 
the SPV using the inverse tangent function θ=arctan 
(y/x), where x and y are the horizontal and vertical ve-
locities, respectively. We considered that the direction 
of the nystagmus was appropriately measured when 
this direction fell within a ±45- degree range from the 
direction of the corresponding stimulus.

RESULTS
We enrolled 10 healthy volunteers with normal eye 
movements. The average age of participants was 
30.2±6 years, and 10% were women. Figure 2 depicts 
a trace obtained by EyePhone and the VOG goggles 
for 2 velocities.

Comparison With Optokinetic Stimulus 
Velocity
Linear regression analysis of the slow phase velocity 
as a function of stimulus velocity (optokinetic strip ve-
locity) showed 0.36±0.04 and 0.13±0.04 linear slopes 
for the uncalibrated horizontal and vertical EyePhone 
eye position values, respectively. Applying average 
calibration to EyePhone data increased these values 
to 0.58±0.07 for horizontal and 0.25±0.06 for verti-
cal measurements. The same analysis of the VOG 
data yielded slopes of 0.73±0.04 for horizontal and 
0.52±0.03 for vertical slow phase velocity (Figure  3, 
Table S1).

Moreover, ANOVA of EyePhone velocities showed 
a significant difference before and after calibration in 
terms of the regression slope (calib: F=5.346, df=2, 
P=0.008) that was not affected by the direction of the 
eye movement (dir×calib: F=0.466, df=2, P=0.630). 
Post hoc analysis showed no significant difference 
between individual and average calibration (mean 
difference=− 0.009; adjusted P=0.985) (Figure  S1, 
Tables S2 and S3).

Correlation Between EyePhone and VOG
The Spearman correlation between the EyePhone- 
recorded and VOG- recorded slow phase velocities for 
corresponding optokinetic stimulus velocities indicated 
a 0.98±0.01 correlation coefficient for the horizontal 
OKN with a linear slope of 0.49 (95% CI, 0.45–53) and 
a 0.94±0.02 correlation coefficient for the vertical OKN 
with a linear slope of 0.26 (95% CI, 0.21–0.3) before 
calibration. Average calibration increased the linear 
slope to 0.79 and 0.47 for the horizontal and vertical 
OKN, respectively. However, the correlation coeffi-
cient remained unchanged after applying calibration 
(Table 1, Figure 4).

We also plotted the differences between EyePhone 
and VOG measurements in different OKN velocities 
based on the Bland–Altman method (Figure S3). Our 
analysis of the horizontal eye movement measurement 
plots before calibration revealed an error pattern that 
increased in higher velocities. However, calibration re-
duced the average difference and eliminated the sys-
temic error at higher velocities. When looking at vertical 
eye movements, we observed a similar increasing dif-
ference between EyePhone and VOG measurements 
as velocity increased in either direction (upward or 
downward). While vertical calibration decreased the 
range of the difference between the 2 methods, it did 
not sufficiently eliminate this velocity- dependent error.

Nystagmus Detection ROC AUCs

Comparison With No- Nystagmus Traces
The EyePhone was able to discriminate between the 
horizontal nystagmus versus no- nystagmus (true neg-
ative) traces (ROC AUC, 0.95 [95% CI, 0.90–0.98]) with 
a performance level on par with the VOG goggles (ROC 
AUC, 1.00 [95% CI, 0.99–1.0]), but the performance 
was lower for the vertical nystagmus (EyePhone ROC 
AUC, 0.79 [95% CI, 0.73–0.84]; VOG ROC AUC, 0.99 
[95% CI, 0.97–1.0]) (Table 2).

Comparison With VOG

When assessing the performance of EyePhone for dis-
criminating between the presence or absence of clini-
cally evident nystagmus using a slow phase velocity 
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of 2 degrees/s threshold on the VOG Eyephone, the 
performance is similar in both the horizontal and verti-
cal components (ROC AUC, 0.87 [95% CI, 0.83–0.91] 
for horizontal; ROC AUC, 0.87 [95% CI,0.83–0.91] for 
vertical). Discrimination performance is barely affected 
by calibration (Table 3).

