JOURNAL OF MEDICAL INTERNET RESEARCH Memon et &

Original Paper

Lifestyle Disease Surveillance Using Population Search Behavior:
Feasibility Study

Shahan Ali Memon®, MSc; Saquib Razak?, PhD; Ingmar Weber®, PhD

1Language Technologies Institute, School of Computer Science, Carnegie Mellon University, Pittsburgh, PA, United States
2Carnegie Mellon University, Doha, Qatar
3social Computing Department, Qatar Computing Research Institute, Hamad Bin Khalifa University, Doha, Qatar

Corresponding Author:
Shahan Ali Memon, MSc
Language Technologies I nstitute
School of Computer Science
Carnegie Méellon University
5000 Forbes Avenue

Pittsburgh, PA, 15213

United States

Phone: 1 4123785380

Email: ssmemon@cs.cmu.edu

Abstract

Background: Asthe process of producing official health statistics for lifestyle diseasesis slow, researchers have explored using
Web search data as a proxy for lifestyle disease surveillance. Existing studies, however, are proneto at |east one of the following
issues: ad-hoc keyword selection, overfitting, insufficient predictive evaluation, lack of generalization, and failure to compare
against trivial baselines.

Objective: The aims of this study were to (1) employ a corrective approach improving previous methods; (2) study the key
limitationsin using Google Trends for lifestyle disease surveillance; and (3) test the generalizability of our methodology to other
countries beyond the United States.

Methods: For each of the target variables (diabetes, obesity, and exercise), prevalence rates were collected. After a rigorous
keyword selection process, data from Google Trends were collected. These data were denormalized to form spatio-temporal
indices. L1-regularized regression models were trained to predict prevalence rates from denormalized Google Trends indices.
Models were tested on a held-out set and compared against baselines from the literature as well as atrivial last year equals this
year baseline. A similar analysis was done using a multivariate spatio-temporal model where the previous year’s preval ence was
included as a covariate. This model was modified to create a time-lagged regression analysis framework. Finally, a hierarchical
time-lagged multivariate spatio-temporal model was created to account for subnational trends in the data. The model trained on
US datawas, then, applied in atransfer learning framework to Canada.

Results: Inthe US context, our proposed models beat the performances of the prior work, as well as the trivial baselines. In
terms of the mean absolute error (MAE), the best of our proposed models yields 24% improvement (0.72-0.55; P<.001) for
diabetes; 18% improvement (1.20-0.99; P=.001) for obesity, and 34% improvement (2.89-1.95; P<.001) for exercise. Our proposed
across-country transfer learning framework also shows promising results with an average Spearman and Pearson correlation of
0.70 for diabetes and 0.90 and 0.91 for obesity, respectively.

Conclusions: Although our proposed models beat the baselines, we find the modeling of lifestyle diseases to be a challenging
problem, one that requires an abundance of data as well as creative modeling strategies. In doing so, this study shows a
low-to-moderate validity of Google Trends in the context of lifestyle disease surveillance, even when applying novel corrective
approaches, including a proposed denormalization scheme. We envision qualitative analyses to be amore practical use of Google
Trends in the context of lifestyle disease surveillance. For the quantitative analyses, the highest utility of using Google Trendsis
inthe context of transfer learning where low-resource countries could benefit from high-resource countries by using proxy models.
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Introduction

Background and Prior Work

Public health surveillanceisthe systematic collection, analysis,
and interpretation of health-related data to be used by those
responsible for preventing and controlling disease and injury
[1]. One of the most common examples of public health
surveillance involves what is known as disease surveillance.
Disease surveillance is traditionally accomplished through a
system of manual surveys, or mandatory reporting by the doctors
to the government. However, such a system is costly, prone to
missing new and rare events, and has a high time lag. Hence,
in the past decade, there has been an increase in the use of
Web-based data for disease surveillance with the goal of
supplementing, not replacing, traditional methods.

One of the first applications of Web-based disease surveillance
wasthetracking of influenzausing Web-based search behavior.
A semina study on this was carried out by Ginsberg et a [2]
in the creation of Google Flu Trends (GFT). The purpose of
GFT was to monitor health-seeking behavior by analyzing
Google search queries to track influenza-like illness (IL1) in a
population. Although, the system shut down in 2015 for
overestimating the influenza epidemics [3], it started a whole
line of research using Google Trends to nowcast anything from
US presidentia elections [4], to fertility rates [5], stock prices
[6], box office sales[7], and other economic indicators[8]. But
morethan anything, it set aprecedent for using Web search data
for nowcasting and monitoring diseases[9].

Most of the work on disease surveillance focuses on fast-moving
infectious or communicabl e diseaseswherethe goal isto predict
the disease outbreak as early as possible [10]. In this domain,
previous work includes using data for predicting influenzain
South China[11], using Google Trendsto determine relationship
between sexually transmitted infection (STI)-related search
engine trends and STI rates [12], and the use of other search
engines such as Yahoo for surveillance of influenza in the
United States[13].

However, noncommunicable diseases (NCDs) or lifestyle
diseases, such as obesity, smoking, diabetes, depression, or lack
of physical activity, account for a far larger share of both the
USand global health care system’s cost. According to theWorld
Health Organization, lifestyle diseases are responsiblefor around
70% of al deathsglobally every year [14]. Inthe United States,
the economic burden of obesity-related diseasesaoneisaround
US $190 hillion [15]. This makes tracking of these diseases
important for timely all ocation of resources and implementation
of interventions such as taxation, policy changes, or public
health campaigns. However, the current traditional methods of
surveillance used in the United States are costly, labor-intensive,
and time-consuming. Intheinternational setting, most countries
do not even have such surveillance systems, and lack data and
statistics about population behavior and disease risk factors.
This has triggered researchers to use data on the Web, and
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specifically Web search activity as a proxy to predict the
prevalence of NCDs.

Google Trends is one of the most popular tools for analyzing
Web search activity. Research in the domain of using Google
Trends covers anything from the prediction of suicide risks,
depression, shared migraine experiences, and stress in a
population [16-21] to monitoring of nonsuicidal self-injury rates
[22], correlational studies between Google Trends and actual
suicide risk and rates [23-27], influence of seasons on the
incidences of depression [28], study of psychologica and social
factors affecting internet searches related to suicide [29],
seasonality in seeking of mental health information [30], low
validity of Google Trends in forecasting suicidal risk [31], the
infoveillance of cancer incidence rates [32,33], mortality rates
[34], obesity [35], diabetes [36], dental caries [37-39], the
behavioral forecasting and awareness of acohol consumption
rates, and drugs [17], seasona variation in
ophthalmol ogy-related diseases [40], geographical variancein
stroke prevalence [41], and a multitude of other relevant
literature, a survey of which can be foundin[9].

