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Post-acute organ complications following COVID-19 hospitalization and
potential socioeconomic inequalities therein are understudied. In this case-
control study, we use individual-level data from three national health and
social registries in Belgium to assess whether COVID-19 hospitalization
increases the risk of post-acute organ complications within one year among
59,351 hospitalized adults without preexisting conditions affecting the specific
organ system under study at baseline. In addition, we identify socioeconomic
patterns in the development of these organ complications. Overlap propensity
score (PS)-weighted odds ratios (ORs) and adjusted odds ratios (aORs) were
estimated. All analyses were stratified between severe and critical COVID-

19 hospitalization, with the latter defined by intensive care unit admission and/
or the onset of acute respiratory distress syndrome. We found significant
cardiovascular (overlap PS-weighted OR 1.19, 95% C11.03-1.37) and pulmonary
(overlap PS-weighted OR 2.05, 95% Cl 1.80-2.34) complications within

one year following severe COVID-19 hospitalization compared to non-COVID-
19 hospitalization, with particularly higher odds following critical COVID-19
hospitalization. Among severe COVID-19 patients, those with low income,
compared to those with high income, had higher odds of post-acute pul-
monary complications (aOR 1.53, 95% CI 1.05-2.25). Long-term care should
prioritize monitoring organ complications following COVID-19 hospitalization,
especially after critical illness.

The COVID-19 pandemic, caused by the severe acute respiratory syn- The virus mainly affects the upper respiratory tract and causes
drome coronavirus 2 (SARS-CoV-2), has had an unprecedented impact  cold-like symptoms in most individuals, with many individuals
on our healthcare system, with more than 4.8 million cases, 150,000 experiencing mild to moderate illness and developing symptoms such
hospitalizations, and 34,000 deaths recorded in Belgium by 1st Jan-  asfever, diarrhea, headaches, coughing, and difficulty breathing. When

uary 2024,

the SARS-CoV-2 virus replicates in the lower respiratory tract,
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pulmonary alveoli are infected, which can lead to a severe form of
the disease characterized by dyspnea and hypoxemia, progressively
resulting in respiratory failure among critical cases*. While the
primary cause of COVID-19 is viral replication in the lungs, inflamma-
tion triggered by the virus can also lead to other acute organ failures*,
such as acute myocardial, renal, and liver injuries requiring hospital
care’®,

Beyond acute complications, some individuals may develop post-
acute health issues several months following SARS-CoV-2 infection.
The pathogenesis of post-acute COVID-19-related health complica-
tions is not yet fully understood. Proposed pathophysiological
mechanisms include direct viral damage, inflammation, autoimmune
responses, and endothelial injury caused by critical SARS-CoV-2
infection”'®, These processes can affect multiple organ systems, lead-
ing to mid- or long-term sequelae, commonly known as “Post-acute
sequelae of COVID-19” (PASC) or “Long COVID”. The World Health
Organization (WHO) defined PASC as “persistent or new symptoms
three months after initial SARS-CoV-2 infection, lasting at least two
months and with no other underlying explanation™.

Symptoms such as fatigue, post-exertional malaise, cognitive
impairment, chest pain, anxiety/depression, and headache can persist
up to several months following the infection and are particularly pre-
valent among individuals who developed a critical form of the
disease'”. Indeed, in a meta-analysis on 194 studies, the pooled pre-
valence of PASC among COVID-19 hospitalized survivors at 126 days
was 52.6%, compared to 34.5% among non-hospitalized COVID-
19 survivors®. Several studies suggest that, compared to SARS-CoV-2
test-negative controls, COVID-19 hospitalized patients faced increased
risks of post-acute cardiovascular (CV) (e.g., dysrhythmias, inflamma-
tory heart diseases, or thrombotic disorders) and pulmonary (e.g.,
decreased diffusion capacity) complications up to six months after
COVID-19 exposure, even in the absence of preexisting CV or pul-
monary conditions at baseline'*¢. However, one-year follow-up stu-
dies focusing on COVID-19 hospitalized patients remain limited,
particularly those assessing post-acute renal and liver complications,
which represent significant acute health complications following
SARS-CoV-2 infection”®, This study is particularly relevant in Belgium,
as the country was heavily impacted by COVID-19", has an important
proportion of an aging population vulnerable to long-term
complications', and a substantial burden of CV diseases™.

Although COVID-19 is a respiratory disease caused by a viral
infection, the social component of the pandemic was quickly put for-
ward by qualifying it as a syndemic, highlighting both biological and
social interactions. Indeed, beyond underlying health conditions and
age, which are primary risk factors for COVID-19 critical outcomes?,
sociodemographic (SD) and socioeconomic (SE) characteristics were
identified as additional risk factors. Men, individuals of migrant des-
cent and those experiencing SE hardship (e.g., higher poverty level,
living in densely populated areas, lower education) presented higher
COVID-19 mortality and hospitalization rates” .

The latter might be at higher risk of critical COVID-19 outcomes
due to higher vulnerability (e.g., pre-existing health issues may
increase COVID-19 severity), susceptibility (e.g., poor living conditions
and chronic stress weaken the immune system), exposure (e.g., higher
rates of individuals working in essential sectors during the pandemic
limiting remote work, lower rates of preventive measures adoption
including vaccination), transmission (e.g., higher rates of individuals
living in overcrowded households and neighborhoods), and reduced
access to and quality of healthcare?”. Despite a clear social pattern
identified in COVID-19 hospitalization, there is a dearth of knowledge
of SE inequalities in the development of PASC among hospitalized
COVID-19 survivors.