DISCUSSION
In this study, we compared the accuracy of the 
EyePhone application to the VOG goggles in identify-
ing and quantifying optokinetic nystagmus in healthy 
volunteers. As VOG has previously been validated by 
the gold- standard scleral magnetic search coils, we 
sought to use the VOG as a surrogate gold standard 
for establishing the accuracy of our application.17 By 
using stimuli with incremental velocity in 4 different di-
rections, we were able to elicit consistent nystagmus in 

our volunteers and minimize possible confounders (eg, 
variability in induced nystagmus as a result of differ-
ent stimulus velocity) that would have rendered com-
parison between the 2 devices challenging. We found 
comparable results in nystagmus detection between 
these 2 tools.

The presence of direction- changing nystagmus is 
a critical indicator of a central pathology  in patients 
with acute vestibular syndrome.6 Hence, the first step 
in evaluating the EyePhone application’s performance 
would be its ability to correctly identify the presence 
and direction of the nystagmus. After applying average 
calibration, the ROC AUC for horizontal nystagmus de-
tection was 0.95 for the EyePhone application, which 
indicates a high performance similar to the VOG gog-
gles in discriminating the presence (AUC for VOG, 1.00). 
The application’s performance for detecting vertical  
nystagmus was lower (ROC AUC, 0.77 after average 
calibration compared with VOG, 0.99). This discrepancy 

Figure 2. Sample traces for 2 different velocities.
The top 2 graphs depict traces obtained by the EyePhone application when the participant was looking at an optokinetic strip with 2 
degrees/s (deg/s) velocity (left) and 12 deg/s (right). The red lines are the quick phases of the optokinetic nystagmus (OKN), and the 
blue portions are the slow phases of the OKN. The bottom 2 graphs depict traces obtained by the video oculography (VOG) goggles 
(OtoSuite software) while the participant was looking at an optokinetic strip with 2 deg/s velocity (left) and 12 deg/s (right).
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between horizontal and vertical detection can be po-
tentially explained by how eyelids might affect accurate 
detection of the pupils’ position, especially in down-
gaze. These issues are mitigated in VOG recordings by 
having a very close image of the eye, providing higher 
spatial resolution, and the use of infrared light for pupil 
detection. Furthermore, as evident from Tables  S1–
S3, the linear regression slopes for the vertical slow 
phases were lower in both the VOG and EyePhone, but 

more so in the EyePhone. This indicates a combination 
of a slower OKN response to a vertical stimulus18 and 
lower performance of vertical eye movement detection 
compared with the horizontal, at least in the case of 
the EyePhone.

The issue of EyePhone’s underperformance in ver-
tical measurements is also evident in Bland–Altman 
plots. Moreover, the performance seems to follow a 
velocity- dependent pattern as the difference between 

Figure 3. Visualization of recorded velocities on the EyePhone application and 
the video oculography (video oculography) goggles.
Each bar indicates the 95% CI for the mean slow phase velocity of the optokinetic 
nystagmus (OKN) recorded for different optokinetic stimulus velocities (horizontal axis). 
The left plot shows the values for the horizontal OKN where negative values indicate the 
leftward, and the positive values indicate the rightward slow phases of nystagmus. The 
right plot shows the recorded values for the vertical OKN, where the negative values 
indicate downward, and the positive values indicate upward slow phase velocities. The 
solid red line corresponds to the values recorded by the VOG goggles. The dotted blue 
line represents the slow phase velocity values obtained by the EyePhone application 
before applying the calibration data. The dashed blue line represents the same EyePhone 
values after applying individual calibration, and the solid blue line after applying the 
average calibration. deg/s indicates degrees/s; and SPV, slow phase velocity.

