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ARTICLE INFO ABSTRACT
Keywords: A scrutiny analysis of the COVID-19 data is required to get insights into effective strategies for
COVID-19 pandemic control. However, there is a gap between official data and methods used to assess the
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effectiveness of the potential measures, which was partly addressed in an editorial-letter-type
discussion on the impact of the COVID-19 passport in Lithuania. The therein-applied descriptive
statistics method provides only limited evidence, while detailed analysis requires more sensitive
and reliable methods. In this regard, this paper advocates a maximum likelihood compartmental
modeling approach, which provides the flexibility to raise various hypotheses about infection,
recovery, and mortality dynamics and to find the most likely answers given the data. Our paper
is based on COVID-19 deaths, which are more reliable and essential than infection cases. It
should also be noted that officially collected data are unsuitable for in-depth analyses, including
compartmental modeling, as they do not capture important information. Overall, this paper does
not aim to solve the underlying problems completely but rather stimulate a discussion.

1. Introduction

The COVID-19 pandemic remains a hot area of research even after its relative decline [1-4]. Analysis of officially collected
infection, mortality, and related statistics may lead to findings that may prove crucial in predicting the course of other pandemics
and developing strategies to contain them [5,6]. However, a particular gap can be seen between officially collected COVID-19
pandemic statistics and models that allow in-depth analysis of the efficacy of its management measures such as quarantines [7],
masks [8], COVID-19 passports [9], or mass vaccination [10], thus raising concerns about whether high-quality inferences can be
made from available data [11]. The paper aims to highlight this gap, propose an adequate approach for working with the available
data so that at least some of its limiting impacts can be dealt with, and encourage pandemic data stakeholders to rethink data
collection and employment.

The motivation for examining such a seemingly unproblematic topic stems from the discussion raised in editorial letters on the
impact of the COVID-19 passport on the spread of the virus in Lithuania [12-14]. In the letter that initiated the discussion, this
impact was assessed using the principles and methods of descriptive statistics as well as some common sense assumptions. However,
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in response to it, the discussion counterparty made notice of the potential fragility of such an approach, hinting that the obtained
conclusions may be misleading due to issues with both the method and the data.

In fact, when examining the characteristics of pandemic-related processes, researchers often resort to descriptive statistics that
enable summarizing or describing the characteristics of a data set through the calculation of measures of central tendency, variability,
and frequency distribution [15]. However, such methods tend to achieve only some illustrative goals with limited scientific conclusion
potential rather than a comprehensive and reliable analysis of the phenomena of interest since any aggregation of data, in the broadest
sense, results in a loss of information, reducing the sensitivity of the modeling to often essential details, which in turn undermines
the quality of results [16].

On the contrary, compartmental models are often used in epidemiology to model at a lower level, which is enabled by dividing
objects of scientific interest into smaller conceptual units until the underlying mechanisms become apparent (feeding the model
with delicate granularity data constitutes yet another condition for low-level modeling) [17]. In essence, compartmental models are
a very general modeling technique. In this modeling framework, the population is assigned to compartments with labels such as,
for example, S, [, R, and D (which stand for Susceptible (i.e., those who can potentially be infected in the future), Infected (i.e.,
those who are currently infected), Recovered (i.e., those who have already recovered), and Deceased (i.e., those who have already
deceased), respectively) [18]. People are allowed to progress from one compartment to another according to some rules imposed by
model structure, which is the realization of modeling assumptions [19]. The models are most often run with ordinary differential
equations (which are deterministic) but can also be used with a stochastic (random) framework, which is more realistic but much
more complicated to analyze [20]. Models of this type try to predict how a disease spreads, the number of people infected, or the
duration of a pandemic and to estimate various epidemiological parameters such as the reproduction number. Such models can also
attempt to explain how different public health interventions imposed by authorities may affect the outcome of the pandemic [21,22].

