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Development of an early alert 
model for pandemic situations 
in Germany
Danqi Wang 1*, Manuel Lentzen 1,2, Jonas Botz 1,2, Diego Valderrama 1,2, Lucille Deplante 3, 
Jules Perrio 3, Marie Génin 3, Edward Thommes 4, Laurent Coudeville 4 & Holger Fröhlich 1,2*

The COVID-19 pandemic has pointed out the need for new technical approaches to increase the 
preparedness of healthcare systems. One important measure is to develop innovative early warning 
systems. Along those lines, we first compiled a corpus of relevant COVID-19 related symptoms 
with the help of a disease ontology, text mining and statistical analysis. Subsequently, we applied 
statistical and machine learning (ML) techniques to time series data of symptom related Google 
searches and tweets spanning the time period from March 2020 to June 2022. In conclusion, we found 
that a long-short-term memory (LSTM) jointly trained on COVID-19 symptoms related Google Trends 
and Twitter data was able to accurately forecast up-trends in classical surveillance data (confirmed 
cases and hospitalization rates) 14 days ahead. In both cases, F1 scores were above 98% and 97%, 
respectively, hence demonstrating the potential of using digital traces for building an early alert 
system for pandemics in Germany.

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by the severe acute respiratory syndrome 
coronavirus type 2 (SARS-CoV-2) that emerged in December 2019. It was discovered in Wuhan, China, and 
quickly spread over the world, including Europe and the United States. In early 2020, almost three million posi-
tive cases were identified  worldwide1. At the time of the first outbreak in China, many healthcare systems around 
the world were not well prepared for the pandemic. Measures to prevent its spread to other regions of the world 
were often hesitant and taken too late. In the light of this situation one of the missions of the French-German 
collaborative project AIOLOS (Artificial Intelligence Tools for Outbreak Detection and Response (https:// aio-
los- proje ct. org)) is to implement modeling approaches that could support the development of an early warning 
system for pandemic situations.

Public health surveillance data, such as confirmed cases, hospitalizations and deaths, are critical for under-
standing disease  epidemiology2. One big challenge, though, is that many countries do not always record tradi-
tional surveillance data in a fully automated and digital way in real time. Hence, there is a systematic and critical 
delay between reported surveillance and the real disease spread. However, time is a critical element for taking 
effective countermeasures against epidemic or pandemic  situations3,4. In response to this situation, Westhaus 
et al. proposed systematic wastewater  monitoring5, and according measures have been implemented in the 
USA, Australia, Israel, Spain, Italy and several French regions during the COVID-19  pandemic6–15. However, 
wastewater monitoring is expensive and requires knowledge of the specific virus particles that are searched for.

A principle alternative is the use of social media and other digital traces of people’s online activities as a 
source of disease associated information. The underlying hypothesis is that people tend to search for signs of 
illness and post about them in social networks before confirmed cases are reported in traditional surveillance 
data. Hence, information may spread faster through digital traces compared to traditional channels. Over the last 
decade, several studies have explored this idea, for example, by leveraging Google searches and Twitter posts for 
predicting and tracking the spread of diseases such as the flu, dengue, Zika, MERS, Ebola and COVID-192,16–22. 
We refer to Botz et al.23 for a more detailed review. For example, Kogan et al. used a Bayesian model to develop an 
early warning algorithm for COVID-19 based on several data sources (Google Trends, Twitter, UpToDate), fever 
incidence rates, and predictions made by the global epidemic and mobility model in the  USA2. The algorithm was 
validated on US COVID-19 surveillance data as well as incidence rates of influenza-like illness, demonstrating 
that an uptrend in COVID-19 infections could be predicted up to 7 days in advance with a sensitivity of 0.75. 
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Noteworthy, conclusions made in this paper cannot necessarily be generalized to other regions of the world, 
because the use of digital platforms may display socio-economical and cultural differences. To the best of our 
knowledge, no comparable study has been conducted for Germany thus far.

In this work we tried to fill this gap by developing a neural network (LSTM) based machine learning model 
to predict trends in surveillance data using Google Trends and Twitter data for Germany from March 2020 to 
June 2022. In particular, our work demonstrates the LSTM model built on the combined data traces has the pos-
sibility to forecast up-trends in COVID-19 case and hospitalization numbers 14 days in advance with sensitivity 
values of 0.96 and 1, and F1 scores of 0.98 and 0.97, respectively.

Our work thus highlights the applicability of deep learning models for COVID-19 forecasts and demonstrates 
that digital traces, such as Google Trends and Twitter, could be useful sources for developing an early warning 
system for pandemic outbreaks in Germany.

Methods
Framework overview
This study presents a three-phase framework for developing early warning models (Fig. 1). Initially, a German 
disease symptom corpus was created via ontology and text mining as well as statistical analysis. This was followed 
by data collection from Google Trends and Twitter using their respective APIs. In the second step, we examined 
the relationship between trends in digital traces and surveillance data using a log-linear regression model. Lastly, 
trend forecasting models (Random Forest and LSTM) were developed.

Disease symptom corpus
A literature-based text-mining approach for identifying COVID-19 related symptoms was implemented. For that 
purpose, we first downloaded 968 symptoms and their 1209 synonyms from the EBI Symptom Ontology (https:// 
www. ebi. ac. uk/ ols/ ontol ogies/ symp, accessed on June 2, 2022), and searched those symptoms as well as COVID-
19 related terms in SCAIView knowledge discovery software (https:// acade mia. scaiv iew. com). SCAIView allows 
semantic searches in full-text biomedical articles (PubMed and PMC) by combining free text searches with the 
ontological representations of automatic recognized biological  entities24–26. The search term body was generated 
as (1) a respective symptom or synonym, (2) COVID-19-related terms (“COVID”, “Coronavirus disease”, “COVID 
19”), (3) both together. We then retrieved the number of corresponding documents via SCAIView Academia 
REST-API (https:// api. acade mia. scaiv iew. com/ swagg er- ui. html, accessed on June 15, 2022).