Table 1. The Spearman Correlation Between the SPV Values Measured by the EyePhone and the VOG Goggles

Variable

No calibration Individual calibration Average calibration

Estimate 95% CI Estimate 95% CI Estimate 95% CI

Horizontal SPV correlation 0.98 0.97–0.99 1.00 0.99–1.00 0.98 0.97–0.99

Horizontal linear slope 0.49 0.45–0.53 0.78 0.71–0.85 0.79 0.73–0.86

Vertical SPV correlation 0.94 0.92–0.96 0.93 0.91–0.95 0.95 0.93–0.97

Vertical linear slope 0.26 0.21–0.3 0.39 0.29–0.5 0.47 0.4–0.55

Each estimate is calculated by averaging all the individual correlations between EyePhone and VOG. SPV indicates slow phase velocity; and VOG, video 
oculography.
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the EyePhone and VOG measurements increases in 
higher velocities. While this is an important caveat 
that needs to be addressed, one has to consider that 
EyePhone’s performance in detecting the presence 
(rather than the velocity) of vertical nystagmus is what 
eventually helps in diagnosing strokes. Moreover, the 
presence of horizontal gaze–evoked nystagmus is 
more valuable in diagnosing vestibular strokes.6

To evaluate data in a more clinically relevant context, 
we measured the Eyephone’s nystagmus detection 

capabilities while using the VOG goggles as a stan-
dard reference with a 2 degrees/s cutoff point for pres-
ence of the nystagmus. We chose this cutoff point as 
nystagmus slower than 2 degrees/s has a low clinical 
diagnostic yield and usually is not clinically detectable 
by the naked eye. This distinction yields a bigger ROC 
AUC for the vertical component, since slow nystagmus 
trials that are hard to detect in the vertical component 
are now considered as no nystagmus in our refer-
ence measurement. The ROC AUC for the horizontal 

Figure 4. Strong correlation between the EyePhone and video oculography (VOG) 
recording velocity.
Dot plot of recorded velocities for different optokinetic stimulus velocities from 
2 degrees/s (deg/s) up to 12 deg/s for every individual. Every color depicts a unique 
participant, and every dot is the mean slow phase velocity (MSPV) for a given optokinetic 
stimulus velocity. The vertical axis corresponds to the velocities recorded by the 
EyePhone application, and the horizontal axis to the velocities recorded by the video 
oculography goggles (measured by the OtoSuite software). The left plot depicts the 
values for the horizontal optokinetic stimulus, and the right plot for the vertical. The black 
lines are the linear model fit to the data. MSPV indicates mean slow phase velocity; and 
OKN, optokinetic nystagmus.

Table 2. AUC Estimates for the Differentiating Nystagmus vs No Nystagmus When the Traces With No Induced Nystagmus 
Are Considered True Negative and Traces Where Participants Were Shown Optokinetic Stimulus Were Considered as True 
Positive

Variable

EyePhone VOG

No calibration Individual calibration Average calibration Self- calibration

Estimate 95% CI Estimate 95% CI Estimate 95% CI Estimate 95% CI

Horizontal AUC 0.95 0.90–0.98 0.91 0.85–0.97 0.95 0.90–0.98 1.00 0.99–1

Vertical AUC 0.79 0.73–0.84 0.67 0.59–0.78 0.77 0.71–0.82 0.99 0.97–1

AUC indicates area under the curve; and VOG, video oculography.
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component is, however, slightly lower due to, again, 
slow nystagmus trials that the EyePhone detects but 
are now considered as no nystagmus. Appropriate 
changes in horizontal thresholding or improved nystag-
mus detection algorithms should improve this perfor-
mance. To further elaborate, it is essential to consider 
interpersonal variabilities in response to an optokinetic 
stimulus.19 Since our slowest optokinetic strip moved 
at a 2 degrees/s velocity, it might have induced a nys-
tagmus slower than 2 degrees/s. Moreover, the angu-
lar velocity of the optokinetic stimulus depends on the 
distance from the screen, which explains slight vari-
ations of the induced nystagmus’ velocity due to the 
head movements. Therefore, as variations in slower 
velocities could result in a greater discrepancy than 
higher velocities, we excluded the velocities below 2 
degrees/s to minimize the effect of such variations.

