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Objective. Patient-reported outcomes (PROs) can provide critical information concerning the impact of a disease
on an individual. Mobile technology to collect PRO data in an electronic format (ePRO) allows for frequent assessment
in the person’s regular environment. The goal of this study was to assess the compliance with a phone application (app)
and validate ePRO information in individuals with systemic lupus erythematosus (SLE).

Methods. A smartphone app that collects ePRO data from various clinical instruments was developed. Information
was collected by both an ePRO and a paper-administered instrument as part of a multicenter randomized interven-
tional clinical trial of patients meeting American College of Rheumatology (ACR) criteria for the classification of SLE.
To determine agreement between PRO information collected in the different formats, intraclass correlation coefficients
(ICCs), paired Student’s t tests, and Bland–Altman plots were evaluated. Compliance and Cronbach’s alpha were also
assessed as a measure of survey reliability.

Results. For the 62 subjects from diverse ancestral backgrounds, compliance with ePRO completion was high
(more than 75%). Cronbach alpha values for PROs indicated moderate to high survey reliability. The vast majority
(73.4%) of ICC values were indicative of good to excellent reliability between measurement methods. Bland–Altman
plots verified method agreement, and 87% of pairwise t tests yielded an insignificant difference between information
collected with the different administration methods.

Conclusion. The excellent compliance and the high level of consistency between data collected by paper and that
collected by electronic methods indicate that the app provides a reliable means of cataloging real-time changes in
PROs in SLE patients.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoim-
mune disease characterized by diverse manifestations and clinical
heterogeneity (1). Patients with active SLE experience a range of
clinical manifestations, and lupus is often complicated by flares
of varying severity, followed by periods of clinical quiescence (2).
Even during times of lesser inflammatory activity, lupus patients
frequently experience varying levels of symptoms such as daily
fluctuations in fatigue or pain (1). Consequently, individuals living
with SLE face a lifetime of symptomatic burdens, including
fatigue, pain, sleep disturbance, and neuropsychiatric manifesta-
tions, that impair their ability to carry out normal daily activities

and contribute to a reduction in health-related quality of life

(HRQoL) (3). The detrimental impacts of SLE on HRQoL are often

undervalued in physician assessments of disease activity and

damage, causing frequent discordance between physicians’ and

SLE patients’ estimations of disease burden (4). As a result,

patient-reported outcomes (PROs) in general consist of struc-

tured feedback directly from patients regarding their symptoms,

which can be used to supplement other more standard clinical

measures such as the physician-reported SLE Disease Activity

Index (SLEDAI) (5). PRO instruments capture critical information

uniquely known to the patient, such as fatigue, pain, memory loss,

emotional well-being, and anxiety level, and have been shown to
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provide insight regarding treatment effectiveness and mortality

prediction in SLE patients (6). Both disease agnostic HRQoL tools

(such as the Medical Outcomes Short Form 36 [SF-36]) and SLE-

specific PRO instruments (such as the LupusPRO questionnaire)

(7) have been developed to evaluate the impact of disease on an

individual patient.
One issue with current instruments is that PROs are often

recorded intermittently, typically during an in-person clinic visit, and
require patients to recall a period of several weeks or months. Conse-
quently, important PRO information may not always be accurate or
representative of the complete recall period. Administration of paper-
and-pencil questionnaires require data to be collected, recorded,
and computerized manually, which limits the ability to perform timely
analysis and may lead to secondary data entry errors (8,9).

Clinically focused mobile health applications (apps) have
been developed previously that use ePRO surveys to monitor
other inflammatory diseases such as rheumatoid arthritis and
report high (79%) median patient adherence (10,11). We have
developed a custom-designed smartphone app for the purpose
of dense PRO monitoring to facilitate the analysis of real-time
trends in SLE patient self-assessment. The current report
includes a relatively long-duration follow-up (6 months) of SLE
patients to assess the utility of our app in the remote symptom
reporting of various PRO instruments. This study sought to evalu-
ate patient compliance with mobile app PRO completion and
determine the variability and/or equivalency of measurements
derived from digital measures compared with traditional paper
PROs. Taken together, these analyses demonstrate that PRO
data collected via the mobile app are reliable and suggest that this
information can be used within the context of a clinical trial or in
clinical practice as a means to catalog real-time changes in dis-
ease status and support timely therapeutic interventions.