To narrow down the extensive list of potential search terms, we aimed to identify the most significant ones 
by assessing their frequency of appearance in PubMed and PMC articles compared to what would be expected 
by chance. To accomplish this, we conducted a hypergeometric test for each  term27. The test was performed as 
follows: Let M be the total number of documents in SCAIView search engine, and n be the number of documents 
containing COVID-19-related terms. Furthermore, let N be the number of documents that contain a certain 
symptom/ synonym q. Finally, let x be the number of documents that contain both, COVID-19-related terms 
and q, i.e. the cardinality of the intersection of both sets. Then the probability of seeing an intersection at least 
as large as x is given by

(1)P(X ≥ x) = 1−
∑x−1

i=0
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n
i
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Figure 1.  The proposed workflow of developing an early alert model using digital traces from Google Trends 
and Twitter.

https://www.ebi.ac.uk/ols/ontologies/symp
https://www.ebi.ac.uk/ols/ontologies/symp
https://academia.scaiview.com
https://api.academia.scaiview.com/swagger-ui.html
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Holm–Bonferroni method was used to correct for P values of all symptoms for multiple  testing28. For generating 
the final symptom corpus, all symptoms were translated into German.

Google trends
Google allows all users to access and process anonymized data on relative search volume behavior with Google 
Trends. Using the Google Trends API, we obtained a daily time series of the search frequencies for the German 
symptom keyword through the Pytrends library (version 4.9.0). The TrendReq method was used to pass host 
language (“de-DE”) and timezone offset (60) in the initialization step. We queried each symptom keyword term 
in a measure entitled “interest_over_time”. Parameters such as “start_year” (2020), “start_mon” (1), “stop_year” 
(2022), “stop_mon” (6), and “geo” (“DE”) were given in the function. The relative search result for a given keyword 
is between 0 and 100. A value of 0 indicates the lowest relative search interest for the given keyword, whereas 
a value of 100 indicates the date with the maximum search interest. For consistency, the daily data values are 
scaled by multiplying the daily value by the number of searches per month divided by 100 (https:// github. com/ 
Gener alMil ls/ pytre nds/ tree/ master/ pytre nds, accessed on June 15, 2022). The Google Trends dataset includes 
data from January 5, 2020 to June 28, 2022. We eliminated symptoms which consistently showed no Google 
queries throughout the entire time span.

Twitter microblogs
The study leveraged Twitter’s streaming API and Tweepy library (version 4.8.0) to collect Twitter data. The 
streaming API allows for a stream of public tweets from the platform in real time that can be filtered using mul-
tiple parameters. Credentials of Academic Developer Portal are applied for getting the full-archive daily tweets 
counts using “get_all_tweets_count” in the case of a client application with the support of Pagination. Pagination 
programmatically retrieves the entire result set by setting “flatten” with a larger limit. In our study, each German 
symptom keyword and language (“DE”) were specified at the query part. The Twitter dataset contains the daily 
search amount for certain German symptoms between January 1, 2020 and June 28, 2022. Similar to the situation 
with Google Trends, we removed symptoms for which no tweets could be found.

Surveillance data
In this study, we obtained daily COVID-19 case reports from Robert Koch-Institute (RKI) website as the ground-
truth, including RKI confirmed cases, RKI deaths (https:// github. com/ robert- koch- insti tut, accessed on March 
24, 2023), and RKI hospitalization (https:// github. com/ robert- koch- insti tut/ COVID- 19- Hospi talis ierun gen_ 
in_ Deuts chland, accessed on February 22, 2023). The time series of surveillance data started on March 1, 2020, 
and we sliced it till June 28, 2022 for further analysis. Overall, it provided insight into the changing trends and 
patterns of the monitored area over a two and a half year period. Data has been normalized based on the number 
of corresponding cases per 100,000 people.

Statistical trend analysis
Trend decomposition
The occurrence of symptom mentioning in social media and Google searches may be confounded by natural 
seasonal fluctuations, resulting in an elevated level of false positive alarms.To remove unwanted such fluctuations, 
we thus applied robust time series decomposition techniques, more specifically Seasonal and Trend decomposi-
tion using LOESS (STL), a non-parametric method developed by Cleveland et al.29. STL has the strengths of 
simplicity and effectiveness when dealing with time series data as each component is allowed to change over 
time, and the system is robust to  outliers30.

STL is a filtering procedure which is used for decomposing a seasonal time series into three components, 
which are called trend, seasonal, and remainder. The supposed raw data, the trend component, the so-called 
seasonal component, and the remainder component are denoted by Yv , Tv , Sv , and Rv , respectively. For v = 1 to N:

STL decomposition consists the following two recursive procedures: an inner loop and an outer loop. The 
inner loop updates the seasonal and trend components with seasonal smoothing and trend smoothing, which 
is handled by locally-weighted regression (LOESS)31. The procedure consists of six iterative steps as  follows32: 
(1) Detrending: The detrended time series can be calculated via the formula yv − Tv

(k) , where k denotes the 
iteration. (2) Cycle-Subseries Smoothing: To smooth the subseries of detrended data and obtain the smoothing 
result, which is shown as C(k+1)

v  . (3) Low-Pass Filtering: Two moving average filters and a LOESS smoother are 
used in this procedure. The result is shown as L(k+1)

v  . (4) Detrending of Smoothed Cycle-Subseries is performed 
to get the seasonal component: S(k+1)

v = C
(k+1)
v − L

(k+1)
v  . (5) De-seasonalizing: Subtract the seasonal compo-

nent. yv − S
(k+1)
v  . (6) Trend Smoothing: LOESS is used to smooth the deseasonalized series and to get the trend 

component of current pass: T(k+1)
v .

In the outer loop a robustness weight ( ρv ) is defined, which reflects how extreme the remainder component 
is weighted: ρv = B(|Rv|h) , where h = 6×median(|Rv|) and B is the bisquare function:

(2)Yv = Tv + Sv + Rv

B(u) =

{

(1− u2)2 0 ≤ u < 1
0 u > 1.

https://github.com/GeneralMills/pytrends/tree/master/pytrends
https://github.com/GeneralMills/pytrends/tree/master/pytrends
https://github.com/robert-koch-institut
https://github.com/robert-koch-institut/COVID-19-Hospitalisierungen_in_Deutschland
https://github.com/robert-koch-institut/COVID-19-Hospitalisierungen_in_Deutschland
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ρv is adjusted to reduce the influence of outliers in Cycle-Subseries and Trend Smoothing. We used the “STL” 
function in Python statsmodels library (version 0.13.5) to decompose the raw time series data, and “period” 
parameter was specified to adjust the seasonal part. For surveillance data, the “period” parameter was set to 7, 
and for digital traces time series data, the value was 30.

Log‑linear regression model
We assume that pandemic events exhibit exponential behavior within a relatively short time frame. Our study 
thus employs a log-linear regression model to track the growth and decline of surveillance and digital traces in 
consecutive 14-day intervals throughout the training period, which spans from February 2020 to February 2022. 
This duration encompasses various phases of the pandemic.

