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Inter-city interactions are critical for the transmission of infectious diseases, yet their effects on the 
scaling of disease cases remain largely underexplored. Here, we use the commuting network as a proxy 
for inter-city interactions, integrating it with a general scaling framework to describe the incidence 
of seven infectious diseases across Brazilian cities as a function of population size and the number 
of commuters. Our models significantly outperform traditional urban scaling approaches, revealing 
that the relationship between disease cases and a combination of population and commuters varies 
across diseases and is influenced by both factors. Although most cities exhibit a less-than-proportional 
increase in disease cases with changes in population and commuters, more-than-proportional 
responses are also observed across all diseases. Notably, in some small and isolated cities, proportional 
rises in population and commuters correlate with a reduction in disease cases. These findings suggest 
that such towns may experience improved health outcomes and socioeconomic conditions as they 
grow and become more connected. However, as growth and connectivity continue, these gains 
diminish, eventually giving way to challenges typical of larger urban areas – such as socioeconomic 
inequality and overcrowding – that facilitate the spread of infectious diseases. Our study underscores 
the interconnected roles of population size and commuter dynamics in disease incidence while 
highlighting that changes in population size exert a greater influence on disease cases than variations 
in the number of commuters.

The global population has increasingly shifted toward urban areas, with a notable milestone reached in 2007 
when, for the first time, the world’s urban population surpassed 50%1. This trend has continued, with the urban 
population reaching 56.2% in 20201. Projections suggest that by 2050, 68% of the global population will live in 
urban areas, with an estimated 2.5 billion additional people moving to cities, primarily in Asia and Africa1,2. 
This growing urban concentration presents both opportunities and challenges. Urban settings foster intellectual 
and economic development through the close proximity of individuals, enabling the exchange of knowledge and 
services. However, this growth also exacerbates issues such as environmental pollution, rising housing costs, and 
congestion, while straining resources like food, energy, and water. Furthermore, urbanization has far-reaching 
impacts on public health, financial markets, and the global economy1,2.

The increasing concerns about the impact of cities on these various issues, together with the growing availability 
of extensive datasets on urban indicators, have enabled deeper investigations into urban dynamics. This has led to 
the emergence of a new urban science, which conceptualizes cities as complex systems shaped by the interactions 
among residents and between residents and urban infrastructures3–5, potentially explaining the emergence of 
diverse urban phenomena3–5. Urban scaling is a prominent example of emergent behavior of city systems that 
has captured the attention of researchers since the 1970s6,7, but that only gained significant recognition within 
the complexity science community following the works of West, Bettencourt and coauthors8–10. The so-called 
urban scaling hypothesis posits that the relationship between a given urban indicator Y and the population N 
within an urban system with multiple units (such as metropolitan areas, counties, or municipalities) follows a 
power-law function, Y ∼ NβN , where βN  is the urban scaling exponent. Urban scaling is typically categorized 
into three regimes:9 isometry (βN ≈ 1 for indicators related to individual needs); superlinear allometry, or 
increasing returns to scale (βN > 1 for socioeconomic metrics); and sublinear allometry, or decreasing returns 
to scale (βN < 1 for infrastructure-related indicators). Similar to the explanation for the allometric scaling 
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in biology11, the emergence of this pattern is attributed to the underlying structure of urban networks (e.g., 
transport, supply, and social networks) that mediate the interactions among the city’s parts10.

Empirical validation of the urban scaling hypothesis has driven numerous studies using data from multiple 
countries and examining a wide array of urban indicators. In the realm of disease incidence, the seminal work 
by Bettencourt et al. reported that HIV/AIDS cases in the USA scale superlinearly with population size9, a 
pattern also observed in Brazil by Antonio et al.12. Rocha et al.13 extended this analysis by investigating the 
scaling of various health indicators using data from Brazil, Sweden, and the USA. Their findings revealed that 
infectious diseases such as HIV/AIDS, chlamydia, and influenza generally scale superlinearly with population 
size. However, other infectious diseases, including leprosy, viral hepatitis, and dengue, exhibited isometric or 
even sublinear scaling. The authors suggest that the superlinear scaling observed in some infectious diseases 
likely reflects the increased number of contacts among residents in larger cities compared to smaller towns14. In 
contrast, the isometric and sublinear scaling of other infectious diseases may be due to the insufficient allocation 
of medical resources in smaller cities. Patterson-Lomba et al.15 reported that sexually transmitted diseases scale 
superlinearly with the population of urban areas in the USA, even when controlling for socioeconomic variables. 
They also found that income inequality positively correlates with disease incidence, while educational level is 
negatively correlated.

Expanding on these findings, Bilal et al.16 investigated the scaling of various mortality indicators across ten 
Latin American countries and the USA, identifying distinct scaling regimes among different regions and causes 
of death. Their results suggest the absence of a universal scaling law for mortality indicators encompassing both 
communicable and non-communicable diseases. This lack of universality was attributed to variations in urban 
characteristics influencing health, such as socioeconomic, environmental, healthcare, and behavioral factors, 
across different regions. Additionally, Patterson-Lomba and Gómez-Lievano17 demonstrated that intrinsic 
features of diseases may also affect the scaling regime, with diseases that transmit less easily increasing at a faster 
pace with population than those that are more contagious. Studies on COVID-19 cases have also shown that 
larger USA cities initially experienced more pronounced growth rates in the number of cases18, with the number 
of cases and deaths in Brazilian cities displaying a sublinear scaling regime only during the first approximately 
one hundred days following the disease introduction, after which a superlinear scaling regime emerged19.

The universality of urban scaling laws is often explained through models and theoretical frameworks that 
emphasize human interactions within cities while largely overlooking inter-city processes20. However, cities do 
not exist in isolation; rather, they are in continuous interaction with one another, driven by processes spanning 
economic, social, technological, political, and cultural exchanges21,22, as well as through the movement of 
people between cities for work, education, or better living conditions23,24. Although the importance of inter-
city processes in shaping urban dynamics is acknowledged, relatively few studies have explicitly examined their 
impact on urban scaling20,25–28. These inter-city interactions are particularly critical for the spread of diseases, yet 
there is still a knowledge gap on how such interactions may influence the number of disease cases in urban areas.

