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Dear Prof. Yamir Moreno,
Dear Dr. Thomas Leitner,

we thank you very much for considering our manuscript for PLOS
Computational Biology. We have addressed the comments of the reviewers
in detail, to whom we are very thankful for their time and energy. Below, we
listed a summarization of the manuscript adaption motivated by the main
concerns of both reviewers.

We have examined the text for grammatical errors, firstly with the help of
Reviewer #1's comments and secondly with an independent correction of the
entire text. Many small changes in the text are due to this. We have also
critically evaluated Reviewer #1's comment on symmetrization and
incorporated his concerns about this into the discussion. However, we
believe that the current manuscript had already analyzed this step in
sufficient detail. Nonetheless, the adapted discussion makes reviewer #1’s
point clear and we believe it is an important contribution, since it pushes the
point, that our model might be prone to work better for high income country
than low income countries.

Both reviewers had expressed concerns that the manuscript had too weak a
reference to disease spread. We agree with the reviewers and have
supplemented the manuscript with an analysis on the arrival times of 20
diseases or SARS-CoV-2 variants. The new analysis shows that the models
using the effective distance as a measure perform comparably well among
each other. We also suggest that the available data are probably not
sufficient to reproduce the advantage of the import risk model, as the
differences obtained with the logarithmic correlation between the import
probabilities and the reference probability are too small at 7%. We have tried
to reduce the error in the data and thus increase the data quality by
estimating the arrival time of the diseases more accurately with a fit of the
logarithmic case numbers. However, the number of cases or sequencing
rates were too low in many countries to use this method, so many arrival
times had to be excluded and in the end many fewer countries remained for
analysis. We have summarized this part in the Supplementary Information
with additional Figures and tables.

We have addressed in detail reviewer #2's concern that we have not
sufficiently represented existing models that calculate the import probability of
disease. We have incorporated the suggested sources in the manuscript and
hopefully made it clear that it was not intentional, but rather that we focused
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on the mobility models that are also used in the model suggested by reviewer#2.

Reviewer #2 had asked us to better illuminate our results regarding the poor performance of the radiation
model. We have explained in the section introducing the alternative models why we believe that the
radiation model should perform well in the case of the WAN. In the discussion, we shed light on why it
performs poorly despite the new distance measure we used in the model and fully agree with reviewer #2
on the main points. Nevertheless, we think that the radiation model has a justification, firstly because it is
well established in the human mobility community and secondly because it is a paremeter-free model and
we need exactly such a model for our comparison with our parameter-free model.

We hope you find the updated manuscript a better fit for publication and thank you for your consideration.
Yours sincerely,

Pascal Klamser
(on behalf of the authors)

Response to the reviewers:

We are very grateful to all your suggestions and implemented all and checked the text for similar
grammar problems. Additionally, we read the text and used a grammar checking tool (LanguageTool) to
spot additional mistakes and gave the whole text a thorough reevaluation regarding the writing style. It
improved the readability greatly and therefore the quality of the manuscript. Again, thanks!

We concur with the referee's note that the initial manuscript had a too loose connection to real-world
epidemics. This was primarily because the manuscript served as a model description meant to
complement another paper. The latter paper utilized the import risk model within a global epidemic model
to estimate the pandemic potential of SARS-CoV-2 variants using data that was both limited and noisy
(Klamser and d’Andrea et al., "Enhancing global preparedness during an ongoing pandemic from partial
and noisy data," PNAS Nexus 2023). Our intention was to maintain a clear separation between the
results. However, we realized, triggered by the input of you and referee #2, that in the context of model
comparison, there was essentially no overlap in the analysis. Thus, we performed an arrival time analysis
of past pandemics. We computed the correlation between the negative logarithm of the import probability
estimates and the arrival times of several significant outbreaks. These outbreaks included the 2009 H1N1
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outbreak, the 2019 COVID-19 outbreak, and the spread of 18 SARS-CoV-2 variants. The variants were
selected based on their classification as variants of concern or variants of interest and if there is sufficient
data available (spread across multiple countries).

