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A cluster-weighted model for COVID-19
hospital admissions

Daniele Spinelli, Paolo Berta, Salvatore Ingrassia and Giorgio Vittadini

Abstract We propose a cluster-weighted model to analyze the mortality and the
latent heterogeneity of COVID-19 patients. We focus on administrative data col-
lected during in the earliest phases of the COVID-19 pandemic. Results highlight
that a model-based clustering approach is helpful to detect unobserved clusters of
COVID-19 patients.
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1 Introduction

Several studies have focused on the characteristics underlying COVID-19 mortality.
Contributing causes of death by COVID-19 have been investigated using different
statistical approaches to highlight the effect on mortality of age, gender, comorbidi-
ties, time of onset of illness, and other characteristics. What seems to dominate from
a statistical point of view, is the large heterogeneity of the populations affected by
COVID-19 and the difficulty in identifying subpopulations when classical statistical
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approaches, such as generalized linear models, are adopted. The most common em-
pirical strategies assume that the population affected by COVID-19 is homogeneous.
However, some studies have considered latent heterogeneity in relation to COVID-
19 [3, 6, 8]. These studies have also used clustering methods to reveal unobserved
subpopulations in COVID-19 patients. The first study [3] used unsupervised cluster-
ing techniques on clinical data to identify three subgroups of pediatric patients and
identified the characteristics of a multisystem inflammatory syndrome in children
phenotype. Moreover, [6] used unsupervised cluster analysis on Spanish hospital
records to identify subgroups of patients exhibiting post-COVID symptoms. The
obtained clusters are to be used to assign therapeutic interventions. Further, [8] used
a two-step method combining clustering and generalized linear models. In the first
step, they used a k-means algorithm to reveal clusters of COVID-19 patients on a
longitudinal dataset of biomarkers measurements. In the second stage, they used the
obtained clusters as covariates to predict mortality using logistic regression. Their
purpose is similar to ours, as they relate the clustering to mortality. However, we
employ a different modeling technique.

Specifically, we propose a clustering framework to study COVID-19 mortality
adopting a cluster-weighted model (CWM; [4, 5]). Compared to the above men-
tioned unsupervised methods, this supervised method has the advantage to model
the latent heterogeneity, the outcomes of interest and the covariates affecting the
outcome simultaneously. This also means, in contrast to the estimating procedure
used in [8], that the effects of the covariates on mortality is allowed to vary within
each cluster instead of being assumed independent of the latent class structure. In-
deed, the CWM does not rely on the assignment independence assumption which
states that the assignment of the data points to the latent clusters is independent from
the covariates distribution [7] .

2 Data

We consider administrative data regarding 2,617 Covid-19 hospitalizations occurred
in the period from January to June 2020 at the Spedali—Civili hospital in Brescia,
Italy [1]. The data include demographic characteristics, clinical information (diag-
noses according to ICD-9-CM classification) and admission characteristics such as
admission date, discharge date, in-hospital mortality, unit of admission and proce-
dures performed during the hospitalization.

3 Methods

We assume a sample (x1,y1),. .., (X4, y,) concerning a response variable ¥ and a set
of covariates X. The sample is hypothesized to come from a heterogeneous popula-
tion formed by K latent classes. The CWM models the density of (Y, X) as outlined
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by Eq. 1

K
p(x,y,0) =Y md(ylx; B ;)q(x;m;). ()

j=1
In Eq. 1, 7; is the mixing proportion of latent class j, d(y[x;{;) is the class j-
specific conditional density of the response variable and ¢(x;7;) is the marginal
density of X in class j. Parameter vectors ; and 1; are included in the generic
vector of parameters 6 to be estimated for all j = 1, ..., k. Specifically, 8 ; is a vector
of regression coefficients, and 71; depends on distributional assumptions regarding
the covariates. Assuming d(y|x;3;) = 1 in Eq. 1 leads to a mixture of distributions,
while g(x;1;) = 1 leads to a finite mixture of regressions (FMR).

Our response variable Y is a binary mortality indicator. We assume that Y fol-
lows a Bernoulli distribution with probability function f(x;3;), where x is a set of
categorical and numeric risk-adjustment covariates, f(.) is the logistic function and
B ; is a set of latent class-specific regression coefficients to be estimated. Therefore,
d(ylx; B;) , the conditional density of Y for latent class j (Eq. 1) is as follows:

I-y

diB)) = [reB)] [1-reB)] @)

In Eq. 1, the conditional density g(x;7;) depends on distributional assumptions
on the covariates. The vector of covariates X includes age (continuous), sex (di-
chotomous), number of comorbidities (discrete) and period of admission in weeks
from the start of 2020 (continuous). Patient characteristics are included to control
for clinical pre-existing conditions, and they can be considered as a risk factor for
in-hospital mortality. The period of admission is included as a proxy for the stress
experienced by the healthcare system.

Period of admission and age are modeled according to a multivariate Gaussian
distribution with mean vector {1 ; and variance-covariance matrix X;, considering
Gaussian parsimonious models [2]. As for the number of comorbidities, we assume
a Poisson distribution with mixture component-specific mean A;, while sex is as-
sumed to be Bernoulli distributed with probability ;. Hence, in keeping with the
notation in Eq. 1, the expression for the marginal density of the covariates is the
following:

q(X;nj) = Q(X;uﬁzjv)*ﬁ Wj) =
Comorb ,—1; s s
= ¢(Age, Period; 11}, X;) X ——xo— x (y;)>* (1 —y;) > (3

¢ (Age, Period; uj, X;) Comorb! (v;)" (1—w;) 3
where, ¢ (.) is the bivariate Gaussian probability density function. The eigenvalue
decomposition of X; leads to 14 possible parametrizations. The model obtained by
combining Eqgs. 1, 2 and 3 is estimated in Stata by the EM algorithm implemented
in the cwmglm package [9]. We consider competing CWMs and FMRs with vary-
ing number of latent clusters and different parsimonious model specification on the
multivariate Gaussian covariates and deselect them using the Akaike information
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criterion (AIC) and Bayesian information criterion (BIC). We cluster observations
according to their maximum a posteriori probability.

4 Results

Our preferred model , a CWM with k = 3, is used to identify different profiles in
terms of covariates (age, sex, period of admission and comorbidities) and mortality
risks. The first group (7r; = 0.07) is composed mainly by the oldest people (average
age 74 years), who have been hospitalized later, on average. Patients in group 2
(1 = 0.79) are on average aged 70 years old and have been admitted earlier. Group 3
(3 = 0.14) is characterized by the lowest mean age (46) and by the lowest mortality.
The impact of covariates on mortality differs from what obtained in [8], where the
chosen statistical method could only estimate a single odds ratio for age and sex after
controlling for clustering assignment. Our modeling framework is more flexible as
the risk related to the covariates is allowed to be cluster-dependent. Consistent with
[8], our estimation reveals a positive effect of age on mortality in all of the clusters,
but the magnitude is different. The odds ratio are 1.04, 1.10 and 1.24; their estimate
is 1.08 after controlling for cluster membership.
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