Here we bridge this gap by investigating the effect of inter-city interactions on the association between 
population size and the number of cases for seven infectious diseases across Brazilian cities. To do so, we use 
the commuting network among cities as a proxy for inter-city interactions, combined with a general scaling 
framework based on the economic theory of production functions29, which has proven useful in studies of urban 
carbon dioxide emissions30 and urban wealth27. This approach allows us to describe the number of disease cases 
as a function of both population size and the strength of inter-city interactions, modeled by the total number of 
commuters (the weighted total degree of a city in the commuting network). We show these models significantly 
outperform the traditional urban scaling model across the seven disease types, particularly by reducing bias in 
large urban areas. Additionally, we assess the impact of proportional changes in population and total number 
of commuters on disease cases by calculating an elasticity of scale derived from our models for individual cities. 
This elasticity depends on the product of population and number of commuters and predicts the existence of 
distinct scaling regimes, depending on whether this product exceeds specific thresholds. Overall, the majority 
of cities display decreasing returns to scale in relation to changes in population and the number of commuters, 
with the proportion of cities showing this trend ranging from 95% to 66%. This implied that a 1% increase in 
both quantities is associated with less than a 1% increase in disease cases for most Brazilian cities. However, 
increasing returns to scale are also observed for all disease types, with percentages ranging from 0.4% to nearly 
a quarter of Brazilian cities. In these cities, a 1% increase in population and commuters correlates with more 
than a 1% increase in disease cases. Interestingly, we also identify a few small cities that exhibit negative elasticity 
of scale for certain disease types, indicating that a small proportional increase in population and commuters is 
associated with a decrease in the number of disease cases for these cities. We also investigate the individual effects 
of population and commuters on disease cases, finding that most cities exhibit a less-than-proportional response 
in disease cases to changes in either population or commuter numbers; however, an increase in commuters is 
associated with a decrease in syphilis and pertussis cases in most cities, as well as in a significant number of 
cities for tuberculosis and viral hepatitis. Finally, we compare the relative impact of both variables, revealing 
that changes in population generally affect disease cases more than proportional changes in the total number of 
commuters.

Results
We begin by presenting the data used in our study. The commuting network was constructed using data from 
the Brazilian 2010 Census, provided by the Brazilian Institute of Geography and Statistics (IBGE)31. This dataset 
includes information on the number of individuals who reported commuting daily from their city of residence 
to work in another city. We aggregate this information into a graph where nodes represent Brazilian cities, and 
weighted edges between city pairs indicate the total number of commuters traveling between them, irrespective 
of direction. The direction of commuting flow was disregarded because we use the commuting network as a 
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proxy for inter-city interactions, and both flow directions are likely to affect disease propagation equally. 
Furthermore, previous research has demonstrated a strong linear correlation between the numbers of incoming 
and outgoing commuters in both Brazil and the USA27, indicating that considering these numbers separately 
does not significantly improve the models employed in our study. Figure 1 illustrates this commuting network 
in which nodes are Brazilian cities and weighted edges among them indicate the total number of commuters 
traveling between city pairs. This representation reveals the overall complexity of inter-city interactions, which 
is completely ignored when cities are considered isolated entities. From this network, we evaluate the weighted 
total degree S of each city, corresponding to the total number of incoming and outgoing commuters in a given 
city. This quantity indicates the centrality of cities in the commuting networks and can be further related to 
the overall strength of the interactions a city has with all its neighboring cities. Additionally, we obtain the 
population N of Brazilian cities from the Brazilian 2010 Census, which is also provided by the Brazilian Institute 
of Geography and Statistics (IBGE)31. Finally, we collect the reported cases Y of seven infectious diseases – HIV/
AIDS, influenza, pertussis, syphilis, tuberculosis, and viral hepatitis – across Brazilian cities in 2010 from the 
Department of Data Processing of Brazil’s Public Healthcare System (DATASUS)32. These diseases were selected 
based on data availability and to focus our investigation on infectious diseases transmitted directly from person 
to person.

Using these data, we compare the predictive power of the urban scaling model, which posits that the number 
of disease cases Y is a function of population N, with a generalized framework inspired by the economic theory 
of production functions29. In this framework, we model the number of disease cases Y as the output of a two-
term production function involving both the population N and the total number of commuters S. Specifically, 
we consider the standard urban scaling model

	 Y ∼ NβN or its linearized form log Y ∼ βN log N,� (1)

Fig. 1.  Commuting network among Brazilian cities. The map displays the locations of Brazilian cities, 
which correspond to the network nodes. Connections represent the flow of commuters between city pairs, 
irrespective of direction. Node sizes are proportional to the weighted total degree of the cities and are 
also color-coded accordingly. Edge widths indicate the number of commuters between city pairs. In this 
visualization, edges are grouped based on their proximity using a kernel-based edge bundling algorithm33. The 
emerging structures of this network illustrate the complexity of inter-city interactions. Figure created using 
Matplotlib34, GeoPandas35, and NetworkX36.
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where βN  is the urban scaling exponent, in comparison with two forms of the production functions borrowed 
from the theory of production functions29 that have already been previously applied in urban studies27,30. The 
f﻿irst is the Cobb-Douglas model37

	 Y ∼ NβN SβS or its linearized form log Y ∼ βN log N + βS log S,� (2)

where βN  and βS  are parameters analogous to the power-law exponent of urban scaling. The Cobb-Douglas 
model provides a straightforward generalization of urban scaling (which is recovered by setting βS = 0) while 
explicitly accounting for inter-city interactions mediated by the commuting network. This model exhibits a 
scale-invariant elasticity ε = βN + βS , indicating that proportional changes in disease cases, in response to 
proportional changes in population and commuters, are independent of N and S. Similar to standard scaling 
models, doubling the population and commuters can lead to less than doubling (βN + βS < 1), more than 
doubling (βN + βS > 1), or exactly doubling (βN + βS = 1) the number of disease cases.