MATERIALS AND METHODS

PROmeasurement tools. Participants were instructed to
use a 100-mm visual analog scale (VAS) daily with the app and at
every site visit to measure patient global assessment (PtGA),
fatigue (Fatigue), and pain (Pain). VASs allow continuous scaling
of disease severity, directly grounded in clinical observation at
the time of scoring (12).

Subjects were prompted to report the duration of morning
stiffness each day by noon via smartphone and at clinic visits on
paper. Although this is not a standard PROmeasure, the morning
stiffness ePRO was created for this trial because morning symp-
toms are typical of an inflammatory disease and are improved by
RAYOS (Horizon Pharma) in rheumatoid arthritis (13). On week-
days and during clinic visits, patients completed the following
fatigue assessments: the Fatigue Severity Scale (FSS; 9 ques-
tions) (14) and the Functional Assessment of Chronic Illness
Therapy-Fatigue Scale (FACIT-F Version 4; 13 questions) (15).
The SF-36 (36 questions; 8 scored domains) (16), the Patient
Reported Outcome Measurement Information System (PROMIS-
29 Profile Version 1.0; 29 questions; 7 scored domains) (17),
and the LupusPRO (Version 1.8) survey (49 questions; 12 scored
domains; 2 constructs) (7) were also completed once a week and
on paper during in-clinic visits to evaluate effect of disease burden
on quality of life. The Systemic Lupus Activity Questionnaire
(SLAQ) (5), which is not a PRO but rather a personal assessment
of SLE disease activity, was also completed weekly via the app
and at clinic visits on paper. For FACIT-F, SF-36, and LupusPRO,
higher scores indicate better health; for PtGA, Fatigue, Pain,
Morning Stiffness, FSS, and SLAQ, higher scores indicate a neg-
ative impact on health.

eLuPRO development. The eLuPRO mobile device app
was designed with input from both physician and patient focus
groups. The mobile PRO app (hereafter referred to as “eLuPRO”)
was prepared in JavaScript for use on the android platform. The
eLuPRO app was mounted on a Galaxy S7 smartphone
(Samsung Electronics), which was provided to each subject for
the duration of the study with entries uploaded daily to a secure
database. The app data were stored in an independent database
contained on a Health Insurance Portability and Accountability Act
(HIPAA)-compliant secure cloud-based server. The app was cre-
ated with content from the validated PRO instruments described
subsequently. The individual PRO instruments were reproduced
in English identically for the app except that the wording of several
PRO instruments (FSS, FACIT-F, SF-36, LupusPRO Version 1.8,
and SLAQ) was modified during eLuPRO development to
account for the revised recall periods used for this study (ie, “the
past 24 hours or the past week”). Questions using the VAS were
oriented in landscape when displayed on the phone such that
the scale was 100 mm in length as per the standard paper ver-
sion. For every survey, one question was asked per screen, and
a green check mark appeared on the eLuPRO home screen once
a PRO was completed. Patients were instructed to bring the
smartphone to all activities, including walks, errands, and trips.
Daily reminders were set on the smartphone and via a paired
Samsung Gear S2 Smartwatch to prompt PRO data entry. The
reminder for the morning stiffness questionnaire was sent daily
at noon; however, all other PROs were completed in the evening
to capture the full day’s variations. Patients were able to

SIGNIFICANCE & INNOVATIONS
• The development of mobile technology for dense

electronic patient-reported outcome (PRO) data col-
lection allows for routine assessment of systemic
lupus erythematosus in real time and in the
patient’s regular environment.

• High compliance with phone application usage and
consistency between reporting methods offers
immediate access to reliable PRO information.
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customize the exact time at which they were reminded to com-
plete evening surveys.