This study aims to address these gaps through the two following
objectives: (1) identify whether COVID-19 hospitalization is associated
with the development of one-year post-acute CV, pulmonary, renal,

and liver complications compared to non-COVID-19 hospitalized
controls, both without preexisting conditions affecting the specific
organ system under study at baseline; and (2) identify the social pat-
terns of one-year post-acute CV and pulmonary complications fol-
lowing hospitalization among COVID-19 patients without preexisting
conditions affecting the specific organ system under study at baseline.
Those post-acute organ complications were chosen as these anato-
mical areas are well-known to be affected during the acute phase of
SARS-CoV-2 infection, as previously established in the international
literature™®,

Results

Baseline characteristics

We included 1839, 5024, 6040, and 6220 severe COVID-19 hospitalized
patients without CV, pulmonary, renal, and liver conditions at baseline,
respectively. Regarding critical COVID-19 hospitalized patients, 301,
833, 998, and 1031 without CV, pulmonary, renal, and liver conditions
at baseline were included, respectively. The corresponding control
groups consisted of 22,310, 45,036, 50,910, and 51,965 non-COVID-19
hospitalized controls without CV, pulmonary, renal, and liver diseases
at baseline, respectively (Fig. 1).

The SD, SE, and health-related characteristics of severe and critical
COVID-19 hospitalized patients and controls before weighting, along
with the standardized mean differences (SMDs) assessing the effec-
tiveness of overlap weights (OWSs) in achieving covariate balance, are
provided in Supplementary Data 1 to 4. The weighted SMDs showed
negligeable differences (i.e., <0.001) in baseline characteristics after
weighting for both severe and critical COVID-19 patients and their
respective controls (Supplementary Data 1 to 4).

Impact of COVID-19 hospitalization on the onset of post-acute
organ complications

Table 1 shows overlap propensity score (PS)-weighted ORs and doubly
robust overlap PS-weighted ORs, along with their 95% confidence
intervals (Cls), estimated using binomial logistic regression models,
assessing the development of post-acute organ complications within
one year among severe COVID-19 hospitalized patients compared to
non-COVID-19 hospitalized controls.

One-year post-acute organ complications were more common in
severe COVID-19 patients than in controls, with 14.8%, 6.5%, 0.7%, and
0.21% of patients developing post-acute CV, pulmonary, renal and liver
complications within one year following COVID-19 hospitalization,
respectively, compared to 8.7%, 3%, 0.6%, and 0.20% of controls over
the same duration.

Compared to non-COVID-19 hospitalized controls, severe COVID-
19 hospitalized patients had significantly higher risks of developing
post-acute CV (overlap PS-weighted OR 1.19, 95% CI 1.03-1.37) and
pulmonary (overlap PS-weighted OR 2.05, 95% Cl 1.80-2.34) compli-
cations within one year following hospitalization. However, the risks of
developing one-year post-acute renal (overlap PS-weighted OR 0.96,
95% Cl 0.68-1.35) and liver (overlap PS-weighted OR 0.84, 95% CI
0.46-1.52) complications following severe COVID-19 hospitalization
were not statistically significant. Overlap PS-weighted aORs, adjusting
for potential misspecification in the PS model that could bias the
estimation of the exposure’s effect on the outcome, yielded similar
conclusions (Table 1). These overlap PS-weighted causal estimates
focus on the subgroup of patients with comparable baseline char-
acteristics who could plausibly have been hospitalized with or without
COVID-19. As such, the results are generalizable to this overlap popu-
lation, rather than to the entire study cohort.

Table 2 shows overlap PS-weighted ORs and overlap PS-weighted
aORs, along with their 95% Cls, estimated using binomial logistic
regression models, assessing the development of one-year post-acute
organ complications among critical COVID-19 hospitalized patients
compared to non-COVID-19 hospitalized controls.
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108,655 individuals hospitalized between
01/07/2020 and 31/12/2020 registered in the
CHS database

64,535 individuals hospitalized between
01/07/2020 and 31/12/2020 not registered in
the CHS database (i.e., controls)

[Exclusion of hospitalized patients:

- With missing week of admission

+ With missing year of admission

+ Not tested for COVID-19 symptoms (e.g. systematic
screening)

+ Readmitted or transfered

+ Deceased in the hospital

+ Diagnosed not lab-confirmed

+ Discharged the same day of admission

 With variables "ICU admission" and "ARDS" missing

8,024 unique COVID-19 1
patients meeting in and exclusion criteria
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Fig. 1| Flowchart of the study population building on the HELICON population intensive care unit (ICU) and/or with acute respiratory distress syndrome (ARDS).

data linkage to assess the development of post-acute organ complica- Severe COVID-19 patients were defined as COVID-19 hospitalized patients not
tions within one year following COVID-19 hospitalization among severe and admitted to the ICU and without ARDS. The dotted lines represent the comparison
critical COVID-19 hospitalized patients compared to non-COVID-19 hospita- between the subcohorts of COVID-19 patients and their respective controls.

lized controls, both without those organ conditions at baseline. Critical COVID-  Abbreviations: CHS Clinical Hospital Survey, IMA InterMutualistic Agency, Statbel
19 hospitalized patients were defined as COVID-19 patients admitted to the Statistic Belgium.

Table 1| Overlap propensity score (PS)-weighted odds ratios (ORs) and overlap PS-weighted adjusted ORs (aORs) estimated
using binomial logistic regression models to assess the development of one-year post-acute cardiovascular, pulmonary, renal,
and liver complications, respectively, among severe COVID-19 hospitalized patients compared to non-COVID-19 hospitalized
controls, both without preexisting conditions affecting the specific organ system under study at baseline

Post-acute health N severe Severe COVID-19 N controls Controls with Overlap PS- P-value Overlap PS- P-value
outcomes COVID-19 patients with out- outcome N (%) weighted OR weighted aOR
patients come N (%) [95% ClI] [95% CI]

Cardiovascular 1839 272 (14.79) 22,310 1937 (8.68) 1.19 <0.001 1.20 0.01

complications? [1.03-1.37] [1.04-1.39]

Pulmonary 5024 326 (6.49) 45,036 1332 (2.96) 2.05 <0.001 2.06 <0.001

complications® [1.80-2.34] [1.81-2.35]

Renal complications® 6040 40 (0.66) 50,910 302 (0.59) 0.96 0.680 0.67 0.756
[0.68-1.35] [0.95-1.33]

Liver complications® 6220 13 (0.21) 51,965 102 (0.20) 0.84 0.556 0.86 0.615
[0.46-1.52] [0.47-1.56]

Overlap PS-weighted aORs are adjusted for sociodemographic (age groups, sex, region of residence, living situation, migration background), socioeconomic (education, income) and health-related
(cardiovascular comorbidities, pulmonary comorbidities, renal comorbidities, liver comorbidities, other comorbidities) variables.