The second generalized model considered is the transcendental logarithmic (translog) production function29,38

	 log Y ∼ βN log N + βS log S + βC log N log S,� (3)

where βN , βS  and βC  are model parameters. The translog model extends the Cobb-Douglas model by 
incorporating an interaction term between population and number of commuters, modulated by the parameter 
βC  (the Cobb-Douglas model is recovered when βC = 0). This interaction term enhances the model’s flexibility 
in describing the number of disease cases as a function of population and total number of commuters. Unlike 
the urban scaling and Cobb-Douglas models, the translog function does not exhibit a scale-invariant elasticity 
of scale. Instead, its elasticity is given by29

	 ε = βN + βS + βC log NS,� (4)

indicating that variations in the number of disease cases associated with proportional changes in population and 
number of commuters depend on the initial values of N and S. The translog elasticity varies from city to city, 
serving as a local measure of how the number of disease cases is expected to respond to changes in population 
and number of commuters. Thus, for fixed values of the parameters βN , βS , and βC , a city can exhibit decreasing 
(ε < 1), increasing (ε > 1), or constant (ε = 1) returns to scale, depending on whether the product of its 
population and number of commuters, Ω = NS, is respectively smaller, larger, or equal to the critical value 
Ω∗ = 10(1−βN −βS)/βC . Interestingly, this model also allows the possibility of negative elasticity when Ω < Ω̃∗, 
with Ω̃∗ = 10(−βN −βS)/βC . It is also informative to rewrite the translog model (Eq. 3) by factoring either log N  
and log S, as follows:

	 log Y ∼ (βN + βC log S) log N + βS log S and log Y ∼ βN log N + (βS + βC log N) log S,� (5)

where the terms in brackets multiplying log N  in the first expression (∆N = βN + βC log S) and log S in the 
second expression (∆S = βS + βC log N ) correspond to marginal products of population and total number 
of commuters; they represent the expected change in disease cases resulting from an infinitesimal change in 
population and commuters. These alternative formulations of the translog model, along with the non-constant 
behavior of the marginal products, highlight that proportional changes in population or number of commuters 
lead to proportional changes in disease cases that depend on the initial values of N and S. The translog model 
also allows an increase in population N to be associated with a reduction in the number of disease cases Y when 
the number of commuters S is below the threshold S∗ = 10−βN /βC . Similarly, an increase in the number of 
commuters can also be associated with a reduction in the number of disease cases Y when the population N is 
below the threshold N∗ = 10−βS/βC . The threshold values Ω∗, Ω̃∗, S∗, and N∗ all become irrelevant when 
the translog parameters are positive. As we shall verify, βC  is positive for all diseases, while βS  is negative for 
all disease types, and βN  can be either positive or negative depending on the disease type. Thus, we shall find 
intriguing transitions in the scaling behavior of disease cases depending on the interplay between population 
size and commuter numbers.

We fit the urban scaling (Eq. 1), Cobb-Douglas (Eq. 2), and translog (Eq. 3) models to each of the seven disease 
types. For the urban scaling model, we estimate the value of βN  using the standard least-squares method applied 
to the relationship between log Y  and log N  (see Supplementary Figure S1 for visualizations of the adjusted 
scaling laws). In contrast, estimating the parameters of the Cobb-Douglas and translog models using ordinary 
least-squares is not recommended due to the strong correlations between log N  and log S, as well as between 
these terms and their product in the case of the translog model. This effect, known as multicollinearity39, occurs 
when two or more predictor variables in a regression model are highly correlated, leading to unstable parameter 
estimates and inflated standard errors. This instability arises because the ordinary least-squares method relies 
on the inversion of the Gram matrix G, defined as the product of the transpose of the regressor matrix and the 
regressor matrix. In the presence of strong correlations among predictors, this matrix becomes nearly singular, 
making its inversion highly sensitive to small perturbations in the data. To address this issue, we use the ridge 
regression approach40 to estimate the parameters of the Cobb-Douglas and translog models. Ridge regression 
mitigates the effects of multicollinearity by adding a constant λ to the diagonal elements of G, stabilizing the 
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inversion of G, and reducing the sensitivity of the regression coefficients to multicollinearity. This modification 
is equivalent to identifying the best-fitting parameters by minimizing the residual sum of squares with an added 
regularization term proportional to the sum of squares of the model parameters, where λ is the proportionally 
constant. Thus, in addition to the model parameters, the hyperparameter λ needs to be estimated from the data. 
Following standard practice, we estimate this hyperparameter by minimizing the mean squared error using a 
leave-one-out cross-validation strategy. Furthermore, to ensure uniform regularization across all independent 
variables, we standardized the values of log N  and log S before determining the optimal hyperparameter value 
(see Refs.27,30,41 for more details). For the numerical implementation of this approach, we rely on the Python 
module scikit-learn42.

Figure 2 compares the performance of the three models in predicting the number of cases of HIV/AIDS, 
meningitis, and influenza. A simple visual inspection reveals that urban scaling models provide the poorest 
predictions (Fig.  2A), significantly underestimating the number of disease cases in large cities. The Cobb-
Douglas models (Fig.  2B) improve the predictions by slightly reducing this bias. However, it is the translog 
models (Fig. 2C) that offer the most accurate predictions, markedly reducing the underestimation of disease 
cases in large cities. This visual assessment is corroborated by the coefficients of determination (R2), shown 
in the figures, which attain the highest values for the translog models. Similar conclusions are drawn from the 
Bayesian information criterion (BIC) and Akaike information criterion (AIC)43, which account for the varying 
number of parameters among the urban scaling, Cobb-Douglas (one more parameter than the urban scaling), 
and translog models (one more parameter than the Cobb-Douglas). Specifically, the insets of Fig.  2B and C 
compare the BIC and AIC values across the three models, demonstrating that the translog model yields the 

Fig. 2.  Urban scaling predictions of disease cases compared with the enhanced descriptions of the Cobb-
Douglas and translog models. (A) Relationship between the predictions from the urban scaling model (Eq. 1) 
and the observed cases of HIV/AIDS, meningitis, and influenza. (B) Improved predictions considering the 
number of commuters in the Cobb-Douglas model (Eq. 2). (C) Improved predictions considering the number 
of commuters in the translog model (Eq. 3). Disease cases are expressed on a base-10 logarithmic scale, and the 
dashed lines represent the identity function. Insets in panels (B) and (C) compare the Bayesian information 
criterion (BIC) and Akaike information criterion (AIC) calculated for each model. The translog models 
yield the lowest BIC/AIC values and the highest coefficients of determination (R2, shown within each plot), 
confirming a superior fit of the translog model.
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minimum BIC and AIC values, indicating not only the best predictions but also the most parsimonious fit for 
our data.

We have illustrated the superior predictive performance of the translog model for HIV/AIDS, meningitis, 
and influenza, but the same holds for all disease types in our study (see Supplementary Figure  S2). Indeed, 
Fig. 3 demonstrates that translog models display the lowest values of BIC and AIC as well as the highest values 
of R2 across the seven disease types. The Cobb-Douglas model offers the second-best description for five of 
the diseases, but its improvement is marginal for tuberculosis and viral hepatitis. These results indicate that the 
interaction term between population and number of commuters in the translog model is the main factor driving 
the improved predictions compared to the urban scaling model.