In Eq. 3, the independent variable is the “time”, more specifically, the days in our case, α is the estimated inter-
cept, β is the slop coefficient, εt represents the Gaussian noise term with a mean of 0 and a variance of σ 2 , and Yt 
represents the trend component at time t, which has previously been extracted via STL decomposition. The log 
transformed surveillance and digital time series data is fitted against days over the respective 14-days interval 
(sliding window).

We evaluated the statistical significance of coefficient β within each sliding window followed by an adjustment 
to P values using the Holm–Bonferroni method (5 % significance level), i.e. log(Yt0:t13) was the first window. We 
determined the trend given β and the respective P value for every interval. When β exceeded 0 and the adjusted 
P value was less than 0.05, an exponential growth (“up-trend”) was declared, whereas an exponential decay 
(“down-trend”) was defined when β was less than 0 and the adjusted P value less than 0.05. For other situations, 
we declared “no trend”. This procedure was repeated on successive days to obtain a sequence of adjusted P values 
and trends. The illustration of the log-linear regression model is shown in Fig. 2. For subsequent analysis we 
always assigned β to the first time point of the sliding window. Since the sliding window has a stride of 1 day, 
we were thus able to convert the original time series into a time series of β coefficients (i.e. slopes), one per day, 
except for the last 13 days.

Multi‑symptom P value
To obtain a comprehensive metric for combining multiple symptoms of each digital data trace, the harmonic 
P (HMP) value approach was utilized, as described in  study2,33. The calculation involved combining P values 
estimated for each symptom/synonym. The formula used for this calculation is as follows:

where wi were weights that sum to 1, and each symptom/synonym was treated equally. Following that, P values 
were adjusted for multiple testing using the Holm–Bonferroni method at a significance level of 5%28. In particular, 
we voted for the trend across multiple symptoms per day, i.e. an “up-trend” was declared only if the majority of 
symptoms demonstrated an up-trend and the adjusted P value was less than 0.05. We assigned a “down-trend” 
using the same strategy, otherwise a “no-trend” was declared.

In case of harmonizing digital traces, the metric was calculated by combining the P value estimates across 
Google Trends and Twitter.

Evaluating early alerts in digital traces
To quantify the performance of digital traces as potential early indicators of the onsets of up-trends in surveil-
lance data, we defined the true-positive rates (TPR), false-positive rates (FPR) and false-negative rates (FNR) of 
the up-trends in agreement to Kogan et al.2. Note that the evaluation metrics were calculated during February 
2020 to February 2022, and only the first detected up-trend in digital traces and surveillance data was considered 
when the same trend occurred for a period of time before a different event (down- or no-trends) was observed. 

(3)
log(Yt) = α + β ∗ t + εt
εt ∼ N(0, σ 2)

(4)P =

∑k
i=0wi

∑k
i=0wiP

−1
i

Figure 2.  Illustration of fitting the log-linear regression model and identifying the corresponding trend of each 
date. Surveillance and digital traces data is fitted within a successive 14-days time interval (sliding window). 
For each sliding window, the statistically significant coefficient and adjusted P values are calculated, e.g. An 
“up-trend” (1) is given for the sliding window as the coefficient β is larger than 0 and the adjusted P value is less 
than 0.05 threshold.
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(1) A true-positive (TP) event was declared, if an up-trend in the digital data source (an alert) fell within a 30 
days window ahead of the onset of up-trends detected in surveillance data (confirmed cases, hospitalization, 
and deaths). The 30 days were counted from the beginning of each sliding window. (2) A false-negative (FN) 
event was declared, if an up-trend onset was detected in the surveillance data, but no alert was found in the 
digital data source within the 30 days time window ahead of this event. (3) A false-positive (FP) was declared, 
if an alert in the digital data source was found, but no up-trend was detected within a 30 days time window in 
the surveillance data afterwards.

Given these definitions, sensitivity, precision, and F1 score could be calculated. More specifically, the sensi-
tivity is the ratio between the TP events (“successful alerts”) and the sum of TP and FN events (the number of 
up-trend onsets in the surveillance gold standard), and the precision is the ratio between TP events and the sum 
of TP and FP events (the number of alerts observed in digital traces). Evaluation metrics for down-trends can 
be calculated in a likewise manner.

Trend forecasting via machine learning
General setup
The general trend forecasting procedure performed is presented in Fig. 3. Trend forecasting was carried out using 
the same symptom corpus as during the trend analysis. We first processed the datasets using the sliding window 
approach, followed by separating into training and testing subsets. Next, we generated Random Forest and LSTM 
models and evaluated their performance. In order to tune the hyperparameters, time series cross-validation was 
utilized within the training set. The optimized forecasting model was evaluated on the independent test set by 
sensitivity, precision, and F1 score.

Learning from the time series
As outlined above, a multivariable longitudinal dataset was generated combining the time-stamped slope coef-
ficients of all log-linear regression models, hence reflecting the short-term trends in the original time series 
data. This data was used to train machine learning models. The time period of the overall dataset ranged from 
March 2020 to June 2022.

We employed a sliding window approach to collect information on temporal dependence, where the window 
size was set to 28 days. The sliding window stride was 1 day.

Note that we had previously assigned a time-stamp to each log-linear regression slope coefficient based on the 
trend observed in the subsequent 14 days. To avoid overoptimism of model predictions we thus assigned a class 
label to each sliding window according to the type of trend (up-, down-, no-trend) observed in the surveillance 
data 14 days after the end of the sliding window in digital traces. That means the effective forecasting horizon 
of our models was set to 14 days.

Time series cross‑validation
The sktime library (version 0.14.1) provides “SingleWindowSplitter” class to split the training set into temporal 
folds with constant size. The corresponding training subset of each fold consisted only of observations that 
occurred before the observation that forms the validation subset. During the time series cross-validation, we 
set the length of the training period to 90 days/fold. Note that over each of those 90 days we subsequently ran a 
sliding window to generate training samples, as described earlier. Moreover, we specified the test subsets of 30 
days and the stride of 70 days to generate temporal dataset frames.

We avoided data leakage caused between training and test set by setting a “gap” between them. In this case, 
the gap was equal to the 14-days sliding window size in log-linear regression model. The following diagram 
illustrates the concept of time series cross-validation, where the blue observations form the training subsets and 
the orange observations create the test subsets (Fig. 4).