Severe COVID-19 patients were defined as COVID-19 patients not admitted to the intensive care unit and without acute respiratory distress syndrome.

“The weighted logistic regression models were applied to severe COVID-19 patients and controls, both without preexisting cardiovascular conditions at baseline (N =24,149).

The weighted logistic regression models were applied to severe COVID-19 patients and controls, both without preexisting pulmonary conditions at baseline (N =50,060).

°The weighted logistic regression models were applied to severe COVID-19 patients and controls, both without preexisting renal conditions at baseline (N =56,950).

9The weighted logistic regression models were applied to severe COVID-19 patients and controls, both without preexisting liver conditions at baseline (N =58,185).

Significant results (p-value < 0.05) are highlighted in bold.

Overall, most post-acute organ complications were more com- Compared to non-COVID-19 hospitalized controls, critical COVID-
mon among critical COVID-19 hospitalized patients than among con- 19 patients had significantly higher risks of developing post-acute CV
trols, with 21.7%, 7%, 1%, and 0.1% of critical COVID-19 patients (overlap PS-weighted OR 1.93, 95% CI 1.36-2.42) and pulmonary
developing post-acute CV, pulmonary, renal, and liver complications, (overlap PS-weighted OR 2.72, 95% CI 1.98-3.79) complications within
respectively, compared to 8.7%, 3%, 0.6%, and 0.2% of controls. one year following hospitalization. However, the risks of developing
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Table 2 | Overlap propensity score (PS)-weighted odds ratios (ORs) and overlap PS-weighted adjusted ORs (aORs), along with
their 95% confidence intervals (Cls), estimated using binomial logistic regression models to assess the development of one-
year post-acute cardiovascular, pulmonary, renal, and liver complications, respectively, among critical COVID-19 hospitalized
patients compared to non-COVID-19 hospitalized controls, both without preexisting conditions affecting the specific organ
system under study at baseline

Post-acute health N critical Critical COVID-19 N controls Controls with Overlap PS- P-value Overlap PS- P-value
outcomes COVID-19 patients with out- outcome N (%) weighted OR weighted aOR
patients come N (%) [95% CI] [95% CI]

Cardiovascular 301 65 (21.69) 22,310 1937 (8.68) 1.93 <0.001 1.4 <0.001

complications® [1.36-2.42] [1.88-2.51]

Pulmonary 833 58 (6.96) 45,036 1332 (2.95) 2.72 <0.001 2.7 <0.001

complications® [1.98-3.79] [1.94-3.85]

Renal complications® 998 10 (1.00) 50,910 302 (0.59) 1.54 0.187 1.54 0.185
[0.81-2.94] [0.81-2.94]

Liver complications® 1031 1(0.10) 51,965 102 (0.20) 0.4 0.375 0.41 0.377
[0.06-2.96] [0.06-2.97]

Overlap PS-weighted aORs are adjusted for sociodemographic (age groups, sex, region of residence, living situation, migration background), socioeconomic (education, income) and health-related
(cardiovascular comorbidities, pulmonary comorbidities, renal comorbidities, liver comorbidities, other comorbidities) variables.

Critical COVID-19 patients were defined as COVID-19 patients admitted to the intensive care unit and/or with acute respiratory distress syndrome.

“The weighted logistic regression models were applied to critical COVID-19 patients and controls, both without preexisting cardiovascular conditions at baseline (N =22,611).

The weighted logistic regression models were applied to critical COVID-19 patients and controls, both without preexisting pulmonary conditions at baseline (N = 45,869).

°The weighted logistic regression models were applied to critical COVID-19 patients and controls, both without preexisting renal conditions at baseline (N =51,908).

9The weighted logistic regression models were applied to critical COVID-19 patients and controls, both without preexisting liver conditions at baseline (N =52,996).

Significant results (p-value < 0.05) are highlighted in bold.

post-acute renal (overlap PS-weighted OR 1.54, 95% CI 0.81-2.94) and
liver (overlap PS-weighted OR 0.41, 95% Cl 0.06-2.96) complications
following critical COVID-19 hospitalization were not statistically sig-
nificant. Overlap PS-weighted aORs gave similar conclusions (Table 2).
These overlap PS-weighted causal estimates focus on the subgroup of
patients with comparable baseline characteristics who could plausibly
have been hospitalized with or without COVID-19. As such, the results
are most generalizable to this overlap population, rather than to the
entire study cohort.

Figure 2 shows the overlap PS-weighted excess burdens per 1000
patients of one-year post-acute organ complications attributable to
severe and critical COVID-19 hospitalization, respectively.