As the translog model provides the most parsimonious and accurate description of our data, we focus on 
interpreting its adjusted behavior for each disease type. Figure 4 presents the estimated values of βN , βS , and βC  
across all disease types. We observe that βS  is negative and βC  is positive for all disease types. In contrast, βN  
is positive for tuberculosis, HIV/AIDS, viral hepatitis, and syphilis, while it is negative for meningitis, influenza, 
and pertussis. However, analyzing these parameters individually is insufficient to fully understand the effects of 
changes in population and commuters on disease incidence due to the coupled nature of the translog model.

Fig. 3.  Comparison of the goodness of fit among the urban scaling, Cobb-Douglas, and translog models. 
Values of the (A) Bayesian information criterion (BIC), (B) Akaike information criterion (AIC), and (C) 
coefficient of determination (R2) calculated for the three models across the seven disease types. The gray 
bars represent values for the urban scaling model, blue bars for the Cobb-Douglas model, and red bars for 
the translog model. The translog model provides the best (and most parsimonious) fit for all disease types 
according to the three model selection criteria.
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To address this, we first calculate the elasticity of scale ε (as defined by Eq. 4) for each disease type and city 
in our dataset. Since this elasticity also depends on both the population N and the total number of commuters 
S, Fig. 5A depicts ε using a color gradient in a scatter plot of log S versus log N . For cities with ε > 1 (purple 
hues), a 1% increase in both population and commuters is associated with more than a 1% increase in disease 
cases. Conversely, for cities with 0 < ε < 1 (green hues), a less than 1% increase in disease cases is expected for 
the same 1% increase in both population and commuters. Lastly, for cities where ε < 0 (blue hues), an increase 
in both population and commuters correlates with a reduction in disease cases. In this figure, continuous lines 
and varying background colors delineate the distinct scaling regimes, which are obtained by solving Eq. 4 for 
each threshold. We observe the three transitions in the scaling regimes for viral hepatitis, meningitis, syphilis, 

Fig. 5.  Elasticity of scale for each city and transitions in the scaling regime. (A) Dependence of the elasticity 
of scale ε on population and commuter numbers for every Brazilian city reporting cases of tuberculosis, HIV/
AIDS, viral hepatitis, meningitis, syphilis, influenza, and pertussis. The color-coded markers and background 
colors in each panel correspond to the values of ε, while the blue and purple continuous lines indicate the 
transitions from negative to sublinear and from sublinear to superlinear scaling regimes, respectively. (B) 
Probability distribution of the elasticity of scale estimated for each disease type. The three colors represent 
the fractions of cities within negative (blue), sublinear (green), and superlinear (purple) scaling regimes, with 
vertical lines indicating the transitions between them.

 

Fig. 4.  Parameters of the translog model estimated for each disease type. (A) Parameter βN  quantifying the 
association between population size and disease cases. (B) Parameter βS  quantifying the association between 
the number of commuters and disease cases. (C) Parameter βS  quantifying the combined effect of population 
size and number of commuters on disease cases. In all panels, the error bars represent the standard errors of 
the parameter estimates. All parameters are statistically significantly different from zero.
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and influenza. In contrast, tuberculosis and HIV/AIDS only present transitions from sublinear to superlinear 
scaling, while pertussis shows only a transition from negative to sublinear scaling, except for the one sole city 
with ε ≈ 1.

We also evaluate the probability distributions of ε for each disease. Figure  5B shows these distributions, 
indicating that decreasing returns to scale is the most common regime across the seven disease types. The 
percentage of cities exhibiting sublinear scaling ranges from 66% for pertussis to 95% for syphilis and influenza. 
Increasing returns to scale represent the second most common regime, with the percentage of cities ranging 
from 24% for tuberculosis to 5% for syphilis and influenza. Negative scaling is the rarest behavior; although 
present in a few cities for viral hepatitis, meningitis, syphilis, and influenza, it is only significantly represented 
among cities in the cases of pertussis (33%). To better illustrate the implications of these distinct regimes, 
consider the case of HIV/AIDS. A 1% increase in population and commuters translates into an approximately 
2% rise in HIV/AIDS cases in São Paulo and Rio de Janeiro (the two largest metropolises in Brazil), while the 
same change is associated with a 0.86% rise in HIV/AIDS cases in Parintins (a city with 100,000 inhabitants in 
the far east of the Amazonas state) and an exact 1% increase in Guarapuava (a city with 180,000 inhabitants in 
the center of the state of Paraná). Now, considering pertussis, a 1% increase in population and commuters results 
in the same proportional increase of disease cases in São Paulo, while the same change is expected to reduce 
disease cases by 0.18% in Santana do Araguaia (a city with 75,000 inhabitants in the southernmost part of the 
state of Pará). In addition to these distributions, investigating the geographic patterns in the spatial distribution 
of elasticity values offers an intriguing avenue for future research. While a comprehensive analysis is beyond the 
scope of this study, preliminary mapping of these values (see Supplementary FigureS3) suggests the existence of 
correlated structures akin to those observed in the spatial distribution of disease incidence44,45 and other urban 
indicators46,47.

Somewhat counterintuitively, negative scaling regimes have been observed in density scaling laws, particularly 
in the context of housing prices48,49, where the price of detached housing decreases with increasing population 
density at high densities in England. In our study, cities exhibiting negative elasticities are predominantly 
observed for pertussis cases. These cities are mainly located in the inner regions of Brazil (see Supplementary 
Figure S4), which are often characterized by smaller populations, lower economic development, and limited 
healthcare resources compared to larger urban centers. Pertussis, or whooping cough, is a highly contagious 
respiratory disease that primarily affects infants and young children. It is a vaccine-preventable disease, and 
Brazil has included the pertussis vaccine in its National Immunization Program since the 1970s, offering it free 
of charge through the public healthcare system. We hypothesize that as these small and isolated cities grow 
and become better connected, they may benefit from improved health services and socioeconomic conditions. 
These improvements may include more aggressive vaccination campaigns and increased awareness of disease 
prevention, which can more effectively reduce risky behaviors that facilitate the spread of pertussis than in 
smaller and more isolated populations. However, these potential benefits appear to saturate as the population 
and total number of commuters continue to rise. We further hypothesize that a similar mechanism may be at 
play in the few cities displaying negative elasticities for other diseases. Nevertheless, the specific characteristics 
of these diseases, such as differing transmission dynamics and latency periods, may attenuate this initial benefit, 
resulting in a significantly smaller number of cities in this regime.

