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Abstract 

Background Few studies have attempted to use clinical and laboratory parameters to stratify COVID-19 patients 
with severe versus non-severe initial disease and evaluate age-specific differences in developing multiple different 
COVID-19-associated disease outcomes.

Methods A retrospective cohort included patients from the electronic health database of Hong Kong Hospital 
Authority between 1 January 2022 and 15 August 2022 until 15 November 2022. The cohort was divided into three 
cohorts by age (≤ 40, 41–64, and ≥ 65 years old). Each age cohort was stratified into four groups: (1) COVID-19 criti-
cally exposed group (ICU admission, mechanical ventilation support, CRP > 80 mg/L, or D-dimer > 2 g/mL), (2) severely 
exposed group (CRP 30–80 mg/L, D-dimer 0.5–2 g/mL, or CT value < 20), (3) mildly–moderately exposed group 
(COVID-19 positive-tested but not fulfilling the criteria for the aforementioned critically and severely exposed groups), 
and (4) unexposed group (without COVID-19). The characteristics between groups were adjusted with propensity 
score-based marginal mean weighting through stratification. Cox regression was conducted to determine the asso-
ciation of COVID-19 disease severity with disease outcomes and mortality in the acute and post-acute phase (< 30 
and ≥ 30 days from COVID-19 infection) in each age group.

Results A total of 286,114, 320,304 and 194,227 patients with mild–moderate COVID-19 infection; 18,419, 23,678 
and 31,505 patients with severe COVID-19 infection; 1,168, 2,261 and 10,178 patients with critical COVID-19 infec-
tion, and 1,143,510, 1,369,365 and 1,012,177 uninfected people were identified in aged ≤ 40, 40–64, and ≥ 65 groups, 
respectively. Compared to the unexposed group, a general trend tending towards an increase in risks of multiple 
different disease outcomes as COVID-19 disease severity increases, with advancing age, was identified in both the 
acute and post-acute phases. Notably, the mildly–moderately exposed group were associated with either insignifi-
cant risks (aged ≤ 40) or the lowest risks (aged > 40) for the disease outcomes in the acute phase of infection (e.g., 
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mortality risk HR (aged ≤ 40): 1.0 (95%CI: 0.5,2.0), HR (aged 41–64): 2.1 (95%CI: 1.8, 2.6), HR (aged > 65): 4.8 (95%CI: 4.6, 
5.1)); while in the post-acute phase, these risks were largely insignificant in those aged < 65, remaining significant 
only in the elderly (age ≥ 65) (e.g., mortality risk HR (aged ≤ 40): 0.8 (95%CI: (0.5, 1.0)), HR (aged 41–64): 1.1 (95%CI: 
1.0,1.2), HR (aged > 65): 1.5 (95%CI: 1.5,1.6)). Fully vaccinated patients were associated with lower risks of disease out-
comes than those receiving less than two doses of vaccination.

Conclusions The risk of multiple different disease outcomes in both acute and post-acute phases increased signifi-
cantly with the increasing severity of acute COVID-19 illness, specifically among the elderly. Moreover, future studies 
could improve by risk-stratifying patients based on universally accepted thresholds for clinical parameters, particularly 
biomarkers, using biological evidence from immunological studies.

Keywords COVID-19, Severity, Multiple organ complications, Age-specific association, PASC

Background
SARS-CoV-2 infection leading to COVID-19 and the 
subsequent persistence of symptoms in an estimated 10% 
of infected patients beyond initial illness is recognized as 
“Post-acute sequelae SARS-CoV-2” infection (PASC) or 
“long COVID” [1, 2]. Previously, we have described the 
association of COVID-19 with increased risk of multiple 
different disease outcomes [3]. The exact pathophysiol-
ogy of COVID-19 and its consequent long-term sequelae 
is not yet understood but is believed to be multifactorial, 
and different lines of probable mechanisms have been 
summarized by systematic reviews and meta-analyses  
consolidating extensive research from several studies [4, 5].

With the preliminary observations of severe COVID-
19 symptoms being more prevalent in certain patient 
populations [6–10], public health experts have empha-
sized the importance of developing diagnostic tools such 
as clinical parameters and biomarkers to enable stratifi-
cation of the infected patient population into groups in 
a graded fashion from lowest to highest risk of severe 
disease progression [11]. Indeed, prior small-scale clini-
cal studies in hospitalized infected patients have assessed 
the accuracy of using elevated levels of biomarkers such 
as the inflammatory coagulation biomarkers—D-dimer 
and C-reactive protein (CRP)—in predicting COVID-19 
prognosis and mortality risk [12, 13]. Further, require-
ment of intensive care unit admission and/or requiring 
supplemental oxygen or mechanical ventilation support 
have been associated with poor disease prognosis/disease 
severity and mortality in infected patients [14], especially 
in vulnerable patient populations such as the elderly 
and the immunocompromised [15, 16]. Evidence on the 
dynamic increase in viral load (corresponding to lower 
cycle threshold (CT) values of real-time polymerase 
chain reaction (PCR) test) in patients after initial infec-
tion has also been associated with higher risk of disease 
severity and/or mortality by few studies [17, 18]. Moreo-
ver, some studies have observed post-COVID sequelae 
or “long COVID” to be more prevalent in patients with 
higher severity of initial acute-phase disease[19, 20]. 