The weighted excess burden per 1000 patients of post-acute CV
complications was substantially higher for critical COVID-19 hospita-
lization (weighted excess burden 84.83, 95% Cl 36.89 - 132.77) com-
pared to severe COVID-19 hospitalization (weighted excess burden
20.16, 95% CI 2.34 - 37.98). Similarly, a slightly higher excess burden of
post-acute pulmonary complications was observed following critical
COVID-19 hospitalization (weighted excess burden 38.7, 95% CI
21.35 - 56.05) compared to severe COVID-19 hospitalization (weighted
excess burden 32.36, 95% CI 25.15 - 39.57). However, the excess bur-
dens of post-acute renal complications were not statistically significant
following either severe (weighted excess burden -0.28, 95% CI
-2.54 - 198) or critical (weighted excess burden 3.52, 95% CI
-2.77 - 9.81) COVID-19 hospitalizations. Similarly, the excess burdens
of post-acute liver complications due to either severe (weighted excess
burden -0.4, 95% CI -1.67 - 0.87) or critical (weighted excess burden
-1.45, 95% CI -3.63 - 0.63) COVID-19 hospitalizations were not statis-
tically significant (Fig. 2).

Socioeconomic patterns in the onset of post-acute organ
complications
Supplementary Data 5 and 6 show the aORs and 95% Cls for the
development of post-acute CV and pulmonary complications among
severe and critical hospitalized COVID-19 patients according to the SE
exposures of interest (i.e., education and income), respectively.
Overall, no significant SE patterns were identified in the devel-
opment of post-acute CV complications among severe COVID-19
patients. However, severe COVID-19 patients aged 45 to 64 years (aOR
1.94, 95% C11.34-2.86) and 65 to 84 years (aOR 2.97, 95% CI1.90-4.69),
compared to those aged 18 to 44 years, as well as those with “other

comorbidities” (aOR 2.00, 95% Cl 1.48-2.68), had significantly
increased odds of developing post-acute CV complications. Con-
versely, living in Brussels compared to Flanders (aOR 0.56, 95% CI
0.32-0.96) and having a migration background (aOR 0.61, 95% CI
0.38-0.97 for second-generation migrants; aOR 0.54, 95% CI
0.30-0.93 for first-generation EU migrants; aOR 0.61, 95% C1 0.38-0.97
for first-generation non-EU migrants) were associated with decreased
odds of developing post-acute CV complications (Supplementary
Data 5). A SE pattern was identified in the development of post-acute
pulmonary complications, with severe COVID-19 patients with low
income having higher odds of developing such complications com-
pared to those with high income (aOR 1.53, 95% C11.05-2.25). Other SD
and health-related variables were not significantly associated with the
development of post-acute pulmonary complications among severe
COVID-19 patients (Supplementary Data 5).

No major social patterns were identified in the development of
either post-acute CV or pulmonary complications among critical
COVID-19 patients. However, having missing income, compared to high
income, was associated with increased odds of developing post-acute
pulmonary complications (aOR 5.25, 95% Cl 1.15-23.24) (Supplementary
Data 6). Supplementary Data 7, which characterizes critical COVID-19
patients with missing income by SD, SE, and health-related variables
relative to the total number of critical COVID-19 patients without pul-
monary diseases at baseline, showed an overrepresentation of indivi-
duals aged 85 years and over, males, first-generation non-EU migrants,
and individuals with CV comorbidities, renal comorbidities, and “other
comorbidities” among those with missing income.

Supplementary Data 8 and 9 present aORs and 95% Cls assessing
the association between SE variables and post-acute CV and pulmon-
ary complications among severe and critical COVID-19 patients and
non-COVID-19 hospitalized controls, along with p-values for interac-
tion. We did not identify any SE variables with a stronger association
with the development of CV and pulmonary complications in either
severe COVID-19 hospitalized patients compared to controls, or cri-
tical COVID-19 patients compared to controls.

Discussion

This study investigated the development of post-acute organ compli-
cations within one year following COVID-19 hospitalization and related
SE inequalities in Belgium using a unique population data linkage
within the HELICON project.
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Severe COVID-19 hospitalization
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Fig. 2 | Overlap propensity score(PS)-weighted point estimates of excess
burdens per 1000 patients and 95% confidence intervals (Cls) of one-year post-
acute cardiovascular, pulmonary, renal, and liver complications among severe
and critical COVID-19 patients compared to non-COVID-19 hospitalized con-
trols, both without preexisting conditions affecting the specific organ system
under study at baseline. The central estimate represents the overlap propensity

score (PS)-weighted excess burden per 1000 patients, and error bars indicate 95%
confidence intervals. Critical COVID-19 patients were defined as COVID-19 hospita-
lized patients admitted to the intensive care unit (ICU) and/or with acute respiratory
distress syndrome (ARDS). Severe COVID-19 patients were defined as COVID-19
hospitalized patients not admitted to the ICU and without ARDS. * p-value < 0.05.
The numerical values of Fig. 2 are available in Supplementary Table 1.

Our findings showed a 1.19 times higher odds and 20.16 excess
burden per 1000 patients of post-acute CV complications among
severe COVID-19 patients compared to non-COVID-19 hospitalized
controls, both without CV diseases at baseline, further increasing when
considering critical COVID-19 patients. These results are in line with
those from international studies>**%, In the United States (U.S.),
COVID-19 hospitalization was associated with significant burden dif-
ferences per 1000 patients at 12 months, ranging from 5.84 for dys-
rhythmia to 80.86 for inflammatory heart diseases. These burden
differences were reported to increase with ICU admission. A subgroup
analysis of non-hospitalized infected cases without preexisting CV
conditions, compared to non-infected cases, yielded similar findings'.
In England, Ayoubkhani et al.”’ observed a 1.5 times higher rate of
major adverse CV events (a composite of non-fatal stroke, non-fatal
myocardial infarction, and CV death) among COVID-19 patients com-
pared to matched population controls. A similar, although slightly
smaller, effect size was observed when considering COVID-19 patients
without preexisting CV conditions at baseline.