Time split validation
We split the overall time period into training and test sets, i.e. Training set: March 28, 2020 to March 17, 2022; 
Test set: April 27, 2022 to June 1, 2022. The date here refers to the end of each sliding window, i.e. March 28, 2020: 
the sliding window from March 1, 2020 to March 28, 2020; March 17, 2022: the sliding window from February 

Figure 3.  Illustration of the framework for trend forecasting.
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18, 2022 to March 17, 2022; April 27, 2022: the sliding window from March 31, 2022 to April 27, 2022; June 1, 
2022: the sliding window from May 5, 2022 to June 1, 2022. The “gap” between training and test sets was equal 
to the effective forecasting horizon of 14 days as mentioned before.

Hyperparameter optimization
Within the time series cross-validation, we automated the process of hyperparameter-tuning, for which we used 
the Optuna framework (version 2.0.0)34.

The range of hyperparameters of Random Forest, including the number of estimators, minimal samples split, 
max depth range, minimal samples leaf, and maximal number of features, are listed in Supplementary Table S1. 
For LSTM, we used the Adam optimizer. The other hyperparameters, for instance, the number of epochs, batch 
size, number of hidden units, number of layers, learning rate and dropout rate, are shown in Supplementary 
Table S2.

During the hyperparameter tuning, we maximized the validation accuracy for Random Forest and minimize 
the validation Cross Entropy Loss for LSTM. The Tree-structured Parzen Estimator (TPE)35 was defined as 
sampler. The number of trials was set to 90. Finally, we retrained the model with the suggested hyperparameters 
and used the hyperparameter-tuned model to conduct the rest of our study.

Results
Identification of COVID-19-related symptoms
162 symptoms (249 synonyms) with significant adjusted P values (5% significance level) were identified. We 
ranked the symptom terms based on the frequency of symptom and COVID-19 co-occurrences if they have 
the same adjusted P values. The top 5 most mentioned symptom terms in the COVID-19 related literature were 
“pneumonia” (17,674, 8.1%, of the total mentioned symptom documents), “fever, pyrexia” (15,617, 7.1%), “cough” 
(12,756, 5.8%), “inflammation” (10,039, 4.6%), “shortness of breath, dyspnea, breathing difficulty, difficulty 
breathing, breathlessness, labored respiration” (9278, 4.2%). Figure 5 depicts the top 20 symptoms with their cor-
responding co-occurrences, which accounting for 61.4% of the total co-occurrences of all identified symptoms.

Figure 4.  Illustration of time series cross-validation.

Figure 5.  Ranking of the top 20 English symptoms based on the frequency of their co-occurrence with 
COVID-19 related terms (“COVID”, “Coronavirus disease”, “COVID 19”) in PubMed/PMC. The x represents 
the primary symptom terms with adjusted P values less than 0.001, excluding their synonyms.
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Statistical trend analysis
Evaluation of trend decomposition
We initially evaluated the applicability of the STL method to forecast the extracted trends from the raw data. 
Specifically, we utilized the “STL forecast” function from Python’s statsmodels library (version 0.13.5) to extend 
time series data from an interval [1, t] to a future time point t + k , represented as Tν(t + k) = Tν(1 : t) . The 
“STL forecast” model was applied to the training data, covering the period from February 2020 to May 2022, 
and we extrapolated the digital trace time series extending from June 01, 2022, to June 28, 2022. Subsequently, 
we conducted the STL decomposition on the extrapolated data to derive the corresponding trend component. 
Through this process, we assessed the correlation between the extrapolated trend and the trend component for 
the same time period, which was extracted from a STL decomposition of the entire dataset, i.e. training plus 
test for each of the top 20 symptoms previously listed in Fig. 5 (see Supplementary Table S3 for a complete list 
and their German translations). The outcomes of this analysis clearly highlighted the robustness of the STL 
decomposition algorithm with correlations close to 1 (Supplementary Table S4), also in terms of the agreement 
of significant up-trends in the entire vs. forecasted data for different digital traces (Google Trends, Twitter, and 
combined of both), see Supplementary Table S5).

Symptom‑level up‑trends in digital traces precede up‑trends in surveillance data
Given that our study aims to provide early warning indicators of pandemics in terms of confirmed cases, hospi-
talization and deaths, we examined whether up-trends in digital traces preceded those in established surveillance 
data on the level of individual symptoms (Google Trends (168 symptoms), Twitter (204 symptoms)). For this 
purpose, we first performed a statistical trend analysis in surveillance data from March 2020 to February 2022 as 
explained in the Methods Section. Then we calculated the sensitivity, precision, and F1 score of each individual 
symptom based on whether the onsets of up-trends derived from digital traces fell within a 30-day time window 
ahead of the onsets of up-trends in surveillance  data2.

Supplementary Table S6 and S7 present the evaluation metrics for the top 20 symptoms from each digital data 
trace (Google Trends and Twitter) with descending F1 scores for tracking the onsets of up-trends of confirmed 
cases, deaths, and hospitalization.

The symptom-level up-trend analysis showed that verstopfte Nase (stuffy nose), Gelenkschmerzen (joint 
pain), Malaise (malaise), laufende Nase (runny nose), and Hautausschlag (skin rash) had strong correlations with 
up-trends in confirmed cases as evidenced by their F1 scores (0.75, 0.7, 0.7, 0.67, and 0.65), whereas multiples 
Organversagen (multiple organ failure), Rubor (rubor) and Erbrechen (vomiting) had low F1 scores of 0. Aside 
from laufende Nase and verstopfte Nase, symptoms like Delirium (delirium), Lethargie (lethargy), and schlechte 
Ernährung (poor feeding) performed well when tracking both hospitalization and deaths. Interestingly, different 
symptoms were found with high F1 scores in Google Trends and Twitter.

Overall these findings indicate that certain symptoms mentioned in different digital traces precede up-trends 
in classical surveillance data and may thus be employed to develop an early alert indicator.

Harmonizing multiple symptoms and digital traces into a combined indicator
We next sought to further investigate whether the combination of several symptoms from each digital trace 
(Google Trends and Twitter) could lead to more accurate detection of up-trends in surveillance data. For this 
purpose, we focused on the 20 most significant terms according to the hypergeometric test. More specifically, 
for each symptom ontology, we selected the synonym with the highest search volume in Google Trends and 
Twitter during the period from February 2020 to February 2022. We then combined these synonyms using the 
harmonic mean P-value (HMP)  method33. Subsequently, we evaluated the alert detection performance of each 
digital trace relative to outbreaks in the surveillance data in the same way as described before.