As previously mentioned, decreasing returns to scale is the predominant response of cities to a proportional 
increase in both population and commuters. This regime is more common among cities of intermediate size 
and connectivity within the commuting network. As these cities grow and enhance their connectivity, they may 
experience modest improvements in healthcare and socioeconomic conditions compared to cities with negative 
scaling while also beginning to encounter challenges typical of larger urban areas, which contribute to increased 
disease transmission. The balance of these factors may yield sublinear regimes with variations across disease 
types. In contrast, increasing returns to scale tend to emerge in large, highly connected cities. The transition 
from decreasing to increasing returns to scale in disease cases is likely multifactorial, involving socioeconomic, 
infrastructural, and behavioral influences. Large, highly connected cities tend to feature high-density areas, more 
frequent social interactions, increased mobility patterns, and greater socioeconomic inequalities, all of which 
may contribute to environments where infectious diseases spread more efficiently. For instance, substandard 
housing conditions, such as overcrowded spaces and poor ventilation, are more common in large urban centers 
and may facilitate the airborne transmission of diseases like tuberculosis and influenza. Additionally, large cities 
often have higher rates of substance abuse, unsafe sexual practices, and transient relationships, which could 
explain the more than proportional rise in sexually transmitted infections such as HIV/AIDS and syphilis.

In addition to analyzing the combined effects of changes in population and commuters, we further examine 
the individual impacts of these variables on disease cases by evaluating the marginal products of population, 
∆N = βN + βC log S, and total number of commuters, ∆S = βS + βC log N . As previously mentioned, ∆N  
and ∆S  represent the expected changes in disease cases resulting from small proportional changes in population 
and commuters, respectively. Thus, a small proportional increase in population, N → (1 + x)N  (with x ≪ 1), 
leads to a proportional increase in disease cases that depends on the parameters βN  and βC , as well total number 
of commuters, Y → (1 + x∆N )Y . Similarly, a small proportional increase in commuters, S → (1 + x)S, 
results in a proportional increase in disease cases that depends on the parameters βS  and βC , and the population 
size, Y → (1 + x∆S)Y . We calculate the values of ∆N  and ∆S  for each city and estimate their probability 
distributions for each disease type, as shown in Fig. 6A and B. Only 1% cities exhibit negative marginal products 
of population for meningitis and influenza, while 14% of cities satisfy this condition for pertussis. A small 
percentage of cities display values of ∆N  greater than one for syphilis, meningitis, viral hepatitis, and HIV/AIDS, 
while 14% of cities satisfy this condition for tuberculosis. Thus, similar to the elasticity of scale, disease cases 
generally respond sublinearly to changes in population for most cities across all disease types, with percentages 
ranging from 86 to 99.6% of cities. The marginal product of commuters behaves quite differently, with no city 

Scientific Reports |          (2025) 15:498 8| https://doi.org/10.1038/s41598-024-84252-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


exhibiting values of ∆S  larger than one. The most common response to changes in commuters is a less-than-
proportional change in disease cases for most diseases; however, the percentages of cities in this regime range 
from 34% to 93%. A decrease in disease cases associated with an increase in commuters is the most common 
response of cities for syphilis and pertussis, with a significant number of cities also showing this behavior for 
tuberculosis and viral hepatitis. These results highlight the potential benefits of improved connectivity for cities, 
which may be linked to a combination of socioeconomic advantages, better access to healthcare, and more 
effective public health interventions in highly connected cities. The marginal products further enable us to 
compare the effects of changes in population and commuters on disease cases. To achieve this, we calculate the 
difference between the absolute values of ∆N  and ∆S  for each city and disease type, and analyze the distribution 
of these differences. As shown in Fig. 6C, proportional changes in population generally have a greater impact on 
disease cases than proportional changes in commuters across the vast majority of cities and diseases. A notable 
exception is pertussis, where a significant percentage of cities exhibit a greater effect for changes in total number 
of commuters. Therefore, while inter-city relations proved important in improving the description of disease 
cases, our findings also highlight that population size alone remains a key determinant of disease incidence.

Discussion
Our work addresses the existing gap in the literature concerning the effects of inter-city interactions on the 
scaling of disease cases in urban areas. By extending traditional urban scaling models to incorporate both 
population size and total number of commuters, we demonstrate that inter-city interactions play a critical 
role in shaping disease incidence across Brazilian cities. Our results indicate that models that account for the 
number of commuters outperform those based solely on population size, particularly in large urban centers 
where traditional scaling models tend to underestimate disease cases. Moreover, our generalized models reveal 
distinct scaling regimes for disease incidence, driven by the interplay between population size and number of 
commuters.

We find that the majority of cities exhibit sublinear scaling, wherein proportional increases in both 
population and commuters are associated with less-than-proportional increases in disease cases. However, a 
significant subset of cities (ranging from 5% to almost a quarter of Brazilian cities) exhibits superlinear scaling, 
where a 1% increase in population and commuters results in a more-than-proportional rise in disease cases. 
Interestingly, our analysis identifies a small number of cities where proportional increases in population and 
commuters are associated with a reduction in disease cases, particularly for pertussis. Superlinear scaling is most 
common in large, highly connected cities, suggesting that socioeconomic and infrastructural conditions – such 
as overcrowding, poor ventilation, and inequality – amplify disease transmission, especially for tuberculosis and 
HIV/AIDS, which are most often associated with this regime. Sublinear scaling predominates across all disease 
types, particularly in mid-sized cities with moderate connectivity. We hypothesize that this reflects a balance 
between improvements in healthcare and socioeconomic conditions as these cities grow. Conversely, negative 
scaling, mainly observed in small cities in Brazil’s interior, suggests that these areas may benefit from enhanced 
health services and socioeconomic conditions as they develop and become more connected. This may include 
more effective vaccination campaigns and increased awareness of disease prevention, particularly for vaccine-

Fig. 6.  Marginal products of population and total number of commuters. Probability distributions of the 
marginal products for (A) population ∆N  and (B) commuters ∆S , calculated for all Brazilian cities reporting 
cases of tuberculosis, HIV/AIDS, viral hepatitis, meningitis, syphilis, influenza, and pertussis. The three colors 
represent the fractions of cities with negative (blue), sublinear (green), and superlinear (purple) marginal 
products, with vertical lines marking the transitions between them. (C) Probability distributions of the 
difference between the absolute values of the marginal products of population and commuters (|∆N | − |∆S |
). Positive values (gray) indicate cities where changes in population have a greater impact on disease cases than 
changes in commuters, while negative values (red) indicate the few cities where changes in commuters have a 
larger effect on disease cases.
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preventable diseases like pertussis. Our findings further suggest that as cities grow larger and more connected, 
the benefits of connectivity and urbanization diminish, eventually giving rise to both sublinear and superlinear 
scaling regimes.