Post-acute pulmonary complications, including pulmonary fibro-
sis and reduced lung function, have been recognized in several inter-
national studies as significant PASC'**°~*%, This is in line with our results
showing a 2.05 and 2.72 times higher odds and a 32.36 and 38.7 excess
burdens per 1000 patients of post-acute pulmonary complications
among severe and critical COVID-19 patients compared to controls,
both without pulmonary diseases at baseline, respectively. In England,
compared to a matched control group, COVID-19-related post-acute
respiratory complications were reported at rates six times higher in
COVID-19 patients with preexisting pulmonary conditions, and 27
times higher in those without preexisting pulmonary conditions®. Our
results, suggesting higher odds and excess burdens of post-acute
pulmonary complications according to disease severity, align with

some studies showing that long-term pulmonary sequelae increase
with the severity of COVID-19'%*,

We did not identify any significant odds or excess burden of post-
acute renal complications following either severe or critical COVID-19
hospitalization, compared to non-COVID-19 hospitalization. This find-
ing contrasts with results from other international studies®**, and is
likely partly attributable to the very small number of renal cases iden-
tified in the IMA database. Similarly, we did not identify any significant
association between either severe or critical COVID-19 hospitalization
and the development of post-acute liver complications. Evidence on
renal and especially liver function impairment during the post-acute
COVID-19 phase remains limited. COVID-19-associated acute kidney
injury (AKI), a common acute complication in COVID-19 hospitalized
patients, has been linked to post-AKI kidney function impairment and
elevated serum creatinine*>°, A 6-month follow-up cohort study
reported a 1.36 increased risk and an 25.24 excess burden per 1000
patients of chronic kidney disease (CKD) following COVID-19 hospita-
lization, further increasing with ICU admission®. Regarding post-acute
liver complications, findings generally indicate no significant liver
function impairment post-COVID-19 hospitalization”, although critical
COVID-19 cases may exhibit elevated liver enzymes and markers of
inflammation”.

Research on SE inequalities in PASC remains limited, especially
among hospitalized COVID-19 survivors, with inconsistent findings and
the use of varying definitions of PASC, making it difficult to identify
clear socioeconomic patterns therein®. Several population-based
studies from the UK showed that the least deprived individuals, com-
pared to the less deprived, present higher odds of COVID-19-related
persistent symptoms at least four weeks following COVID-19
diagnosis®**%. In the U.S., Hirschtick et al.”* identified a 1.5 times
higher prevalence of 30-day COVID-19-related symptoms following
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SARS-CoV-2 infection among individuals with lower income levels.
However, several population-based studies, of smaller sample sizes,
found no significant association between PASC and SE factors such as
income or education levels**°,

Although a SE gradient has been observed in COVID-19 hospita-
lization, established as one of the strongest predictors of PASC*, long-
term follow-up studies on SE inequalities in post-acute complications
following COVID-19 hospitalization are scarce. Huang et al." did not
identify any significant association between education level and dif-
fusion impairment or percentage change in CT score among COVID-19
patients discharged from the hospital. Unexpectedly, a study con-
ducted in China showed higher odds of lung diffusion impairment at
two years among COVID-19 hospitalized survivors with higher levels of
education, compared to those with lower levels of education®. While
we did not identify any association between education and post-acute
CV complications, our results indicate a 1.48 times higher odds of post-
acute pulmonary complications among severe COVID-19 patients with
low income, compared to those with high income. However, among
critical COVID-19 patients, post-acute pulmonary complications show
no SE patterns.

Similar unclear social patterns are observed in international stu-
dies on racial and ethnic disparities in PASC, with some research
reporting a lower risk of PASC following infection among Black or
Asian individuals compared to White individuals®***°, and some show-
ing no significant association between ethnic minority status and
PASC**%, In our study, compared to individuals born in Belgium,
individuals with a migration background presented lower odds of
developing post-acute CV complications following severe COVID-19
hospitalization. As the study outcomes were based on drug prescrip-
tions, these results may be explained by the lower healthcare access
and utilization among migrants in Europe, which is often influenced by
factors such as language and communication barriers, lack of insur-
ance, lower socioeconomic status (SES), limited GP consultation, and
high out-of-pocket healthcare costs***°.

Despite scarce and mixed findings regarding SE patterns of
post-acute health complications, especially among COVID-19 hos-
pitalized patients, factors such as being a female, older age, smok-
ing, and preexisting comorbidities (i.e., high BMI, anxiety/
depression, chronic obstructive pulmonary disease, diabetes,
immunosuppression, and ischemic heart disease) have been asso-
ciated with a higher likelihood of developing PASC in a meta-
analysis of 41 studies conducted by Tsampasian et al.*’. Preexisting
comorbidities were identified in our results as the strongest risk
factor for post-acute CV complications following severe COVID-19
hospitalization. Older age was identified in our study as increasing
the odds of developing post-acute CV complications among severe
COVID-19 patients. We did not identify any gender disparities in the
development of post-acute organ complications, similarly to other
studies™***. Smoking rates are generally higher in SE dis-
advantaged groups, and smoking-related social health inequalities
are widening in many countries®. Although we could not adjust for
smoking as a confounder in our model, it may have contributed to
the higher risk of post-acute pulmonary complications observed in
our study among severe COVID-19 patients with low income com-
pared to those with high income.

Although clinical factors, such as disease severity and preexisting
health conditions, seem to play a dominant role in long-term outcomes
following COVID-19 hospitalization, SE inequalities in those outcomes
remain present. SE disparities in PASC can be attributed to several
factors®” (1) SE inequalities in preexisting health conditions, shown to
be a strong risk factor for PASC*; (2) SE inequalities in COVID-19
infection and disease severity leading to an increased risk of PASC, as
well as SE inequalities in vaccination, which reduces the risk of
PASC*#*%%; and (3) lower access to and quality of healthcare among
deprived SE groups®.