Study design. The eLuPRO app was evaluated as part of
an exploratory study conducted within the completed phase
4 RIFLE trial (RAYOS Inhibits Fatigue in Lupus Erthymatosus;
www.ClinicalTrials.gov identifier NCT03098823), which was a
multicenter, randomized, double-blind, double dummy crossover
study comparing the effect of delayed release prednisone
(RAYOS) on fatigue in SLE with the effect of immediate-release
(IR) prednisone on fatigue in SLE. This study recruited 62 SLE
patients aged 18 years or older between September 12, 2017,
and May 28, 2019. Participants were required to meet SLE classi-
fication criteria defined by either the American College of Rheu-
matology (ACR) or the Systemic Lupus International
Collaborating Clinics Classification (SLICC), to have increased
fatigue as assessed by a FACIT-F score of less than 25, and to
be on a stable regimen of IR prednisone before screening. All
patients were either English-speaking or had a caregiver who

spoke English. During the 26-week trial, participants were
instructed to use the custom-built mobile app eLuPRO to com-
plete PRO surveys daily, weekly, or 5 days a week according to
a provided PRO schedule. eLuPRO tracking additionally included
a 14-day lead-in period to establish baseline disease activity and
confirm eHealth literacy. Patients unable to use the eLuPRO app
during baseline were removed. In-clinic visits occurred at two
baseline visits and monthly for the duration of the study, during
which patients completed both paper and eLuPRO versions of
all PRO instruments separated by a distraction (participants were
given lunch). Paper responses were manually entered into an
electronic database, and data were securely stored in the study
electronic data collection system (iMedNet), whereas PRO
responses were entered into a database via the smartphone daily.
The study was approved by the Institutional Review Board (IRB) at
each clinical site, and patients agreed to participate by signing an
IRB-approved informed consent form.

Health literacy was assessed using a validated 3-item mea-
sure developed by Chew et al (18). For our analyses, participants

Table 1. Demographic details of enrolled study participants

Demographics and other characteristics Count Mean

Sex Female (enrolled/completed) 57/41 N/A
Male (enrolled/completed) 5/5

Age at baseline, y 20-29 7 45.7
30-39 13
40-49 20
50-59 13
60-69 8
70-89 1

Ethnicity Hispanic 11 N/A
Non-Hispanic 51

Race American Indian/Alaska native 0 N/A
Native Hawaiian/Pacific Islander 0

Asian 3
Black or African ancestry 18

White 37
Mixed race or other 4

Education in years 12 (H.S.) 8 15.6
13-16 (college) 35

17-20 (post-graduate) 21
Health literacy Response
Question 1: “How often do you have problems learning about your
medical condition because of difficulty understanding written
information?”

Always 0 N/A
Usually 0

Sometimes 4
Rarely* 8
Never* 50

Question 2: “How often do you have someone like a family
member, friend, hospital or clinic worker, or caregiver help you
read health plan materials, such as written information about
your health or care you are offered?”

Always 0 N/A
Usually 1

Sometimes 4
Rarely* 7
Never* 50

Question 3: “How confident are you filling out medical forms by
yourself?”

Not at all 0
A little bit 1
Somewhat 1
Quite a bit* 6
Extremely* 54

Abbreviations: H.S., high school; N/A, not applicable.
* Response indicates adequate health literacy.
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who responded “sometimes,” “usually,” or “always” for ques-
tions 1 or 2, or “somewhat,” “a little bit,” or “not at all” to question
3, were classified as having limited health literacy, as described in
Katz et al (19).

Statistical analysis

Compliance. Compliance (completing PROs according to
the survey schedule) for all surveys was computed by express-
ing the number of PROs completed on the specified days as a
percentage of how many should have been completed given
the subjects’ enrollment and completion/withdrawal date. A
Friedman’s analysis of variance (ANOVA) test was employed to
evaluate significant differences in the mean rank of compliance
across surveys. Application of the Wilcoxon signed rank test
additionally evaluated pairwise significance using the Bonferroni
P value adjustment. Compliance of patients who completed the
trial was also assessed weekly to determine whether app use
fluctuated over time.

