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Introduction
Environmental allergies are extremely disruptive to the daily life of many globally. 
Nearly 15 million clinic visits, 3.5 million days of missed work, and $24.8 billion in 
direct costs are incurred annually due to allergic rhinitis in the United States 
alone.1,2 In treatment protocols, allergen avoidance is the primary clinical recom-
mendation; however, few interventions have been broadly effective.3

If patients and clinicians can better predict the risk of symptom flares, preven-
tative steps can be taken to mitigate downstream consequences. The heterogeneity 
of triggers and symptom patterns across individuals and geographies, however, has 
historically precluded collective learning and predictive efforts have been only 
modestly successful.4,5 Advances in machine learning and smartphone-based data 
collection can help clarify these relationships and provide personalized actionable 
intelligence.6

We launched a mobile research platform designed to gather real world subjec-
tive symptom data and objective sensor data, linked to select external datasets. 
Smartphone sensor data including physical activity (steps/day) and geolocation 
(linked to external ambient pollen data) were collected, and participants logged 
their allergy symptoms in an e-diary using the app (Figure 1). These data were used 
to develop and train a machine learning algorithm to predict the emergence and 
severity of symptoms related to allergic rhinitis.

Results
Participant Demographics
2012 participants were recruited from July to November 2018 across all 50 US 
states and the District of Columbia. The mean age of participants was 40.6 years 
(ranging from 18 to 68), and 68% were female. All participants provided their 
geolocation and physical activity data, and 809 (40.2%) tracked daily allergy 
symptoms in the app divided into low (n=328), medium (n=264), and high reporters 
(n=217) based on the number of days symptoms were tracked with a mean of 48.2 
and median of 16 tracked days. High reporters tracked at least 50 days, and 
furthermore, 108 (5.3%) entered at least 100 days of data and 22 (1.1%) submitted 
data for all 365 days.
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Allergic Symptoms and Disease Course
The most commonly reported symptoms in the participant 
population were “sneezing or runny nose” (27.2%) and 
‘watery eyes’ (15.3%); however, only 7.0% and 9.8% of 
the time were these reported as “severe.” In contrast, 
“headache” (9.5%) and “fatigue” (7.8%) were less com-
monly reported but were more often rated as “severe” 
13.3% and 15.0% of the time, respectively (p-value 
<2.2e-16 with regards to severe vs moderate).

While “pollen”, ‘dust mites’, and “cold air” were the 
most common triggers selected by patients, symptom 

severity associated with these antigens was modest: 90.3%, 
92.8%, and 91.4% of the time, symptoms were not reported 
as severe. In comparison, when “smoke or air pollution” or 
“infection (cold/flu)” were selected as suspected triggers, 
associated symptoms were more frequently severe (18.3% 
or 23.0% of cases, respectively) (p-value <2.2e-16).

We found that physical activity correlated with the 
severity of symptoms. A median number of steps/day 
were statistically significantly lower when symptoms 
were severe (2853 steps/day) compared to days when 
there were no symptoms (3927 steps/day), mild symptoms 

Figure 1 Smartphone-based collection allows for much richer data capture. Circular representation of a year of data (October 2018 to September 2019) from a single 
participant. The inner ring (1) shows daily step count as measured by the smartphone. The middle ring (2) shows the level of types of pollen on a normalized scale in their 
location for the year. The outer ring (3) quantifies symptom data and highlights the magnitude of longitudinal data that can be captured.
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(4089 steps/day) or moderate symptoms reported (4151 
steps/day). (p-value = 0.005)

Development of a Machine Learning 
Model to Predict Allergy Symptom 
Burden
Using the collected real world data, we built a machine 
learning model to predict the presence and severity of 
allergy symptoms (Figure 2). Input samples were randomly 
shuffled and split into training and test sets at a ratio of 80/20 
with stratification. Test samples were left out of all model 
training steps and only used for final parameter validation. 
Severity was graded on a scale of “none,” “mild,” “moder-
ate,” and “severe.” There were eight input (independent) 
variables including month, age, sex, body mass index 
(BMI), geographical location (based on the American 
Academy of Asthma, Allergy, and Immunology’s regional 
definitions),7 and pollen indices for trees, grasses, weeds.

Supervised classification methods were implemented to 
tackle the inherently skewed class distribution: Balanced 

Bagging, Random Forest with class weighting, Random 
Forest with bootstrap class weighting, Balanced Random 
Forest and Easy Ensemble. From these, Random Forest with 
class weighting was the (close) winner in predicting allergy 
occurrence with a 5-fold cross-validation balanced accuracy 
of 0.726 and weighted F1-score of 0.810. The accuracy, 
balanced accuracy, and weighted F1 score on the test set 
were 0.816, 0.730 and 0.816, respectively. After hyperpara-
meter fine-tuning, scores only marginally improved: on the 
test set accuracy and balanced accuracy were 0.801 and 0.733, 
respectively, the weighted F1-score stayed 0.816.

Discussion
In this study, we collected symptoms and risk factors asso-
ciated with environmental allergies via a novel mobile plat-
form in order to build a machine learning model that predicts 
symptom occurrence and severity. The smartphone-based, 
decentralized data platform provides a proof-of-principle for 
the feasibility of collecting high fidelity, multimodal real 
world data in a continuous and individualized way.