Existing Challengesin Modeling Noncommunicable
Diseases With Google Trends Data

As illustrated above, the literature on the infodemiology and
infoveillance of NCDs is extensive and diverse. However,
almost all of it suffersfrom afundamental problem whentrying
to build models—the scarcity of data. This is primarily a
consequence of the slow-moving nature of most of the NCDs,
as well as the lack of resources to conduct finer temporal
surveillance. As a result, the surveillance data for lifestyle
diseases are typically available on an annual basis as opposed
to weekly basis for ILI. It is important to note that even if the
finer temporal surveillance was possible, owing to the
slow-moving nature of the NCDs, there would not be discernible
changesin the data pointsto conduct any useful analysisas, for
example, obesity rates are unlikely to change week over week.
Notwithstanding the data scarcity issues in the temporal
surveillance, most of the background literature still falls back
on using time-series data to do some version of correlational
studies. These analyses span across countries, states, cities, or
metro areas. However, because Google Trends data are only
available starting 2004, most of the tempora correlational
studies for NCDs will have only as many data points as years
passed since 2004: a maximum of 15 data points for a given
location. Thisresultsin nonrobust time-seri es-based approaches
as they are subject to overfitting. Another major limitation of
these studiesisthe ad-hoc keyword selection. More concretely,
most of the aforementioned literature resorts to using
hand-picked keywords as featuresfor thetarget variable at hand.
Thisintroducesan apriori biasand subjectivity inthe predictive
system, as well as the evaluation.

To deal with thefirst problem on the limitations of the temporal
data, a few studies have tried to use state-level data to fit US
national-level trends. In this regard, a relevant research was
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carried out by Sarigul and Rui [35] on nowcasting obesity. They
used manually selected terms and their correlations to predict
regional obesity prevalence by modeling regional as well as
temporal variations in the Google Trends data. However, their
methods use ad-hoc keyword selection and tend to use afitting
approach without predictive out-of-sample evaluations.

Another relevant study has used spatial datato predict temporal
trends. This research was carried out by Nguyen et al [42] and
uses linear regression model along with Lasso regularization,
modeling regiona variation for different NCDs to predict
prevalence by state for a particular target year. One novel
contribution of their study is the semiautomated keyword
selection process using semantically related terms as keywords.
Unlike other studies, they perform an out-of-sample eval uation.
However, one of their key shortcomings is the lack of an
appropriate denormalization model as explained as follows:
Although they train a model across space, they, then, apply it
across time, without accounting for the fact that, within agiven
year, the spatial data are independently normalized by Google.
Hence, although the individua spatial trends might be
appropriate to track with these data, the national-level model
would miss out on national trends in time. As an example, if
the national search intensity for terms predictive of NCDs was
to doublefrom 2014 to 2015 with the relative spatial distribution
remaining constant, then spatial data alone would not pick up
such a temporal trend. In fact, it would treat 2014 exactly as
2015. To account for such national temporal variations, Phillips
et a’s study on the relationship between state-level search
behavior and the cancer incidencein the United States[32] uses
time in years as a continuous covariate to control for temporal
trends. However, due to the fundamental intricacies of the way
Google normalizes its data, discussed in the next section, such
an approach is not likely to generalize.
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A vey smal subset of the background literature
[30,31,37-40,43] explicitly teststhe application of their models
to other countries or geographic regions. In essence, most of
the previously proposed surveillance models or techniques
remain inconclusive in their generalizability to other spatial
reference frames. To correct for this, we explore the utility of
our approach in the international setting by using a transfer
learning framework.

Finally, all of the literature on the surveillance of NCDs using
Google Trends leaves out obvious yet important evaluation
criteriaz a comparison of their results to the trivial last year
equals this year baseline. This is going to be one of the key
themes of this paper while we evaluate the validity of Google
Trends to predict the prevalence of NCDs.

A brief summary of the comparison of previous literature on
thelifestyle disease surveillance using Google Trendsin relation
to our contribution across several metricsis presented in Table
1. Thefirst column representsthe literature surveyed; the second
column represents if the literature used any sort of automation
in terms of keyword selection; the third column surveys the
type of data used in the study; the fourth column representsthe
inclusion of datadenormalization if applicable; thefifth column
surveys the type of evaluation used; the sixth column shows if
the study compared its evaluation with a trivial baseline; the
seventh column describes the geographical setting the study
was based on; and the eighth column describesif any secondary
evaluation of the proposed methodol ogy is shown for adifferent
geographical setting. In terms of the cell values, x represents
missing; N/A represents not applicable; and O represents
available.
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Table 1. A survey and comparison of previous literature across different metrics.

Studies Bootstrappingkey- GT datatype Datadenormaliza-  Predictive Comparisonto  Geographical set- Generalizability to
word selection tion evaluation trivial baseline  ting other geographical
setting

Lefflereta ya Temporal N/AP In-sample N/A United States, the ;¢

[40] United Kingdom,
Canada, and Aus-
tralia

Yang et a X Temporal N/A In-sample N/A Worldwide X

(28]

McCarthy X Temporal N/A In-sample X United States X

(18]

Hagiharaet x Temporal N/A In-sample N/A Japan X

al [24]

Sueki [25] X Temporal N/A In-sample N/A Japan X

Walcott et al  x State-level N/A In-sample N/A United States X

[41]

Yang et a X Temporal N/A In-sample N/A Taipel City, Tai- x

[23] wan

Ayers[30] X Temporal N/A In-sample N/A United States, O
and Australia

Bragazzi X Temporal N/A In-sample N/A Italy X

[22]

Braun and X Temporal N/A In-sample N/A Germany X

Harréus [44]

Breyerand X Temporal N/A In-sample N/A United States X

Eisenberg

[36]

Gunnllland x State-level N/A In-sample X United States X

Lester [21]

Ingram X Temporal N/A In-sample N/A United States, O

Plante [43] Australia, Ger-
many, the United
Kingdom, and
Canada

Willaadand X State-level N/A In-sample N/A United States X

Nguyen [45]

Bragazzi X Temporal N/A In-sample X Italy X

[46]

Brigo et a X Temporal N/A In-sample N/A Worldwide X

[47]

Bruckner et x Temporal N/A In-sample N/A England and X

al [26] Wales

Sarigul eta  x State-level X In-sample X United States X

[35]

Song et a X Temporal N/A In-sample N/A Korea X

[29]

Nguyeneta [ State-level X Out-of-sam-  x United States X

[42] ple

Wang et al O Temporal N/A In-sample X Taiwan X

[48]

Ma-Kellams x State-level N/A In-sample X United States X

etal [19]

Parkeretal  x State-level X Out-of-sam- X United States X

[17] ple
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Studies Bootstrappingkey- GT datatype Datadenormaliza-  Predictive Comparisonto  Geographical set- Generalizability to
word selection tion evaluation trivial baseline  ting other geographical
setting
Burnsetal  x Temporal N/A In-sample N/A United States X
[16]
Cervellinet  x Temporal N/A In-sample X Italy X
al [49]
Hassidetal x Temporal N/A In-sample N/A United States X
[50]
Lottoet a ad Temporal X In-sample N/A United States, O
[38] United Kingdom,
Australia, and
Brazil
Ojaaeta ad State-level, N/A Out-of-sam-  x United States X
[5] temporal ple
Rickettsand x Temporal N/A In-sample X United States X
Silva[34]
Tran et a ad Temporal N/A In-sample N/A United States, O
[31] Germany, Aus-
trig, and Switzer-
land
Wehnereta x Temporal N/A In-sample X United States X
[33]
Aguirreeta O Temporal X In-sample N/A United States, O
[37] United Kingdom,
Germany, Brazil,
France, India,
Italy, Japan
Arendt [27] X Temporal N/A In-sample X Worldwide X
Chandler X State-level X In-sample X United States X
[20]
Cooganeta x Temporal N/A In-sample X Australia X
(51]
Phillipsetal x State-level X In-sample X United States X
(32
Cruvinel et O Temporal X In-sample N/A 10 South Ameri- 0O
al [39] can Countries
This study d 0O State-level, ad Out-of-sam- [ United States ad
temporal ple
8: missing.
PNot applicable.
°0: available.