Hence, using clinical parameters including biomarkers 
as diagnostic tools to stratify COVID-19 patient popu-
lation into subgroups by progressive increase in relative 
risks of developing multiple different disease outcomes 
may enable tailoring of treatment strategies to the needs 
of patients in each of these subgroups per the associ-
ated patient risk for developing the different outcomes. 
Thereby, vulnerable groups particularly at higher relative 
risks of developing persistent, long-term severe disease 
outcomes from COVID-19 may benefit from early iden-
tification through screening by diagnostic clinical param-
eters to receive additional monitoring and/or specialized 
multispecialty follow-up care post initial infection to 
minimize future possibility of morbidity and mortality 
[21–23].

While some studies have assessed the accuracy of 
potential biomarkers in discriminating between severe 
versus non-severe COVID-19, the scope of such evi-
dence is limited to predict outcomes of mortality, disease 
prognosis/hospitalization, and/or prevalence of clinical 
characteristics and symptoms (rather than outcomes) 
in hospitalized patients diagnosed with severe acute 
COVID-19 [13, 24], further impeded by small sample 
sizes and short follow-up periods [25]. Moreover, even 
fewer studies have attempted to evaluate age-specific 
differences in developing COVID-19-associated disease 
outcomes in patients with severe versus non-severe initial 
disease [11, 26], usually choosing to solely use compos-
ite end points such as intensive care admission/oxygen 
support diagnostic hospital codes/records to identify 
patients with severe COVID-19 rather than using bio-
markers as clinical parameters to identify progressively 
susceptible immune profiles to severe disease-outcomes 
in patients [27, 28], including our previous efforts.

Hence, this retrospective study aims to add to the 
grossly limited body of evidence presently supporting the 
identification of patients more likely to be impacted by 
short- and long-term effects of COVID-19 by the addi-
tion of three biomarkers (D-dimer and CRP biomarkers, 
and viral load (CT value)) to the usual clinical parameter 
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of hospitalization/oxygen support records. By subgroup-
ing patients by age and stratifying them into groups of 
progressive initial disease severity, this study evaluates 
the independent association of each of the stratified 
patient groups with the short- and long-term incident 
risks of developing various COVID-19-associated disease 
outcomes, in the acute and post-acute phase (follow-up 
period of up to 28  months). The main objective of this 
study is to test the hypothesis of a positive association 
of initial COVID-19 severity with the development of 
multiple different organ complications in the short- and 
long-term.

Methods
Study design and population
Medical records of all participants were extracted from 
the electronic health database of Hong Kong Hospital 
Authority (HA), including the medicine records of all 
inpatient and the majority of outpatient services. The 
COVID-19 vaccination records provided by the Depart-
ment of Health (DH) were linked with the data extracted 
from the HA using the participants’ unique Hong Kong 
Identity Card Numbers or other personal identification 
numbers. The events and causes of mortality were iden-
tified using the death records obtained from the Hong 
Kong Deaths Registry.

In order to obtain the COVID-19 severity of Omicron 
variants, the inclusion period of this study was defined 
from 1 January 2022 to 15 August 2022, corresponding 
to the largest outbreak infections in Hong Kong during 
the omicron-dominant fifth wave of infections. Partici-
pants testing positive for COVID-19 by PCR test or rapid 
antigen test (RAT) during the inclusion period were iden-
tified as infected COVID-19 patients (exposed group). 
Subsequently, these COVID-19-positive patients were 
stratified into patient cohorts by initial disease-severity 
based on clinical parameters according to the following 
classification based on cutoff values of thresholds deter-
mined from prior studies [29–33]: (1) COVID-19 patients 
with records of ICU admission, or mechanical ventila-
tion support, or CRP (mg/L) > 80 or D-dimer: > 2  g/mL 
within 7 days after COVID-19 infection were recruited in 
the critically exposed group cohort; (2) patients with any 
record of D-dimer greater than 0.5  g/mL and less than 
2  g/mL, or CRP (mg/L) range between 30 to 80 within 
7  days after infection, or COVID-19 infection with CT 
value < 20 within 3  days before or after infection were 
identified as severely exposed group; and (3) COVID-19 
patients with records of CRP (mg/L) range between 5 
and 30 within 7 days after infection, or COVID-19 infec-
tion with CT value ≥ 20 within 3  days before or after 
infection, and those patients with no records eligible for 

recruitment to the aforementioned critical and severe 
case cohorts, were included in the mild–moderate case 
cohort. The type of treatments included under the defi-
nition of mechanical ventilation support identified by 
International Classification of Diseases, Ninth Revi-
sion, Clinical Modification (ICD-9-CM) codes is sum-
marized in supplementary Table 2. Further, participants 
in each of the three patient cohorts classified by initial 
disease severity were sub-grouped by age into three age 
groups: ≤ 40, 41–64, and ≥ 65 to assess the combinatorial 
effect of age and disease severity of COVID-19 infection 
on the outcomes.