In principle, epidemiological compartmental models are dynamic models with a structure and free parameters usually expressed
by an overall non-linear set of equations [23]. To use such models to analyze real-world processes, one needs to estimate the model’s
unknown parameters from available actual data. The accuracy of the parameter estimates broadly depends on the estimation method
used and the adequacy, quality, and volume of data available [24,25].

In terms of method, parameter estimation should ideally be carried out using classical methods with optimal estimator properties,
such as the maximum likelihood estimation [26], which allows the most asymptotically robust conclusions possible. It is true that
the maximum likelihood approach often proves to be hardly tractable (especially given high model complexity and a large amount
of data), leading researchers to resort to various heuristics that are usually easier to compute but harm the quality of the estimates
[27]. Thus, it must be explicitly stressed that efficient parameter estimation inevitably requires a certain level of effort to establish
suitable mathematical apparatus [28].

In terms of data, parameter estimation ideally requires data describing all the compartments that comprise the compartmental
model. However, the officially collected and available COVID-19 data are somewhat limited in this regard, thus burdening the proper
and widespread applicability of compartmental models for modeling the pandemic. It is because there are simple no (assumption-
free) data for specific compartments of modeling interest, or the seemingly appropriate data turns out to suffer from various issues
affecting its accuracy towards intended modeling purposes [11,25,29]. As a matter of fact, some of the data limitations might be
offset by using more complex models (i.e., more equations and parameters) that account for them by design. However, the increased
model complexity might hinder its solvability and, in turn, application, thus leading to the similar result as that caused by the
inappropriate data or the lack thereof.

Remark 1. When we refer to available COVID-19 data throughout the paper, we mainly refer to data available under the COVID-19
topic page of OurWorldInData.org [30].

Reviewing the available data through the prism of the aforementioned (daily-level, which corresponds to the finest available data
granularity) SIRD model, which consists of just four compartments, can already help demonstrate the issues present with them. Here,
the suitability-wise closest data for the Infected assessment are confirmed cases (new per day) [31] (see Fig. 1). However, it must be
stressed that these data are characterized by several problems: 1) they are inseparable from the testing volumes (which are expressed
by the tests (new per day) [32] data), which vary significantly from day to day (see Fig. 2); 2) only part of the population is tested, so
the number of confirmed cases (new per day) [31] is not representative of the population as a whole; 3) the tests may give false results
(a person who tested positively may be not infected, or vice versa); 4) the time lag between the publication of test results and the
execution of the tests is, in principle, variable and unknown (Fig. 3 shows the share of positive tests [33] metric with confirmed cases
(new per day) [31] shifted by varying number of days with respect to tests (new per day) [32]; it can be seen that the data relatively
loses periodicity when this shift is one day, but even in this case it remains significant).

These problems significantly complicate the identification of the actual daily flow going into the Infected compartment (in order
to avoid some of the problems (i.e., 1 and 4), often smoothed data are used (see Fig. 4), but despite the problems mentioned above
with the aggregation of data, it also complicates the application of compartmental models from a technical point of view, as this
effectively introduces data dependencies [34]). Moreover, entry to the Recovered compartment poses a similar challenge, as there
is simply no general practice of testing for recovery. As a consequence, one can consider just an estimate that stems from assuming
that the current number of infected persons is the total number of cases confirmed during the last n days (the State Data Agency of
Lithuania uses n = 20 [35]).

However, the situation is more favorable with entry to the Deceased compartment, as it is relatively well tracked by the confirmed
deaths (new per day) [36] data (see Fig. 5). This is because these data are relatively easily captured in full on the actual date of death.
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Fig. 1. Confirmed cases (new per day) in Lithuania.
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Fig. 2. Tests (new per day) in Lithuania.

The only real drawback of them is the possible misattribution of the cause of death (analogous to problem point 3 of the confirmed
cases (new per day) [31] data).