The marginal products of population and commuters further highlight the distinct roles these variables play 
in disease dynamics. We find that changes in population have a greater impact on disease cases than changes 
in number of commuters for most cities and disease types. Pertussis, however, stands out as a partial exception, 
where commuters exert a greater influence than population size in approximately one-third of cities, likely 
reflecting the unique transmission dynamics and public health responses associated with this disease. This 
underscores the central role of population size in shaping disease incidence, while also highlighting the nuanced 
contribution of inter-city interactions via commuting networks to urban disease dynamics.

Our study highlights the potential benefits of improved connectivity between cities, particularly regarding 
public health outcomes. Increased connectivity is likely associated with a combination of socioeconomic 
advantages, better access to healthcare, and more effective public health interventions. These benefits are 
especially evident in smaller cities and those with moderate levels of connectivity, where enhanced commuting 
networks may mitigate disease incidence. However, as cities expand and connectivity intensifies, the challenges 
of increased disease transmission may outweigh the benefits, particularly for diseases that spread more easily 
through human contact.

Our study is not without limitations. While our findings provide evidence supporting the suitability 
of the Cobb-Douglas and translog models in better describing the data, these models lack mechanistic 
explanations that directly link the holistic concept of interacting cities to their specific functional forms or to 
the broader theoretical framework of production functions from which they are derived. Additionally, despite 
the application of a regularization approach to estimate model parameters, the strong correlations between 
population size and the number of commuters may constrain the ability to disentangle their individual effects 
on disease cases. To address these limitations, future research could explore mechanistic foundations, explicitly 
incorporate correlations among predictors into model assumptions, and account for zero disease counts in cities. 
Recent advances in urban scaling — such as generative processes based on the distribution of tokens among 
individuals 25,50–52 — offer promising avenues for addressing these challenges.

Despite these limitations, our research shows that while population size remains a key determinant of disease 
incidence, inter-city interactions, modeled through commuting networks, add an essential layer of complexity 
to understanding urban disease dynamics. Incorporating networks into disease models not only improves 
predictive accuracy but also uncovers distinct scaling behaviors that vary across disease types and city sizes. 
Future research could also explore how other forms of inter-city interactions, such as trade and social networks, 
further influence disease transmission. Additionally, our findings suggest that urban planning and public health 
interventions should consider both population size and connectivity to optimize strategies for controlling 
infectious diseases in urban areas.

Data availibility
The data used during the current study are freely available from the Brazilian Institute of Geography and Statis-
tics (IBGE) and the Department of Data Processing of Brazil’s Public Healthcare System (DATASUS), as well as 
from the corresponding authors on reasonable request.

Received: 26 September 2024; Accepted: 20 December 2024

References
	 1.	 United Nations, World Urbanization Prospects: Urban population (% of total). Available: ​h​t​t​p​:​/​/​d​a​t​a​.​w​o​r​l​d​b​a​n​k​.​o​r​​​g​​/​i​n​d​i​c​a​t​o​r​/​S​P​.​

U​R​B​.​T​O​T​L​.​I​N​.​Z​S​​​​​. Accessed: 27 May (2020).
	 2.	 Jiang, L. & O’Neill, B. C. Global urbanization projections for the Shared Socioeconomic Pathways. Glob. Environ. Chang. 42, 

193–199. https://doi.org/10.1016/j.gloenvcha.2015.03.008 (2017).
	 3.	 Batty, M. The new science of cities (MIT Press, 2013).
	 4.	 West, G. B. Scale: The universal laws of growth, innovation, sustainability, and the pace of life in organisms, cities, economies, and 

companies (Penguin, 2017).
	 5.	 D’Acci, L. S. (ed.) Urban scaling: Allometry in urban studies and spatial science, advances in regional economics science and policy 

(Routledge, 2025).
	 6.	 Woldenberg, M. Part II. Harvard Papers in Theoretical Geography: Geography and the Properties of Surfaces Series (1967).
	 7.	 Nordbeck, S. Urban allometric growth. Geografiska Annaler: Series B Human Geography 53, 54–67. https://doi.org/10.2307/490887 

(1971).
	 8.	 Kühnert, C., Helbing, D. & West, G. B. Scaling laws in urban supply networks. Phys. A 363, 96–103. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​p​h​y​s​

a​.​2​0​0​6​.​0​1​.​0​5​8​​​​ (2006).
	 9.	 Bettencourt, L. M. A., Lobo, J., Helbing, D., Kühnert, C. & West, G. B. Growth, innovation, scaling, and the pace of life in cities. 

Proc. Natl. Acad. Sci. 104, 7301–7306. https://doi.org/10.1073/pnas.0610172104 (2007).
	10.	 Bettencourt, L. M. A. The origins of scaling in cities. Science 340, 1438–1441. https://doi.org/10.1126/science.1235823 (2013).
	11.	 West, G. B., Brown, J. H. & Enquist, B. J. A general model for the origin of allometric scaling laws in biology. Science 276, 122–126. 

https://doi.org/10.1126/science.276.5309.122 (1997).
	12.	 Antonio, F. J., de Picoli Jr, S., Teixeira, J. J. V. & Mendes, R. D. S. Growth patterns and scaling laws governing AIDS epidemic in 

Brazilian cities. PLoS One 9, e111015. https://doi.org/10.1371/journal.pone.0111015 (2014).
	13.	 Rocha, L. E., Thorson, A. E. & Lambiotte, R. The non-linear health consequences of living in larger cities. J. Urban Health 92, 

785–799. https://doi.org/10.1007/s11524-015-9976-x (2015).
	14.	 Schläpfer, M. et al. The scaling of human interactions with city size. J. R. Soc. Interface 11, 20130789. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​9​8​/​r​s​i​f​.​2​

0​1​3​.​0​7​8​9​​​​ (2014).
	15.	 Patterson-Lomba, O., Goldstein, E., Gómez-Liévano, A., Castillo-Chavez, C. & Towers, S. Per capita incidence of sexually 

transmitted infections increases systematically with urban population size: A cross-sectional study. Sexually Transmitted Infections 
91, 610–614. https://doi.org/10.1136/sextrans-2014-051932 (2015).