To evaluate the short- and long-term effects of COVID-19 
infection, the observation period of the study was divided  
into two phases: acute phase and post-acute phase. The 
index date was defined as the date of the first positive date 
of testing for COVID-19 infection for the acute phase, 
while the index date for the post-acute phase was defined 
as 30 days after the first positive testing date for COVID-19 
infection (based on previous studies) [28, 34, 35].

Participants without any COVID-19 positive-testing 
records until 15 August 2022 were treated as the unex-
posed group. To ensure similar baseline characteris-
tics of age and sex between the exposed and unexposed 
groups and to assign the index date for individuals with-
out COVID-19 infection, participants in the unexposed 
groups were randomly selected and matched to partici-
pants in the exposed groups based on the distribution of 
age and sex. In addition, each of the matched unexposed 
participants was further assigned to a corresponding 
exposed patient with identical index dates to ensure simi-
lar follow-up periods. All participants in the study were 
followed up until the first onset of any of the outcomes 
of interest, mortality, or 15 November 2022, whichever 
occurred first.

Definition of COVID‑19 infection
In this study, COVID-19 infection was identified by 
either a RAT or a PCR test positive.

Outcome measurements
The outcomes of this study included (1) major cardiovas-
cular disease (major CVD): the composite outcome of 
heart failure, stroke, and coronary heart disease (CHD); 
(2) heart failure; (3) carditis; (4) stroke; (5) atrial fibril-
lation (6) flutter; (7) CHD; (8) acute coronary syndrome 
(ACS); (9) deep vein thrombosis (DVT); (10) chronic 
obstructive pulmonary diseases (COPD) and allied con-
ditions; (11) severe liver disease; (12) pancreatitis; (13) 
end-stage renal disease (ESRD); (14) acute kidney disease 
(AKD); and (15) all-cause mortality.
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The ICD-9-CM diagnostic codes used to identify all 
outcomes and the disease definition are listed in supple-
mentary Table 2.

Baseline characteristics
The baseline characteristics included age, sex, Charl-
son’s comorbidity index (CCI) [36], the latest vaccination 
status, and drug prescription before the index date. The 
definition of Charlson Comorbidities and other baseline 
characteristics were listed in the supplementary Table 2.

Statistical analysis
Fine and stratification weights were applied to adjust 
the selection bias among control groups and differ-
ent severity groups. As an extension method based on 
the propensity score stratification, this method can cre-
ate the fine stratum using the propensity score on the 
basis of the fixed quantiles so that the extreme weights 
can be avoided when there is any skewed distribution of 
propensity score or low exposure prevalence. The fine 
stratification weights were conducted with 50th quan-
tile categories of propensity score based on age, sex, CCI 
score, and the latest dose status. For acute and post-acute 
phases, the incidence rates and their corresponding 95% 
confidence intervals (CIs) were assessed on the basis of 
their Poisson distribution. The standardized mean differ-
ence (SMD) among the four groups (unexposed, mildly–
moderately exposed group, severely exposed group, and 
critically exposed group) of < 0.1 was deemed as sufficient 
balance. The participants with a history of each outcome 
were excluded from the corresponding analysis. Cox pro-
portional hazard regression was conducted to evaluate 
the association between severity and outcomes compared 
to the unexposed group.

Subgroup analyses stratifying patients based on sex 
(female and male) and the latest vaccination status (< 2 
doses, ≥ 2 doses) were employed. Two sensitivity analyses 
were performed: (1) defined the index date as 7 days after 
COVID-19 infection and possible ICU admission for the 
analysis in the acute phase and (2) the Bonferroni correc-
tion was conducted to counteract the multiple compari-
sons problem. All analyses were performed by R version 
4.1.2 (R Foundation for Statistical Computing, Vienna, 
Austria). Two-tailed tests were employed for all analyses 
in this study, and results with a p-value < 0.05 were con-
sidered as statistically significant.

Results 
Figure  1 and Table  1  summarizes the selection of par-
ticipants stratified into three groups by initial disease 
severity based on the selected clinical parameters. After 
subsequent sub-grouping by age into those aged (1) ≤ 40, 
(2) between 40 and 65, and (3) aged ≥ 65, the final 

cohort of patients for conducting the analysis included 
a total of (n = 286,114), (n = 320,304), and (n = 194,227) 
patients with mild–moderate COVID-19 infection; 
(n = 18,419), (n = 23,678), and (n = 31,505) patients with 
severe COVID-19 infection; (n = 1168), (n = 2261), and 
(n = 10,178) patients with critical COVID-19 infec-
tion as well as (n = 1,143,510), (n = 1,369,365), and 
(n = 1,012,177) uninfected people, respectively. Table  2 
summarizes the baseline characteristics with SMD after 
weighting, while before weighting is listed in supplemen-
tary Table  3. The SMD for most of the characteristics 
among the four groups was < 0.1, indicating a good bal-
ance in all characteristics between subgroups.

Acute phase
Figure  1 depicts the incidence rates and hazard ratios 
(HRs) of each of the disease outcomes for each patient 
group by initial disease severity sub-grouped by age. In 
general, in the acute phase of infection, patients classi-
fied as mild–moderate severity were associated with the 
lowest risk of developing disease outcomes and mortality, 
progressively increasing in those classified as the severely 
exposed group and critically exposed group, with the 
highest risks associated with the latter. Moreover, an 
overall additional trend of graded increase in risk associ-
ated with disease outcomes and mortality with increasing 
age was observed upon comparing the risks in the sub-
groupings by age.