We added the section “Model comparison: Disease arrival times” with a new Figure (Fig. 6), a new
paragraph in the discussion (5th paragraph), a part in the Methods, several figures and Tables in the S
and a part in the Sl where we explore an alternative estimation of the arrival time via a log-cases fit (to
reduce noise).

We observe that the models employing the concept of effective distance reach similar correlation results
and outperform the others. That means, as long as the WAN information is considered, the course of a
pandemic is represented realistically. We highlight in the discussion that the data is too sparse to recover
the differences between import probability estimation models that we detected in comparison to the
reference import probability data.

We believe that the new version of the manuscript is now better fit to the scope of PLOS Computational
Biology, that has in fact numerous excellent publications that deal with human mobility in the context of
epidemics.

We agree with the referee that the symmetrization of the OD matrix could be problematic, if migration is
not negligible. However, we have shown in Figure S4 that the symmetry in the reference OD matrix is
much higher compared to the other datasets. With the proposed symmetrization method, we arrive at
comparable symmetry values for all models under consideration. We have also ensured that our results
are robust and do not depend on the symmetrization as discussed in the 3rd paragraph of the “Discussion
and Conclusions” section. There we refer to Fig. S6, where one can observe that the import risk method
is still outperforming the other measures if no OD-symmetrization is added. Therefore, we believe to have
treated the symmetrization with enough care and critical analysis. However, the aforementioned
methodology does not invalidate your arguments and we believe them to be important as well
(underrepresentation of low-income countries is already strong in the WAN and our analysis and
proposed methods should not intensify it). Instead of running another additional analysis, we now end the
3rd paragraph of the discussion with: “It's crucial to note that the assumption of returning visitors is
applicable when visitors and tourists dominate while migrants can be disregarded. However, this
assumption may not hold for links between low- and high-income countries or conflict regions.”

Thank you, we corrected it.

Itis AD. Thanks for pointing it out, we corrected it.



Right, the current form was incomplete. However, we try to keep it as simple as possible, and want to
avoid the naming of a region if it is not necessary. We modified the text, so it works only with A and B by
using the extreme form: “According to the effective distance, region B is closest to region A, if the
passenger flow from A to B is greater than to other destinations.”

Thank you, we corrected it.

Thank you, we corrected it.

We highly value this comment on the perception of the text. With validated in the context of diseases
propagation, we indeed mean the qualitative connection between the effective distance and the arrival
times of diseases from the second paragraph. We changed “validated” to “qualitative”, since qualitative is
more precise than validated. We also thank the reviewer for pointing to the missing clarification of
“mechanistic”. We added the sentence: “To our understanding, a mechanistic process mimics the detailed
movement behavior of the passengers on the traffic network, and neither uses only quantities of and
between the locations (gravity and radiation model) nor relies on principles of system in thermodynamic
equilibrium (maximum entropy model), in other words it is a bottom-up approach.” We keep the
explanation general, since we have not introduced the import risk model at this point of the text. But to be
clear, the import risk model is based on probabilistic decisions at every airport, where the probabilities
reflect the traffic outflow from the airport where the random walker is currently at.

We are not sure how to make the point more clear and not directly see a problem with the sentence
structure. We rephrased it slightly: “We find that the import risk model outperforms the alternative models
and improves only slightly when it includes not only WAN information but also the geodetic distance
between airports.” and hope it is more clear now.