As shown in Table 1, when tracking confirmed cases Google Trends provided an F1 score of 0.5. For Twitter, 
the F1 score was 0.47. The same metrics to hospitalization and death were considerably weaker around 0.38 or 
even lower. Furthermore, when harmonizing Google Trends and Twitter into a combined trace, the performance 
was improved when preceding confirmed cases (an F1 score of 0.59), but only 0.27 when tracking deaths. Based 
on this, we concluded that (a) digital traces could not be used to construct a reliable early warning indicator 
for deaths, and (b) a combination of Google Trends and Twitter holds most promises as an early indicator for 
incident cases and hospitalization. Hence, we focused our subsequent analysis on this combined digital trace.

Table 1.  Sensitivity, Precision, and F1 Score for different digital traces (Google Trends, Twitter, and combined 
of both) as an early indicator for an onset of “up-trends” in COVID-19 gold standards (Confirmed cases, 
Deaths, and Hospitalization).

Gold standard

Google trends Twitter Combined

Sensitivity Precision F1 score Sensitivity Precision F1 score Sensitivity Precision F1 score

Confirmed cases 0.5 0.5 0.5 0.4 0.57 0.47 0.5 0.71 0.59

Deaths 0.5 0.4 0.44 0.25 0.29 0.27 0.25 0.29 0.27

Hospitalization 0.44 0.4 0.42 0.33 0.43 0.38 0.33 0.43 0.38
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Quantifying the benefit of combined digital trace
To better understand the potential benefit of Google Trends and the combined digital trace as early warning 
indicators compared to traditional surveillance data it is imperative to quantify the amount of time that trends in 
both traces precede those in incident cases and hospitalization. For this purpose, we considered the period from 
February 2, 2020 to February 28, 2022 in digital traces, and counted, how many days the alerts (i.e. the onsets of 
significant up-trends) in digital traces preceded the first significant up-trends in surveillance data (confirmed 
cases: March 3, 2020; hospitalization: March 2, 2020; deaths: March 5, 2020) (Fig. 6). Accordingly, we observed 
that the median time lag between onsets of up-trends in confirmed cases and alerts of Google Trends as well as 
the combined digital trace was 15 days. The median time lag between hospitalization vs. combined trace was 6 
days. For hospitalization vs. Google Trends alone the median time lag was only 1 day (Fig. 7). Noteworthy, these 
time lags were counted as days from the end of each sliding window.

As depicted in Fig. 7, we conducted a similar analysis for down-trends, emphasizing the alert capabilities of 
both Google Trends and the combined data trace. For instance, there was a median time lag of 5 days between 
confirmed cases and Google Trends, while for hospitalization vs. the combined trace, the median time lag was 4 
days. Altogether, our analysis shows that trends observed in digital data traces have the potential to serve as an 
early warning indicator, which could help to save critical time for preparation of governmental counter-measures.

Trend forecasting via machine learning
Due to the identified statistical association between digital traces, i.e. Google Trends and its combination with 
Twitter, and surveillance data we next explored, in how far up- and down-trends in the surveillance data could be 
forecasted via a machine learning classifier, once again using a sliding window approach. Whereas the previously 
discussed analysis only focused on identifying current trends in digital traces, the aim of such a model was thus 
to build a predictor for future events. The forecast horizon was set to 14 days, i.e. the aim of the algorithm was to 
predict the trend in confirmed cases and hospitalization 14 days ahead. It is worth noting that setting any smaller 
forecast horizon would result into overoptimism, because trends in digital traces had previously been calculated 
over a 14 days time period via the log-linear regression model, and in reality we cannot forecast trends less than 
14 days ahead. The setting of forecasting horizon specifically applies to the last time point in each sliding window.

Table 2 summarizes the sensitivity, precision, and F1 scores of Random Forest and LSTM models for predict-
ing trends of confirmed cases and hospitalization (from end of March 2022 to June 2022). During the training 
procedure, we performed a 9-fold time series cross-validation scheme to tune hyperparameters. The suggested 
hyperparameter values of the best-performing Random Forest and LSTM models are shown in Supplementary 
Table S8. The result indicates a better prediction performance of the LSTM model, which reached an F1 of 0.98 
for up-trend forecasting of confirmed case and an F1 score of 0.97 for up-trend forecasting of hospitalization 
using the combination of Google Trends plus Twitter (2b and 2d). Besides, a down-trend in confirmed cases as 
well as hospitalizations was equally well predicted by F1 scores of 0.91 and 0.96, respectively. Considering all 
three possible classes (up-trend, down-trend, no-trend) a weighted average F1 of 0.95 for confirmed cases and 
0.94 for hospitalization could be achieved.

Figure 6.  Visualization of the up- and down-trends procedure applied to COVID-19 surveillance, Google 
Trends, and the combined trace over the period from February 2020 to February 2022. The up- and down-
trends were detected by setting a significance level of 5% over the multiple testing corrected P values of the 
log-linear regression model coefficient β . The adjusted P values are shown as colored gradients, where darker 
red shade signifies the increased confidence of the up-trends, and darker green shade indicates the increased 
confidence of the down-trends. The minimum adjusted P value was 1e−30 for both up- and down-trends. The 
triangular markers are used to point out the date when the onsets of up- and down-trends were detected based 
on the significance level. Notably, as shown in the dashed line in the plot, February 2, 2020 was discovered to be 
an “up-trend” alert date of both traces. The first documented larger outbreak followed a carnival event in the city 
Heinsberg on February 15, 2020.
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Interpretation of trend forecasting model
We performed an analysis of the best performing LSTM models for predicting incident cases as well as hospitali-
zation via Shapley Additive Explanations (SHAP)36 to understand the influence of individual Google search and 
Twitter terms for model predictions of up-trends. Figure 8a and  b depict the bar plots of predictive symptoms 
with their descending mean absolute SHAP values. For instance, Hypoxämie (hypoxemia) from Google Trends & 
Twitter, Kopfschmerzen (headache) and Muskelschmerzen (muscle pain) from Google Trends, trockener Husten 
(dry cough) and Übelkeit (nausea) from Twitter were indicative of up-trends in confirmed cases and hospitaliza-
tion. Moreover, respiratorische Insuffizienz (respiratory insufficiency), Pneumonie (pneumonia) and Müdigkeit 
(fatigue) from Google Trends were relevant symptom for forecasting up-trends in confirmed cases. The same 
pattern was observed in Schock (shock) (Twitter), Angst (anxiety) and Sputum (sputum) (Google Trends) for 
predicting hospitalization up-trends. These findings are generally in line with the previously presented statistical 
trend analysis of individual symptoms.