Scientific Reports |          (2025) 15:498 10| https://doi.org/10.1038/s41598-024-84252-z

www.nature.com/scientificreports/

http://data.worldbank.org/indicator/SP.URB.TOTL.IN.ZS
http://data.worldbank.org/indicator/SP.URB.TOTL.IN.ZS
https://doi.org/10.1016/j.gloenvcha.2015.03.008
https://doi.org/10.2307/490887
https://doi.org/10.1016/j.physa.2006.01.058
https://doi.org/10.1016/j.physa.2006.01.058
https://doi.org/10.1073/pnas.0610172104
https://doi.org/10.1126/science.1235823
https://doi.org/10.1126/science.276.5309.122
https://doi.org/10.1371/journal.pone.0111015
https://doi.org/10.1007/s11524-015-9976-x
https://doi.org/10.1098/rsif.2013.0789
https://doi.org/10.1098/rsif.2013.0789
https://doi.org/10.1136/sextrans-2014-051932
http://www.nature.com/scientificreports


	16.	 Bilal, U. et al. Scaling of mortality in 742 metropolitan areas of the Americas. Sci. ​A​d​v​.​​[​S​P​A​C​E​]​​​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​2​6​/​s​c​i​a​d​v​.​a​b​l​6​
3​2​5​​​​ (2021).

	17.	 Patterson-Lomba, O. & Gómez-Lievano, A. On the scaling patterns of infectious disease incidence in cities. Epi-SCIENCE 1, 
60–86. https://doi.org/10.15517/es.2023.55397 (2023).

	18.	 Stier, A. J., Berman, M. G. & Bettencourt, L. M. Early pandemic COVID-19 case growth rates increase with city size. npj Urban 
Sustainability 1, 31. https://doi.org/10.1209/0295-5075/133/58001 (2021).

	19.	 Ribeiro, H. V., Sunahara, A. S., Sutton, J., Perc, M. & Hanley, Q. S. City size and the spreading of COVID-19 in Brazil. PLoS One 15, 
e0239699. https://doi.org/10.1371/journal.pone.0239699 (2020).

	20.	 Ribeiro, F. L. & Rybski, D. Mathematical models to explain the origin of urban scaling laws. Phys. Rep. 1012, 1–39. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​1​0​1​6​/​j​.​p​h​y​s​r​e​p​.​2​0​2​3​.​0​2​.​0​0​2​​​​ (2023).

	21.	 Guimera, R., Uzzi, B., Spiro, J. & Amaral, L. A. N. Team assembly mechanisms determine collaboration network structure and team 
performance. Science 308, 697–702. https://doi.org/10.1126/science.1106340 (2005).

	22.	 Alderson, A. S., Beckfield, J. & Sprague-Jones, J. Intercity relations and globalisation: The evolution of the global urban hierarchy, 
1981–2007. Urban Stud. 47, 1899–1923. https://doi.org/10.1177/0042098010372679 (2010).

	23.	 Prieto Curiel, R., Pappalardo, L., Gabrielli, L. & Bishop, S. R. Gravity and scaling laws of city to city migration. PLoS One 13, 
e0199892. https://doi.org/10.1371/journal.pone.0199892 (2018).

	24.	 Nelson, G. D. & Rae, A. An economic geography of the United States: From commutes to megaregions. PLoS One 11, e0166083. 
https://doi.org/10.1371/journal.pone.0166083 (2016).

	25.	 Altmann, E. G. Spatial interactions in urban scaling laws. PLoS One 15, e0243390. https://doi.org/10.1371/journal.pone.0243390 
(2020).

	26.	 Ribeiro, H. V., Oehlers, M., Moreno-Monroy, A. I., Kropp, J. P. & Rybski, D. Association between population distribution and 
urban GDP scaling. PLoS One 16, e0245771. https://doi.org/10.1371/journal.pone.0245771 (2021).

	27.	 Alves, L. G. A., Rybski, D. & Ribeiro, H. V. Commuting network effect on urban wealth scaling. Sci. Rep. 11, 22918. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​1​-​0​2​3​2​7​-​7​​​​ (2021).

	28.	 Liang, X., Hidalgo, C. A., Balland, P.-A., Zheng, S. & Wang, J. Intercity connectivity and urban innovation. Comput. Environ. Urban 
Syst. 109, 102092. https:​​​//d​oi.​or​g/10​.​1016/j.compen​vurb​sys.​2024.102092 (2024).

	29.	 Heathfield, D. F. & Wibe, S. An introduction to cost and production functions (Macmillan, 1987).
	30.	 Ribeiro, H. V., Rybski, D. & Kropp, J. P. Effects of changing population or density on urban carbon dioxide emissions. Nat. 

Commun. 10, 3204. https://doi.org/10.1038/s41467-019-11184-y (2019).
	31.	 Brazilian Institute of Geography and Statistics (IBGE). Census micro-data 2010. ftp://ftp.ibge.gov.br/Censos/Censo_

Demografico_2010/Resultados_Gerais_da_Amostra/Microdados (2010). Accessed: 18 September 2024.
	32.	 Brazil’s Public Healthcare System (SUS), Department of Data Processing (DATASUS). Available: http://datasus.saude.gov.br. 

Accessed: 18 September 2024.
	33.	 Moura, D. C. 3D density histograms for criteria-driven edge bundling. arXiv preprint[SPACE]arXiv:1504.02687 (2015).
	34.	 Hunter, J. D. Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 9, 90–95. https://doi.org/10.1109/MCSE.2007.55 (2007).
	35.	 Jordahl, K. et al. GeoPandas, https://doi.org/10.5281/zenodo.3946761.
	36.	 Hagberg, A. A., Schult, D. A. & Swart, P. J. Exploring network structure, dynamics, and function using NetworkX. In Varoquaux, 

G., Vaught, T. & Millman, J. (eds.) Proceedings of the 7th Python in Science Conference, 11–15 (Pasadena, CA USA, 2008).
	37.	 Cobb, C. W. & Douglas, P. H. A theory of production. Am. Econ. Rev. 18, 139–165 (1928).
	38.	 Christensen, L. R., Jorgenson, D. W. & Lau, L. J. Transcendental logarithmic production frontiers. Rev. Econ. Stat. 55, 28–45. 

https://doi.org/10.2307/1927992 (1973).
	39.	 Hastie, T., Tibshirani, R. & Friedman, J. The elements of statistical learning: Data mining, inference, and prediction 2nd edn. 

