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Search Engine ALS
Abstract

Amyotrophic lateral sclerosis (ALS), a motor neuron disease, remains aclinical diagnosis with a
diagnostic delay of over ayear. Here we examine the possibility that interactions with an internet
search engine could be used to help screen for ALS. We identified 285 anonymous Bing users
whose queries indicated that they had been diagnosed with ALS and matched them to 1) 3276
control users and 2) 1814 users whose searches indicated they had ALS disease mimics. We
tested whether the ALS group could be distinguished from controls and disease mimics based on
search engine query data. Finally, we conducted a prospective validation from participants who
provided access to their Bing search data. The model distinguished between the ALS group and
controls with an area under the curve (AUC) of 0.81. Model scores for the ALS group differed
from the disease mimics group (ranksum test, P<0.05 with Bonferrini correction). Mild cognitive
impairment could not be distinguished from ALS (NS). In the prospective analysis, the model
reached an AUC of 0.74. These results suggest that interactions with search engines could be

used as atool to assist in screening for ALS, to reduce diagnostic delay.
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Search Engine ALS
I ntroduction

Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease that primarily
affects the motor neurons in the brain and spinal cord *. Theresult is a progressive | oss of
strength that can affect the voluntary muscles of the limbs, bulbar region, and trunk, including
muscles of respiration. A small percentage of people with ALS can develop frontotemporal
dementia (FTD). A larger percentage of people will develop more subtle cognitive change,

particularly affecting executive function and expressive language .

ALSistypically diagnosed by a neurologist and the diagnosis remains primarily a clinical
diagnosis of exclusion shaped by the revised El Escorial Criteria ®, though other diagnostic
criteriaaso exist *°. A medical history and physical examination raise the suspicion of the
disease on clinical grounds, and further testing is used to eliminate competing diagnoses and
support the clinical impression of the disease*. These additional testsinclude electromyography
to exclude other diseases affecting motor nerves *, imaging and blood tests. The process of
diagnosistypically lasts 12 months from symptom onset, and most patients receive at least one
incorrect diagnosis during this period ®’. The rate of progression after diagnosisis highly
variable between patients, though the duration from symptom onset to diagnosis correlates with

rapidity of disease progression, with shorter diagnostic delay correlating with faster progression

8

The way that people interact with computers may provide a means to assess cognition ? and
could even provide a window into motor function. Motor, language, and executive functions are
required to operate the keyboard and mouse, comprehend and create text, plan and focus
attention. Changes in search engine queries have been shown to correlate with parts of standard

cognitive tests and may thus be used as a continuous, unobtrusive inexpensive monitoring
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application °. Indeed, internet data, and specifically search engine queries, have been shown to be
useful for screening for a variety of diseases including Alzheimer’s Disease *°, Parkinson’s
Disease ™, several types of cancer ™, diabetes ™, and eating disorders *°. Similarly, social
media postings have been shown to predict depression **, postpartum depression *® and to change
prior to emergency department visits °. Therefore, in this study we focus on the question of
whether differencesin use of and interactions with search engines can be used as a screening tool

for ALS.

Past work on screening from internet data used predominantly archival data, where the endpoints
used to identify the patient cohort were queries in which users self-identified as having the
condition of interest. This offers a method for creating patient cohorts with relatively little
recruiting effort, but the patient cohort is not clinically validated, and relying exclusively on this
analysis could raise ethical challenges . An alternative, face-to-face recruitment of patients, is

chalenging in the case of rare diseases such as ALS.

The current study offers a novel methodology whereby the screening mode is developed using
archival data of non-clinically verified users. The modd is then tested on the data of users who
self-identified as having been given an ALS diagnhosis by an ALS clinician and provide informed

consent to contribute their search engine data anonymously.
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M ethods

Retrospective Study of Existing Search Engine Data

Oversight

For this retrospective portion of our study, the methods were performed in accordance with
relevant guidelines and regulations and approved by the Microsoft Research institutional review

board (IRB).