Cronbach alpha. For multiquestion PRO tools, Cronbach
alpha coefficients were computed as a measure of intersurvey
reliability. Alpha coefficients for each PRO tool were calculated
separately for the paper and electronic modes using all available
data between baseline and trial completion. Results for paper
and ePROs were tabulated and compared with previously pub-
lished Cronbach coefficients for each PRO instrument in order to
assess similarity. No direct statistical comparisons of coefficients
were made between measurement methods; however, we exam-
ined these values to assess whether using eLuPRO distorted the
internal consistency of the PROs.

eLuPRO and paper PRO comparability. To assess the
equivalence between administration methods, we used data
from the 8 clinic visits for which same-day electronic and paper
PRO responses were recorded. Domains for each measure-
ment tool were assessed independently, and all comparisons
were performed on a by-visit basis as well as were summarized
on an overall, combined-visit basis. The strength of association
was tested using multiple statistical approaches, including pair-
wise Student’s t tests, intraclass correlation coefficients (ICCs),
Pearson’s correlation coefficients, and Bland–Altman plots dis-
playing agreement and bias. Pairwise Student’s t tests were
performed to examine whether there was a statistically signifi-
cant difference between the mean score of the two administra-
tion methods. Level of agreement was evaluated statistically by
ICCs, with the absolute agreement denoted at each of the
8 study visits (20). Box-plots were produced to compare the
distribution of PRO scores. Scatterplots with a fitted least
squares regression line were created, and Pearson’s correla-
tion coefficients were calculated to evaluate the linear relation-
ship between paper-based and mobile-app–based PRO

Figure 1. Patient compliance with application (app)-based electronic
patient-reported outcome (ePRO) completion. A, Boxplots showing
the compliance summary according to the survey schedule. Each point
represents the compliance of one of the 62 patients. Asterisks (*) indi-
cate a significant (P < 0.05) difference between surveys according to
a Wilcoxon signed rank test with a Bonferroni P value adjustment. B,
Each bar represents a group of subjects based on self-reported ances-
try. Differences in the mean rank of compliance across ancestries were
insignificant for each survey type (Kruskal-Wallis analysis of variance;
P > 0.05). C, Mean compliance is detailed weekly for each question-
naire during the 24-week trial and 2 weeks of baseline measures. For
each ePRO, P values from a Wilcoxon signed rank test compare com-
pliance between the 2-week baseline and weeks 23-24.
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Table 2. Cronbach alpha coefficients for ePROs and paper PROs

Survey Target concept

Cronbach alpha

ePRO Paper PRO Literature review

FSS Fatigue 0.96 0.96 0.95 (ref. 20)
FACIT-F Fatigue 0.93 0.88 0.88 (ref. 21)
SF-36 Bodily Pain 0.86 0.87 0.88 (ref. 21)

General Health 0.74 0.73 0.70 (ref. 21)
Mental Health 0.87 0.85 0.46 (ref. 21)
Physical Functioning 0.91 0.91 0.94 (ref. 21)
Role Emotion 0.94 0.90 0.86 (ref. 21)
Role Physical 0.91 0.88 0.92 (ref. 21)
Social Functioning 0.89 0.84 0.27 (ref. 21)
Vitality 0.79 0.77 0.70 (ref. 21)

PROMIS-29 Anxiety 0.93 0.93 0.92 (ref. 22)
Depression 0.91 0.92 0.94 (ref. 22)
Fatigue 0.91 0.92 0.95 (ref. 22)
Pain Interference 0.95 0.96 0.97(ref. 22)
Physical Function 0.91 0.90 0.92 (ref. 22)
Social Satisfaction 0.95 0.95 0.97 (ref. 22)

SLAQ SLE Disease Activity 0.88 0.88 0.87 (ref. 23)
LupusPRO HRQOL 0.95 0.95 0.96 (ref. 21)

Non-HRQOL 0.73 0.73 0.81 (ref. 21)

Abbreviations: ePRO, electronic patient-reported outcome; FACIT-F, Functional Assessment of Chronic Illness Therapy-Fatigue Scale; FSS,
Fatigue Severity Scale; HRQOL, health-related quality of life; PRO, patient-reported outcome; PROMIS-29, Patient Reported OutcomeMeasure-
ment Information System; SF-36, Medical Outcomes Short Form 36; SLAQ, Systemic Lupus Activity Questionnaire.
Breakdown of the internal consistency of all multiquestion PRO tools quantified by Cronbach alpha coefficients. Cronbach alpha coefficients
range from 0 to 1, with higher values indicating greater reliability in measuring the targeted concept (column 2, “Target concept”) of every ques-
tionnaire. Alpha coefficients from this study were comparable to those of previously reported coefficients for each survey from a comprehen-
sive literature review.

