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Primary increases the risk of adverse cardiovascular and kidney events. The impact of COVID-19 on pa-
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Critical care; This study aimed to investigate the impact of COVID-19 on patients with PA and compare
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Results: Patients with PA had a higher risk of critical outcomes than the hypertensive control
group (adjusted hazard ratio [aHR] 1.14, p = 0.001). Moreover, they had higher risks of MACE
(aHR 1.32, p < 0.001) and MAKE (aHR 1.36, p < 0.001) for up to 180 days after COVID-19. The
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analysis of the aHR as a horizon plot after discharge showed that patients with pre-existing PA
and COVID-19 had the highest risk of critical outcomes at 7 months (aHR = 1.21), MACE
(aHR = 1.35) at 9 months, and MAKE (aHR = 1.47) at 10 months compared to those with EH.
Conclusions: This study provides a comprehensive analysis of the cardiovascular impact of the
COVID-19 pandemic on individuals with PA. The findings underscore the increased risk of mor-
tality, critical care, MACE, and MAKE among patients with PA and COVID-19. The study high-
lights the need for continued optimization of strategies for follow-up care for patients with
PA after SARS-CoV-2 infections.
Copyright © 2023, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

Introduction

Dealing with coronavirus disease 2019 (COVID-19) focused
medical attention on several sensitive population groups. In
addition to viral pneumonia, COVID-19 can also cause extra-
pulmonary complications, such as cardiovascular, kidney or
cerebrovascular diseases.’”> According to a recent meta-
analysis, patients with hypertension are at a higher risk for
mortality and severity of COVID-19, with pooled risk ratios
of 1.80 and 1.780, respectively.® Especially, the renin-
angiotensin-aldosterone system (RAAS), a metabolic
cascade modulating pressure and circulating blood volume,
has been considered the main system involved in the path-
ogenesis of severe lung and organ injury in COVID-19 pa-
tients.*> The virus SARS-CoV-2 responsible for the COVID-19
uses an important renin-angiotensin system (RAS) element-
angiotensin-converting enzyme 2 (ACE2)-as a receptor pro-
tein for entry into target cells and, in consequence, disturbs
the function of the main (circulating) renin-angiotensin-
aldosterone system (RAAS) and the local renin-angiotensin
system in various tissues and organs.® Currently, there are
no reports on the clinical outcomes of patients with endo-
crine hypertension, particularly those with primary aldo-
steronism (PA), after contracting COVID-19. Along with its
regulatory role in body fluid and electrolyte balance, pro-
longed exposure to hyperaldosteronism can lead to cardiac
and kidney injuries independent of high blood pressure
levels.” Patients with PA have been reported to be at a higher
risk of cardiovascular events across multiple organs, which is
more severe when compared to patients with essential hy-
pertension (EH) who have similar blood pressure levels.?'°

A comprehensive assessment of post-acute COVID-19
sequelae targeting organs affected in PA patients is
currently not available. Furthermore, there is a lack of
studies comparing post-acute COVID-19 sequelae between
patients with PA and those with EH.

Here, we aimed to investigate the subsequent critical
admission and cardiovascular and kidney outcomes in
COVID-19 survivors after SARS-CoV-2 based on a collabora-
tion among 76 healthcare organizations (HCOs) in the Tri-
NetX Research Network.

Methods
Data sources and study population

This retrospective, observational cohort study was con-
ducted using the TriNetX research network, a global
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federated administrative database with real-time updates
of electronic medical records (EMRs). It holds data from 76
HCOs, totaling 85 million patients across seven countries,
with the majority of centers based in the United States.
Other participating countries are Germany, the United
Kingdom, Italy, Taiwan, Singapore and Israel,'" which holds
the largest global COVID-19 dataset.

A detailed description of the database is provided in the
paper by Topaloglu et al. and can be found at the website:
https://trinetx.com/company-overview/(eMethods in the
Supplement).!

The index date for these patients was set as the date of
their positive PCR test. Additionally, only the most recent
laboratory values from the index date within the desig-
nated time frame were analyzed.

Among them, we used a validated algorithm to detect
patients with PA, recruiting only patients aged >18 years
old (10th International Classification of Diseases (ICD-10)
code: E26.0) (Supplemental Fig. 1)."> We also intended to
find an algorithm with a high positive predictive value, and
enrolled only PA patients who ever used mineralocorticoid
receptor antagonist (MRA) at index time (belonging to the
ATC class C03D, RXNORM:9997/298869, VA Class Code:
CV704) because our main study aim was to construct a
reliable PA sample according to our validation.'” Patients
who had ever been diagnosed with Bartter’s syndrome,
secondary hyperaldosteronism, end-stage kidney disease
were excluded. In this study, we utilized a control group
composed of hypertensive patients who tested positive for
COVID-19 but did not have hyperaldosteronism. To increase
the specificity of our findings, patients who received
ventilator support, chronic dialysis, or adrenalectomy prior
to the index date were excluded from the analysis. Our
analysis incorporated additional covariates and identified
algorithmically from extensive data sources encompassing
diagnoses, medications, and laboratory test results, to
supplement our pre-defined covariates.