Discussion
This work explored the possibility to use digital traces, in particular Google Trends and Twitter, in Germany to 
develop an early alert indicator and trend forecasting model. Existing work going into a similar direction has 
previously only been published for countries other than  Germany2,37–46. Since the use of social media and internet 
searches is likely influenced by socio-economic and cultural background, we believe that a careful evaluation 
of according approaches for different regions of the world is necessary, and in this sense our work fills a gap. 
Furthermore, existing articles only focused on a limited set of ad-hoc query terms without a systematic way to 
identify them based on automated literature mining, as performed in our work. In contrast, our work resulted 
into a complete COVID-19-symptom corpus.

After transforming the mentioning of symptoms into a time series, we came up with a consensus indicator 
using log-linear regression, which we statistically evaluated against observed trends in gold standard surveillance 
data. We discovered that Google Trends and the combination with Twitter demonstrated a significant correlation 
with up-trends in surveillance data. These findings are consistent with the conclusion of the study by Kogan et al. 
that harmonizing digital data traces could anticipate changes in COVID-19 related surveillance  data2. In light 
of the strength of the statistical association and the observed time lag between digital traces and surveillance 
data, we further examined the ability to forecast future trends in the surveillance data. Here, we built, evaluated, 
and compared Random Forests and LSTM models, leading to the following findings: (1) The models built on a 
combination of Google Trends and Twitter outperformed those that were built only using Google Trends. (2) 
LSTMs in most cases outperformed Random Forests. (3) In comparison to the previous study by Kogan et al.2, 

Figure 7.  Time lags between significant trends in surveillance data (confirmed cases and hospitalization) 
relative to significant trends in Google Trends and the combination of Google Trends plus Twitter during 
the time period February 2020 to February 2022. A negative difference shown on the x axis indicates that a 
significant trend in one of the digital traces preceded the observed trends in confirmed cases and hospitalization, 
respectively. Median time lag of confirmed cases versus Google Trends: 15 days; confirmed cases vs. Combined 
trace: 15 days; hospitalization versus Google Trends: 1 day; hospitalization versus Combined trace: 6 day. The 
number of days have been counted from the end of each sliding window.



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:20780  | https://doi.org/10.1038/s41598-023-48096-3

www.nature.com/scientificreports/

which achieved a sensitivity of 0.75 for anticipating COVID-19 infection up-trends in the USA using an Bayesian 
model 1 week in advance, our LSTM model showed F1 scores of 0.98 and 0.97 for confirmed cases and hospitali-
zation in Germany with a larger forecast horizon of 14 days. This demonstrates the potential of modern machine 
learning algorithms for trend forecasting based on digital traces, which other studies did not explore to the same 
extent so far. (4) Some symptoms, like Hypoxämie (hypoxemia), Kopfschmerzen (headache), Muskelschmerzen 
(muscle pain), trockener Husten (dry cough), and respiratorische Insuffizienz (respiratory insufficiency) played 
important roles in predicting surveillance up-trends. Hypoxemia is a symptom typically observed in severe 
COVID-19 cases, which is a sign of respiratory  insufficiency47. An increase of Google searches and tweets of these 
symptoms could thus indicate a general up-trend of severe cases, which is itself associated with an increasing 
rate of hospitalization. Headache, muscle pain, and dry cough are general symptoms of COVID-19 infection. An 
increase of internet searches and tweets is thus an indicator of a general up-trend of incident cases.

While our work provides valuable insights into trend analysis and forecasting models to track pandemic 
situations such as COVID-19, there are several limitations that need to be mentioned. Firstly, surveillance data 
is principally limited due to under-reporting, i.e. the true number of infected cases is most likely higher than the 
observed one, and this could potentially influence our trend analysis and trend forecasting results in an unknown 
way. Secondly, digital traces and specifically social media data likely suffer from a principal bias towards younger 
age groups and people with higher education level.

Our ML models focused on predicting the trend (up, down, no-trend) in classical surveillance data 14 days 
ahead. We believe that this is relevant, because it could provide decision makers with a time window to potentially 
take countermeasures, e.g. non-pharmaceutical interventions. Future work could address further relevant fore-
casting questions, such as predicting the length of a trend, or the time dependent risk to switch to an up-trend. 
Whilst the framework presented here should be generally applicable to other infectious diseases (e.g. influenza 
or RSV) the according empirical evaluation has to be referred to future work as well.

Table 2.  Random Forest and LSTM performances for trend forecasting: Models were built on Google Trends 
alone (a, c) and the combination of Google Trends and Twitter (b, d). All models were tested during the out-of-
sample period from end of March to June 2022.

Model Metrics Up-trend Down-trend Macro avg. Weighted avg.

(a) Google Trends-Confirmed cases

 Random forest

Sensitivity 1 0.33 0.44 0.72

Precision 0.71 1 0.57 0.64

F1 score 0.83 0.5 0.44 0.64

 LSTM

Sensitivity 1 0.5 0.72 0.86

Precision 0.92 1 0.83 0.88

F1 score 0.96 0.67 0.75 0.85

(b) Combined-Confirmed cases

 Random forest

Sensitivity 0.92 1 0.64 0.78

Precision 1 0.43 0.48 0.74

F1 score 0.96 0.6 0.52 0.74

 LSTM

Sensitivity 0.96 0.83 0.93 0.94

Precision 1 1 0.92 0.96

F1 score 0.98 0.91 0.91 0.95

(c) Google trends-hospitalization

 Random forest

Sensitivity 1 0.75 0.58 0.75

Precision 0.67 1 0.56 0.67

F1 score 0.8 0.86 0.55 0.69

 LSTM

Sensitivity 0.89 0.58 0.82 0.81

Precision 1 1 0.82 0.91

F1 score 0.94 0.74 0.77 0.82

(d) Combined-hospitalization

 Random forest

Sensitivity 1 1 0.67 0.83

Precision 0.9 0.75 0.55 0.70

F1 score 0.95 0.86 0.60 0.76

 LSTM

Sensitivity 1 0.92 0.92 0.94

Precision 0.95 1 0.93 0.95

F1 score 0.97 0.96 0.92 0.94
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Conclusion
To our knowledge this is the first study to analyse and model COVID-19 related digital traces derived from a 
systematic literature text mining approach in Germany. Our work specifically demonstrates the potential of 
combining Google Trends and Twitter data to derive an early warning indicator and to accurately forecast trends 
in standard surveillance data two weeks in advance. Systematic tracking of digital traces could in the future 
complement other approaches, including more established surveillance data assessment, mobility data mining 
and text mining of news articles in order to react earlier to future pandemic situations in Germany. Our work in 
this regard can be seen as a first step towards establishing an accurate and comprehensive early warning system.