%Thevauesinitaicss gnify how our study compares to those from the past literature across different metrics.

In summary, we identified the following key issues in the use of Google Trends for nowcasting NCDs. Hence, in this
aforementioned background literature:

1. Ad-hoc keyword selection.
Overfitted temporal analysis.
Spatial analysis without appropriate denormalization.
Insufficient predictive evaluation.
Lack of evidence for generalization to other countries.
Failure to compare results to trivial baselines.

oo s wN

Study Objectives

The insufficient evaluation metrics, and methodological errors
in the background review, set out a motivation to validate the

http://www.jmir.org/2020/1/e13347/

study, we had 3 key objectives:

1. To use a corrective approach to first rectify the
methodological shortcomings of the previous literature.

2. To study the limitations and promises of Google Trendsin
the context of itsaccuracy and robustnessto predict national
lifestyle disease trends.

3. Toexperimentally test the generalizability of thisapproach
to other similar countries.
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Methods

Study Design

The methods we used for our study differ from previous work,
asexplained above, in (1) how we select search termsfor Google
Trendsto limit cherry picking, (2) how we denormalize Google
Trends data to overcome certain limitations, (3) the focus on
an out-of-sample evaluation rather than in-sample mode fit,
(4) theinclusion of atrivial baseline for comparison, and (5) a
transfer learning setup to evaluate cross-country generalizability.

Ter minology

To facilitate understanding of the description of our
methodology, we have defined a set of key terms that we used
frequently in this paper. These terms and their definitions are
asfollows:

Offline Target Variable

Thisrefersto the variable of interest that we are monitoring. In
our case, we monitored diabetes, obesity, and exercise.

Offline Data

For any offline target variable (such as diabetes), offline data
are the actual regional or national prevalence of the condition.
Although offline target variable refers to the name of the
variable we are monitoring—say, Diabetes—offline data refers
to actual numerical values pertaining to that variable—say, US
state-level diabetes prevalence ratesin 2014.

Table 2. The subset of unpruned keywords for different target variables.

Memon et al

Spatial Data

For the purpose of this paper, spatial data refer to Google
Trends' Web search intensity for a given year and a particular
keyword normalized across different US states.

Temporal Data

Temporal datarefer to Google Trends USWeb search intensity
for aparticular keyword normalized across different years.

Offline Data Collection

For each of the target variables, we collected the offline data
across 15 years from 2004 to 2018 each year separately. This
includes data for the 50 states (including Washington, DC and
excluding Hawaii as offline data for Hawaii were unavailable
for the year of 2004). For prevalence rates, we used the Center
for Disease Control and Prevention’'s Behavioral Risk Factor
Surveillance System (BRFSS) [52].

Keyword Selection

In this phase, we used 3 tools for the keyword selection: (1)
Google Correlate, (2) related search queries, and (3) Semantic
Link, aWeb-based serviceto find related terms. A subset of the
resulting keywords from each of the 3 sources is presented in
Table 2.

We bootstrapped the keyword selection process as follows,
starting from a set of seed terms.

Target variable Google Correlate Semantic Link Related Queries
Diabetes wheni get up insulin diabetes symptoms

sell avon polyphagia signs of diabetes

medicine for dogs ketoacidosis prediabetes

very weak cholesterol icd 10

sugar level hypertension icd 10 type 2 diabetes
Obesity catherines.com abdominal food delivery near me

dresses plus size anorexia lose fat

sims 3 games BMI myfitnesspal

lose 100 pounds appetite indeed.com

dresses plus ADHD pizzadelivery
Exercise transportation options exercises my fitness pal

best bike aerobic workout

bike laws jogging iPod

bike repair gyms quinoagluten free

bike frame size muscles how to exercise

Seed Terms by Nguyen et a [42]. Other methods to enhance related terms,

For each target variable, we used 1 or 2 seed terms. For diabetes,
we chose diabetes and diabetic, for obesity, we chose obesity
and obese, and for exercise, we chose exercise. These seed terms
were, then, used to generate other cooccurring termsin English
Wikipedia using Semantic Link [53] as mentioned in the study

http://www.jmir.org/2020/1/e13347/

such as those described in the study by Lampos et a [54] on
using word embeddings could also be used.
Google Correlate

Google Correlateisatool that takeseither atemporal or aspatial
series asinput and returns a ranked list of Web search queries
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that are correlated across time or space [55]. For our purposes,
we used the offline data for the year 2015 to determine top 30
to 40 keywords that strongly correlate across al the US states
including Washington, D.C. We, then, pruned many of those
keywords as has been described | ater.

Related Search Queries

We used a combination of the keywords selected in the
aforementioned methods in Google Trends to output-related
search queries.

Pruning

One of the most common methods to avoid overfitting is by
using dimensionality reduction or by using regularized models.
However, these methods do not guard against keywords with
spurious correlations. For example, the query ssims 3 gamesin
Table 2 is one of the top 10 spatially correlated keywords for
obesity. A less obvious example is the search term,
catherines.com. Catherinesis a store selling plus-size clothing
and so search volume for catherines.com has an arguabl e causal
connection to obesity. However, its search volume is also tied
to its market share, which can change over time. As such, it
might be a robust feature for a spatial-only model, but we
decided to remove such branded search terms for temporal
analysis. Finally, apart from removing nonsensical and branded
search terms, we also removed any keywords with low search
volume. All these selections are made in an effort to reduce
overfitting and increase model robustness acrosstime. A list of
all the postpruning keywords used for this study for each of the
target variables can be found in Multimedia Appendix 1.

Google Trends Data Callection

We used Google Trends to collect 2 kinds of data: spatial and
temporal. For spatia data, we used each keyword-year
combination as a query to Google Trends to get across-state
data, that is, 50 data points for each keyword and each of the
15 years, 2004-2018. For temporal data collection, we collected
data across the 15 years at the US national level rather than at
the state level. This was done to reduce the required data
collection effort by a factor of 50. Note that the state-level
temporal trends are implicitly collected already as we have (1)
state-level relative volumes within a given year, as well as (2)
US national-level temporal trends across the years. We have
explained how we combine these 2 types of datapointsto create
a spatio-tempora model in following sections.

As Google Trends does not provide an officia application
programming interface, other than their export as .csv option,
we made use of Python's pytrends [56] package, which can be
used to retrieve data from Google Trends. Regardless of which
method is used to obtain the data, one caveat is that Google
Trends' data are not stable and that repeatedly asking for the
same data can return different results. Concretely, since Google
search volume index is calculated by a sampling method, the
results even for historic data can fluctuate day to day [31,57].
To limit such fluctuations and instability in the search data,
similar to [31], we sample and average each data point 10 times
across time with a gap of a day between each sample for the
United States, and 3 times across each sample for Canada.

http://www.jmir.org/2020/1/e13347/
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Another important detail is that Google Trends results for an
individual term such as diabetes include search phrases such as
diabetes insulin or insulin diabetes [58]. This can create
collinearity for the results for different terms, which hasto be
taken into account when and if doing a post hoc feature analysis.

Google Trends Data Nor malization

For both privacy and business reasons, Google Trends does not
show absolute search volumes but only normalized search
intensity, and it is important to understand the process of this
normalization [59]. One of our contributionsisadatacalibration
mechanism, which is based on a proper understanding of the
underlying normalization procedure.