User Identification and Query Characterization

We extracted all queries submitted to the Bing search engine by peoplein the United States
during 2019. Data available for retrospective analysis included the query text, date and time of
the query, a pseudo-anonymous user identifier, and data on the interaction between the user and
the search results page, specifically, session duration and whether the search engine s autocorrect
function wasused. A session is defined as the length of time during which users submit queries

to the search engine with inter-query breaks shorter than 30 minutes.

To identify people who are likely to have ALS we found users who queried for phrases that
indicated that the user had the disease (referred to as the “reference query”). Specifically, we
defined the reference queries to be those containing one of the phrases “| have’, “1 have been
diagnosed with”, or “I’ ve been diagnosed” together with one of theterms“ALS’, “amyotrophic
lateral sclerosis’, or “Lou Gehrig'sdisease.” We refer to these users as “query-identified” people

with ALS.

ALS Reference Terms
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To identify a control group, we found users who made similar common queries to those of the
ALS group. Specifically, weidentified the 100,000 most common queries among all usersin
2019. We then found, for each user in the ALS group, up to 50 users who made at least 10 of the

most common queries and had an overlap of at least 10% with the ALS user.

To identify how frequently query-identified people with ALS and controls searched for key ALS

terms, we defined ALS-relevant queries as those including one of the following reference terms:

1. Disease: “ALS’, “amyotrophic lateral sclerosis’, “Lou Gehrig's disease”

2. Drugsusedtotreat ALS: “radicava,” “radicut,” “edaravone,” “riluzole,” “rilutek,”
“tiglutik,” “nuedexta’

3. Patient groups: “muscular dystrophy association”, “motor neuron disorder association”,
“MNDA”, “NEALS’

4. Termsrelated to the disease: “vital capacity”, “FVC”, “SVC”, “shortness of breath”,

“muscle strength”, “muscle weakness’, “twitching”, “fasciculation”, “short breath”.

All query dates of a user were computed relative to the date of thefirst query relevant to ALS.
For users without a history of ALS queries, the reference time was chosen as the middle point
between the first and last time that queries from the user were found. Users who queried for

fewer than 10 days were excluded.

All queries were characterized by the following attributes: 1) session duration (in seconds); 2)
whether the autocorrect was triggered; 3) query length (in characters); 4) number of wordsin the

guery; 5) longest word in the query; 6) average query word length.

Model Building.
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A random forest model with 20 trees was trained to distinguish usersin the ALS group from
those in the control group. Users were then aggregated by the minimal score of their queries
(minimum pooling) after removal of the 5 percent of lowest scores per user. Ten-fold cross
validation, gtratified by users, was applied for estimating model performance. Reference queries

were excluded from this analysis.
Testing Model Specificity Using Disease Controls

To explore whether the ALS modd was specific to the identification of people with ALS, the
data used to build the ALS model was used to characterize people with five disease control
conditions that have symptoms similar to ALS. These were: 1) Inclusion body myositis, 2)
Guillain-Barre syndrome, 3) Cervical radiculopathy, 4) Carpal tunnel syndrome, and 5) Mild

cognitive impairment.

Users were identified as disease controls by reference query, as described for ALS above. Or, if
too few users made the reference query, they were identified if they queried five or more times
about one of the conditions (asin Ofran et al. [13]). Users from these groups who asked about

AL S were excluded to avoid contamination of these disease-control groups.

The model developed for ALS was applied to the data from these users and compared to usersin
the ALS cohort. To reduce the likelihood of overfitting, scoresin the ALS group were calculated
using 10-fold cross-validation stratified by users. The difference between the scores given to

disease control users and the scores given to the ALS users was evaluated using a ranksum test.