Our study has several limitations. First, to isolate the effect of
COVID-19 on post-acute organ complications, we limited our study
population to hospitalized patients with and without COVID-19. While
this approach allowed us to control for the effect of hospitalization
itself on the development of post-acute organ complications, it may
introduce selection bias in the interpretation of both COVID-19 out-
comes and social inequalities, potentially leading to paradoxical
findings®. For example, individuals with higher SES may only be hos-
pitalized when severely ill, whereas those with lower SES might be
hospitalized even with moderate illness. As a result, hospitalized
patients with higher SES could appear sicker on average, creating an
observed “survival advantage” for patients with lower SES”. However,
we controlled for baseline health characteristics and applied overlap
weighting to achieve covariate balance, strengthening confidence in
our findings. Nonetheless, because our analysis included only hospi-
talized patients, our conclusions regarding social inequalities in post-
acute organ complications are limited to this subgroup and may not
reflect broader disparities among all COVID-19 infections. Second, we
lacked data on key mediators of SE disparities in COVID-19 critical
outcomes, such as the type of occupation, the adoption of preventive
measures (e.g., mask wearing, vaccination) and healthcare access,
which would have better captured underlying pathways of SE
inequalities in post-acute organ complications. Future research on the
population in Belgium should consider the roles of these factors in the
causal pathway between SE position and PASC to better capture its SE
patterns. Third, the CHS database covers about 50% of hospitalized
COVID-19 cases in Belgium, likely leading to an underestimation of our
results, as some non-COVID-19 hospitalized controls could have been
COVID-19 cases not registered in the CHS database. Fourth, the IMA
pseudopathology groups, based on medication consumption, did not
allow for identifying specific post-acute complications. As a result,
individuals with preexisting conditions at baseline were excluded
from our analyses. Moreover, while the IMA pseudopathology groups
provide an acceptable proxy for baseline chronic diseases, these
indicators have been shown to have a high rate of false negatives,
resulting in low sensitivity. This underestimation may stem from two
main factors: the stringent case definition (=90 DDD per year) and the
fact that some medications lack specificity to a single pseudopathol-
ogy. To improve accuracy in estimating the prevalence of pseudo-
pathologies, IMA data should ideally be supplemented with clinical or
diagnostic data®. Additionally, IMA lacks data on several well-
documented PASC commonly observed in hospitalized patients,
such as fatigue, brain fog, and depression®. As a result, the analyses are
restricted to broader organ-related complications, preventing a com-
prehensive assessment of post-acute health outcomes following
severe COVID-19. Fifth, because each pseudopathology group pro-
vided by IMA included only a very small number of severe and espe-
cially critical COVID-19 patients, we were not able to investigate the SE
patterns of post-acute renal and liver complications, and we had to
merge a set of comorbidities into one single variable to allow estimates
to converge properly. Future studies with larger sample sizes are
needed to explore the SE patterns of post-acute renal and liver com-
plications, as well as to identify the impact of comorbidities on PASC
following COVID-19 hospitalization in more detail. Finally, our study
period was primarily influenced by the Alpha variant. Future research
should therefore consider the impact of other variants, vaccination
(which began in Belgium on 28 December 2020, near the end of our
study period), and reinfection on PASC.

In conclusion, our study identified significant risks of one-year
post-acute cardiovascular and pulmonary complications following
COVID-19 hospitalization, increasing with disease severity, among
patients without preexisting health conditions in these organ systems
at baseline. Having underlying health conditions at baseline was the
strongest risk factor for the development of post-acute cardiovascular
complications among COVID-19 hospitalized patients. While no
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socioeconomic patterns were observed for post-acute cardiovascular
complications, post-acute pulmonary complications were significantly
more frequent among severe COVID-19 patients with lower income
levels. These findings highlight the need for long-term follow-up care
for patients discharged after COVID-19 hospitalization, particularly
those who experienced critical illness and have underlying health
conditions, while also considering socioeconomic inequalities.

Methods

Study design

This study relies on data from the HELICON project, a population data
linkage set up by Sciensano, the National Institute for Health in Bel-
gium, to study the long-term health impact of the COVID-19 crisis in
Belgium®’. The HELICON project contains selected variables from three
national health and social registries linked at the individual level using
the pseudonymized Belgian social security number.

To build the HELICON cohort, Statistics Belgium (Statbel) pro-
vided SD and SE data for a 10% random sample of the adult population
legally residing in Belgium as of 1 January 2020. Next, a link was made
with the Clinical Hospital Survey (CHS) database, containing patient-
level data on approximately 50% of the patients admitted with a con-
firmed COVID-19 diagnosis across all 103 hospitals in Belgium as of 1
July 2020. Statbel then completed the sample by adding SD and SE
data for patients registered in the CHS database but not included in the
initial 10% random sample. Finally, data from the InterMutualistic
Agency (IMA) were linked for both the random population sample and
the hospitalized patients. IMA provided two datasets: one including
information on reimbursed healthcare services and medications dis-
pensed in public pharmacies over a year, and one recording all hos-
pitalization stays per patient. As the health insurance system is
compulsory in Belgium, IMA covers more than 99% of the total
population®®. Within the HELICON project, IMA datasets were available
for the reference years 2020 and 2021. The protocol of the HELICON
population data linkage has been published elsewhere®.

Study population and study period

Figure 1 shows the flowchart of the study population within the HELI-
CON project. Between 1 July 2020 (marking the start of COVID-19
hospital case identification) and 31 December 2020, a total of 108,655
individuals were hospitalized with a confirmed COVID-19 diagnosis, as
recorded in the CHS database. Based on IMA data, individuals hospi-
talized during the same period but not recorded in the CHS database
were considered as controls (N = 64,535). This time frame was selected
to enable the assessment of one-year post-acute organ complications
using IMA data for the reference year 2021. Specifically, we selected
hospitalized individuals without COVID-19 as the control group to
isolate the effect of COVID-19 itself on the development of post-acute
organ complications, independent of the impact of hospitalization.
Selecting community controls from Statbel could have resulted in
attributing post-acute complications to the hospitalization itself,
rather than isolating the specific effects of COVID-19 on our outcomes
of interest.