We agree that the initial version was confusing, since Eq. (1) is the definition for a direct flight connection.
We changed the sentence before Eq. (1) from “Additionally, it increases the distance by a constantd_0
for every connecting flight:” — “Together with a constant distance offset $d_09%, the effective distance
between directly connected airports is”. The sentence that follows Eq. (1) specifies the additive nature of
the effective distance for connecting flights. Following this sentence we added a short explanation on the
effect of d_0: “Note that a distance offset of $d_0=0$ would make two routes indistinguishable as long as
the product of the transition probabilities along each route is the same, but with $d_0>0$ the one route
with fewer connecting flights is effectively shorter. ”



Thank you for this comment. This part was definitely too short and we extended it. Now we are more
specific in the exit probability and also mention that it is the connection element between the random walk
and a the distribution mechanism, that is explained further below and was therefore to connect with. The
current form of the text reads:

“The idea behind the import risk model is a combination of (i) a random walk with exit probability and (ii) a
distribution mechanism derived from the $\deff$ SPT (Fig. 2). Applying a random walk is motivated by
lannelli et al. (17) who could improve the arrival-order prediction of $\deff$ by including all possible
paths.”

N

“The idea behind the import risk model is a combination of two elements: (i) a random walk with an exit
probability of the walker to finish its travel at the current node and (ii) a distribution mechanism derived
from the $\deff$ SPT (Fig. 2). The use of a random walk is motivated by lannelli et al. (17) who could
improve the arrival-order prediction of $\deff$ by including all possible paths. The exit probability enables
us to combine the random walk with a distribution mechanism that assigns the likelihood of each node
being the final destination, as explained in detail in the second step.”

Thanks, your proposal reads much better.

Thanks, we corrected it.

We appreciate your feedback and compliment!

Great that you spotted it, we modified the figure and adapted the caption but not all the text, which
caused the problem. We corrected it, thank you.

We extended the explanation to “[...] since the estimated import probability is always nonzero, but a large
proportion of the lowest reference import probabilities are zero due to the limited observation period
and/or an insufficient number of departing passengers.”. We hope it is more clear now. In other words, in
the year 2016 some countries did not exchange any passengers, which does not mean that they will
never do so, but the reference import probability suggest exactly this. This mean that the reference import
probability underestimates the lowest probability to 0.

Thank you, we corrected it.

Thank you, we corrected it in the whole document.



Thanks for pointing out the unclear formulation. We changed it to: “[...] or only the exit probability of
specific nodes (for details, see [...]". Now it is clearer and instead of trying to explain which nodes are
meant, we refer to the Sl. For your interest, we mean the dead end nodes, i.e. all the nodes where the
shortest path tree ends. “terminal nodes” was clearly too ambiguous.

RENTH

Page 8, column 2: “increases” “increase”

Thank you, we corrected it.

Page 8, column 2: “However, we leave a possible extension” “However, we leave this as a possible
extension”?

Thank you, we definitely missed some words.

Page S3: “less strong overestimated” “less strongly overestimated”

Thank you, we corrected it.

LTS

Page S3: “more likely return” “more likely to return”

Thank you, we corrected it.

Reviewer #2: In this study, the authors describe a model to compute import probabilities in the early
stage of an epidemic based on the topological structure of the worldwide airport network.

The paper tackles an important research problem with significant implications for public health. It is clear
that accurate estimates of import probabilities at the beginning of a pandemic represent an invaluable
asset for policy makers.

Overall, the paper represents a relevant study whose results will be of interest to the readers of PLOS
Computational Biology.

Before recommending the paper for publication, | highlight three main concerns with the hope that these
will help improve the manuscript.

1-Background

| think the manuscript lacks some relevant context regarding the importance of estimating arrival times
and importation probabilities in pandemic management.

First, | am a bit puzzled by the sentence in the abstract: “Accurate mechanistic models to estimate such
risks are still lacking”. Here, it seems that we completely lack models to estimate importation risks in
accurate ways, but | think this is not completely true.

For instance, the GLEAM model (Balcan, D., et al. 2010. Journal of Computational Science, 1, 132-145.)
has been extensively used to compute importation risks for different outbreaks/pandemics. Just to give an
example, please have a look at the platform https://epirisk.net.

Also, in the reference: Piontti, Ana Pastore Y., et al. "The infection tree of global epidemics." Network
Science 2.1 (2014): 132-137, the authors provide a description of how to estimate the disease importation
risk the worldwide air travel network.