Concretely, search intensity is different from absolute search
volumein that it measurestherelative interest in a search term,
that is, the fraction of all searchesin the reference temporal or
spatial unit. Onedesired consequence of thisisthat asGoogle's
user base grows over time, the search intensity does not trivially
increase, making it potentially comparable acrosstime.

Another point to understand is that there is a certain interplay
between the search terms. For example, if the search volume
for the keyword justin bieber was to go up 10-fold, with
everything else remaining constant, then the relative search
intensity for other termswould still drop (slightly), even though
their absolute search volume remains unchanged.

The search intensity is normalized across time or across space
depending on the mode of data collection. For example, when
collecting temporal data across several years for the query
tomacco, Google returns data such that the period with the
highest relative search intensity corresponds to an arbitrary
reference value of 100. All other temporal units are normalized
with respect to this absolute maximum of 100, meaning that a
value of 30 meansthat in acorresponding time unit, therelative
fraction of searches matching the criteriawas only 30% of what
it isduring the peak. Similarly, when getting search data across
spatia units such as US states, the state with the highest search
intensity is assigned a value of 100, and all other spatial units
are normalized relative to the search intensity of that peak
location.

In our setting, we combined data across both space and time.
The primary reason behind doing that isto increase the number
of training instances in an effort to compensate for the
slow-moving nature of the NCDs. This, inturn, helpsusto learn
anational generalizable model. Combining spatial and temporal
datarequires undoing Googl€e's normalization for thefollowing
reason: within each year, data are normalized independently
across space. Thus, the value of 100 in year 2014 for the state
of California cannot be compared with the value of 100 in the
year 2015 for the state of Texas. From 2014 to 2015, the overall
search volume may have gone up or down, and spatial data
alone do not reveal such information. By appropriately
combining the spatial datawith temporal trends, we are ableto
effectively undo Google's normalization to correctly juxtapose
the data for 2014 next to the data for 2015 such that a relative
increase in numbers actually correspondsto arelative increase
in search intensity.
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To reconstruct the state-level contribution to the national value,
we need to take into account the actual absolute search volume
from each of the states. As those data are not available to us,
we approximated that using the following 2 steps:

(1) To undo the effect of spatial and temporal normalizations,
we chose 2004 as areference year r to rescale and denormalize
year-state values asin equation (1) in Figure 1.

Here %5 isthe denormalized scalar value for year y and state s.
Furthermore, G signifiesthat the datawere collected viaGoogle
Trends, G, represents that data are spatial (where | stands for
location), that is, normalized across the US states by Google,
representsthe year, srepresentsthe state, and G, (x,¢) represents
a single state-level data point for the year y obtained from
Google Trends. G, represents that data are temporal (where t
standsfor time), G; (z) representsthe value of the corresponding
keyword at the national level in year y across time, that is,
normalized across the different years, G, (z) represents the
across-time value of the corresponding keyword in the reference
year r, where for our purposes, r=2004. 5", G, (x;;) represents
the sum of the regional distribution of the corresponding
keyword in the reference year 2004 where n is the number of

states. 3" G, (xyi) representsthe sum of theregional distribution
of the corresponding keyword in the year y.

(2) Another important insight to realize isthat different regions
in the United States contribute differently to the US national
trends because of differencesin absol ute search volume. Regions
with large populations, and large numbers of Google search
users, such as California or New York, will have more of an
impact on the nationa trend than regionswith small populations.
However, the relative search intensities normalize for different
numbers of issued Google searches. Hence, to debias our data
onthe population level, after following step 1, we adjusted each

Figure 1. The eguationsfor the proposed denormalization framework.

Memon et al

value by aproduct of the population in each state multiplied by
theinternet penetration to get an approximate number of Google
search usersin each state. We collected the internet penetration
rates from the BRFSS site [52]. Note that we do not need to
have an absolute number of Google users. For our method to
work correctly, all that mattersisthat we have arelative multiple
of that (unknown) number.

As both state-level populations and internet penetration can
change over time, idealy, we would want to use different
correction factors for each year. However, as we observed that
both population sizes and internet penetration rates increased
fairly uniformly across all states, the correction factors for
different years were correlated at the level of approximately
.99. For this reason, we chose to apply only asingle, static, set
of state-level correction factors from the year 2015.

After following the denormalization procedure, we were left
with amatrix where each year-state val ue can be compared with
each other year-state value in a meaningful manner. This
allowed us to, effectively, multiply our training data across
different years and different states.

With steps 1 and 2, our final formulawas as shown in equation
(2) in Figure 1, where al the terms are same as the equation
(2). P,; represents the population size for the reference year r

and statei. P,; represents the population size for the year y and
state i. I,; represents the internet penetration for the reference
year r and statei. l; represents the internet penetration for the
year y and state i

Note that the final output x s is a scalar, indexed by both year
yand US state s.

For an example-based explanation of the denormalization
process, see Multimedia Appendix 2 [60].

Number

Equation

(1)

%ys = Gl(xys) .

G;(Zy) . ? Gl(‘xri)
GI(Z?’) Z G[(xyi)

(2)

-%ys = Gz(xys) *

G Y*P . x] .
G;(Zy) . 21: l(xrz) ri ri

n
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Regression Modeling

Even after our approach for obtaining our year-state datamatrix,
wedid not have sufficient datato fit complex prediction models
such as deep neural networks [61]. Hence, we fit (regularized)
linear regression modelsto predict slow-moving trends such as
diabetes, obesity, and exercise rates for the 50 states in the
United States. We used Python's scikit [62] library to fit our
linear regression models. Concretely, given y as the ground

truthand 9 asthe prediction, we fit amodel of the form:

§ =wx+b (1
by minimizing the loss L

L=(y - 9 )?+AIwl (2)
where x represents the feature set, w represents the unknown
parameters, and b represents the bias.

To avoid overfitting, and to yield a simpler and interpretable
model, we used Lasso [63] as the shrinkage, which combines
ordinary least-square regression with an L-1 regularization. We
also experimented with Ridge regression (without consulting
the testing set) [64] but the cross-validated performance on the
training set was similar, and Lasso regression gave a sparser
model. Lasso requires a regularization parameter A to govern
the trade-off between more complex models with better
performance on the test data (=small A) and simpler models
with potentially better performance on unseen data (=larger A).

In this paper, the optimal A was determined by using k-fold
cross validation, optimizing for the negative mean squared error.
Feature values were standardized to have zero mean and unit
variance. For our purposes, we used k=12 corresponding to the
number of yearsin the training set (2005-2016).

Training, Validation, and Testing Phase

For the training phase, we used data from 2005 to 2016. We
trained and cross validated our model using a k-fold
cross-validation where k=12. For diabetes, obesity, and exercise,
each year had 50 data points, one for each state (including the
District of Columbiaand excluding the state of Hawaii). Intotal,
the training was performed using 600 data points. Note that we
did not include data points from 2004 in our experiments. This
isdoneto have aconsistent training and test set as our proposed
methods require alag where datafrom 2004 is used in creating
afeature vector for 2005, and similarly for following years.

We later tested each of our models trained on data from 2005
to 2016 on the years 2017 and 2018, and calculated the mean
absolute error (MAE), root mean squared error (RMSE),
symmetric mean absolute percentage error (SMAPE) [65],
Spearman’s Correlation Coefficient (rho), and Pearson’'s
Correlation Coefficient (R).

We emphasize that, during development, we never looked at
the results on the test set, and so none of our design decisions
were influenced by them to safeguard against implicit
overfitting. Thisis one of the key shortcomings of the previous
literature, most of which employ in-sample evaluation.

http://www.jmir.org/2020/1/e13347/
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Alternate Approaches

We performed 6 different approaches for each of the 3 target
variables for the US region. We have defined these 6
experimentsin detail asfollows.