(Springer, New York, 2009).
	40.	 Hoerl, A. E. & Kennard, R. W. Ridge regression: Biased estimation for nonorthogonal problems. Technometrics 12, 55–67. ​h​t​t​p​s​:​/​/​

d​o​i​.​o​r​g​/​1​0​.​2​3​0​7​/​1​2​7​1​4​3​6​​​​ (1970).
	41.	 Ribeiro, H. V. & Rybski, D. Urban Scaling: Allometry in Urban Studies and Spatial Science, chap. Urban carbon dioxide emissions 

and the role of population, area, and density, 219–233. Advances in Regional Economics, Science and Policy (Routledge, Abingdon, 
2025).

	42.	 Pedregosa, F. et al. Scikit-learn: Machine learning in Python. J. Mach. Learn. Res. 12, 2825–2830 (2011).
	43.	 Burnham, K. P. & Anderson, D. R. Model Selection and Multimodel Inference (Springer, 2002).
	44.	 Gallos, L. K., Barttfeld, P., Havlin, S., Sigman, M. & Makse, H. A. Collective behavior in the spatial spreading of obesity. Sci. Rep. 2, 

454. https://doi.org/10.1038/srep00454 (2012).
	45.	 Antonio, F. J., Itami, A. S., de Picoli, S., Teixeira, J. J. V. & Mendes, R. D. S. Spatial patterns of dengue cases in Brazil. PLOS One 12, 

e0180715. https://doi.org/10.1371/journal.pone.0180715 (2017).
	46.	 Alves, L. G. A., Lenzi, E. K., Mendes, R. S. & Ribeiro, H. V. Spatial correlations, clustering and percolation-like transitions in 

homicide crimes. Europhys. Lett. 111, 18002. https://doi.org/10.1209/0295-5075/111/18002 (2015).
	47.	 Alves, L. G., Andrade, J. S. Jr., Hanley, Q. S. & Ribeiro, H. V. The hidden traits of endemic illiteracy in cities. Phys. A 515, 566–574. 

https://doi.org/10.1016/j.physa.2018.09.153 (2019).
	48.	 Hanley, Q. S., Lewis, D. & Ribeiro, H. V. Rural to urban population density scaling of crime and property transactions in english 

and welsh parliamentary constituencies. PLoS One 11, e0149546. https://doi.org/10.1371/journal.pone.0149546 (2016).
	49.	 Sutton, J., Shahtahmassebi, G., Ribeiro, H. V. & Hanley, Q. S. Rural-urban scaling of age, mortality, crime and property reveals a 

loss of expected self-similar behaviour. Sci. Rep. 10, 16863. https://doi.org/10.1038/s41598-020-74015-x (2020).
	50.	 Leitao, J. C., Miotto, J. M., Gerlach, M. & Altmann, E. G. Is this scaling nonlinear?. Royal Soc. Open Sci. 3, 150649. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​

1​0​.​1​0​9​8​/​r​s​o​s​.​1​5​0​6​4​9​​​​ (2016).
	51.	 Gerlach, M. & Altmann, E. G. Testing statistical laws in complex systems. Phys. Rev. Lett. 122, 168301. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​0​3​/​P​h​

y​s​R​e​v​L​e​t​t​.​1​2​2​.​1​6​8​3​0​1​​​​ (2019).
	52.	 Altmann, E. G. Statistical laws in complex systems: Combining mechanistic models and data analysis understanding complex systems 

(Springer, 2024).

Acknowledgements
The authors acknowledge the support of the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior 
(CAPES), the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq – Grant 303533/2021-8), 
and the Slovenian Research Agency (Grants J1-2457 and P1-0403).

Author contributions
N.A.L., C.R.N., J.S., M.P., and H.V.R. designed research, performed research, analyzed data, and wrote the paper.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​

Scientific Reports |          (2025) 15:498 11| https://doi.org/10.1038/s41598-024-84252-z

www.nature.com/scientificreports/

https://doi.org/10.1126/sciadv.abl6325
https://doi.org/10.1126/sciadv.abl6325
https://doi.org/10.15517/es.2023.55397
https://doi.org/10.1209/0295-5075/133/58001
https://doi.org/10.1371/journal.pone.0239699
https://doi.org/10.1016/j.physrep.2023.02.002
https://doi.org/10.1016/j.physrep.2023.02.002
https://doi.org/10.1126/science.1106340
https://doi.org/10.1177/0042098010372679
https://doi.org/10.1371/journal.pone.0199892
https://doi.org/10.1371/journal.pone.0166083
https://doi.org/10.1371/journal.pone.0243390
https://doi.org/10.1371/journal.pone.0245771
https://doi.org/10.1038/s41598-021-02327-7
https://doi.org/10.1038/s41598-021-02327-7
https://doi.org/10.1016/j.compenvurbsys.2024.102092
https://doi.org/10.1038/s41467-019-11184-y
ftp://ftp.ibge.gov.br/Censos/Censo_Demografico_2010/Resultados_Gerais_da_Amostra/Microdados
ftp://ftp.ibge.gov.br/Censos/Censo_Demografico_2010/Resultados_Gerais_da_Amostra/Microdados
http://datasus.saude.gov.br
http://arxiv.org/abs/1504.02687
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.5281/zenodo.3946761
https://doi.org/10.2307/1927992
https://doi.org/10.2307/1271436
https://doi.org/10.2307/1271436
https://doi.org/10.1038/srep00454
https://doi.org/10.1371/journal.pone.0180715
https://doi.org/10.1209/0295-5075/111/18002
https://doi.org/10.1016/j.physa.2018.09.153
https://doi.org/10.1371/journal.pone.0149546
https://doi.org/10.1038/s41598-020-74015-x
https://doi.org/10.1098/rsos.150649
https://doi.org/10.1098/rsos.150649
https://doi.org/10.1103/PhysRevLett.122.168301
https://doi.org/10.1103/PhysRevLett.122.168301
https://doi.org/10.1038/s41598-024-84252-z
http://www.nature.com/scientificreports


0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​4​-​8​4​2​5​2​-​z​​​​​.​​

Correspondence and requests for materials should be addressed to H.V.R.

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-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, 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 you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. 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 ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2024 

Scientific Reports |          (2025) 15:498 12| https://doi.org/10.1038/s41598-024-84252-z

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-024-84252-z
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Impact of inter-city interactions on disease scaling
	﻿Results
	﻿Discussion
	﻿References