Specifically, patients aged ≤ 40 classified as mildly–
moderately exposed group showed largely insignificant 
risks for most of the outcomes and mortality, barring the 
cardiovascular outcome of CHD (HR: 9.4(1.9, 47.2)) and 
respiratory disease outcomes of COPD and allied con-
ditions (HR: 5.3(2.3, 12.2)) than the unexposed group. 
Meanwhile, the severely exposed group in this age group 
showed a substantial increase in risk associated with the 
aforementioned outcomes (HR(COPD): 7.1(0.9, 55.4)) 
and an additional risk associated with more cardiovascu-
lar outcomes (HR (carditis): 11.2(1.4,90.7); HR (stroke): 
9.4(1.9, 47.2)) and all-cause mortality (HR: 25.7(15.1, 
43.7)). However, those classified as the critically exposed 
group were associated with the highest risk of mortal-
ity (HR: 296.7(161.0, 546.9)) and at substantially higher 
risks of several cardiovascular outcomes, including 
major CVD (HR: 333.5(111.0, 1002.6)) and carditis (HR: 
28.5(3.5, 231.5)); and renal outcomes (HR (acute kidney 
disease): 575.6(52.5, 6308.4); HR(ESRD): 1492.8(112.3, 
19,843.6)).

Similarly, in those aged between 40 and 65, although 
the mildly–moderately exposed group were associated 
with increased risks of certain cardiovascular and throm-
botic outcomes (HR (major CVD): 2.0(95%CI: 1.6, 2.4); 
HR(DVT): 5.1(95%CI: 1.4, 18.9); HR(ACS): 1.6(95%CI: 
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1.1, 2.3)) than the unexposed group, these were far 
lower than the severely and critically exposed groups. 
The severely exposed group showed an increase in risk 
of these aforementioned outcomes (HR (major CVD): 
6.3(95%CI: 4.3, 9.2); HR(DVT): 13.0(95%CI: 1.5, 111.4); 
HR (ACS): 5.0(95%CI: 2.6, 9.6)), and an additional risk of 
AF (HR: 6.0(95%CI: 1.9, 18.6)) than the unexposed group. 
The critically exposed group was again associated with 
the highest risks for these outcomes in this age group, 
notably cardiovascular outcomes like major CVD (HR: 

88.9(95%CI: 58.0, 136.0)) and ACS (HR: 72.7(95%CI: 36.0, 
146.8)).

However, in the elderly cohort comprising patients 
aged > 65, significantly higher risks were observed in 
most outcomes of interest regardless of the severity of 
COVID-19 infection, although the risks increased in a 
graded fashion by severity. Notably, increased risks were 
associated with cardiovascular outcomes like major CVD 
(HR(mild–moderate): 3.2 (95%CI: 2.8, 3.7); HR(severe): 
7.9(95%CI: 6.5, 9.7); HR(critical): 26.3(95%CI: 19.3, 

Fig. 1 Hazard ratio of acute COVID-19 composite outcomes compared to the control groups in different COVID-19 severity populations
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Table 2 Baseline characteristics of patients after weighting (acute phase)

Characteristics Non‑COVID‑19 group Mild Severe Critical SMD

Age ≤ 40 N = 1,143,510 N = 286,114 N = 18,419 N = 1168

Age, years (mean (SD)) 1,143,510 286,114 18,419 1168

Sex, male (%) 25.34 (10.53) 25.35 (10.49) 24.80 (10.86) 25.49 (10.91) 0.03

Charlson Comorbidity Index (mean (SD)) 539,875 (47.2) 136,109 (47.6) 8887 (48.3) 547 (46.9) 0.02

Renin-angiotensin system agents (%) 0.04 (0.27) 0.04 (0.27) 0.05 (0.32) 0.07 (0.43) 0.05

Beta blockers (%) 7578 (0.7) 2080 (0.7) 158 (0.9) 11 (1.0) 0.02

Calcium channel blockers (%) 7874 (0.7) 2080 (0.7) 164 (0.9) 9 (0.8) 0.01

Diuretics (%) 8530 (0.7) 2310 (0.8) 152 (0.8) 12 (1.1) 0.02

Nitrates (%) 1424 (0.1) 387 (0.1) 37 (0.2) 5 (0.4) 0.03

Lipid lowering agents (%) 350 (0.0) 101 (0.0) 5 (0.0) 1 (0.1) 0.02

Insulins (%) 6310 (0.6) 1717 (0.6) 118 (0.6) 10 (0.9) 0.02

Antidiabetic drugs (%) 2329 (0.2) 632 (0.2) 38 (0.2) 3 (0.3) 0.01

Oral anticoagulants (%) 5776 (0.5) 1566 (0.5) 114 (0.6) 8 (0.7) 0.02

Antiplatelets (%) 532 (0.0) 141 (0.0) 10 (0.1) 1 (0.2) 0.02

Immunosuppressants (%) 2259 (0.2) 628 (0.2) 41 (0.2) 6 (0.5) 0.03

Dose status (%) 3087 (0.3) 820 (0.3) 58 (0.3) 5 (0.5) 0.02

 0 0.04

 1 229,394 (20.1) 57,433 (20.1) 3673 (19.9) 209 (17.9)