In the absence of good-quality data for each of the modeled compartments, it might make sense to perform compartmental
modeling by expressing the model in terms of compartments with the most satisfactory data. In this paper, we argue that, in the case
of the SIRD model, such a compartment is Deceased, and we advocate the maximum likelihood method for estimating the parameters
of the SIRD model based solely on COVID-19 deaths, the limitations of which are accounted for by introducing observational noise
into the model. Having turned this approach into a particular modeling solution, we then apply it to actual COVID-19 death data
from Lithuania, analyzing the impact of the COVID-19 passport in the delta and omicron wave cases. Finally, we discuss possible
improvements in both the data and the model.

Remark 2. We explicitly acknowledge weaknesses of modeling based on COVID-19 deaths, as there are no standard foolproof criteria
for their attribution, and very few autopsies were performed on people presumably dead from COVID-19. Nevertheless, these data
are more reliable than COVID-19 cases used in other publications [12,37-39] because cases depend on the volume and strategy of
testing as well as test used.

2. Materials and methods

The paper considers a discrete-time deterministic SIRD model. In this model, the movement between compartments is defined by
the following equations (the meaning of the compartments is given in Section 1):

Siy1 = 5; —al;S; €))
I=I(1+aS;—-b—c) )
R 1 =R; +bl; 3
D, =D;+cl; “4)
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Fig. 3. Share of positive tests in Lithuania: (a) Confirmed cases (new per day) shifted 0 days into the future with respect to tests (new per day); (b) Confirmed cases
(new per day) shifted 1 day into the future with respect to tests (new per day); (c) Confirmed cases (new per day) shifted 2 days into the future with respect to tests
(new per day).
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Fig. 4. Confirmed cases (7-day rolling average) in Lithuania.

Here i =0,..,T = 1; Sy =1- 1, Iy = u, Ry =0, Dy =0. The coefficients a, b, and c are the transition probabilities from S to I, I to
R, and I to D, respectively; u is the fraction of the infected population at the starting point in time, which has to be greater than zero
for the modeled infection dynamics to propel.

To use this model, one needs to estimate its parameters (i.e., a, b, ¢, and u) from the given data for compartments S, I, R,
and D (ideally). For this purpose, the maximum likelihood method is one of the most appropriate or preferred methods, as it is
characterized by (asymptotically) optimal estimation properties. It is important to note here that the chosen equations of the model
can be expressed in terms of the rest, thus bringing the model to a suitable form for working only with the selected compartments
(data).

In the paper, we use COVID-19 deaths of the finest available granularity, that is, daily (i.e., the discrete-time index i corresponds to
days), to estimate the parameters by the maximum likelihood method. The model-related quantity that corresponds to the confirmed
deaths (new per day) [36] data is defined as follows (specifically, it is expressed in units per million population and divided by a
million):
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Fig. 5. Confirmed deaths (new per day) in Lithuania.
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Fig. 6. Confirmed deaths (new per day) per million in Lithuania (divided by a million).
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AD of Lithuania for the period from 7 August 2021 to 8 May 2022 is shown in Fig. 6.

The period depicted in Fig. 6 broadly covers the delta and omicron waves (the middle vertical dash marks the date when the
first omicron cases were detected, i.e., 15 December 2021), and the start (the left vertical dash, which marks the date 13 September
2021) and end (the right vertical dash, which marks the date 5 February 2022) of the use of the COVID-19 passport in Lithuania.
For the whole period shown, AD is not equal to 0, and for the first days not shown on both extreme sides (i.e., 6 August 2021 and 9
May 2022), AD is equal to 0. This period is investigated in Section 3 by the proposed method to study the impact of the COVID-19
passport on the spread of the COVID-19 pandemic in Lithuania.