Trivial Baseline

For evaluation purposes, we used the trivial last year equals
thisyear baseline. With thisin mind, we used 2016’s prevalence
asaprediction for 2017, and 2017’'s prevalence as a prediction

for 2018. We, then, computed the MAE, RMSE, SMAPE, rho,
and R, to be used as baseline for evaluation purposes.

Spatial Model

We extended the methodol ogy presented in Nguyen et al’ s paper
[42] of applying a national spatial-only model to temporal
dimension. This becomes our secondary baseline.

Spatio-Temporal Model

This experiment is based on our main methodological
contribution where we used a corrective approach to first
neutralize the effect of Google’'s normalization as a
preprocessing step, and, then, trained the model. We called it
Spatio-Temporal to signify the use of both spatial and temporal
Google Trends data.

Multivariate Model

To boost the performance of our spatio-temporal model, we
used the trivial baseline as a covariate. More concretely, we
extended our spatio-temporal model to usethe actual prevalence
of the previous year as an auxiliary feature to predict the
prevalence of the current year. We called the extended model
multivariate to signify the inclusion of the covariate.

Lagged Multivariate Model

Whiletraining the previous model, we made a crude assumption
that the population search behavior for any particular year is
correlated to the prevalence of that year. However, we realized
that it may be possible for the search behavior of any year to
be predictive of the next year. As an example, search behavior
in 2017 may be more predictive of 2018 prevalence than of
2017. To test this theory, we experimented by shifting our time
window for the multivariate regression.

Hierarchical Lagged Multivariate Model

One of the simplifying assumptionswe made whiletraining the
previous modelsisthat the predictive pattern of Google Trends
is the same across al states. This assumption may, however,
not bevalid. In particular, each state might have adifferent base
prevalence rate for the health condition being modeled. To
incorporate subnational bias terms, we explicitly included the
state ID as a covariate. We did this by extending the feature
vector to include a one-hot vector of 50 states. By doing this,
we implicitly modeled a hierarchical distribution where we
considered national trends, as well as subnational trends.

Transfer Learning

We tested the generalizability of our methodology across
countries by conducting 2 further experimentsfor the prevalence
of diabetes and obesity in Canada. We collected the Google
Trends data for Canada in a similar fashion as we did for the
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United States. The offline health statistics for diabetes and
obesity were collected from the Statistics Canada site [66]. One
limitation pertaining to these statistics was that, starting from
2015, the collection strategy and the design of the sampling
process for synthesizing statistics has changed, rendering
pre-2015 data incomparable to post-2015. Therefore, we dealt
with these 2 periods of data separately in our experiments. A
second point to note is that diabetes and obesity statistics for
Canada are not available for 2004 and 2006. We, therefore,
collected the offline data from 2007 onward only. Owing to
these 2 limitations and the need to have 1 separate year for the
lagged models, our training set for Canada included data from
2008 to 2012 with each year containing 10 data points, 1 per
Canadian province. We used data from 2013 and 2014 as atest
set. Owing to the change in sampling methods and the limited
number of years, we did not train a separate model for
2016-2018. However, we reported the results for these years as
atest set.

Cross-Country Generalizability of the Method

Inthefirst set of experimentsin the context of transfer learning,
we used the same set of experiments that we conducted for the
United States, to make predictions for Canada.

Cross-Country Generalizability of the Model

For the second set of experiments, we trained our lagged
multivariate model on the United States on 14 years (from 2005
to 2018) to test across Canada. The purpose for this experiment

http://www.jmir.org/2020/1/e13347/
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was 2-fold. First, we wanted to test the generalizability of our
trained model across other similar countries by using Canada
asaproxy. Second, we wanted to test the reliability of applying
the models in such a fashion to other countries where offline
data might not be available. We have briefly described the
importance of this step later in the Discussion section.

Results

Evaluation

For the evaluation of our experiments, we measured the
performance of different models over 5 metrics: MAE, RMSE,
SMAPE [65], rho, and R. To compute the correlation
coefficients, we concatenated the predictions across all the test
years and used those to compute a global correlation.

To test for statistically significant improvements in the MAE,
we conducted a one-sided paired t test across each set of
experimentsin relation to thetrivia baseline. We a so computed
statistical testsfor each extension such that the spatio-temporal
model gets compared with the spatial model, the multivariate
spatio-temporal model gets compared with the spatio-temporal
model, and so on. We do this to evaluate the gain, if any,
obtained by each extension.

US Based M odels

A detailed evaluation of our experiments on the United States
can be found in Table 3. The best way to interpret the resultsis
to read the values for each statistic from left to right.
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Table 3. A detailed evaluation of 5 different experiments across the 3 target variables for the region of the United States.

Target variable Trivial base- Spatial mod- Spatio-temporal  Multivariate spatio- Lagged multivariate Hierarchical lagged multi-
line e model temporal model spatio-temporal model  variate spatio-temporal
model
Diabetes
MAE? 0.72 0.81 072" 0.65° 0.62° 0.55°
RMSE? 0.92 1.0 091 081° 0.80° 0.72°
SMAPE® 6.94 .63 713 6.23° 6.04° 5.24°
Spearmanrho 0.7 0.89° 0.87 0.88° 0.89° 0.93°
Pearson R 0.90 0.90 0.88 091° 0.91° 0.94°¢
Obesity
MAE 1.20 281 2.09 1.24 0.99° 108
RMSE 155 3.28 2.56 159 133°¢ 1406
SMAPE 3.88 9.31 6.96 4.03 3.22° 351
Spearmantho  0.93 0.87 0.85 0.94°¢ 0.93 0.05°¢
Pearson 0.93 0.86 0.86 094°¢ 0.94 0.95°¢
Exercise
MAE 289 232° 312 247° 2.36° 1.95°
RMSE 8.32 2.75°¢ 3.75 2.90° 2.83° 2.40°
SMAPE 3.85 31° 411 3.32° 316° 2.62°
Speamanrho  0.68 0.73° 081° 0.71° 0.77°¢ 0.80°
Pearson R 0.69 0.74° 0.80° 0.72° 0.78° 081°

3MAE: mean absolute error.

bThe valuesinitalics signify an improvement in the performance in comparison to the previous method.

®The method beat the trivial baseline.
4RM SE: root mean squared error.
©SM APE: symmetric mean absol ute percentage error.

Toward our first research objectiveto correct the methodol ogical
shortcomings of the previous literature, we developed a
spatio-temporal model for nowcasting lifestyle diseases. We
observed that the spatio-temporal model performs better than
the spatial model for diabetes and obesity but not for exercise.
The performance improvement over the spatial method for
diabetesin terms of the MAE (0.81-0.72) and RM SE (0.91-0.81)
was 11% (P=.06), whereas the improvement for obesity was
26% in MAE (2.81-2.09) and 22% in RMSE (3.28-2.56;
P<.001). However, only the results for obesity are significant.
Both of theseimprovementsin MAE are statistically significant.

To improve upon the spatio-temporal model, we, then, trained
a multivariate spatio-temporal model, by using the previous
year's prevalence as a covariate in combination with features
from Google Trends. This improves the performance over the
spatio-temporal model decreasing the error for diabetes by 10%
in MAE (0.72-0.65) and 12% in RM SE (0.91-0.81), obesity by
41% in MAE (2.09-1.24) and 38% in RMSE (2.59-1.59), and
exercise by 21% in MAE (3.12-2.47) and 23% in RMSE
(3.75-2.90). Of theseimprovements, diabeteswas not significant
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(P=.08), but both obesity and exercise were statistically
significant (P<.001 and P=.001, respectively).