 2 132,848 (11.6) 34,555 (12.1) 2176 (11.8) 133 (11.4)

 3 505,370 (44.2) 123,830 (43.3) 8120 (44.1) 537 (46.0)

40 < age < 65 N = 1,369,365 N = 320,304 N = 23,678 N = 2261

Age, years (mean (SD)) 53.57 (6.93) 53.64 (6.95) 53.55 (6.84) 53.36 (7.10) 0.02

Sex, male (%) 575,618 (42.0) 134,489 (42.0) 9724 (41.1) 944 (41.7) 0.01

Charlson Comorbidity Index (mean (SD)) 1.19 (1.13) 1.20 (1.16) 1.21 (1.22) 1.27 (1.25) 0.04

Renin-angiotensin system agents (%) 157,075 (11.5) 37,411 (11.7) 2792 (11.8) 270 (12.0) 0.01

Beta blockers (%) 93,585 (6.8) 22,396 (7.0) 1663 (7.0) 136 (6.0) 0.02

Calcium channel blockers (%) 215,501 (15.7) 51,135 (16.0) 3779 (16.0) 336 (14.9) 0.02

Diuretics (%) 22,933 (1.7) 5594 (1.7) 399 (1.7) 37 (1.6) 0.00

Nitrates (%) 16,294 (1.2) 3914 (1.2) 280 (1.2) 29 (1.3) 0.01

Lipid lowering agents (%) 215,854 (15.8) 51,415 (16.1) 3875 (16.4) 380 (16.8) 0.02

Insulins (%) 17,897 (1.3) 4326 (1.4) 304 (1.3) 34 (1.5) 0.01

Antidiabetic drugs (%) 124,166 (9.1) 29,528 (9.2) 2211 (9.3) 244 (10.8) 0.03

Oral anticoagulants (%) 5469 (0.4) 1317 (0.4) 105 (0.4) 9 (0.4) 0.01

Antiplatelets (%) 63,500 (4.6) 15,258 (4.8) 1111 (4.7) 99 (4.4) 0.01

Immunosuppressants (%) 7434 (0.5) 1793 (0.6) 132 (0.6) 19 (0.8) 0.02

Dose status (%) 0.04

 0 143,746 (10.5) 33,797 (10.6) 2393 (10.1) 193 (8.5)

 1 89,218 (6.5) 21,089 (6.6) 1564 (6.6) 156 (6.9)

 2 533,449 (39.0) 125,354 (39.1) 9135 (38.6) 897 (39.7)

 3 602,952 (44.0) 140,064 (43.7) 10,586 (44.7) 1015 (44.9)

Age ≥ 65 N = 1,012,177 N = 194,227 N = 31,505 N = 10,178

Age, years (mean (SD)) 74.83 (8.01) 74.92 (8.41) 74.64 (8.32) 74.66 (8.32) 0.02

Sex, male (%) 470,941 (46.5) 90,380 (46.5) 14,914 (47.3) 4798 (47.1) 0.01

Charlson Comorbidity Index (mean (SD)) 3.64 (1.53) 3.66 (1.58) 3.68 (1.52) 3.78 (1.55) 0.05

Renin-angiotensin-system agents (%) 297,828 (29.4) 58,251 (30.0) 9564 (30.4) 3413 (33.5) 0.05

Beta blockers (%) 192,042 (19.0) 37,633 (19.4) 6222 (19.8) 2175 (21.4) 0.03

Calcium channel blockers (%) 428,164 (42.3) 83,417 (42.9) 13,496 (42.8) 4503 (44.2) 0.02

Diuretics (%) 75,840 (7.5) 15,252 (7.9) 2375 (7.5) 910 (8.9) 0.03

Nitrates (%) 56,027 (5.5) 11,198 (5.8) 1872 (5.9) 615 (6.0) 0.01
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36.0)) and DVT (HR (mild–moderate): 5.5(95%CI: 
2.7,11.1); HR (severe): 12.5(95%CI: 5.3, 29.6); HR (criti-
cal): 38.3(95%CI: 13.1, 112.3)); respiratory outcomes like 
COPD (HR (mild–moderate): 4.4(95%CI: 2.8, 6.9); HR 
(severe): 5.9(95%CI: 3.0, 11.7); HR (critical): 12.6(95%CI: 
4.2, 37.6)); renal and hepatic outcomes like severe liver 
disease (HR(mild–moderate): 6.0 (95%CI: 2.4, 15.3); 
HR(severe): 8.2 (95%CI: 2.1, 31.2); HR(critical): 17.5 
(2.9, 104.2)), acute kidney disease (HR(mild–moder-
ate): 3.7 (95%CI: 2.5, 5.5); HR(severe): 8.8 (95%CI: 5.4, 
14.4); HR(critical): 41.0(95%CI: 19.7,85.0)) and ESRD 
(HR(mild–moderate): 2.9(95%CI: 1.1, 7.7); HR(severe): 
10.2(95%CI: 3.9,26.6); HR(critical): 21.7(95%CI: 8.9, 
53.2)); and all-cause mortality (HR(mild–moderate): 4.8 
(95%CI: 4.6, 5.1); HR (severe): 15.8 (95%CI: 15.0, 16.7); 
HR (critical): 52.2 (95%CI: 48.4, 56.4)). The results for the 
sensitivity analysis (by defining the index date as seven 
days after COVID-19 infection and possible ICU admis-
sion) in the acute phase were mainly consistent with the 
main analysis.