In terms of the quantity defined by Equation (5), the model defined by Equations (1)-(4) is expressed as follows:

ADy = uc (6)

(ree(1-52)0-¢)
AD, =ADy(1+a(1-—=)~b-c @

AD. i—1
AD,.+1=AD,.<1+a<1—T’—(g—l)ZADj)—b—c) ®
=

Herei=1,...T — 2.
In correspondence to the limitation laid out in Section 1 concerning AD, we complement it with observational noise of multi-
plicative Gaussian nature (the normal distribution is widely applied for error modeling [40,41]):

Z,=AD; (1+0¢) ()]

Here i =0,...,T — 1; ¢; are observational uncertainties modeled as independent realizations of the standard normal random variable
(i.e., having zero mean and unit variance); and o is the corresponding standard deviation (i.e., the severity of observational noise).
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Remark 3. It is evident from design that the stand-alone model defined by Equations (6)-(8) lacks capabilities to fit the data as
in Fig. 6 because the model produces smooth curves, while the data is somewhat choppy. However, the addition of Equation (9)
is precisely the addition of choppiness to the model, thus aligning it with the requirements posed by the data. It should be noted
that even though we call this addition observational noise (as per the state-space modeling design [42]), it can be interpreted as
more general noise that encompasses not only the observational noise but also the noise that stems from factors of unknown or not
modeled origin.

The model defined by Equations (6)—(9) can be considered the ultimate mathematical object of the proposed method. The
following (and final) step consists of the corresponding parameter estimation, for which we employ selected aspects of the estimator
recursioning technique [28] and a standard optimization algorithm, thus effectively carrying out the maximum likelihood estimation.
We consider the exact mathematical details to be of secondary importance for the message the paper is meant to deliver; hence, we
present them only as supplementary material in the form of an application, which can also be used to reproduce results.

The proposed method enables SIRD model applications under the actual data availability situation. It showcases the general way
of thought for treating compartmental modeling in the face of data insufficiency problems. However, such an approach generally does
not come without its disadvantages either, as the expression of a compartmental model through a subset of compartments introduces
a certain level of parameter over-identifiability (e.g., in the SIRD model case, the observed number of deaths can be equally well
explained by lower infection rate a but higher mortality rate ¢ or vice versa). Having said that, whether this affects the particular
model defined by Equations (6)—(9) remains a question of its likelihood function analysis, which is outside the scope of this paper.

It should be stressed that the analytical analysis of the model defined by Equations (1)-(4) shows that the number of infections
increases exponentially at the beginning of an epidemic. Initially, the number of infected people may represent only a tiny proportion
of the population. However, the model’s assumption that the number of infections is proportional to the number of the susceptible,
which is continuously decreasing, implies that the number of the infected (and hence the number of the deceased that are of interest
to us here) naturally reaches a peak, followed by a decline. Thus, in order to deal jointly (i.e., with a single likelihood function)
with periods covering more than one wave (i.e., with more than one local maximum), it is necessary to employ the time-varying
model parameters (fortunately, their implementation is relatively straightforward). Moreover, such parameters are also needed for
modeling various phenomena (e.g., enforcing a COVID-19 passport) within a single wave.

3. Results
In this section, we analyze the following phenomena in the case of Lithuania:

1. The impact of the introduction of the COVID-19 passport on the spread of the delta wave;
2. The impact of the termination of the COVID-19 passport on the spread of the omicron wave.

We model the two phenomena independently of each other, using distinct data sets and likelihood functions (alternatively, one can
use the joint data set and likelihood function, but the difference is mainly in the technicalities and not the outcomes).

Remark 4. It should be noted that the analysis of phenomena such as those listed above does not suffer from the over-identifiability
limitation, if any, described in Section 2. It is because it focuses only on parameter a (i.e., infection intensity) change throughout the
modeling horizon, with the rest of the parameters being constant (hence the reason for over-identifiability acting no role here).

To analyze the first phenomenon, we take the period from the start of our data (i.e., 7 August 2021) to 27 December 2021. Here,
we assume that the omicron wave started on 28 December 2021. Although the first cases formally appeared on 15 December 2021
(and omicron had likely already been present earlier), it started taking over the delta wave only later. Given that the 7-day-rolling
average of confirmed cases was going down to a reading below 500 at that time, indicating that delta was retreating and omicron was
still not significant, our assumed omicron start date is the date of renewed upward momentum, which we define as the rise above the
500 threshold. In principle, the moment of omicron appearance can be modeled as a parameter that also requires estimation from
data [43], but for simplicity, we treat this moment as particularly defined.