Among patients hospitalized with a confirmed COVID-19 diag-
nosis, we excluded those with missing week and year of admission,
those not tested for COVID-19 symptoms (e.g., systematic screening),
those readmitted or transferred, those who died in the hospital, those
whose diagnosis was not confirmed by a positive PCR or antigen test,
those discharged the same day as admission, and those with missing
values for the admission to the intensive care unit (ICU) and the onset
of acute respiratory distress syndrome (ARDS). This resulted in 8024
unique hospitalized COVID-19 survivors meeting the inclusion and
exclusion criteria.

Next, both COVID-19 hospitalized patients and non-COVID-19
hospitalized controls were linked to Statbel data to obtain SD and SE
information for the reference year 2020. In addition, only COVID-19

hospitalized patients and controls who were still alive in 2021
were included to avoid misclassifying death as the absence of post-
acute organ complications in 2021 following hospitalization
in 2020.

To accurately assess the onset of post-acute organ complica-
tions within one year following hospitalization, we created subcohorts
of both COVID-19 hospitalized patients and non-COVID-19 hospitalized
controls without preexisting CV, pulmonary, renal, or liver conditions
at baseline, respectively, using IMA data for the reference year 2020.

Given the association between disease severity and the onset of
post-acute organ complications, each subcohort of COVID-19 hospi-
talized patients was stratified into:

* Critical COVID-19 patients: defined as COVID-19 hospitalized
patients admitted to the ICU and/or with ARDS;

* Severe COVID-19 patients: defined as COVID-19 hospitalized
patients not admitted to the ICU and without ARDS.

Outcomes

The study outcomes consisted of the onset of post-acute CV, pul-
monary, renal, and liver complications, as recorded in the IMA data-
base for 2021, among COVID-19 hospitalized patients compared to
non-COVID-19 hospitalized controls. For each organ system analyzed,
hospitalized patients with preexisting conditions affecting that spe-
cific system at baseline (as recorded in the IMA database for 2020)
were excluded, while preexisting conditions in other organ systems
were retained.

The post-acute organ complications considered in this study were
based on pseudopathology groups defined by the National Institute
for Health and Disability Insurance (RIZIV-INAMI). These groups are
created on the basis of Anatomical Therapeutic Chemical (ATC) codes
established by the WHO®. An individual is assigned to a pseudo-
pathology group when the total number of defined daily doses (esti-
mated quantity of active ingredient for a 70 kg adult per day of a drug
prescribed for its main action) for all ATC codes in this group is greater
than or equal to 90.

A detailed description of the pseudopathologies, along with the
related ATC codes and substances used to define the four post-acute
organ complications considered in this study is available in Supple-
mentary Data 10. The methodology used to build the pseudopathology
groups has been described by IMA elsewhere®.

Covariates

SD covariates included age group, sex, region of residence, migration
background, and living situation. The Region of residence was dis-
tinguished between the Brussels Capital Region, the Flemish Region,
and the Walloon Region and was included as a confounder in the
analyses because of the difference in hospitalization coverage by
regions in the CHS database, as well as the known association between
SE status and Regions in Belgium®***, Migration background was based
on a combination of the first nationality and the parents’ country of
origin and distinguished between “Born in Belgium”, “Second-gen-
eration migrants”, “First-generation European (EU) migrants”, and
“First-generation non-EU migrants”. The living situation gave a partial
picture of the social environment and distinguished between “Couples
with children”, “Couples without children”, “Single parents”, “Single-
persons household”, “Collective households” (e.g., nursing homes,
prisons), and “Other” (e.g., adult children still living with their parents,
other co-residents).

SE covariates included education and income levels. Education
level was classified into five categories based on the International
Standard Classification of Education (ISCED): “Primary or less” (ISCED
0 to ISCED 1), “Lower secondary” (ISCED 2), “Upper secondary” (ISCED
3 to ISCED 4), “Higher education” (ISCED 5 to ISCED 8), and “Missing”.
Income data was available as the deciles of the yearly net taxable
income per person and grouped as: “Low income” (deciles 1 to 4),
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“Middle income” (deciles 5 to 7), “High income” (deciles 8 to 10), and
“Missing”.

Health-related covariates consisted of comorbidities at baseline,
defined based on the pseudopathology groups available in the IMA
database for the reference year 2020, as described above. The fol-
lowing comorbidities were considered: “Cardiovascular comorbid-
ities”, “Pulmonary comorbidities”, “Renal comorbidities”, “Liver
comorbidities”, and “Other comorbidities”. The latter category inclu-
ded the following pseudopathologies: mucoviscidosis, morbid obe-
sity, organ transplantation, immunodeficiency (HIV and no HIV),
neurological disorders (e.g., Parkinson, multiple sclerosis, Alzheimer),
psychosis, diabetes, and inflammatory and autoimmune disorders
(e.g., rheumatoid arthritis, Crohn’s disease).

A description of the data holders and time frame for all SD, SE, and
health-related variables considered in this study is available in Sup-
plementary Table 2.

Exposures
In the first objective, which aimed to determine whether COVID-19
hospitalization led to the onset of post-acute organ complications
compared to non-COVID-19 hospitalization, the exposure was defined
as hospitalization with a confirmed COVID-19 diagnosis based on a
positive PCR or antigen test between 1 July 2020 and 31 December
2020 in Belgium.

In the second objective, aiming to identify SE inequalities in the
development of post-acute organ complications among COVID-19
patients hospitalized during the same period, education and income

were considered as the SE exposures of interest. In both objectives,
COVID-19 hospitalization was stratified between severe and critical
COVID-19 hospitalization, as defined above.