Figure 2. Assessment of electronic patient-reported outcome (ePRO) versus paper PRO administration methods. A, Heatmap displays paired Stu-
dent’s t test computations for the indicated timepoints. Computations were made between either domain scores (red text for Medical Outcomes Short
Form 36 [SF-36], blue text for Patient Reported OutcomeMeasurement Information System [PROMIS-29]), construct scores (green text for LupusPRO),
or global scores (black text). Insignificant (P > 0.05) and significant (P < 0.05) differences between electronic and paper scores reported on the same day
are indicated by color.B, Coefficients of determination (R2) are reported for each survey at each site visit indicated. HighR2 values (blue) indicate a strong
linear relationship between administration methods, whereas low R2 values (yellow) suggest more scatter. C, Intraclass correlation coefficients (ICCs)
were computed to assess reliability between measurement methods. All ICCs were statistically significant (P < 0.001). VAS, visual analog scale.
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scores. Agreement and bias between collection methods were
shown graphically by Bland–Altman plots, which plot the score
difference (electronic minus paper) against the mean paper and
electronic score for each individual (21). The Bland–Altman

plots include horizontal reference lines for the mean of the dif-
ference in the modes, the mean plus and minus twice the stan-
dard deviation for 95% limits of agreement, and a zero-
reference line (21).

Figure 4. Correlation between collection methods. Scatter plots showing the correlation between scores recorded by both collection methods. Pear-
son coefficients (R2) are shown in each plot. For multidomain patient-reported outcomes (PROs) (Medical Outcomes Short Form 36 [SF-36], Patient
Reported Outcome Measurement Information System [PROMIS-29], LuPRO), each point indicates an individual domain score for a particular patient.

Figure 3. Distribution of electronic patient-reported outcome (ePRO) and paper PRO results for each survey. Boxplots showing the distribution
andmean scores (blue text) for the indicated instrument. For multidomain PROs (Medical Outcomes Short Form 36 [SF-36], Patient Reported Out-
come Measurement Information System [PROMIS-29], LuPRO), each point indicates an individual domain score for a particular patient.
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RESULTS

Data collection. PRO data were collected from the 62 SLE
patients enrolled in the study from 21 sites across the
United States (www.ClinicalTrials.gov identifier NCT03098823).
A total of 46 subjects completed the entire 6-month study. Of
the 16 subjects withdrawn, 11 did so within the first 3 months of
the trial. Over the duration of the study, 58,173 PROs were col-
lected through the eLuPRO app, along with 4,374 paper surveys
from all clinic visits. This included 263 instances in which paper
and eLuPRO versions were completed at the clinic site separated
by a distraction (usually lunch), according to protocol.

Patient demographics. Enrolled subjects included
57 females (91.9%) and 5 males (8.1%) from diverse self-reported
ancestral backgrounds, as detailed in Table 1. The subject popu-
lation had a mean age of 45.7 years and had attained an average
of 15.6 years of education where 16 years represents an individ-
ual who completed a 4-year college degree. Based on the
responses to three validated health literacy questions (18),
patients were adequately health literate, with 93.5% (58/62) of
patients “rarely” or “never” experiencing problems learning about
their condition because of difficulty understanding the informa-
tion, 91.9% (57/62) of patients “rarely” or “never” receiving assis-
tance reading health plan materials, and 97% (60/62) of patients

being “extremely” or “quite a bit” confident in filling out medical
forms without further assistance.

Overall and longitudinal patterns of patient compli-
ance. Aggregate patient compliance was determined as the

extent to which the ePRO requirements were fulfilled (ie, surveys

were completed on time via eLuPRO). Mean compliance for

mobile-app–based PRO completion was high for all surveys (more

than 75.4%), with 75% of patients being at least 64.0% compliant

with each measurement tool (Figure 1A). Mean rank of compliance

across all study instruments was found to be statistically significant

(Friedman’s ANOVA; P = 0.0071) with significant differences also

determined between individual instruments, such as FACIT-F and

PROMIS-29 (Wilcoxon signed rank test, P < 0.05). Compliance

varied slightly across ancestries; however, the difference between

the mean ranks across ancestries was not significant (P > 0.05)

(Figure 1B). The weekday surveys yielded the highest mean com-

pliance when they included the FSS (80.2%) and FACIT-F

(80.1%). Mean subject compliance for all ePRO surveys peaked

at week 1 (89.4%), declining to 71.7% by week 24 (Figure 1C).