Finally, importation probabilities and arrival times from Mexico have been used at the beginning of the
2009 H1H1 pandemic to estimate RO (Tizzoni et al. BMC Medicine 2012) or to evaluate the effects of
travel restrictions on the international spread of the 2014 WA Ebola epidemic (Poletto et al.
Eurosurveillance 2014).

| understand the model presented in this paper extends and improves previous approaches, as it
computes import probabilities considering all possible routes of travel, but still | think the Introduction
could be rephrased to better contextualize the study.

We thank the referee for detailed comments and suggestions to the abstract and introduction. Especially

for the abstract: being concise comes with a loss of some relevant information. As you highlighted, there
are models as GLEAM that estimate the import probability. However, to our understanding, we would not
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consider GLEAM as a “mechanistic model” because it is based on the gravity model, which is a fitted
model that does not take the mechanisms of the passenger distribution into account. We understand that
“‘mechanistic” is a very ambiguous, we changed in the abstract the following sentence

“As accurate mechanistic, parameter-free models are still lacking, we propose here the ““import risk"
model that defines an import probability by means of the effective-distance framework.”

N

“While there are data-fitted models available to estimate these risks, accurate mechanistic,
parameter-free models are still lacking. Therefore, we introduce the 'import risk'’ model in this study, which
defines import probabilities using the effective-distance framework.”

For the introduction, we restricted the literature background to the human mobility models, to which we
count our model. From this point of view, we highlighted relevant basic models of human mobility and
when referring to the disease dynamics on the human mobility networks, we restricted ourselves to
reporting only those that motivate the use of the effective distance. Clearly we missed out some very
relevant work to which you pointed us to, and that is mentioned in the new version of the manuscript. In
the introduction we now refer to the multiscale mobility models (Balcan et al., PNAS 2009; Balkan et al.,
Journal of Computer Science 2010) and their application to disease outbreaks (H1N1: Tizzoni et al., BMC
Medicine 2012; MERS: Poletto et al., Eurosurveillance 2014; Ebola: Poletto et al., Eurosurveillance 2014)
in the 3rd paragraph of the introduction where we introduce the gravity models. To be explicit, we
changed
“There exist mobility models that fit the OD matrix, i.e. a reference OD matrix is needed as for the gravity
model \cite{Zipf1946, Cascetta1988, Lenormand2012, Abrahamsson1998, Barbosa2018}.”

N
“There are mobility models that fit the OD matrix, requiring a reference OD matrix as seen in the gravity
model \cite{Zipf1946, Cascetta1988, Lenormand2012, Abrahamsson1998, Barbosa2018}. Additionally,
some models integrate OD matrix-fitted models on a smaller scale with the OD matrix of the global air
transportation network, creating a multiscale mobility network to represent all modes of transportation
\cite{Balcan2009, Balcan2010}. Note that the multiscale mobility model has been successfully employed
to analyze past pandemics \cite{Tizzoni2012, Poletto2014, Poletto2014a}.”

We did not include your proposed reference to Piontti. et al., Network Science (2014) in the introduction
because it does not propose a way to compute the import probability but rather highlights the importance
of the shortest path tree as infection tree in a pandemic. However, we find it is a fitting cite to highlight the
information that is represented in WAN and used it in the section “Alternative models”.

We agree with the referee that the radiation model is not often applied on the WAN, but we believe mainly
because the human mobility community focuses on commuter mobility and not as much on air passenger
or global mobility. However, when mobility models are compared with each other the radiation model is
often considered (e.g. Lenormand et al., Journal of Transport Geography 2016; Masucci et al., Phys.
Rev. E 2013). In the air traffic community the gravity model is the standard, especially because its
adaptability is highly valued and the model is not only fit to the population size but also to economic
factors of the regions the airports are associated to, which makes the radiation model less useful to this
community. Retrospectively, we agree with the referee that the poor performance is most likely due to the
conceptualization of the radiation model based on opportunities ranked according to their distance which
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is connected to a high loss in information (e.g. if an airport is on the other side of the ocean, it is just 1
rank away from the airport before the ocean starts). However, at least for us, it was not obvious since
studies (Lenormand et al., Journal of Transport Geography 2016; Masucci et al., Phys. Rev. E 2013)
suggested that the radiation model performs especially well at long ranges. Secondly, we did not use the
classical radiation model but used it with a geodesic path and effective distance. For us, it seems also
natural that the idea of job opportunities can be transferred to touristic opportunities. We made these
points more clear in the “Alternative Models” section in the main text where we replaced

“It is derived from a mechanistic decision process and is in consequence parameter free, and therefore
similar to our model.”