Figure 3 presents a schematic overview of the outcome, exposure,
covariates, and study population according to each objective con-
sidered in this study.

Statistical analyses

In the first objective, the aim was to determine whether COVID-19
hospitalization led to the onset of post-acute organ complications
compared to non-COVID-19 hospitalization. Within this objective, first,
severe and critical COVID-19 hospitalized patients, along with non-
COVID-19 hospitalized controls, were described with the frequency
rates and percentages for categorical variables. Second, propensity
scores (PS) with overlap weights (OWs) were applied to address
imbalances in the characteristics between exposed and unexposed
individuals. For each individual, the PS model was estimated as follows:

logitP(A, |, Usp, Use, Upeaien) = Bo +Buy, Usp + Bu, Use + Bu,, ., Unteaten
@

where A is COVID-19 hospitalization, and Ugp, Ug; and Uyey, denote
the SD, SE, and health-related covariates, respectively.

In our study population, the distribution of PS among COVID-19
hospitalized patients and non-COVID-19 hospitalized controls showed
evidence of extreme values across all patient subcohorts (see
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Supplementary Figs. 1 to 4 for patient subcohorts without CV, pul-
monary, renal, and liver diseases at baseline, respectively).

This is a common limitation of balancing weight methods based
on PS, as extreme values can inflate variance and bias estimates when
using the standard inverse probability of treatment weighting
method® %", To address this issue, OWs were applied, which are known
to provide an accurate estimate of the exposure effect and its variance
even in the presence of extreme PS values® *’. OW, denoted ow;, are
defined as (1—PS) for exposed individuals and PS for unexposed
individuals. This approach down-weights observations in the tails of
the PS distribution and assigns greater weight to those in regions of
overlap, creating a weighted pseudo-population where confounders
are balanced®*¢. The effectiveness of OW in achieving covariate bal-
ance was evaluated using the weighted standardized mean difference
(SMD)®8, Importantly, OWs focus the causal estimates on the overlap
population, meaning the results primarily apply to individuals who are
sufficiently similar to plausibly belong to either treatment group,
rather than to the entire study population®.

Overlap PS-weighted odds ratios (ORs) and 95% confidence
intervals (Cls) were then estimated using multivariable binary logistic
regression models. The outcome model was defined as follows:

logit P(Y;|A) = Bo; + BaiA, i€{CV, pulmonary, renal, liver}  (2)

where Y; denotes the occurrence of a specific post-acute organ
complication (i=CV, pulmonary, renal, or liver), and each observation
was weighted by ow;.

To address potential PS model misspecification, we conducted an
adjusted analysis on the weighted sample (Eq. (3)), which literature
suggests can enhance robustness beyond weighting alone as long as
either the outcome model or the PS model was correctly specified’.

logit P(Y A, Usp, Usg, Uneaien) =Boi + BaiA+ Bu,iUsp + Bug,iUse
+BUyeniUneatens 1€{CV, pulmonary, renal, liver}

3

with each observation weighted by ow;. However, this approach
does not guarantee doubly robust estimation, which requires specific
methods, such as fitting a canonical link GLM fit via maximum like-
lihood with weighted score equations, followed by regression
standardization”’. Variance estimation was performed using robust
sandwich variance estimates, shown to produce valid estimates even in
the case of model misspecification’.

Third, overlap PS-weighted excess burdens of one-year post-acute
organ complications per 1000 patients due to COVID-19 hospitaliza-
tion were computed by estimating the difference in incidence rates of
post-acute organ complications between COVID-19 hospitalized
patients and non-COVID-19 hospitalized controls.

All analyses described above were applied separately to severe
COVID-19 patients and their controls, and to critical COVID-19
patients and their controls.

The second objective aimed to identify SE patterns in the devel-
opment of post-acute CV and pulmonary complications among
COVID-19 hospitalized patients. Post-acute renal and liver complica-
tions were excluded due to insufficient event rates in certain covariate
and exposure categories, preventing reliable convergence of estimates
when limiting the analysis to COVID-19 patients. Adjusted odds ratios
(aORs) and 95% Cls were estimated using multivariable binomial
logistic regression models to assess the association between post-
acute CV and pulmonary complications and the SE exposures of
interest (i.e.,, education, income) among COVID-19 hospitalized
patients, respectively. The analyses described above were stratified
between severe and critical COVID-19 patients.

As sensitivity analyses, we aimed to identify whether the impact of
SE determinants on the development of post-acute CV and pulmonary

complications differed among COVID-19 hospitalized patients com-
pared to non-COVID-19 hospitalized controls, respectively. First,
COVID-19 patients and controls were stratified and aORs and 95% Cls
were estimated using multivariable binary logistic regression models.
Next, multivariable logistic regression models were applied to the full
study population, including both COVID-19 patients and controls. In
these models, an interaction term between COVID-19 hospitalization
and the SD, SE, and health-related covariates was introduced. This
allowed to extract the p-value for interaction testing H,, that the effect
of covariates on the outcomes is similar in both groups. These
regression models with an interaction term were applied separately to
severe COVID-19 patients and controls, as well as to critical COVID-19
patients and controls.

Analytical approach and tools

All analyses were performed in R (version 4.3.2)”%. In our analyses,
p-values were derived from two-sided Wald tests. A significance level
of a=0.05 was used. The package “tableone” was used to calculate the
SMD*, The package “sandwich” was used to compute robust variance
estimates’™.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The pseudonymized individual health data used in this study have
been deposited in the Healthdata.be database: https://healthdata.
sciensano.be/. The pseudonymized individual health data are available
under restricted access due to General Data Protection Regulation
(GDPR) legislation in Belgium; access can be obtained by submitting a
request to the Information Security Committee (ISC) of Healthdata.be.
The raw pseudonymized individual health data are protected and are
not publicly available due to data privacy laws.
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