Data availability
Symptom Ontology data can be retrieved from EBI Symptom Ontology (https:// www. ebi. ac. uk/ ols/ ontol ogies/ 
symp), Surveillance data can be retrieved from Robert Koch-Institut (RKI) GitHub repository (https:// github. 
com/ orgs/ robert- koch- insti tut/ repos itori es), and digital trace data can be retrieved via the corresponding API 
tools. The data needed to evaluate the results are presented in the paper or supplementary documents. The code 
of the model is publicly available at https:// github. com/ danqi 123/ pande mic_ alert_ model_ social_ media.

Figure 8.  SHAP values calculated for LSTM models predicting confirmed incident cases (a) and hospitalization 
(b), respectively. Models have been trained on combined Google Trends (GT) plus Twitter (TW) data. Only 
mean SHAP values for predicting up-trends are shown.

https://www.ebi.ac.uk/ols/ontologies/symp
https://www.ebi.ac.uk/ols/ontologies/symp
https://github.com/orgs/robert-koch-institut/repositories
https://github.com/orgs/robert-koch-institut/repositories
https://github.com/danqi123/pandemic_alert_model_social_media


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:20780  | https://doi.org/10.1038/s41598-023-48096-3

www.nature.com/scientificreports/

Received: 26 June 2023; Accepted: 22 November 2023

References
 1. Yenurkar, G. & Mal, S. Future forecasting prediction of Covid-19 using hybrid deep learning algorithm. Multimed. Tools Appl. 

1–27 (2022).
 2. Kogan, N. E. et al. An early warning approach to monitor COVID-19 activity with multiple digital traces in near real time. Sci. 

Adv. 7, eabd6989 (2021).
 3. Jajosky, R. A. & Groseclose, S. L. Evaluation of reporting timeliness of public health surveillance systems for infectious diseases. 

BMC Public Health 4, 29 (2004).
 4. Haldane, V. et al. Health systems resilience in managing the COVID-19 pandemic: Lessons from 28 countries. Nat. Med. 27, 

964–980 (2021).
 5. Westhaus, S. et al. Detection of SARS-CoV-2 in raw and treated wastewater in Germany—Suitability for COVID-19 surveillance 

and potential transmission risks. Sci. Total Environ. 751, 141750 (2021).
 6. Wu, F. et al. SARS-CoV-2 titers in wastewater are higher than expected from clinically confirmed cases. MSystems 5, e00614-20 

(2020).
 7. Nemudryi, A. et al. Temporal detection and phylogenetic assessment of SARS-CoV-2 in municipal wastewater. Cell Reports Med. 

1, 100098 (2020).
 8. Ahmed, W. et al. First confirmed detection of SARS-CoV-2 in untreated wastewater in Australia: A proof of concept for the 

wastewater surveillance of COVID-19 in the community. Sci. Total Environ. 728, 138764 (2020).
 9. Bar-Or, I. et al. Regressing SARS-CoV-2 sewage measurements onto COVID-19 burden in the population: A proof-of-concept 

for quantitative environmental surveillance. Front. Public Health 9, 561710 (2022).
 10. Lastra, A. et al. SARS-CoV-2 detection in wastewater as an early warning indicator for COVID-19 pandemic. Madrid region case 

study. Environ. Res. 203, 111852 (2022).
 11. Randazzo, W. et al. SARS-CoV-2 RNA in wastewater anticipated COVID-19 occurrence in a low prevalence area. Water Res. 181, 

115942 (2020).
 12. Rosa, G. L. et al. First detection of SARS-CoV-2 in untreated wastewaters in Italy. Sci. Total Environ. 736, 139652 (2020).
 13. Rimoldi, S. G. et al. Presence and infectivity of SARS-CoV-2 virus in wastewaters and rivers. Sci. Total Environ. 744, 140911 (2020).
 14. Trottier, J. et al. Post-lockdown detection of SARS-CoV-2 RNA in the wastewater of Montpellier, France. One Health 10, 100157 

(2020).
 15. Wurtzer, S. et al. Evaluation of lockdown effect on SARS-CoV-2 dynamics through viral genome quantification in waste water, 

greater Paris, France, 5 March to 23 April 2020. Eurosurveillance 25, 2000776 (2020).
 16. Househ, M. Communicating Ebola through social media and electronic news media outlets: A cross-sectional study. Health Inform. 

J. 22, 470–478 (2016).
 17. Lu, F. S., Hattab, M. W., Clemente, C. L., Biggerstaff, M. & Santillana, M. Improved state-level influenza nowcasting in the United 

States leveraging internet-based data and network approaches. Nat. Commun. 10, 147 (2019).
 18. Lu, F. S. et al. Accurate influenza monitoring and forecasting using novel internet data streams: A case study in the Boston Metropo-

lis. JMIR Public Health Surveill. 4, e4 (2018).
 19. Marques-Toledo, Cd. A. et al. Dengue prediction by the web: Tweets are a useful tool for estimating and forecasting Dengue at 

country and city level. PLoS Negleted. Trop. Dis. 11, e0005729 (2017).
 20. McGough, S. F., Brownstein, J. S., Hawkins, J. B. & Santillana, M. Forecasting Zika incidence in the 2016 Latin America outbreak 

combining traditional disease surveillance with search, social media, and news report data. PLoS Neglected Trop. Dis. 11, e0005295 
(2017).

 21. Odlum, M. & Yoon, S. What can we learn about the Ebola outbreak from tweets?. Am. J. Infect. Control 43, 563–571 (2015).
 22. Shin, S.-Y. et al. High correlation of middle east respiratory syndrome spread with google search and twitter trends in Korea. Sci. 

Rep. 6, 32920 (2016).
 23. Botz, J. et al. Modeling approaches for early warning and monitoring of pandemic situations as well as decision support. Front. 

Public Health 10, 994949 (2022).
 24. Dörpinghaus, J., Klein, J., Darms, J., Madan, S. & Jacobs, M. SCAIView-A semantic search engine for biomedical research utilizing 

a microservice architecture. CEUR Workshop Proceedings 2198 (2018).
 25. Emon, M. A. E. K., Kodamullil, A. T., Karki, R., Younesi, E. & Hofmann-Apitius, M. Using drugs as molecular probes: A 

&nbsp;computational chemical biology approach in neurodegenerative diseases. Journal of Alzheimer’s Disease Preprint, 1–10 
(2016).

 26. Iyappan, A. et al. Neuroimaging feature terminology: A controlled terminology for the annotation of brain imaging features. J. 
Alzheimer’s Dis. 59, 1153–1169 (2017).