Prospectively Enrolled Study for Model Validation on an External Dataset

As noted, the ALS model was trained on query-identified users. We then conducted an external

validation study in people who self-identified as having been diagnosed with ALS by a clinician.
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These “self-identified” participants enrolled prospectively and contributed existing search engine

datafor analysis using an automated system.
Oversight

For this prospectively enrolled, minimal risk portion of our study, the methods were performed

in accordance with relevant guidelines and regulations and approved by the Advarra IRB.
Recruitment and Consent

The recruitment and enrollment procedures for the study were designed to select for participants
with self-identified ALS diagnoses while preserving anonymity and privacy. Participants were
recruited through advertising to members of EverythingALS, alarge US-based advocacy
organization for people living with ALS. Advertising was IRB approved and was included in
webinars, emails to the EverythingALS mailing list and at events. People were asked to direct
their browser to the study website where the informed consent was found. Participants read the
written informed consent document on a secure webpage. They documented consent by
checking an opt-in checkbox to indicate their study consent. The checkbox was only available
after scrolling through the written consent document. Study documents were only available after

participants had documented consent to the study in this way.

Once consented, participants were asked to provide age and sex and to answer six questions to
verify their diagnosis of ALS (Appendix 1). These questions were modelled after those used in
the self-registration portion of the US National ALS Registry %%, Finally, participants were
asked to click on alink which would associate their existing search engine data to their study

profile. Thislink created a unique, randomly assigned code recorded in their study record and
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entered asaquery in Bing. The user could then beidentified in Bing using the unique code and

all other queries associated with the user could be analyzed for this project.

The control group for model validation were al US-based Bing users who were active during
2021, when the study was recruiting self-identified ALS participants, or when they enrolled
prospectively and provided dataindicating that they had not been diagnosed with ALS. Ashas
been done in other studies, we included controls who might be concerned about ALS, but likely
did not have ALS ?* because ultimately these are the groups of users it isimportant to
differentiate. We identified control users who queried for ALS oneto five times, were active for

at least one day and queried at least five times.
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Results

Weidentified 285 query-identified ALS users and 3276 control users. A total of 485 usersin the
control group also mentioned reference termsin their queries. However, the ALS group asked,
on average, 22.0 queries each that mentioned the AL S-relevant terms compared to controls, who

asked 0.6 queries each (ranksum, p<10).

Usersin the ALS group made, on average, 9 queries per day compared to 48 per day by usersin
the control group (ranksum, p<10?°). Users of the ALS group were active for 135 days, on

average, compared to 249 daysin the controls (ranksum, p<10').

All six query attributes evaluated were significantly different between the query-identified ALS
and control groups (Figure 1a-f). Specifically, people in the ALS group had shorter sessions;
they also used longer queries containing longer words and triggered spelling autocorrect more

frequently (Table 1).
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Figure 1: Distribution of query attributes. The distribution of six attributes in the query-
identified ALS group and the control group. Average values of each attribute were calculated for
each user and the distributions of these average values are shown. Groups differ for al attributes
(Wilcoxon sign rank test, P<10).
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Table 1: Search Characteristicsin ALS and Control Groups

Population Average session Average query length Avg autocorrect Avg number of Average maximum Average mean word
duration triggered query words word length length

Seconds p-value Characters p-value Percent p-value Words p-value Characters p-value Characters p-value
ALS 987.0 23.6 0.084 4.1 7.8 5.5
Controls 1104.6 <0.0001 18.1 <0.0001 0.031 <0.0001 3.0 <0.0001 7.4 <0.0001 5.7 <0.0001
IBM 868.6 0.0155 22.4 0.0174 0.050 0.0001 3.6 <0.0001 8.0 0.0125 8.0 <0.0001
GBS 751.3 0.0207 22.3 0.2579 0.036 0.0085 3.6 0.0348 8.0 0.4607 8.0 <0.0001
C. Radic 842.0 <0.0001 22.6 0.0015 0.069 0.0301 3.6 <0.0001 8.0 0.0033 8.0 <0.0001
CTS 839.6 <0.0001 22.4 0.0015 0.070 0.1438 3.6 <0.0001 8.3 <0.0001 8.3 <0.0001
MCI 818.4 0.2446 25.1 0.3563 0.069 0.5720 4.3 0.5003 8.0 0.5877 8.0 <0.0001