Figure 2 Collecting real world data symptom and sensor data on a smartphone which feeds into a machine learning model that can predict individual risk of allergy 
symptoms.
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The use of these multi-dimensional and patient-centric 
forms of data in predictive models is less common than the 
use of standardized health record data. While there have 
been a few related studies, our model is among the first to 
quantify, on a daily basis, user-specific allergy risk and 
severity level primarily based on mobile data. With 
a performance of 80% on our test data, our model illus-
trates the promise of mobile data providing improved 
predictive power in the service of clinical care.

While our study uses only real world patient data, 
which may be less “objective” than medical record or 
administrative claims data, the study data have substan-
tiated prior clinical knowledge of environmental allergies. 
The timing of symptoms is in accordance with what was 
previously known. In a Finnish study of allergic rhinitis, 
the morning was clearly the most troublesome time 
period.7 When participants were asked to select suspected 
triggers (based on participant understanding but no quan-
tified test results) there was appropriate seasonal variation 
when symptoms were related to pollen (spring through 
fall) or cold air (winter). Seasonal variation was (appro-
priately) not observed when the suspected trigger was pets. 
Well-designed digital user experiences can facilitate 
a higher quality of data entry.

Key findings from the models developed in this study 
add richness and granularity to the clinical understanding of 
the natural history of environmental allergies. For example, 
the onset of relatively less common symptoms, such as 
headache and fatigue, is more highly correlated with severe 
allergy flares than more common symptoms, such as runny 
nose or watery eyes. Similarly, the observation that exposure 
to smoke and/or air pollution can precipitate a more severe 
disease course—as opposed to pollen or dust—is new clini-
cally relevant information. Such distinctions allow for more 
individualized care, especially in the wake of rapidly chan-
ging environmental conditions. These findings will equip 

clinicians with the means to better risk-stratify their indivi-
dual patients and initiate preventive regimens ahead of an 
imminent and potentially debilitating flare. Over time this 
model could be integrated into a patient-facing app that 
provides real-time personalized recommendations with indi-
viduals’ data never leaving their phone. Such models could 
ensure privacy while supporting a federated learning 
approach (Figure 3).

There are a range of limitations of our study, starting 
with the fact that participants discovered the study through 
social media advertisements and self-enrolled without strict 
inclusion criteria requiring that they be diagnosed with any 
allergic condition. Another major limitation was that all 
suspected triggers were purely based on the patient’s sub-
jective experience and understanding rather than objective 
tests confirming allergic sensitizations. The objective data 
that we include were pollen measurements; however, these 
were limited to the granularity of a city and not at a more 
fine-grained resolution which might better approximate real 
world pollen burden. We hope in future studies to incorpo-
rate some of these features to build a better personalized 
allergy prediction model.

Conclusion
Machine learning models in healthcare tend to focus 
first on clinicians with decision support or administra-
tors with forecasting. To date, less emphasis has been 
placed on patient-facing care models. When such mod-
els are capable of identifying personalized predictors 
and offer a strategy for tailoring clinical care and pre-
vention, they will be integrated into care delivery. We 
demonstrate the feasibility of collecting multi-modal 
real world data through a mobile research platform in 
order to build a patient-facing predictive model for 
environmental allergies.

Figure 3 Planned future direction shows how risk prediction can be integrated into a tailored model for personalized recommendations.
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Methods (To Be Included in Online 
Repository)
Study Design
This study was a mobile-based observational study of 
individuals’ allergy symptoms and triggers over 1 year, 
from participants all across the United States. Interested 
participants who downloaded the research app on their 
smartphones were asked a series of questions to ensure 
they met the study’s inclusion criteria: (i) at least 18 
years old, (ii) be able to comprehend consent forms in 
English, (iii) lived in the US for the duration of the study 
(July 2018–September 2019) and (iv) had and could use 
a smartphone which supported the research app. There 
were no exclusions based on race, gender or ethnic 
background. Participants were recruited via multiple 
social media channels that coincided with the launch of 
the research app in August 2018. All study materials 
including but not limited to the protocol, informed con-
sent, and advertisements were approved by the Salus 
IRB (Ethics approval ID: DOC-001-2018). This study 
was conducted in accordance with The Declaration of 
Helsinki.

Data Collection
Upon successful self-enrollment via a written electronic con-
sent form, participants self-reported their allergy events with 
the corresponding date and time of day, symptoms, suspected 
trigger and severity level (mild, moderate, or severe). The 
questions chosen for allergy symptoms and suspected trig-
gers were created by two clinical experts who reviewed the 
medical literature on environmental allergy symptoms.

At the beginning and end of the study, participants were 
prompted to enter/update their location, physical activity, and 
demographic data. A proprietary neural network via a selfie 
photo was used to predict participant’s age, sex, height, and 
weight, followed by a manual correction if needed. 
Participants entered their location at the granular level of 
a city, which was a decision that balanced privacy with accu-
racy. Using the Google® City Application Program Interface 
(API) the midpoint of the city was identified and then used to 
collect pollen data at that location from Breezometer®. 
Participants imported their step count via Apple® HealthKit. 
All data were recorded directly on the doc.ai app, securely 
stored on a HIPAA compliant cloud provider.

Data Sharing Statement
The data that support the findings of this study are avail-
able from the corresponding author upon request.
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