In the next set of experiments, we shifted our dependent
response variable by 1 year to test for atime lag in the impact
of search behavior on disease statistics. We called thisthe lagged
multivariate spatio-temporal model. In comparison with the
multivariate spatio-temporal model, this model improves
performance on diabetes by 5% in MAE (0.65-0.62) and 1% in
RM SE (0.81-0.80), on obesity by 20%in MAE (1.24-0.99) and
16% in RMSE (1.59-1.33), and on exercise by 4% in MAE
(2.47-2.36) and 2% in RMSE (2.90-2.83). The improvement
was statistically significant for diabetes and obesity (P=.02 and
P<.001), but not for exercise (P=.17).

Finaly, to account for subnational trends, we trained a
hierarchical lagged multivariate spatio-temporal model where
weincluded the state ID as a covariate. In comparison with the
lagged model, we got a performance improvement on diabetes
and exercise, but a decrease in performance on obesity. For
diabetes, the MAE improves by 11% (0.62-0.55) and RMSE
by 10% (0.80-0.72). For exercise, the MAE improves by 17%
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(2.36-1.95) and RM SE by 15% (2.83-2.40). Whereasfor obesity,
the performance deteriorates by 8% in MAE (0.99-1.08) and
by 5% in RMSE (1.33-1.40). For both diabetes and exercise,
the performance improvement was statistically significant
(P=.01 and P=.02).

In terms of the overall improvement over the trivial baseline,
our best models (ie, hierarchical lagged multivariate
spatio-temporal model for diabetes, and exercise, and lagged
multivariate spatio-temporal model for obesity) result in 24%
improvement in MAE (0.72-0.55) and a 22% improvement in
RMSE (0.92-0.72) for diabetes, 18% improvement in MAE
(1.20-0.99) and a 14% improvement in RM SE (1.55-1.33) for
obesity, and 34% improvement in MAE (2.89-1.95) and a 28%
improvement in RMSE (3.3-2.40) for exercise. All of these
improvements are found to be statistically significant (P<.001
for diabetes, P=.001 for obesity, and P<.001 for exercise). The
SMAPE, Spearman rho, and Pearson R follow similar trends.

Transfer Learning

For the experiments for our transfer learning framework, we
evaluated (1) cross-country generalizability of the method
(training and evaluating models just for Canada) and (2)
cross-country generalizability of the model (taking a
trained-on-US model and evaluating it for Canada). We
summarized the results achieved for each of the proposed
methods in Tables 4-6.

Whereas for the US case, most of our methods beat the trivial
baselineg, thisis not the case for either of the 2 transfer settings.

Memon et al

For the approach of retraining a Canada-specific model, we
hypothesized that this is due to data scarcity with fewer data
points for a given year (10 vs 50) and fewer years to train on
(2008-2012 vs 2005-2016) being available compared with the
US case. For some of the experiments (eg, diabetes model
trained on 2008-2014 and tested on 2016-2018) where we beat
the baseline, the improvements were only marginal. A detailed
set of evaluation can be found in Tables 4 and 5.

Although the approach of applying the trained-on-US model to
Canada fails to beat the trivia this-year-is-same-as-last-year
baseline, we expect the highest utility of such approachesto be
reliable when health statistics for the target country are
unavailable. For this scenario, our results showed promise by
achieving an average Spearman and Pearson correlation of 0.70
for diabetes, and 0.91 and 0.92 for obesity by using a pretrained
model of a similar country (which, in our casg, is the United
States). We believe that these results are encouraging and worth
replicating for developing countries.

Table 6 shows the results for the transfer learning framework
across the 2 target variables for Canada for generalizability of
the US trained model. We report the performance of the
US-based model trained for the years 2005 to 2018 on Canada
for the test years 2008-2014. We separately aso report the
performance of the model on the years 2016-2018 and
2012-2013 for the readers to compare the performance of the
model trained on the United States to the model trained on
Canada, both tested on the same test set.

Table 4. Resultsfor the transfer learning framework across the 2 target variables for Canada for generalizability of the method trained over the years

2008-2012, and tested on the years 2013 and 2014.

Target variable Trivial base-  Spatial Spatio-temporal  Multivariate spatio- Lagged multivariate spa-  Hierarchical lagged multi-
line model tempora model tio-tempora model variate spatio-temporal
model
Diabetes
MAE? 054 0.80 0.83 070" 0.66 0.61
RMSES 0.66 0.96 1.00 0.86 0.81 0.73
SMAPE? 7.64 11.57 12.10 10.18 9.64 8.64
Spearman 0.86 0.68 0.62 0.72 0.76 0.79
Pearson 0.85 0.64 0.59 0.74 0.76 0.81
Obesity
MAE 131 1.68 174 157 159 181
RMSE 1.66 2.56 2.80 2.02 1.87 245
SMAPE 5.81 731 8.05 7.24 6.92 7.88
Spearman 0.89 0.82 0.85 0.87 0.89 0.85
Pearson 0.95 0.86 0.86 0.95 0.95 0.91

3MAE: mean absolute error.

bThe valuesin italics signify an improvement in the performance in comparison to the previous method.

°RMSE: root mean squared error.
dSMAPE: symmetric mean absol ute percentage error.
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Table 5. Resultsfor the transfer learning framework across the 2 target variables for Canada for generalizability of the method trained over the years

2008-2014, and tested over the years 2016-2018.

Target variable Trivial Base-  Spatia Spatio-temporal  Multivariate spatio-  Lagged multivariate spa-  Hierarchical lagged multi-
line model temporal model tio-tempora model variate spatio-temporal
model
Diabetes
MAE? 0.84 0.82 0.75°¢ 071°¢ 0.68°¢ 0.74°
RMSEC 107 1.04¢ 093¢ 0.93° 0.86°¢ 0.99°
SMAPE® 1116 10.74¢  9.78¢ 9.37°¢ 9.00°¢ 10.05°
Spearman 0.69 082¢  084° 0.76° 0.78° 0.78°
Pearson 0.7 080°  082° 0.76° 0.77°¢ 0.78°¢
Obesity
MAE 157 7.98 8.72 3.39 2,62 5.69
RMSE 2.37 8.4 9 3.86 3.38 5.92
SMAPE 4.99 2959 33,59 11.73 8.36 20.71
Spearman 0.93 0.86 0.89 0.92 0.93 0.95°¢
Pearson 0.91 0.88 0.9 093¢ 0.91 0.95°¢

3 AE: mean absolute error.

bThe valuesin italics signify an improvement in the performance in comparison to the previous method.
®The method beat the trivial baseline.
4RM SE: root mean squared error.

eSMAPE: symmetric mean absolute percentage error.
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Table 6. The results for the transfer learning framework across the 2 target variables for Canada for generalizability of the US trained model.

