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Abstract

Background: Time dependent reproduction number is the most relevant parameters to track the spread of COVID-19 
pandemic. However, especially at the initial stages, Rt can be highly underestimated because of remarkable differences 
between the actual number of infected people and the daily incidence of people who are tested positive. In our work, we 
analyzed the daily cumulative number of hospitalized (HP) and intensive care unit (ICU) patients both in space and in time in 
the early phases of second wave COVID-19 pandemic across eight different European countries. 
Methods: We derived simple model equations to fit the time dependence of these two variables where exponential behavior is 
observed. Growth rate constants of HP and ICU are listed, providing country-specific parameters able to estimate the burden 
of SARS-COV-2 infection before extensive containment measures take place. 
Results: A trend between the HP and ICU constants is confirmed for almost all the countries considered. This paves the way to 
delineate a more general correlation where for a given amount of HP a given amount of ICU can be then associated.
Conclusions: Our quantitative parameters, fully related to hospitalizations, are disentangled from the capacity range of the 
screening campaign, for example the number of swabs, and they cannot be directly biased by the actual number of infected 
people. This approach can provide reliable indicators which can be used to monitor the dynamics of COVID-19 in the peaks of 
epidemic.
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Introduction

Even if with some differences between the regions/
countries, since the first days of September 2020, SARS-COV2 
quickly spread through almost all the Europe, as confirmed 
by the cumulative incidence of official reported COVID-19 
confirmed cases, reaching the huge number of more than 
13 million of infected people on November 9th [1,2]. In the 
control of epidemics, the time dependent reproduction 

number Rt (i.e. the average number of secondary cases 
generated by an infectious person at time t) is considered 
one the most relevant parameter to track the trends of the 
infection [2,3]. However, when the morbility or morbidity 
rate, MB is huge, as in COVID-19 pandemic, Rt could be 
largely underestimated, for the simple reason that the 
diagnostic possibilities of the healthcare national systems 
are overwhelmed and there are significantly high differences 
between the actual number of infected people and the 
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daily incidence of people who are tested as positive. In this 
challenging context, the determination of Rt is susceptible to 
faults not easily to be disentangled [3-6]. On the other hand, 
mortality rate, which is considered the most reliable indicator 
of the epidemic trend, suffer from a significant time delay 
(in the COVID-19 epidemic about 15 days) compared to the 
trend of the infection diffusion, temporally too far from the 
real situation to be used in the challenging epidemic context, 
making it virtually unusable in the real-time decision making 
process [7].

E from the start of COVID-19 pandemic, two variables 
represented the major problems which the national health 
care systems must face with: the number of hospitalized 
patients (HP) and the number of Intensity Care Units (ICU) 
patients. In each European country, HP and ICU are affected 
by the objective limitations imposed by the available 
resources, an insurmountable limit for an adequate care of 
all the patients affected. Hence, because of the pitfall of Rt and 
mortality rate due to their intrinsic nature HP and ICU could 
be considered as a good compromise between reliability 
and solidity making them potentially useful in the decision 
making related to the COVID-19 pandemic. Mathematical 
modeling of a respiratory infectious disease spreading is a 
well-established field in epidemiology and, recently, many 
works focused to model SARS-COV2 transmission dynamics 
[3,8,9]. Statistical parameters derived by the ongoing 
epidemiological data may provide a starting point to perform 

more reliable predictive calculations. 

In this work, we discussed on the relationship between 
the number of HP and ICU by deriving a simple model 
equation able to fit the observed time evolution of cumulative 
incidence for eight European countries, i.e. Austria, Czech 
Republic, Italy, France, Belgium, Portugal, Spain, United 
Kingdom (UK), during second wave COVID-19 pandemic, in 
the autumn of 2020 in order to find consistent parameters 
to rigorously monitor the dynamics of COVID-19 epidemic. 

Methods

Demographic and Epidemiological Data

The official demographic data of the resident population 
updated on January 1st, 2020 for each European country 
considered were derived from the European statistical 
system (Eurostat). We collected data of COVID-19 epidemic 
for Austria, Belgium, Czech Republic, France, Italy, Portugal, 
Spain and United Kingdom from Governative or governative-
endorsed websites where data are updated at national levels 
and published in form of dashboard, periodical reported. 
All the data are accessible and have been publicly published 
(see also Table S1, supporting information, for all the details 
on demographic and epidemiological data sources). The 
data of COVID-19 pandemic were collected from August 1st 
to October 31st, 2020, except for Spain (from August 20th to 
October 31st, 2020).