Notably, the decline was significant for all but the two longest ques-

tionnaires (SF-36, LupusPRO). Nevertheless, mean compliance by

week for all surveys remained high through trial progression (more

than 60%), verifying the utility of mobile-app–based PRO reporting.

Figure 5. Bland–Altman plots to assess agreement between collection methods. The difference between electronic patient-reported outcome
[ePRO] score and the paper PRO score (ePRO – paper PRO) and the average of the patient global assessment (PtGA) scores (ePRO score
+ paper PRO score divided by 2) are represented on the y-axis and the x-axis, respectively. The red lines represent the 95% confidence interval;
the mean difference is in red text. For multidomain PROs (Medical Outcomes Short Form 36 [SF-36], Patient Reported Outcome Measurement
Information System [PROMIS-29], LuPRO), each point indicates an individual domain score for a particular patient.
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Determination of internal consistency. To evaluate
the robustness of instrument consistency and survey reliability,
Cronbach alpha coefficients were calculated for each multiques-
tion PRO. Cronbach alpha coefficient computations used all avail-
able PRO data, including the 58,173 ePROs and the 4,374 paper
PROs. PRO coefficients collected via eLuPRO and the corre-
sponding paper versions ranged from 0.73 to 0.96, suggesting
that both measurement methods yielded moderate to high inter-
survey reliability in measuring targeted concepts (Table 2). In

addition, mobile-app–based PRO and paper PRO alpha coeffi-
cients were comparable and, in a few cases, greater than out-
comes previously reported in the literature (Table 2) (22–25). This
was particularly noted for the SF-36, for which alpha coefficients
for the mental health and social functioning domains were greater
than 0.84, whereas the literature reported outcomes were 0.27
and 0.46 for social functioning and mental health, respectively
(23). Furthermore, alpha coefficients between the electronic and
paper administration methods were highly similar (absolute

Figure 6. Agreement between collection methods for the Functional Assessment of Chronic Illness Therapy-Fatigue Scale (FACIT-F) survey at
selected timepoints. A, Boxplots showing the distribution and mean scores (blue text) for each administration method at baseline and at months
1, 3, and 6. B, Scatter plots showing the correlation between scores recorded by both collection methods. Pearson coefficients (R2) are shown
in each plot. C, Bland-Atman plots were used to assess the agreement between each collection method. The difference between the electronic
patient-reported outcome (ePRO) score and the paper PRO score (ePRO – paper PRO score) and the average (ePRO score + paper PRO score
divided by 2) of the FACIT-F scores are represented on the y-axis and the x-axis, respectively. The red lines represent the 95% confidence interval;
the mean difference is in red text.
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differences of less than 0.06), indicating that the within-survey
question consistency is not lost with the use of the eLuPRO app.

Phone-app–based patient assessment is compara-
ble to paper administration methods. We next sought to
determine whether patient assessment data collected using the
eLuPRO app was similar to data collected using traditional paper
methods. Pairwise Student’s t tests calculated at the monthly
clinic visits for every PRO survey suggested insignificant differ-
ences (P > 0.05) between the app and paper-derived data in
167 of the 192 comparisons, representing 87% of all computa-
tions (Figure 2A; five representative time points are shown). Coef-
ficients of determination (R2) were computed at each clinic visit for
every survey in order to measure the strength of the linear relation-
ship between pairwise mobile-app–based PRO and paper PRO
scores reported on the same day. Correlation coefficients ranged
from 0.24 to 0.97 (Figure 2B), and 86.5% of the 192 coefficients
computed indicated a strong relationship between modes
(r > 0.70; R2 > 0.49).