ALS — amyotrophic lateral sclerosis; IBM — inclusion body myositis; GBS — Guillain-Barre syndrome; C. Radic — cervical radiculopathy; CTS — carpal
tunnel syndrome; MCl — mild cognitive impairment

The spelling errors were not attributable to people with ALS asking more about medical terms,
leading to more misspelling.  While the ALS group queried more about symptoms (2.5% vs.
0.4% in the control population), they made fewer spelling mistakes on symptom queries (8.5%)
than on other queries (9.5%). Similarly, peoplein the ALS population asked more about
diseases (6.4% vs 2.6% controls) but had a similar percentage of spelling mistakes on disease
gueries (9.0%) compared to non-disease-related queries (8.6%). Finally, peopleinthe ALS
population asked more about medications (0.8% vs. 0.5% controls) but made fewer spelling

mi stakes when asking about medications (6.5%) compared to non-medication queries (9.0%).

The final ALS model differentiates query-identified ALS users from controls with an AUC of
0.81 using all data available (Figure 2). For example, thistranslates to a sensitivity of 74% at a
specificity of 74%. Limiting data only within 30 days of the reference query, the AUC is0.73,
and it issimilar (0.68) to the AUC when limiting the data to between 90 and 30 days prior to the

reference query or to 90 days or more before the reference query (AUC=0.69).
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Figure 2: Receiver Operator Curve (retrospective, query-identified users). The area under
the curve (AUC) for differentiating query-identified ALS participants from controls was 0.72
using data within 90 days of the reference query and increasesto 0.81 using all available data
(purpleline).
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Evaluating specificity of the ALS modd compared to people with related diseases

The distribution of model scoresin the ALS cohort was significantly different than for the
disease controls Guillain-Barre, inclusion body myositis, cervical radiculopathy, and carpal
tunnel syndrome (p<0.05 for all comparisons with Bonferroni correction; Figure 3 and Table 1).
The scores for people in the mild cognitive impairment group were not different from those with

ALS (NS; Figure 3 and Table 1).
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Figure 3: Distribution of the classifier scores. The score distribution for the ALS cohort and
for each of the control condition cohorts.
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Modd Validation using Prospectively Enrolled External Dataset

For the prospective enroliment of people with self-identified ALS, atotal of 122 people visited
the study website. Of those, 85 consented to participate in the study and 60 completed the
guestionnaire. Among consenting participants who completed the questionnaire, 45 reported
being diagnosed with ALS or having been told by a health professional that they have or might
have ALS. Twelve of those reported they were given an additional diagnosis by a healthcare
professional. Data for atotal of 21 participants was found in Bing data (35%), of which 16

indicated an ALS diagnosis. Five participants with Bing data indicated that they did not have
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ALS and were added to the control population. Another 3750 control users were identified, using
search engine data as described. Of the consented users with ALS 53% were female, with an
average age of 60.2 years (range: 39 — 79, S.D.: 10.3). The median timeto participate in the
study (among consenting people) was 3.8 minutes. Applying the ALS model to the people with
self-identified ALS and controls, the AUC was 0.74 (Figure 4). Thistrandlates to a specificity of

86% at 100% sensitivity.

Figure 4. Recelver Operator Curve (prospective, sef-identified participants). The AUC
distinguishes people with self-identified ALS from controls. The ALS model built on query-
identified ALS users and controls (AUC of 0.81 in that population) demonstrates an AUC of
0.73 on this external population with self-identified ALS and controls. In this case, controls
were also selected specifically for having searched for ALS-relevant terms 1-5 times.
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Discussion

This study further demonstrates the potential of search engine investigations using data from
unidentified users to provide information about the health of populations under-represented in
traditional medical research %°. Our data suggest that using search engine data, we can recognize
agroup of userswho are likely to have ALS and detect unique search characteristics that
distinguish this group from controls with a high specificity and sensitivity. People with ALS
queried reference terms more frequently, had fewer queries per day, and queried more
uncommon terms. They also triggered the spelling correction significantly more often. Queries
from people with ALS may contain more spelling mistakes due to hand weakness causing
typographic errors, or, they could have subtle cognitive changes affecting expressive language,

which are well documented in ALS and could affect spelling.