 Resident population, Jan 
1st, 2020 *

Source of COVID-19 epidemic data
Organization Website

Austria 89,01,064 Austrian Agency for Health and Food Safety (AGES) ages.at
Belgium 1,15,49,888 Belgian Institute for Health (SCIENSANO) sciensano.be

Czech Republic 1,06,93,939 Czech Ministry of Public Health mzcr.cz
France 6,70,98,824 French Government gouvernement.fr

Italy 6,02,44,639 Italian Ministry of Public Health salute.gov.it
Portugal 1,02,95,909 Portuguese National Health System sns.gov.pt

Spain 4,73,29,981 Spanish Ministry of Health and Social Welfare mscbs.gob.es
United Kingdom 6,70,25,542 British Government gov.uk

Table S1: Population and sources of data for countries considered.
* Data taken from EUROSTAT (website ec.europa.eu/Eurostat)

Derivation of The Time Evolution Equation Of 
Daily Cumulative Incidence of The Number of 
Hospitalized and Intensive Care Unit Patients 
Related To COVID-19

We assume that HP at time t is N’HP and, over a short 
time interval of duration t∆  from t to ( )t t+ ∆ , HP evolves 

to 'HP HPk tN∆  for some constant HPk  defined as growth 
rate constant of HP. We can then approximate the change of 
population size ' (t ) ' ( )HP HPN N t+ ∆ − to ' ( )HP HPk tN t∆  
according to the following equality:

' ( ) ' ( ) ' ( )HP HP HP HPN t N t k tN t+ ∆ − ≈ ∆  (1.1)
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Dividing both side by t∆ gives:

' ( ) ' ( ) ' ( )HP HP
HP HP

N t N t k N t
t

+ ∆ −
≈

∆
 (1.2)

The duration of t∆  must be short enough to ensure 
that the population size does not change too much and by 
considering the limit of 0∆→ under the assumption of 
differentiable ' ( )HPN t  function, it follows:' ( ) ' ( )HP

HP HP
dN t k N t

dt
=    (1.3)

We can solve equation (1.3) using separation of variables 
and by imposing that ,' ( ) ( )HP HP HP eN t N t N= − where 

( )HPN t is the ongoing cumulative HP at time t and ,NHP e is 
the cumulative HP of the “environment”. Since the COVID-19 
second wave developed from a phase where NHP is not null, 
we accepted that the number of HP tends to an asymptotic 
“environmental” value exhibited before the ' ( )HPN t started 
to grow exponentially. 

,

,

( ( ) N )
( ) N

HP HP e
HP

HP HP e

d N t
k dt

N t
−

∫ =
−

 (1.4)
Hence,

,ln | ( ) N |HP HP e HPN t k t C− = +  (1.5)

Solving for  we get the exponential growth equation:

, ,( ) N tHP
k

HP HP e HPN t C e= +  (1.6)

We applied the same assumptions to ICU, as:

ICU, ICU,e
( ) N K tHPICU eN t C= +  (1.7)

Since it is reasonable to consider that NICU(t) can 
be strictly related to NHP(t) such that a function like 

( ) N [ ( ), ]ICU ICU HPN t N t t= is more appropriate to describe 
its evolution. 

However, our goal is to analyze ( )ICUN t , ( )HPN t  
separately to define an empirical relationship between them; 
hence we used equations (1.5), (1.6) to fit the time evolution 
of ICUN , HPN  in order to obtain values of environmental HP 
and ICU and empirical constants( ,NHP e , ICU,N e HPC , ICUC , 
respectively) and exponential growth rate indices( HPk , ICUk
) directly against the observed data. Unit of measurement of 

HPk , ICUk  are in reciprocal day (d-1) which allows to define 
generation time constants 1/ kHP HPG = , 1/ICU ICUG k=  as 
the time in days (d) which elapsed between initial population 
and the population at t of HP and ICU, respectively.
Furthermore, we defined a rate of conversion between NHP 
and NICU patients as ICU rate of hospitalization patients 
( )ICUR  to obtain a relationship between variables by 
adopting the simple equation:

ICU ICU HPR N N=
  

 (1.8)

Where HPN


, ICUN


are expressed as cumulative incidence per 
100000 inhabitants.

Results 

Results are summarized in supporting information 
(Figures S1-S4), for all the countries considered. All the 
profiles were fitted by using equations (1.6), (1.7) and the 
results from non-linear squares regression are listed in Table 
1, together with RICU obtained for all the countries and with R2 
determination coefficient. HP and ICU data sets showed high 
goodness of fit, that is to say coefficient of determination R2, 
ranging from 0.956 to 0.997 and from 0.962 and 0.996 for HP 
and ICU, respectively. 
About the 37.5 % of investigated countries display a 

0.06HPk ≈ with an average HPk  of 0.075 ±0.018, according 
to values distribution (Figure 1a). 