Post‑acute phase
The incidence rate and HR of the outcomes in this phase 
among patients with and without COVID-19 infec-
tion is depicted in Table 3 and Fig. 2. The increased risk 
associated with most of the outcomes observed in the 
mildly–moderately and severely exposed groups aged 
under 65  years were insignificant; although participants 
in the severely exposed group aged under 65 were associ-
ated with significantly higher risks of all-cause mortality 
(HR (aged ≤ 40): 2.0(95%CI: 1.1,3.9); HR (40 < aged < 65): 
3.1(95%CI: 2.6,3.6)) after COVID-19 infection in the long 
term.

In those aged under 65, the critically exposed group 
was affected by COVID-19 infection severely and was 
more likely to develop the cardiovascular outcome of 

carditis (HR (aged ≤ 40): 17.0 (95%CI: 2.4,122.8); HR 
(40 < aged < 65): 29.9 (95%CI: 7.5,119.5)), and all-cause 
mortality (HR (aged ≤ 40): 15.1 (95%CI: 5.7,39.9); HR 
(40 < aged < 65): 9.9 (95%CI: 7.0,14.0)).

In the elderly cohort (age ≥ 65), irrespective of the 
degree of severity, patients with COVID-19 infection 
were associated with significantly higher risks of most 
of the outcomes compared to the unexposed group. 
Particularly, increasing risks were observed with higher 
initial disease severity, including heart failure (HR (mild–
moderate): 1.5 (95%CI: 1.4,1.7), HR (severe): 2.4 (95%CI: 
2.0,2.9), HR (critical): 2.4 (95%CI: 1.7,3.4)), DVT (HR 
(mild): 1.7 (95%CI: 1.2,2.3), HR (severe): 2.3 (95%CI: 
1.4,3.9), HR (critical): 7.5 (95%CI: 2.6,21.7)), and all-cause 
mortality (HR (mild): 1.5 (95%CI: 1.5,1.6), HR (severe): 
3.1 (95%CI: 2.9,3.3), HR (critical): 5.8 (95%CI: 5.3,6.5)).

The subgroup analyses showed a higher increase in 
risks associated with COVID-19 sequelae among female 
patients. Further, fully vaccinated patients were observed 
to have a lower risk of sequelae compared to those 
patients with less than two doses of vaccination (Supple-
mentary 5–12).

After conducting Bonferroni correction, using Bonfer-
roni-corrected α as 0.001 and based on the p-value from 
Supplementary tables  14 and 15, the family-wise error 
rate is reduced from 10% to 4.4%. Almost all the false 
hypotheses continue to be rejected significantly based on 
the Bonferroni-corrected α and the increased risk of mul-
tiple different disease outcomes maintained in both the 
acute and post-acute phases, with increasing severity of 
initial COVID-19 illness, especially among the elderly.

Discussion
Previously, in addition to respiratory complications, clini-
cal and longitudinal studies have identified complica-
tions in COVID-19 patients post infection (acute phase), 
including cardiovascular, neurological, gastrointestinal, 

Table 2 (continued)

Characteristics Non‑COVID‑19 group Mild Severe Critical SMD

Lipid lowering agents (%) 444,266 (43.9) 86,571 (44.6) 14,385 (45.7) 4973 (48.9) 0.05

Insulins (%) 35,643 (3.5) 7137 (3.7) 1122 (3.6) 465 (4.6) 0.03

Antidiabetic drugs (%) 222,778 (22.0) 43,493 (22.4) 7332 (23.3) 2617 (25.7) 0.05

Oral anticoagulants (%) 33,968 (3.4) 6801 (3.5) 1112 (3.5) 469 (4.6) 0.03

Antiplatelets (%) 196,053 (19.4) 38,780 (20.0) 6221 (19.7) 1976 (19.4) 0.01

Immunosuppressants (%) 5230 (0.5) 1048 (0.5) 186 (0.6) 82 (0.8) 0.02

Dose status (%) 0.04

 0 202,958 (20.1) 39,993 (20.6) 6039 (19.2) 1904 (18.7)

 1 134,651 (13.3) 26,209 (13.5) 4274 (13.6) 1325 (13.0)

 2 348,723 (34.5) 66,031 (34.0) 11,285 (35.8) 3566 (35.0)

 3 325,845 (32.2) 61,994 (31.9) 9908 (31.4) 3382 (33.2)
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renal, and hepatic disease conditions [37, 38]. Over time, 
these symptoms may persist and develop into a variety 
of multi-organ sequelae in the long-term (post-acute 
phase). Hence, a comprehensive list of such probable 
disease outcomes affecting different organs was identi-
fied and analyzed spanning both phases of infection in 
the same cohort of patients, stratified by initial disease 
severity using clinical parameters like viral load and 
hospitalization/oxygen support records, as well as the 

biomarkers—CRP and D-dimer—in this study. Overall, 
the findings from this study reveal a significant increase 
in incident risks associated with several disease compli-
cations in infected patients (exposed group), particularly 
those identified with severe and critical initial severity 
of infection and aged > 40, compared to those without 
COVID-19 (potentially contributing to the substantially 
higher risks of all-cause mortality—found to be associ-
ated with infected patients in both phases of infection). 