One might expect the model performance to change as AL S progresses within a given person.
Interestingly, queries at different intervals after study inclusion did not reveal clear changesin
the ALS model performance, perhaps because the interval of participation was short and ALS
changes were not marked enough over that duration. Thus, these changes may work better as

diagnostic markers, rather than markers of ALS progression.

The model was able to distinguish between ALS and disease mimics, except for mild cognitive
impairment. Subtle cognitive changes are not uncommon in people with ALS, which may
contribute to the challenges distinguishing between these groups. It is interesting that the model
was able to distinguish the ALS group from people with conditions that affect motor function,
but not cognitive change. Further work is required to test the model’ s relative reliance on

cognitive changes versus motor changes.
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Importantly, the model also performed well on an external validation of a self-identified cohort

of people with adiagnosis of ALS.

Our study does have several limitations. First, the data used to train our model was from users
identified by their queries. Therefore, we did not have clinical verification for their medical
status. Past work has shown that a minority of usersindicate an illness when a close family
member is the person who isill and that different demographics query differently, for example,
women tend to use longer queries. Thus, queries about illness could be biased by differencesin
the demographics of the participants . Furthermore, query-identified people with ALS are
certainly only a subset of people with ALS and could represent a biased sample. However, we
successfully applied the ALS model to an external population of people with self-reported ALS
and found a similar performance, suggesting the model is robust. Second, while we examined
behavior within 90 days of the self-identifying query, we are not able to determine the actual

time from diagnosis or from first symptoms.

Future work in ALS should be done applying the proposed mode to larger cohorts of people
with clinically verified ALS to further test its accuracy and to extend the model into different
languages. Larger cohorts would also test whether accurate diagnosis can be performed earlier

than is currently possible and if the model can help shorten the diagnostic process for ALS.


https://doi.org/10.1101/2023.02.26.23286464

medRXxiv preprint doi: https://doi.org/10.1101/2023.02.26.23286464; this version posted March 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Search Engine ALS

References

1. Masrori, P. & Van Damme, P. Amyotrophic lateral sclerosis: aclinical review. Eur J Neurol
27, 1918-1929 (2020).

2. Phukan, J., Pender, N. P. & Hardiman, O. Cognitive impairment in amyotrophic lateral
sclerosis. Lancet Neurol 6, 994-1003 (2007).

3. Brooks, B. R, Miller, R. G., Swash, M. & Munsat, T. L. El Escorial revisited: Revised
criteriafor the diagnosis of amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosisand
Other Motor Neuron Disorders 1, 293-299 (2000).

4. Hannaford, A. et al. Diagnostic Utility of Gold Coast Criteriain Amyotrophic Lateral
Sclerosis. Annals of Neurology 89, 979-986 (2021).

5. Nodera, H., Izumi, Y. & Kaji, R. [New diagnostic criteriaof ALS (Awaji criteria)]. Brain
Nerve 59, 1023-1029 (2007).

6. Richards, D., Morren, J. A. & Pioro, E. P. Timeto diagnosis and factors affecting diagnostic
delay in amyotrophic lateral sclerosis. Journal of the Neurological Sciences 417, 117054
(2020).

7. Paganoni, S. et al. Diagnostic timelines and delays in diagnosing amyotrophic lateral
sclerosis (ALS). Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration 15, 453—
456 (2014).

8. Chio, A. et al. Prognostic factorsin ALS: A critical review. Amyotrophic Lateral Sclerosis
10, 310-323 (2009).

9. Austin, J.,, Hollingshead, K. & Kaye, J. Internet Searches and Their Relationship to
Cognitive Function in Older Adults: Cross-Sectional Analysis. J Med Internet Res 19, €307

(2017).


https://doi.org/10.1101/2023.02.26.23286464

medRXxiv preprint doi: https://doi.org/10.1101/2023.02.26.23286464; this version posted March 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

10.

11.

12.

13.