 
Hospitalization Indices ICU Indices RICU and Related Indices

NHP,e
* CHP kHP R2 NICU,e

* CICU kICU R2 RICU SD R2

Austria 111.9 3.6 0.067 0.977 14.6 5.2 0.041 0.967 0.168 0.005 0.912
Belgium 226.9 3.2 0.084 0.993 66.1 0.3 0.09 0.996 0.161 0.002 0.986

Czech Republic 0 26.9 0.063 0.995 0 9.8 0.052 0.995 0.149 0.002 0.976
France 4806.7 11.1 0.082 0.996 230.5 76.1 0.041 0.992 0.178 0.006 0.819

Italy 1174.6 21.3 0.075 0.993 78.5 2.1 0.074 0.993 0.095 0.001 0.993
Portugal 320.5 10.7 0.056 0.993 32.6 2.9 0.049 0.99 0.153 0.003 0.964

Spain N.R. 9 0.115 0.956 N.R 7 0.086 0.962 0.145 0.003 0.907
United Kingdom 560.8 64.2 0.058 0.989 0 37.2 0.039 0.989 0.109 0.003 0.944

Table 1: Results of Epidemic Parameters Considered for each Country.
Legend: N.R = Not Reported for Spain because of the different time window selected.
R2 = coefficient of determination; SD= standard deviation.
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Figure 1: (a) Observed distribution of rate constants HP ( HPk ) and ICU ( ICUk ) determined in each region. (b) Correlation 
between HPk , ICUk ; red and black dots represent countries in which /HP ICUk k  is included or not included in the CI=95% of 
the linear fit model, respectively.

The same trends of HP were observed when ICU was 
considered, with similar values distribution (Figure 1a). 
Unexpectedly, average HPk  and ICUk  were correlating 
between each other as displayed in Figure 1(b), confirming 
a quasilinear trend between the HP and ICU constants for 

all the European countries, with the exception of France and 
Spain (Figure 1b). The correlation between HPN  and ICUN  
obtained by replotting all the data according to equation 
(1.8) is shown in Figure 2a. 

      

Figure 2: Correlation between Cumulative Incidence HP and Cumulative incidence ICU.
Legend: (a) Correlation between cumulative incidence HP and Cumulative incidence ICU for each country analyzed. Data 
are normalized over Country Population. Solid lines are linear fitting model. (b) ICU rate of hospitalized patients ( )ICUR  
compared and ranked for all the selected countries; red and black dots represent countries in which ICUR is included or not 
included in the CI=95% of the linear fit model, respectively. 
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For the most of the countries analyzed, RICU followed 
the relation (1.8), excluding Czech Republic and France (see 

Figure 2b). With five countries displaying an ICUR  (%) close 
to the mean value 14.6% (95% CI: 12.7%, 16.4%) 
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Figure S1: Cumulative Incidence for hospitalized and ICU patients.
Legend: Cumulative incidence as numbers of total hospitalized patients (left panel) and ICU patients (right panel) from August 
1st to October 31st, 2020 for COVID-19 in Austria (a), (b) and Belgium (c), (d), respectively. Dots represent observed data and 
solid lines the fitting curves, respectively. Vertical dashed lines mark the day after which exponential regime is observed.
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Figure S2: Cumulative Incidence for hospitalized and ICU patients.
Legend: Cumulative incidence as numbers of total hospitalized patients (left panel) and ICU patients (right panel) from August 
1st to October 31st, 2020 for COVID-19 in Czech Republic (a), (b) and France (c), (d). Dots represent observed data and solid 
lines the fitting curves, respectively. Vertical dashed lines mark the day after which exponential regime is observed.
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Figure S3: Cumulative Incidence for hospitalized and ICU patients.
Legend: Cumulative incidence as numbers of total hospitalized patients (left panel) and ICU patients (right panel) from August 
1st to October 31st, 2020 for COVID-19 in Italy (a), (b) and Portugal (c), (d). Dots represent observed data and solid lines the 
fitting curves, respectively. Vertical dashed lines mark the day after which exponential regime is observed.
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Figure S4: Cumulative Incidence for hospitalized and ICU patients.
Legend: Cumulative incidence as numbers of total hospitalized patients (left panel) and ICU patients (right panel) from August 
20st to October 31st, 2020 for COVID-19 in Spain (a), (b) and from August 1st to October 31st, 2020 for COVID-19 in United 
Kingdom (c), (d). Dots represent observed data and solid lines the fitting curves, respectively. Vertical dashed lines mark the 
day after which exponential regime is observed.

Discussion

For all the 2020, the COVID-19 pandemic influenced 
the healthcare system and economic policy of the European 
countries. Based on the example shown by the Chinese 
authorities to control the pandemic in the Hubei province, 
and lacking effective treatments against the SARS-COV-2 
infection, before the start of the vaccination campaign, the 
most effective measures of public health to contain the 
pandemic were quarantine, social distancing, and isolation 
of infected people [10]. These restrictive measures caused 

and they are still causing massive difficulties at individual, 
social and economic levels. Hence, all European governments 
tried to achieve a satisfactory balance between economic and 
health needs, restricting or loosening the social constraints 
imposed, depending on the “warning levels”. 