Fig. 2 Hazard ratio of post-acute COVID-19 composite outcomes compared to the control groups in different COVID-19 severity populations
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A general trend tending towards a progressive increase 
in these risks in an exposure–response relationship man-
ner with increasing initial disease severity (from mild–
moderate to severe and critical) and advancing age (from 
age ≤ 40 to between 40–65 and > 65) was also identified. 
However, the findings in that older and severer patients 
were associated with higher risks of several diseases’ 
complications might also apply to other respiratory infec-
tions other than COVID-19. Notably, patients identi-
fied with “mild–moderate” disease severity based on the 
selection criteria, were associated with either insignifi-
cant risks (observed in patients aged ≤ 40) or the lowest 
risks (in those aged > 40) for the disease outcomes in the 
acute phase of infection; while in the post-acute phase, 
these risks were largely insignificant in those aged < 65, 
remaining significant only in the elderly (age ≥ 65). In 
accordance to a previous study on the persistence in the 
risk of PASC between patients of different vaccination 
statuses [39], fully vaccinated patients were observed to 
have a lower risk of sequelae compared to those patients 
with less than two doses of vaccination overall.

The findings from this study are strengthened by being 
consistent with prior findings. Initially, several independ-
ent clinical studies observed elevated levels of D-dimer 
and CRP (independently as well as in combination with 
other biomarkers) in hospitalized and/or critically ill 
COVID-19 patients linked with hyperinflammation [40]; 
later found to be associated with increased hospitaliza-
tion risk (linked to the severity of infection) and/or mor-
tality risk in such patients. While evidence of a direct 
relationship of viral load with severe COVID-19 infection 
is inconsistent, previous studies reported higher viral 
loads to be associated with older age and increased mor-
tality risk [41]. Given that advancing age is also well rec-
ognized as a risk factor for severe COVID-19 infection, 
poor prognosis, and is associated with the development 
of multi-organ sequelae post infection, a narrative review 
hypothesized the possibility of a mechanistic relation-
ship linking increased COVID-19 severity and mortality 
risk with higher viral loads based on clinical studies [41]. 
Another review highlighted higher viral load as an inde-
pendent predictor of disease severity and its association 
with higher levels of inflammatory immune biomark-
ers including CRP and D-dimer based on immunologi-
cal studies [42]. Further, some studies found that patient 
groups with higher prevalence of severe COVID-19 
infection demonstrated elevated D-dimer and CRP lev-
els. Indeed, a meta-analysis evaluating a pool of 15,000 
patients identified from 29 independent clinical studies 
demonstrated that diabetic COVID-19 patients showed 
higher levels of CRP (SMD 0.41 mg/L, 95% CI (0.21–0.60) 
mg/L) and concentration of D-Dimer (SMD 0.32  mg/L, 
95% CI (0.17–0.47) mg/L) than the non-diabetic patients 

[43]. In addition, higher serum CRP and D-Dimer levels 
were correlated positively with increasing age of COVID-
19 patients by the same study.  Since diabetes is also 
associated with increasing risk of COVID-19-associated 
disease outcomes and mortality [44], altogether, these 
findings substantiate the overall conclusion drawn from 
this study that COVID-19 patient groups prone to more 
severe infection are more likely to develop disease out-
comes/mortality and can be identified by elevated levels 
of CRP and D-dimer and higher viral loads to be classi-
fied into a high-risk patient group. In fact, a recent study 
reported CRP to be the best at discriminating between 
severe and non-severe COVID-19 compared to various 
other hyperinflammatory biomarkers [45]. The same 
findings held true even in an outpatient setting and in 
the post-acute phase of infection, illustrated by an exam-
ple of a cross-sectional study of ~ 400 COVID-19-diag-
nosed patients treated as outpatients reporting elevated 
levels of D-dimer in 15% of participants (tending to be 
older in age) even after a median of 255 days post initial 
infection [46]. Based on a multivariable logistic regres-
sion analysis, this cross-sectional study also identified 
a significant positive association between the CRP and 
D-dimer levels (13% of patients with elevated D-dimer 
presented concomitantly with abnormal CRP levels), 
supporting the usage of these two clinical parameters to 
stratify COVID-19 infected patients in the present study. 
Indeed, a few prior studies have attempted to use clini-
cal parameters to predict the risk of disease progression 
and evaluated the risks associated with the development 
of certain outcomes. A multi-center cohort study enroll-
ing 239 COVID-19 patients observed disease progression 
in ~ 40% of the patients in the hospital, identifying CRP 
levels > median value of (OR, 2.25; 95% C.I., 1.02–4.99) 
as an independent risk factor for progression [47]. These 
patients were found to be associated with higher risks 
of developing acute kidney injury, cardiac injury, res-
piratory failure, ARDS, and death, in addition to facing 
longer hospital stay and reduction in viral load (conver-
sion to CT value < 30), compared to those without disease 
progression [47]. Another single-center, retrospective, 
cohort review study of 100 hospitalized patients identi-
fied elevated D-dimer at different cutoff values to be 
associated with predicting in-hospital mortality and risk 
of developing acute kidney injury in infected patients 
[48].