 27. Rice, J. A. Mathematical Statistics and Data Analysis (Third ed.). Duxbury Press 42 (2007).
 28. Holm, S. A simple sequentially rejective multiple test procedure. Scand. J. Stat. 6, 65–70 (1979).
 29. Cleveland, R. B., Cleveland, W. S., McRae, J. E. & Terpenning, I. STL: A seasonal-trend decomposition procedure based on loess. 

J. Off. Stat. 6, 3–73 (1990).
 30. Abeln, B. & Jacobs, J. P. A. M. COVID-19 and seasonal adjustment. SSRN Electron. J. (2021).
 31. Cleveland, W. S. & Devlin, S. J. Locally weighted regression: An approach to regression analysis by local fitting. J. Am. Stat. Assoc. 

83, 596–610 (1988).
 32. Ouyang, Z., Ravier, P. & Jabloun, M. STL Decomposition of time series can benefit forecasting done by statistical methods but not 

by machine learning ones. In The 7th International conference on Time Series and Forecasting 42 (2021).
 33. Wilson, D. J. The harmonic mean p-value for combining dependent tests. Proc. Natl. Acad. Sci 116, 1195–1200 (2019).
 34. Akiba, T., Sano, S., Yanase, T., Ohta, T. & Koyama, M. Optuna: A next-generation hyperparameter optimization framework. In 

KDD’19:Proceddings of the 25th ACM SIGKDD International Conference on Knowledge Discovery & Data Mining 2623–2631 (2019).
 35. Bergstra, J., Bardenet, R., Bengio, Y. & Kégl, B. Algorithms for hyper-parameter optimization. NeurIPS (2011).
 36. Lundberg, S. M., Erion, G. G. & Lee, S.-I. Consistent Individualized Feature Attribution for Tree Ensembles. arXiv (2018).
 37. Ding, Q. et al. Tracking self-reported symptoms and medical conditions on social media during the COVID-19 pandemic: Info-

demiological study. JMIR Public Health Surveill. 7, e29413 (2021).
 38. Klein, A. Z. et al. Toward using twitter for tracking COVID-19: A natural language processing pipeline and exploratory data set. 

J. Med. Internet Res. 23, e25314 (2021).
 39. Zhang, Y. et al. An intelligent early warning system of analyzing Twitter data using machine learning on COVID-19 surveillance 

in the US. Expert Syst. Appl. 198, 116882 (2022).
 40. Mavragani, A. Tracking COVID-19 in Europe: Infodemiology Approach. JMIR Public Health Surveill 6 (2020 Apr 20).
 41. Ortiz-Martínez, Y., Garcia-Robled, J. E., Vásquez-Castañeda, D. L., Bonilla-Aldana, D. K. & Rodriguez-Morales, A. J. Can Google® 

trends predict COVID-19 incidence and help preparedness? The situation in Colombia. Travel Med. Infect. Dis. 37, 101703 (2020).
 42. Ma, S. & Yang, S. COVID-19 forecasts using Internet search information in the United States. Sci. Rep. 12, 11539 (2022).



13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:20780  | https://doi.org/10.1038/s41598-023-48096-3

www.nature.com/scientificreports/

 43. Prasanth, S., Singh, U., Kumar, A., Tikkiwal, V. A. & Chong, P. H. Forecasting spread of COVID-19 using google trends: A hybrid 
GWO-deep learning approach. Chaos Solitons & Fractals 142, 110336 (2021).

 44. Ayyoubzadeh, S. M., Ayyoubzadeh, S. M. & Kalhori, S. R. N. Predicting COVID-19 incidence through analysis of google trends 
data in Iran: Data mining and deep learning pilot study. JMIR Public Health Surveill. 6, e18828 (2020).

 45. Yousefinaghani, S., Dara, R., Mubareka, S. & Sharif, S. Prediction of COVID-19 waves using social media and google search: A 
case study of the US and Canada. Front. Public Health 9, 656635 (2021).

 46. Lopreite, M., Panzarasa, P., Puliga, M. & Riccaboni, M. Early warnings of COVID-19 outbreaks across Europe from social media. 
Sci. Rep. 11, 2147 (2021).

 47. Donina, Z. A. Causes of hypoxemia in COVID-19. J. Evol. Biochem. Physiol. 58, 73–80 (2022).

Acknowledgements
This work has been supported by the AIOLOS (Artificial Intelligence Tools for Outbreak Detection and Response) 
project. The project was supported by the French State and the German Federal Ministry for Economic Affairs 
and Climate Action (grant number 01MJ22005A) and the French Ministry of Economy and Finance in the 
context of the France 2030 initiative and the Franco-German call on Artificial Intelligence technologies for 
risk prevention, crisis management, and resilience. We thank Nicolas Lambert for constructive discussions and 
Tristan Fauvel for comments on the manuscript.

Author contributions
Administrated and supervised the project: H.F.; analysed the data and implemented algorithms: D.W., M.L., J.B., 
D.V., L.D., J.P.; drafted the manuscript: D.W., H.F.; reviewed and edited the manuscript: D.W., M.L, J.B., D.V., J.P., 
M.G., E.T., L.C., and H.F.; all authors have read and approved the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
Authors Lucille Deplante, Jules Perrio, and Marie Génin are employees of Quinten-Health. Authors Edward 
Thommes and Laurent Coudeville are employees of Sanofi. None of the aforementioned companies had any 
influence on the scientific content presented in this paper. The remaining authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 48096-3.

Correspondence and requests for materials should be addressed to D.W. or H.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-48096-3
https://doi.org/10.1038/s41598-023-48096-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Development of an early alert model for pandemic situations in Germany
	Methods
	Framework overview
	Disease symptom corpus
	Google trends
	Twitter microblogs
	Surveillance data
	Statistical trend analysis
	Trend decomposition
	Log-linear regression model
	Multi-symptom P value
	Evaluating early alerts in digital traces

	Trend forecasting via machine learning
	General setup
	Learning from the time series
	Time series cross-validation
	Time split validation
	Hyperparameter optimization


	Results
	Identification of COVID-19-related symptoms
	Statistical trend analysis
	Evaluation of trend decomposition
	Symptom-level up-trends in digital traces precede up-trends in surveillance data
	Harmonizing multiple symptoms and digital traces into a combined indicator
	Quantifying the benefit of combined digital trace

	Trend forecasting via machine learning
	Interpretation of trend forecasting model


	Discussion
	Conclusion
	References
	Acknowledgements