We divide this selected period into the period without the COVID-19 passport (i.e., until 12 September 2021) and the period
with the COVID-19 passport (i.e., from 13 September 2021). Since the COVID-19 passport potentially affects only the spread of the
virus (modeled by parameter a) and not the recovery and mortality (modeled by parameters b and c, respectively), in this case, the
model has only variable parameter a. We apply a rectangular trend to its variation, that is, @ = a; until 12 September 2021 and
a = a, from 13 September 2021 (all the other model parameters remain constant with time), thus assuming that the impact of the
COVID-19 passport is instantaneous. This overall modeling setting corresponds to the assumption that the characteristics of the delta
wave itself, as well as any significant external factors (except for the COVID-19 passport), do not alter over the analyzed period.

Remark 5. The fact that we use death data to analyze a pandemic control measure mainly related to infection data introduces a
specific limitation. For example, it might be the case that we see a significant surge of deaths right after the moment of parameter
a change, thus indicating that a, may be higher than a;. However, it is highly likely that the infections corresponding to these
increased deaths actually occurred before the moment of parameter a change, making this situation somewhat undeservedly biased
toward a, being higher than q,.
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Fig. 7. Modeling of the impact of the introduction of the COVID-19 passport on the spread of the delta wave in Lithuania: (a) Estimated model against data; (b)
Hypothesized model against data; (c) Estimated vs. hypothesized model mean.

The corresponding results are provided in Fig. 7. Fig. 7a depicts the estimated model fitted to the data (the model consists of
a deterministic part (i.e., mean) and a two-standard-deviation-bounding interval that contains ~ 95% of values that are due to it).
The model is considered a good fit for the data because the mean runs through the middle of the data, and the bounding interval
contains most of the data points. Fig. 7b depicts the same as Fig. 7a but for the hypothesized model, which refers to a model applied
over the whole period with parameter a; of the estimated model. The fact that the hypothesized model is also a good fit for the data
suggests that the difference between the estimated a, and a, is not significant, which means that a, is not different from a, apart
from random chance (Fig. 7c¢ depicts the means of both models, from which one can see that the estimated a, is lower than the
estimated a;). Consequently, there is not enough evidence to conclude that the COVID-19 passport impacted the spread of COVID-19
during the delta wave in Lithuania.

Remark 6. The obtained conclusion contrasts that of [12], in which the authors conclude that the COVID-19 passport did curb the
spread of COVID-19 during the delta wave in Lithuania. This difference can essentially be attributed to the different accounts of the
natural course of the pandemic in the models used. In [12], it is assumed that actions such as the employment of the COVID-19
passport and (or) people’s self-awareness were needed for the infection dynamics to ultimately reach a peak and break through to
the downside (the authors provide a scenario with none of these actions in place, leading to the exponential growth of infections to
infinity), which is a particular overstatement, as these dynamics can first and foremost be explained by the fact that once the critical
mass of the population has been through infection, the cases will inevitably start to decrease. Meanwhile, the compartmental model
applied in our paper is capable of adhering to this fact by design (see how the hypothesized model in Fig. 7b, which stands for an
analogous scenario as that described exponential one of [12], captures the natural dynamics of the pandemic), thus allowing for a
fairer comparison of different scenarios (see Fig. 7c).

For the analysis of the second phenomenon, we proceed the same with the part of the data from 28 December 2021 to 8 May
2022, which corresponds to the omicron wave. In this case, the change point of parameter a is 5 February 2022, from which the
COVID-19 passport was no longer applicable.