Cross-country generalizability of the US-based model Diabetes
Trivial baseline

Obesity

Lagged multivariatemodel  Trivia baseline Lagged multivariate model

Train years: 2005-2018 (US); test years: 2008-2014 (Canada)

MAE® 0.68
RMSEP 0.92
SMAPE® 9.9

Spearman 0.81
Pearson 0.76

Train years: 2005-2018 (US); test years: 2016-2018 (Canada)

MAE 0.84
RMSE 1.07
SMAPE 11.16
Spearman 0.69
Pearson 0.70

Train years: 2005-2018 (US); test years: 2013-2014 (Canada)

MAE 0.54
RMSE 0.66
SMAPE 7.64
Spearman 0.86
Pearson 0.85

0.88 153 178
110 1.96 216
12.65 6.91 8.20
0.77 0.90 0.90
0.74 0.91 0.91
1.29 157 154
1.49 2.37 225
16.04 499 492
0.59 0.93 0.92
0.60 0.91 0.91
0.91 131 131
112 1.66 1609
13.10 5.81 5.76
0.74 0.89 0.90
0.74 0.95 0.95

M AE: mean absolute error.
BRMSE: root mean squared error.
CSMAPE: symmetric mean absolute percentage error.

HThevauesinitaicssi gnify improvement in performance over the trivial baseline.

Discussion

Principal Findings and Contributions

Value and Validity of Modeling Noncommunicable
Diseases

The slow-moving nature of NCDs compared with the relatively
faster moving trendsin search behavior makesit ahard problem
to perform lifestyle disease surveillance using Google Trends.
The background literature reports overly optimistic results in
this arena. Thisis potentially a consequence of what is known
as the positive result bias [67] in the scientific community,
leading to claimsthat most published research findings may be
false [68,69]. We show in this work that in addition to the
methodological shortcomings, none of the previous studies
compares its results to the trivial last year equals this year
baselines, which, surprisingly, is hard to beat. In this study, we
empirically test the feasibility of the task by experimenting
across different methods for 3 target variables. Our experiments
are ordina in nature as each subsegquent experiment is an
extension of the previous one. Although most of our latter
extensions beat the trivial baseline, modeling NCDs is not a
trivial problem. The main challenge of the problem liesin the
scarcity of ground truth data, which istypically only available

http://www.jmir.org/2020/1/e13347/

on an annual basis. Even if the data were available on a finer
granularity, the inherent nature of NCDs, such as diabetes and
obesity, does not alow for discernible monthly or weekly
variation. Even therelative year-to-year changes arelow which
is why the correlation coefficients for the trivial baselines are
high, and hard to beat. As a result, we anticipate a
low-to-moderate val ue in modeling the estimation of NCDs, as
well asinthevalidity of Google Trendsfor nowcasting lifestyle
diseases.

The lack of validity of Google Trends in the given context can
be partly attributed to changes in Web search behavior across
time. Asan example, Web search users might long haverealized
the potential to use Google for navigational queries, instead of
having to remember and type exact website URLs. However,
the usefor informational queriesin the health domainsislikely
to be still growing, also as Google adds new features, trying to
answer common health-related questions directly on the search
result page. A related but similar reason isthat the meaning and
perception of terms themselves can change over time. In
linguistics, this phenomenon isknown asthe semantic shift [ 70]
describing how the senses of words drift over time. A typical
example of that isthe word Gay which evolved from its meaning
of lighthearted and joyous in the 1900s to homosexual in the
1990s[71]. With increasing popularity of social mediasitesand
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Web-based tools, Web-based content is being produced
expeditiously, leading to relatively frequent semantic shifts.
Accounting for these complex phenomena with the scarcity of
dataisalready adifficult problem. Additional limitations of the
Google Trends framework make it an even challenging issue.
These limitationsinclude the changesin geol ocation assignment
applied to Google Trendsin 2011, Google Trends normalization
scheme, and, finaly, instability of search indices of a given
keyword on different days [31,57].

As for the first limitation, in 2011, Google implemented
significant improvements in the geolocation of search queries
(a note on the Web interface for Google Trends says: “An
improvement to our geographical assignment was applied from
1/1/2011.") To account for these changes, in the earlier set of
experimentsfor this study (not reported in this manuscript), we
limited our training set to data from 2011 onward only.
Unfortunately, none of our experimental models beat thetrivial
baseline. In the current set of experiments, weincludetheyears
from before 2011 to boost the performance, assuming that the
geolocation assignment at the state level was not affected by
the changes. We observe that this, in fact, is true and that more
data helps learn better models. On the surface, this is not an
interesting finding as machine learning models are inherently
data hungry. However, we hypothesize that the boost in
performance may also be attributed to learning semantic and
usage shifts in data. By including a wider time window, we
believe our models may implicitly be selecting featuresthat are
shift-independent, and pruning out features that are not. For
example, the keyword dlim, which was part of our
obesity-related models, was assigned a weight of zero. Since
Google Trends provides related topics for each keyword,
entering the keyword slim yields topics such as dim-it pants
and Plexus along with Xbox-Console and PlayStation 3. This
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indicates that the keyword slimis used in 2 different contexts:
obesity and slim console games. Therewas apotential semantic
shift after 2010 when Xbox 360 slim model was released [72],
and it is possible that our model was able to capture it given a
wider time window, resulting in pruning it out.

A final limitation of Google Trends in the context of this study
is the instability of search indices. We observe that repeatedly
asking for the same data from Google Trends can return
different results. To correct for this, like [31], we resolve
potential data instability issues by averaging data points
collected across 10 consecutive days for the United States, and
across 3 consecutive days for Canada.

Model Selection and Learning

In our experiments, we observe that atime-lagged multivariate
model, which uses both ground truth and search data from the
past year to nowcast the current year, improves over our
previous, simpler methods. This suggests that the implications
of the search behavior are observed in the NCD prevalence of
later year rather than the immediate one. A fina extension to
our models is the use of state-ID as a covariate to model a
hierarchical distribution. The inclusion of these state-level
offsets significantly improves the results for diabetes and
exercise. One interesting observation is that aimost al of our
models seem to underestimate therate of NCDs. Thisis apparent
in Figure 2, which shows how the models consistently
underestimate the prevalence of obesity. We observe the same
behavior acrossthe other target variables. A potentia reason is
that of users moving away from the keywords used in this study
as a consequence of achangein search behavior. Thisties back
to the discussion on the semantic and search behavior changes
of users acrosstime.
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Figure 2. The comparison of the errors of 6 different methods for the target variable obesity for the year 2018 for each state. (Note: The bars represent
the simple error [ie, ground truth prediction] for each state, and not the predicted diabetes or obesity rates. Therefore, the height of the bars is only
comparable within each state and not comparable across states as the scale is not fixed. As most bars are above zero, this indicates that in most cases,

the models underestimate the ground truth obesity rates.).
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Geographical Transfer Learning

This work is one of the very few to test the geographical
generalizability of the proposed method. We use Canada as a
test case asitiscloseto the United States, and isone of the very
few English-speaking countries to have reliable state-level
statistics. On the basis of our evaluation, most of the models
trained on Canada do not beat the baseline. This can again be
attributed to the scarcity of data as in comparison with the
United States, Canada has only 10 provinces and the usable
dataare only available starting 2007. Despite the failure to beat
the baseline, we see opportunities for public health monitoring
in countries where the public health monitoring system is less
developed and so the otherwise trivial baseline cannot be
applied. In particular, it seems feasible to monitor relative
across-state or across-year trends, rather than absolute
preval ence rates. Extending our approach to countries with low
resources comes with certain challenges though as, exactly due
to their lack of trustworthy data, it is hard to have an objective
evaluation of the system performance.