14.

15.

16.

17.

18.

All rights reserved. No reuse allowed without permission.

Search Engine ALS

Kaye, J. et al. Unobtrusive measurement of daily computer use to detect mild cognitive
impairment. Alzheimer’s & Dementia 10, 10-17 (2014).

Youngmann, B., Allerhand, L., Paltiel, O., Yom[ I Tov, E. & Arkadir, D. A machine learning
algorithm successfully screens for Parkinson’sin web users. Ann Clin Trand Neurol 6,
2503-2509 (2019).

Soldaini, L. & Yom-Tov, E. Inferring Individual Attributes from Search Engine Queries and
Auxiliary Information. in Proceedings of the 26th International Conference on World Wide
Web - WWW ' 17 293-301 (ACM Press, 2017). doi:10.1145/3038912.3052629.

White, R. W. & Horvitz, E. Evaluation of the Feasibility of Screening Patients for Early
Signs of Lung Carcinomain Web Search Logs. JAMA Oncology 3, 398 (2017).

Yom-Tov, E. Screening for Cancer Using a Learning Internet Advertising System. ACM
Trans. Comput. Healthcare 1, 1-13 (2020).

Hochberg, I., Daoud, D., Shehadeh, N. & Yom-Tov, E. Can internet search engine queries be
used to diagnose diabetes? Analysis of archival search data. Acta Diabetol (2019)
doi:10.1007/s00592-019-01350-5.

SadehSharvit, S., Fitzsmmons Craft, E. E., Taylor, C. B. & Yom[1Tov, E. Predicting
eating disorders from Internet activity. Int J Eat Disord eat.23338 (2020)
doi:10.1002/eat.23338.

Munmun De Choudhury, Michael Gamon, Scott Counts, & Eric Horvitz. Predicting
Depression via Social Media. in Proceedings of the Seventh International AAAI Conference
on Weblogs and Social Media (2013).

De Choudhury, M., Counts, S., Horvitz, E. J. & Hoff, A. Characterizing and predicting

postpartum depression from shared facebook data. in Proceedings of the 17th ACM


https://doi.org/10.1101/2023.02.26.23286464

medRXxiv preprint doi: https://doi.org/10.1101/2023.02.26.23286464; this version posted March 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

19.

20.

21.

22.

23.

24,

All rights reserved. No reuse allowed without permission.

Search Engine ALS

conference on Computer supported cooperative work & social computing - CSCW'’ 14 626—
638 (ACM Press, 2014). doi:10.1145/2531602.2531675.

Guntuku, S. C. et al. Variability in Language used on Social Media prior to Hospital Visits.
i Rep 10, 4346 (2020).

Yom-Tov, E. & Cherlow, Y. Ethical Challenges and Opportunities Associated With the
Ability to Perform Medical Screening From Interactions With Search Engines: Viewpoint. J
Med Internet Res 22, 21922 (2020).

Yom-Tov, E. Demographic differences in search engine use with implications for cohort
selection. Inf Retrieval J (2019) doi:10.1007/s10791-018-09349-2.

Mehta, P. et al. Incidence of amyotrophic lateral sclerosisin the United States, 2014-2016.
Amyotroph Lateral Scler Frontotemporal Degener 23, 378-382 (2022).

Allen, K. D. et al. The National Registry of Veterans with amyotrophic lateral sclerosis.
Neuroepidemiol ogy 30, 180-190 (2008).

Ofran, Y., Pdltid, O., Pelleg, D., Rowe, J. M. & Yom-Tov, E. Patterns of Information-
Seeking for Cancer on the Internet: An Analysis of Real World Data. PLoOSONE 7, 45921

(2012).


https://doi.org/10.1101/2023.02.26.23286464

medRXxiv preprint doi: https://doi.org/10.1101/2023.02.26.23286464; this version posted March 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Search Engine ALS

Acknowledgements
The authors would like to acknowledge the participantsin this study for their effort and

dedication to forwarding AL S research.


https://doi.org/10.1101/2023.02.26.23286464