In this challenging context, it seems to be essential to 
have reliable and “manageable” indices to monitor situation 
of the COVID-19 epidemic trends. From a theoretical point 
of view, Rt is the most informative parameter, even if it could 
be biased by the large number of undetected infected people 
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in an asymptomatic or mild condition, i.e. “asymptomatic 
infected” people [11]. Hence, the lacking of large-scale active 
tracing policies by the different European authorities could 
cause a serious underestimation of the actual number of 
COVID-19 cases in the population [3,5,6], namely in case of 
high-incidence of the epidemic [4,12]. Under-reporting the 
total number of actual infected patients alters the epidemic 
trends, making containment measures ineffective or out of 
time [13]. Also mortality rate, the most reliable parameter, 
suffers of a mean delay of 15-20 days from the actual trend 
of epidemic (due to the COVID-19 infection and the death), 
making this parameter virtually unusable [7]. 

Here, we considered NHP and NICU taken as a cumulative 
incidence in Austria, Belgium, Czech Republic, France, Italy, 
Portugal, Spain and United Kingdom in the period between 
August 1st and October 31st, 2020 (for Spain between 
August, 20th and October 31st), to determine if some indices 
of them can be effective to monitor the pandemic trends. 
By considering August 1st as a beginning, we believe that 
the exponential growth of cumulative incidence observed 
up to November, could offer a wide time window to extract 
intrinsic variables related to the second wave of epidemic, 
before the effects of severe containment measures taken 
by European government. By first we point out that we 
did not consider the cumulative number of new tested 
positive cases (Nt), because Nt is strictly related to the total 
amount of swabs performed; moreover it could be biased by 
underreporting, delays and errors in classification of cases. 
Then, we concentrated on the data of the second wave of 
pandemic because of the difference in the first wave of the 
pandemic across the European countries considered and of 
the fact that the molecular swabs were developed during the 
pandemic peak. Moreover, the last part of the boreal summer 
could be considered as a kind of steady-state of the epidemic. 
Indeed, similar approach was impossible to perform for the 
first wave, where the “submerged” infections were too much 
to allow an accurate estimation of the initial Rt (R0) and of 
trends of epidemic [14].

We found that the fitted growth rate constants are 
similar European countries, confirming that HP and ICU are 
strictly related in a linear time-independent correlation. 
Interestingly, geographically unrelated countries shared 
the same evolution of the epidemic: after forty days of 
linear growth rate of epidemic, the growth rate constants 
related to HP and ICU started to show an exponential 
regime. The origin of this change in the trend of epidemic 
is not completely explainable for the complex interaction 
of socio-demographic, environmental and climatic factors, 
even if three main reasons could have influenced the 
autumnal second wave: the opening of the schools [15], the 
lowering of the temperatures and the decrease of the solar 
irradiance [16,17]. In this line it is imaginable the southern 

Mediterranean countries (Italy and Spain) had fewer 
infections due to the hot temperatures and values of solar 
irradiance reached in the summer of 2020. 

 “intrinsic” COVID-19-related epidemic trends of HP 
and ICU emerged from our data, obviously beyond the 
“absolute” numbers and again until the start of containment 
measures. Viceversa, other parameters seem to be specific 
to single countries, namely HPk  and ICUk . Since HPk  and 

ICUk  are inversely correlated to the generation time, they 
could forecast when hospital and ICU become fully occupied 
potentially helping national governments in applying 
effective containment measures. The only limitation in the 
use of HP/ICU related indices is the delay of these indices 
with respect to the actual situation. However, this delay is 
definitely less than those of the mortality rate [7]. 

Finally, icuR  could be interpreted as the rate of hospitalized 
patients who subsequently need to be transferred to ICU 
and, together with icuN  could be indirectly utilized to assess 
the efficiency of the first-level health care (home therapy 
and prompt hospitalization). When both icuN  and icuR  are 
high, the number of patients in intensive care units depends 
on the high number of hospitalized patients. On the other 
hand, when icuN  is high and icuR  is low, the health system 
is probably inadequate and the high ICU could be probably 
related to the patients directly admitted to intensive care, 
due to insufficient first level health care. 

Conclusion

Epidemiologically, Intrinsic characteristics of the 
transmission dynamics of the SARS-COV 2 and socio-
demographic and environmental variables are connected 
with and not easy to disentangle. However, we demonstrated 
that HP and ICU could be used as reliable indicators to trace 
the trend of COVID-19 epidemic.
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