Proactivity Versus Reactivity

Interms of the health-related behavior, the user search behavior
can be weakly classified into 2 categories. proactive and
reactive. Proactive search behavior iswhen the searchisderived
from curiosity and awareness. This usualy defines users who
are cautious about their health with an interest in preventing a
health condition. Reactive, on the other hand, defines behavior,
which is corrective where users are seeking help to treat or
manage their health problems. In the case of diabetes and obesity
in the United States and Canada, we observe that predictive
search termsindicate a highly reactive behavior, with diabetes
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symptoms, diabetic diet, and exercise carrying higher absolute
weights (and, hence, higher significance). This potentialy
indicates that it is mostly users affected by a condition who
show interest. If this interpretation holds, this points toward a
need to carry out public health interventions to try to change
the information seeking to be more proactive.

Keyword Selection Using Google Correlate

For our study, we tried to limit the risk of overfitting by
following a robust keyword selection process both in the
preprocessing phase as well as the modeling phase. As a
preprocessing step, we used Semantic-Link, Google
Trends—related keywords, and Google Correlate as tools to
select the best set of features. Thisis one of the key strengths
of our study where we combine semantically connected,
cooccurring, and correlated terms to create a diverse keyword
list. In the context of NCDs, thisis the first study to utilize the
strength of Google Correlatein the process of keyword selection.
Aninteresting case study in this context isthat of obesity-related
keywords, a subset of which is shown in Table 2. One of the
top keywords is dresses plus size, which isalso included in the
L1 regularized model. Although it is afairly intuitive keyword
in hindsight, it would have been challenging to discover it
without Google Correlate. Although we do not perform an
in-depth analysis of the keywords in this study, we encourage
researchers to use pseudo bootstrapping approaches in their
keyword selection process to perform richer analysis. In terms
of Google Correlate, unfortunately, anote on the Web interface
says: “Google Correlate will shut down on December 15th 2019
as aresult of low usage,” as a result of which it will not be
available for future researchers.
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Limitations

Currently, our approach is agnostic to word semantics and we
just explore what is predictive of a particular NCD without
accounting for anomalies. In this context, recent methods on
the use of word embeddings may be useful to curb inconsistent
patterns of associations. It would also be useful if we can
explicitly capture the semantic or behavior shiftsin time, and
make it part of the model. This warrants use of sophisticated
dynamic network analysistools and other time-series models.

One more potentia limitation of this study is the inability to
test our methodology on other countries. Although we show
promising results for Canada, it would have been preferable to
test our methods to other English, and even
non-English—speaking countries. This limitation was primarily
a consequence of the unavailability of state-level ground truth
for many countries.

Finally, one limitation pertaining to our data collection process
isthat whilelike[31], weresolve potential datainstability issues
by averaging data points collected across 10 consecutive days
for the United States, we use only 3 data pointsfor Canada. We
do this in the interest of time, as the experiments for Canada
are more preliminary. Nonetheless, to get a sense of whether
variation between days might affect the overall conclusions, we
conducted a day-to-day test-retest reliability analysis across 3
daysfrom Google Trends datafor Canada, using Spearman and
Pearson correlation. We computed the correlation coefficient
between each set of data collected on day 1 and day 2, and
between data collected on day 2 and day 3. For day 1 and day
2, we found an average Spearman and Pearson correlation of
0.85 and 0.86 for temporal data, and of 0.84 and 0.88 for the
spatial data. For day 2 and day 3, we found an average Spearman
and Pearson correlation of 0.85 and 0.86 for temporal data, and
of 0.84 and 0.89 for the spatial data. Given that (1) the
day-to-day correlations are very high, and that (2) we
nevertheless average across 3 days, we do not expect our
conclusionsfor Canadato be affected by using data pointsfrom
only 3 rather than 10 days.

Future Research Directions

Using Google Trends for nowcasting or estimating the
spatio-temporal prevalence of NCDs may not always be of
significant value dueto the scarcity of data, uncertainty of search
behavior, and the changesin usage of different keywords across
time. However, there are dtill several fronts that remain
unexplored.

In terms of the NCDs, using Google Trends for qualitative
research is an overlooked territory. In this context, feature
analysisisapromising venue wheretracking, investigating, and
discovering different keywords could help policy makers or
governments make better decisions.

In terms of the qualitative analysis, it might also be useful to
employ Google Trends for analyzing NCD-related events. In
this context, events could be described as short-term (or
single-day) phenomenon. A popular example of that isinitiating
and monitoring public health campaigns and interventions. For
health campaigns, it isuseful to conduct both prehoc and posthoc
analyses. Prehoc analyses include determining the target
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audience, and baseline search behaviors of people. On the other
hand, posthoc analyses characterize changes in the search
behavior triggered by thetarget event. Examples of related work
in the context of public health awareness campaigns can be
found in [73-76].

Another promising future direction includes the use of
task-specific modeling techniqueswhere the domain knowledge
about the task at hand could be used to craft better machine
learning models. In our study, we use the state-ID as a proxy
to model hierarchical distribution with different country-level
and state-level behaviors. However, our models are still
rudimentary and one could potentially employ more
sophisticated models, such as hierarchical linear models [77],
or neural regression trees [78], to model different hierarchies.
In our study, we model the hierarchy based on the state-1D. The
state, in this case, istreated as a cluster selected a priori to the
modeling based on the domain knowledge. One could also try
to find optimal clusters (such as group of similar states) or
partitioning of the data simultaneously while modeling the
problem itself. This can be achieved by using techniques such
as nearest neighbors [79] or other tree-based approaches such
as those shown in [78,80]. An added advantage of the
hierarchical modelsis their increased interpretability resulting
in some qualitative insights. Such models also allow us to
optimizefeature sel ection on subnational levelswhile modeling
a national distribution, improving the overall robustness.
Clustering approaches could also lead to directed public health
interventions by providing cluster-specific  insights.
Governmental public health interventions would be much more
effective if they target the right audience, and in a right and
directed manner, taking into account the local search behavior.

In summary, we believe that despite limited promise for
guantitative NCD surveillance, Google Trends till holds value
in relation to NCDs, particularly for qualitative analyses or for
monitoring the effect of public health campaigns. Finaly, in
terms of other fast-moving trends, any useful spatio-temporal
national-level surveillance using Google Trends necessitates
the use of appropriate denormalization such as the one shown
in thiswork.

Conclusion

In this paper, we first review the methods presented in the
background literature. We present acomprehensive table where
we compare the literature across different metrics. One of the
surprising findings of our study is the absence of evaluation
against trivial baselines in al of the reviewed papers. We
furthermore, highlight the methodological shortcomings of the
most relevant research papers. In the second part of the paper,
we use a corrective approach to improve upon the background
work. Specifically, we explore the feasibility of using Google
Trends for nowcasting the prevalence of lifestyle diseases in
the context of diabetes, obesity, and exercise. To undo the effect
of Google Trends normalization, we propose a novel
spatio-temporal denormalization scheme. That combined with
thetrivial basdline asacovariate beat the previoudly set baseline
methods in the background literature for most of the target
variables. We further improve upon that model by shifting the
time window by 1 year, and then including a state-ID as a
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covariate. Our best models beat the trivial baseline with a models in the international setting, setting a cornerstone for
significant improvement in performance. We, however, realize  using such transfer learning-based approaches in low-resource
that this requires both abundant data, as well as creative countries. Finally, we propose various possible future paths
modeling strategies. Furthermore, we extend upon our formative  researchers can take to conduct both quantitative and qualitative
work to show generalizability of our methodology and trained  analyses using Google Trends.
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