While the exact pathophysiology and manifestation 
of COVID-19 in both phases of infection is not com-
pletely understood, several lines of probable mechanism 
have been proposed and summarized by previous nar-
rative reviews [4, 5]. Briefly, viral-induced organ damage 
mediated via initial viral entry through the interaction of 
SARS-CoV-2 with the angiotensin-converting enzyme 
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2 (ACE2) receptor found to be highly expressed in 
the lungs, heart, gastrointestinal tract, central/nerv-
ous system, and pancreas [49–51] is believed to be a 
major mechanism for leading to dysfunction of multi-
ple different organs during the acute phase of infection. 
Whereas, for the post-acute phase, viral persistence due 
to the formation of “reservoirs” of viral remnants and the 
virus itself in ACE-2-expressing organs (including those 
already infected during the initial acute phase of the 
disease), leading to prolonged inflammation inciting an 
abnormal immunological response of excessive cytokines 
and pro-inflammatory molecules secretion is believed to 
be one of the leading mechanisms attributed to the devel-
opment of COVID-19-associated disease outcomes. Fur-
ther, the development of microthrombi in the systemic 
vasculature enhancing abnormal pro-coagulation in the 
acute phase [52, 53] may contribute to thrombotic com-
plications such as stroke and DVT and also lead to cer-
ebral infarctions affecting the blood–brain barrier and 
oxygen supply, possibly resulting in seizures, as observed 
in this study [54]. Altogether, this may explain why clini-
cal biomarkers such as CRP and D-dimer are good pre-
dictors of COVID-19-associated disease progression and 
complications, since these proteins are rapidly secreted 
in response to infections within hours, as part of estab-
lishing a systemic inflammatory state to trigger host 
immune response [55, 56]. Although the exact underlying 
pathophysiological mechanisms linking these biomark-
ers specifically to manifestation of severe COVID-19 
and associated mortality remain poorly understood, it 
is known that elevated levels of CRP (synthesized by the 
liver and mediated by the cytokine interleukin 6 (IL-6)) 
are commonly triggered by severe infections, tissue/
organ injury, autoimmune conditions, and cardiovascular 
events (especially pericarditis) [57]; while elevated levels 
of D-dimer (present in the blood as a small protein frag-
ment of fibrin degraded during dissolving of a thrombus) 
reflect active coagulation, vascular endothelial damage, 
and/or fibrinolytic processes [58, 59].

There are several strengths underlying strengths in this 
study. Firstly, a short- and long-term follow-up in the 
same patient cohort allowed monitoring of the develop-
ment of an extensive list of multiple pre-specified differ-
ent disease outcomes over 28 months, and the dynamic 
changes in the associated risks, giving an insight into 
the manifestation of COVID-19 infection over time. 
Secondly, incorporating the use of established clinical 
parameters including biomarkers and viral load to define 
the levels of severity of infection (rather than relying on 
hospitalization/oxygen support records as a proxy subject 
to biases in hospital bed/treatment availability) increases 
the accuracy of the findings and provides a biological 
context for interpreting the results. Nevertheless, some 

limitations still remain. Firstly, being an observational 
study, only the association between COVID-19 infec-
tion and risks for the specific disease outcomes can be 
established, rather than causality. Secondly, owing to the 
limited sample size of the severely and critically COVID-
19 exposed group, especially younger patients, further 
analysis in future studies is warranted. Thirdly, since the 
exposed group was distinguished from the unexposed 
group based on the latter not having a positive COVID-
19 PCR test result and/or not being hospitalized with a 
COVID-19-related diagnosis admission code, the possi-
bility of asymptomatic, undiagnosed COVID-19-infected 
individuals being included in the control group and/or 
excluded from recruitment into the COVID-19 patient 
cohort still remains; however, this should only bias the 
results towards the null. Besides, although the sever-
ity criteria were carefully deliberated based on a litera-
ture review, using the single indicator might introduce 
bias caused by misclassification. Hence, further study 
is needed for precisely identifying the severity criteria. 
Moreover, indication or detection bias might arise, lead-
ing to the possible under-reporting of existing conditions 
before receiving a diagnosis of COVID-19. Lastly, risks 
of certain complications may not have reached statisti-
cal significance stemming from the inherent rarity of the 
outcome and consequent low prevalence in COVID-19 
patients, resulting in low event rates and high confidence 
intervals.

Conclusions
The risk of disease outcomes increased significantly in 
an exposure–response relationship manner with increas-
ing severity of acute COVID-19 illness in both acute and 
post-acute phases. Future studies are warranted to vali-
date these findings by considering more clinical param-
eters to stratify COVID-19 patients by initial disease 
severity and analyzing risks associated with COVID-
19-related disease outcomes in other populations with 
larger cohorts. In addition, future studies may benefit 
from the risk stratification of patients based on clearly 
defined and universally accepted cutoff threshold levels 
for clinical parameters especially biomarkers based on 
biological evidence from immunological studies.
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