To further assess agreement between survey collection
methods, 192 ICCs were calculated for each survey at each clinic
visit (Figure 2C). Of the ICCs computed, 47 were indicative of
moderate (0.5-0.75), 77 of good (0.75-0.9), and 64 of excellent
(more than 0.90) reliability between measurement methods. All
ICCs computed were significant (P < 0.001) and ranged from
0.47 to 0.99 with a median ICC of 0.85. Each survey exhibited a
different level of variability in ICC values amid each of the 8 site
visits, of which 5 are shown. The heatmap in Figure 2C reveals
that Likert-scale PRO surveys appear more reliable between elec-
tronic and paper administration than the single-question VAS sur-
veys (PtGA, Fatigue, Pain). The SLAQ survey emerged as the
most reliable between methods, yielding ICC values above 0.9 at
each site visit.

Boxplots confirm the similarity between the distribution of
scores and mean responses for each administration method
(Figure 3). Additionally, scatterplots were created for each survey
to visualize the correlation between PRO collection methods
(Figure 4). The SLAQ patient estimate of disease activity and
LupusPRO survey displayed the strongest overall combined-visit
correlation of all measurement tools with Pearson’s coefficients
of r = 0.93 and r = 0.89, respectively (Figure 4).

Lastly, Bland–Altman plots assessed agreement between
instrument implementation (electric vs. paper) by combining all
pairwise data points (Figure 5). Average differences (biases)
between measurement methods as well as confidence interval
widths varied at each visit, with some visits having minor positive
or negative biases for each PRO. Bland–Altman plots combining
all time points revealed slight positive bias between electronic and
paper methods in four PROs (PtGA, FACIT-F, SF-36, and Lupu-
sPRO; electronic scores were higher) and slight negative bias in
six PROs (Fatigue, Pain, Morning Stiffness, FSS, PROMIS-29,
and SLAQ; paper scores were higher). Nevertheless, the zero line

was always contained within the limits of agreement in all the
by-visit and combined-visit Bland–Altman plots created; therefore,
there is no evidence to suggest a significant, systematic difference
between administration methods. No biases surpassed the
minimum clinically important difference for each PRO survey,
supporting a high level of agreement between electronic and
paper-reported scores. Figure 6 provides the by-visit boxplots,
scatterplots, and Bland–Altman plots generated to compare the
ePRO and paper PRO scores for the FACIT-F survey.

DISCUSSION

SLE is a clinically heterogenous autoimmune disease with a
wide array of symptoms that negatively impact an individual’s
quality of life. The electronic capture of clinical trial source data,
including PRO endpoints, is increasingly used to assess the
impact of medical treatment or intervention. In general, PROs
assess a range of outcomes, including symptoms, functional
health and well-being, and psychological issues, to provide a
holistic view of daily disease burden from the patient’s perspec-
tive (3). PRO questionnaires have been used extensively in clinical
trials to supplement clinical measures and provide clinicians with
more information that may aid in decision-making regarding treat-
ments. For example, changes in PRO outcomes from the RIFLE
trial (www.ClinicalTrials.gov identifier NCT03098823) showed that
treating rheumatoid arthritis patients with upadacitinib can lead to
clinically significant relief from symptoms (26).

Mobile-app–based PRO data collection in clinical trials offers
many advantages over traditional paper-based methods: they are
not location dependent, they can be conducted in an unsuper-
vised manner, and, most importantly, they allow for accurate
and real-time reporting of symptoms. Many other SLE-specific
patient-centered apps, such as LupusTracker PRO (ToTheHand,
LLC) and My Lupus Log (GlaxoSmithKline), have been developed
in order to empower patients in the daily management of their dis-
ease and/or in order to reduce the communication gap between
SLE patients and their providers (27). In addition, ePRO apps
have been developed for other inflammatory diseases, including
rheumatoid arthritis. Whereas these and other studies demon-
strate app compliance, few, if any, provide validation analyses
(ie, the app successfully measures the domain of interest). Here,
the eLuPRO phone-based app was developed for a phase 4 clin-
ical trial in order to examine real-time changes in multiple different
PRO instruments during a period of therapeutic intervention. In
addition to evaluation by PROs, the inclusion of SLAQ for the per-
sonal assessment of disease activity within the eLuPRO frame-
work provides an additional tool for patients to judge the benefit
of care received. It should be noted that RIFLE was biased toward
subjects experiencing increased fatigue (FACIT-F score of more
than 25), which may decrease its application to the greater lupus
population. Nonetheless, our results indicate that eLuPRO was
both functional and widely used by patients throughout the trial,
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with several subjects continuing to use the eLuPRO tools beyond
their enrollment in the trial. Our double baseline approach was
useful in that it provided a period of app training and it allowed
us to collect multiple data points before initiation of the
intervention.