In addition to a high performance in detecting the 
presence of nystagmus, the EyePhone application also 
showed a high correlation with the VOG goggles in es-
timating the velocity of horizontal and vertical nystag-
muses (Spearman correlation: horizontal, 0.98 [95% 
CI, 0.97–0.99]; vertical, 0.95 [95% CI, 0.93–0.97]). This 
is proof that the EyePhone application could be used 
beyond mere detection of nystagmus to quantify the 
SPV of the nystagmus accurately. Therefore, it can 
potentially aid in monitoring the treatment response 
in various conditions with nystagmus. Furthermore, 
changing the velocity of nystagmus in different eye po-
sitions could be a meaningful clinical sign, such as in 
vestibular neuritis, where nystagmus intensifies when 
looking to the affected side (ie, Alexander’s law), and 
the EyePhone application could aid clinicians in detect-
ing such changes.20

In addition to evaluating the nystagmus, the data 
from this study provide much needed information re-
garding the calibration process of our application. While 
in our previous study we emphasized the need for a 
calibration process to improve the accuracy of the ap-
plication, we needed further data to determine whether 
we needed to calibrate the application for every indi-
vidual separately or if we could use an average cali-
bration for everyone.21 The analysis of the current data 
confirms our previous findings that the calibration sig-
nificantly improves the accuracy of the EyePhone ap-
plication (Table  1, Table  S2). However, the post hoc 

analysis shows no significant difference between indi-
vidual calibration compared with the average calibration. 
Therefore, by using an average calibration, we would be 
able to improve the accuracy of the EyePhone’s output 
without having to perform a separate calibration pro-
cess for every individual.

Nonetheless, the current calibration method has 
room for improvement, especially in slower nystagmus 
SPVs, as it occasionally mistakes slower velocities with 
noise. This accounts for observed decrements in hor-
izontal and vertical AUCs (Table 2). However, average 
calibration is more robust against this error than indi-
vidual calibration, making it more desirable for routine 
use.

Limitations of the Study
Our study was limited by a small sample size and en-
rolling only healthy volunteers. We used a laptop screen 
for displaying the optokinetic stimuli inducing a foveal 
motion, which is less potent than a full visual field mo-
tion. Moreover, in this study, we evaluated the nystag-
mus in 4 major directions; however, we did not include 
torsional (or multidirectional) nystagmus. Furthermore, 
we could not record the eye movements simultane-
ously with the EyePhone and the VOG goggles, as 
placing goggles on the face can increase the noise in 
EyePhone recording. While this would not be an im-
portant issue in higher nystagmus velocities, in slower 
velocities (<2 degrees/s) even the slightest changes 
in head position and the visual system’s response to 
the optokinetic stimuli could potentially result in greater 
variation ratio between the consecutive recordings.

While there is a high correlation between EyePhone 
and VOG measurements, EyePhone’s performance in 
detecting vertical SPVs needs further improvement to 
meet the clinical standards set by VOG. Furthermore, 
we conducted our research in a controlled environ-
ment, inducing nystagmus by a strong stimulus known 
to elicit strong, regularly shaped nystagmus, and then 
we assessed the presence or absence of the same 
induced nystagmus by using 2 devices (EyePhone 
versus VOG), which explains the high calculated AUC 
for nystagmus detection. However, it would be reason-
able to expect these values to decrease when record-
ing patients with pathological nystagmus. Finally, it is 

Table 3. AUC Estimates for the Clinically Relevant Detection of Nystagmus by the EyePhone When VOG Traces With a 
Nystagmus of at Least 2 Degrees/s Are Considered as Clinical True Positive, and the Rest as Clinical True Negative.

Variable

No calibration Individual calibration Average calibration

Estimate 95% CI Estimate 95% CI Estimate 95% CI

Horizontal AUC 0.87 0.83–0.91 0.86 0.80–0.91 0.87 0.82–0.91

Vertical AUC 0.87 0.83–0.91 0.86 0.81–0.91 0.88 0.82–0.92

AUC, indicates area under the curve; and VOG, video oculography.
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imperative to mention that this study never intended 
to evaluate EyePhone as a replacement for VOG, but 
rather as an alternative method in poor- resource set-
tings to improve access to care.

CONCLUSIONS
The results of this study indicate that the EyePhone 
application can be used to accurately identify OKN of 
different velocities and directions and to quantify their 
velocity.
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