The corresponding results are provided in Fig. 8. Fig. 8a depicts the estimated model fitted to the data, showing a good fit. Fig. 8b
depicts the hypothesized model, whose fit is inappropriate. The fact that the hypothesized model fails to fit the data suggests that the
difference between the estimated a; and a, is significant, which means that a, is different from a; even outside of random chance
(Fig. 8c depicts the means of both models, from which one can see that the estimated a, is higher than the estimated a,). However,
the obtained result is somewhat ambiguous, as the closer inspection of the data (see Remark 7) hints at a high probability for this
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Fig. 8. Modeling of the impact of the termination of the COVID-19 passport on the spread of the omicron wave in Lithuania: (a) Estimated model against data; (b)
Hypothesized model against data; (c) Estimated vs. hypothesized model mean.

case analysis to suffer from the limitation laid out in Remark 5, thus requiring further investigation under more comprehensive data
before any valid conclusions can be made.

Remark 7. In the omicron wave, the cases started to drop dramatically immediately after the revocation of the COVID-19 passport.
However, COVID-19 deaths continued to rise for the next several weeks, as anticipated, considering the lag between infection
and death. Those scientists who neglect the natural course of pandemics and consider only infection cases may conclude that the
revocation of the COVID-19 passport in Lithuania stopped the pandemic, and those who consider only COVID-19 deaths may conclude
that it resulted in the opposite, while both are actually wrong. Curves of both COVID-19 cases and COVID-19 deaths in Lithuania
followed the same pattern as they did in countries without COVID-19 passports, such as Norway, Sweden, and Poland.

4. Discussion

The paper highlights the advantages of compartmental modeling for modeling epidemiological phenomena and stresses that
officially collected COVID-19 pandemic statistics contain limitations that threaten their full-fledged applications. Minding this, it
seeks to encourage stakeholders to question their data and think about room for improvement by offering its share of ideas.

In particular, the paper advocates the maximum likelihood approach to estimating the parameters of a daily-level discrete-time
deterministic SIRD model using only COVID-19 deaths, as these data are argued to contain relatively few drawbacks that can be
fairly dealt with the acknowledgment of observational noise in the model. The proposed method allows for a reasonable assessment
of the core dynamic characteristics of the pandemic (i.e., infection, recovery, and mortality intensities), thus enabling analyses on
the effectiveness of various pandemic control measures, among others. It should be noted, however, that while maximum likelihood
estimation can hardly be displaced as a method of parameter estimation (because of its fundamentally known properties, which are
asymptotically optimal), the same does not hold considering the particular model used in the paper, as it is only one somewhat
limited abstraction out of all the possible ones, many of which contain much more detail (in fact, the choice of the most appropriate
model for a given research question is a delicate matter that requires profound subject-related considerations so that the correct
details can be discerned and employed).

Moreover, the proposed method is concerned with treating compartmental modeling through the perspective of a single compart-
ment, which, at the same time, acts as a workaround in the face of the problematic COVID-19 data setting and is yet vulnerable to
limitations that stem from such a practice. To reduce the adverse effects, one must direct efforts toward improvements in data, as no
method can ultimately escape their flaws. In this regard, one can consider linking the confirmed case data with that of tests, both of
which are currently somewhat mingled. It can be achieved by noting the test date of a confirmed case on an individual level. Such
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a procedure basically requires only a change in reporting the currently collected data. It can already improve the opportunities for
compartmental modeling of COVID-19, as it is attributable to better discernment of the actual flow going into the Infected compart-
ment. Moreover, a similar linkage can be established between confirmed deaths and confirmed cases, thus allowing for treatment of
the limitation noted in Remark 5.

Assuming that the current official data situation is hardly actually to change, the future work should involve the extension of the
proposed method to models that offer increased modeling flexibility (e.g., models with stochastic latent part, as this would allow
for discernment of the different types of noise present with data, or models with finer-grained compartments and relations between
them). Such extensions would be characterized by more complex mathematics that could be handled in the framework of estimator
recursioning technique [28]. Moreover, another promising future opportunity pertains to applying the proposed method to modeling
based on overall excess mortality (instead of COVID-19 deaths) because factual deaths comprise an objective criterion and expected
deaths are a rather well-implied one [44].
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