N

“Although past studies have found that the gravity model outperforms the radiation model at small scale
\cite{Liang2013, Masucci2013, Lenormand2016}, especially the radiation model's good performance at
the large scale \cite{Masucci2013, Lenormand2016} makes it an interesting model for mobility on the
WAN. It was originally conceptualized for commuter flows \cite{Simini2012} where the surrounding
populations serve as a proxy for possible job opportunities. By estimating an airport's population based
on its outflow, we adjust the concept from job opportunities to tourism opportunities. Its derivation from a
mechanistic decision process makes it parameter free, and therefore similar and a good comparison to
our model.”

Additionally we added a paragraph in the discussion that highlights the likely reasons for the radiation
models poor performance:

“The radiation model's poor performance can likely be attributed to its initial design, which focused on
small-scale commuter flows driven by work opportunities \cite{Simini2012}, which shows that bottom-up
approaches are often limited to their specific use case but can be adapted, such as the extended
radiation model \cite{Yang2014}, which is no longer parameter-free and has similar performance to the
gravity model \cite{Lenormand2016}. Interestingly, the radiation model is the only one that does not
improve with inclusion of flight network information via the geodesic path or the effective distance (Fig. 4).
The radiation model's insensitivity to network information can be attributed to the fact that it only extracts
rank information from the distance data, resulting in a significant loss of information. The rank
representation has the problem that airports that directly follow in their rank with respect to a source
airport could be separated by a mountain range or ocean, i.e. the rank difference is minimal but the actual
distance immense. This argument holds for any distance information.”

We agree with the referee that the connection to real-world epidemics was in the initial manuscript too
loose, because it was meant as a model description that should accompany another publication that used
the import risk model in a world-wide epidemic model which estimates the pandemic potential of
SARS-CoV-2 variants from noisy and limited data (Klamser and d’Andrea et al., Enhancing global
preparedness during an ongoing pandemic from partial and noisy data, PNAS Nexus 2023). Thus, we
intended to keep the results separated. However, we realized that in the light of model comparison an
arrival time analysis of past pandemics would be no overlap at all, and thank the reviewer for making the
point. We did not focus on the COVID-19 pandemic alone but wanted to include more outbreak scenarios,

8



because the arrival time is a noisy and probabilistic measure and our previous analysis use the import
probabilities from all possible outbreak countries. Thus, we computed the correlation between the
negative logarithm of the import probability estimates and the arrival times of the 2009 H1N1 outbreak,
the 2019 COVID-19 outbreak and 18 of its variants (either variants of concern or variant of interest) that
had enough data (spread to enough countries).

We added the section “Model comparison: Disease arrival times” with a new Figure (Fig. 6), a new
paragraph in the discussion (5th paragraph), a part in the Methods, several figures and Tables in the SI
and a part in the SI where we explore an alternative estimation of the arrival time via a log-cases fit (to
reduce noise).

To answer your questions, we find that the models that use the effective distance perform extremely
similar. That means, as long as the WAN information is considered, the course of a pandemic is
represented realistically. We highlight in the discussion that the data is too sparse to recover the
differences between import probability estimation models that we detected in comparison to the reference
import probability data.

Additional to the comments of the reviewers, we corrected the parameters of the gravity model in use that
are listed in the caption of Fig. S3 and corrected Fig. S3. The figure and the parameters referred to the
best parameters of the non-symmetrized gravity models. However, in the main text, we refer to the
symmetrized models.