Patient demographics reveal a diverse range of ancestral
backgrounds, with over half of enrolled subjects of non-European
descent. This is important given that certain ancestral groups
experience the disease more severely, such as those of African
ancestry, who account for 43% of all SLE subjects yet typically
represent a low proportion of trial participants (less than 14%)
(28–30). Overall compliance with app usage was high (more than
75%) for most surveys across demographics, particularly the
weekly FSS and FACIT-F surveys with 80% mean compliance,
demonstrating the utility of electronic patient-directed data
collection.

In order to validate the extensive PRO information collected
via eLuPRO, we sought to verify the equivalence of paper and
electronic administration methods for all surveys. There was
remarkable comparability with a significant difference in only
13% of comparisons using a Student’s t test to examine differ-
ences in mean scores between methods. Notably, the pain inten-
sity domain of the PROMIS-29 instrument was the only survey
that resulted in a consistently significant difference in method
score at the in-clinic visits yet ICCs and R2 values indicated excel-
lent agreement. One reason for the discrepancy in results is that
the t test does not consider patient bias (differences at the level
of individual patient), but rather it compares the mean score for
each administration method at each time point. Additionally,
multiquestion surveys in which one score is reported showed
greater correlation between paper and ePRO responses than that
of single-question instruments. ICC analysis further revealed that
reliability between administration methods was acceptable, and
oftentimes high, for all PROs at every in-clinic visit. Administration
agreement appears slightly lower in the VAS questions than in the
Likert-scaled surveys. Compared with instruments using a Likert
scale to obtain ordinal-level measurements, instruments using
the 100-mm VAS scale allow for the collection of measurements
with more variability. Although this produces more fine-grained
responses based on a line continuum, data obtained using VAS
are generally more variable because of the “unstructured” nature
of the scale; it is therefore not surprising that the VAS questions
performed less well. Nonetheless, the ICC values for the VAS
PROs show an increasing trend over the course of the trial, sug-
gesting that agreeability may improve as more surveys are taken.
All Bland–Altman plots showed points that were roughly scat-
tered evenly around the zero line, suggesting no consistent bias
between paper-based and mobile-app–based PRO scores.

Limitations of the study include its relatively small size, made
up for by the large number of PROs collected. In addition, the
study inadvertently collected data from patients with high medical
literacy in a structured academic setting; it is, therefore, uncertain

whether the app will work comparably in general practice with
patients of varying health literacy profiles (31). Although construct
validity had not been demonstrated at the time this study was car-
ried out, the acceptability of apps can now be assessedwith rating
scales, such as the Mobile Application Rating Scale (MARS) (32),
that could be useful to evaluate the app more fully. However,
patient feedback indicated frustration with the redundant
nature of the selected PRO instruments, manifesting as “app
fatigue” and likely contributing to declining compliance over time.
Although there was some manifestation of app fatigue in this trial,
in the future this might be mitigated by rewards, simplification, or
providing patient access to their personal data. Despite these
caveats, this study represents the first successful attempt to vali-
date a wide range of PRO information from lupus patients with a
mobile app. We found that collecting data via phone app is both
feasible and valid and is likely to detect changes related to treat-
ment and/or spontaneous fluctuations in disease. The collection
of dense PRO data permits analysis of real trends rather than inter-
mittent pools of information, allows for assessment in a patient’s
regular environment, and is resistant to obstructions in data quality
and blank entries. Importantly, the use of the eLuPRO app permits
real-time decision-making because data collection and entry into
the database are automatically reported daily. The data suggest
that PRO collection by app could replace that done in the clinic
by paper or electronic methodology. Future analyses will expand
on these current observations and will focus on identifying those
health domains that best correlate with clinical changes in disease
activity, reducing both redundancy and response burden.
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