The data utilized in this study was secured in January
2023, and the study period spanned from January 2020 to
July 31st, 2022, with a follow-up period until January 31st
2023. The inclusion of algorithmically identified covariates
enhances the statistical power of our analysis, contributing
to a more comprehensive understanding of the relationship
between COVID-19 and hyperaldosteronism.

Ethical statement

The TriNetX platform is acquiescent of the Health Insurance
Portability & Accountability Act and General Data Protec-
tion Regulation. The Institutional Review Board has granted
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TriNetX a waiver of informed consent since this platform
only aggregated counts and statistical results of de-identi-
fied information. The analysis of TriNetX for the current
study was approved under the authority of the Institutional
Review Board of Chi-Mei Hospital (No: 11202—002).

Cohort

A flowchart of the cohort construction from the 9,817,307
participants enrolled between 1st January 2020 and 31st
July 2022 is provided in Fig. 1, with those who tested pos-
itive for PCR marked. Of this cohort, 8080 had a diagnosis of
hyperaldosteronism, while the remaining 701,714 did not.

Prespecified outcomes

The primary focus of our investigation centered on critical
care and all-cause mortality as the key indicators at 6
months after COVID-19. Meanwhile, we also delved into
secondary outcomes, namely major adverse cardiac events
(MACE) and major adverse kidney events (MAKE). For a
comprehensive understanding, MACE encompassed acute
myocardial infarction, cardiac arrest, ventricular tachy-
cardia, cerebral infarction, cerebral hemorrhage, heart
failure, and mortality within 180 days of the initial COVID-
19 diagnosis.

To ensure a robust analysis and prevent any biases, we
took several steps. First, we included all-cause mortality
and admission to critical care units as part of our secondary
outcomes. Additionally, MAKE comprised incident renal
replacement treatment, kidney functional progression,
acute kidney injury, and mortality. To mitigate the poten-
tial impact of protopathic or ascertainment biases, we
meticulously excluded any occurrences of secondary out-
comes before the index date. We also conducted propensity
score matching (PSM) multiple times, enhancing the reli-
ability of our findings. (See Supplementary Table).

Statistical analyses

Student’s t-tests and chi-squared tests were used to
compare the PA patients and those identified to have EH.
The built-in TriNetX function was employed for this purpose.
In the Demographics category, patients were matched based
on age at Index, gender, and ethnicity (not Hispanic or
Latino). In the Diagnosis category, patients were matched
on overweight/obesity, diabetes mellitus, ischemic heart
disease, cerebrovascular disease, dementia, other chronic
obstructive pulmonary disease, diseases of the liver, peptic
ulcer, malignancy/lymphoma, chronic obstructive pulmo-
nary disease, and autoimmune diseases. In the Medication
category, patients were matched on antihypertensive drugs,
statins, and aspirin. In the Laboratory category, patients
were matched on serum creatinine level, body mass index
(BMI), systolic blood pressure, diastolic blood pressure,
cholesterol levels (LDL), and glucose levels. After propensity
score matching was conducted with a 1:1 sampling ratio
between PA and EH patients, standardized mean differences
(SMDs) less than 0.2 indicated that they were well-
matched.”® Adjusted hazard ratios (aHRs) were used to
evaluate the outcomes of interest; Cox proportional hazard
models were employed to calculate HRs and assess propor-
tionality. The generalized Schoenfeld approach built into
the TriNetX network was used to test for proportional haz-
ard assumptions; Kaplan—Meier methods were used to

calculate survival probabilities. A two-sided p-value <0.05
was considered statistically significant.

Results
Patient characteristics

During the study period, there were a total of 9,817,307
patients who tested positive for SARS-CoV-2 via PCR. After
excluding patients with PA, with secondary hypertension,
such as those with Bartter’s syndrome, end-stage renal
disease, and those who had ever been on a ventilator or
undergone adrenalectomy before the index date, 4822
patients with PA (mean age 63.0 years, 44.6% men) and
614,543 EH controls (mean age 59.7 years, 44.5% men) were
enrolled based on our diagnosis algorithm due to their first
positive PCR test for COVID-19 (Fig. 1). After propensity
score matching, there were 4814 patients with PA (mean
age 63.0 years, 44.6% men) and 4814 hypertensive patients
(mean age 63.4 years, 45.1% men) as controls (Table 1).

Critical care
Within 180 days of follow-up after COVID-19, 1269 (26.4%)
patients with PA and 1143 (23.7%) patients with pre-existing
EH had critical outcomes (p = 0.013). Furthermore, the PA
group had a higher all-cause mortality rate (19.4% vs.
16.6%, p = 0.001) [adjusted hazard ratio (aHR), 1.21 (95%
Cl = 1.10-1.32, p < 0.001)] compared to the EH group
after COVID-19.

The hazard ratio test revealed an aHR of 1.17 (95%
Cl =1.02—-1.35, p = 0.021), indicating that PA patients had a
greater risk of critical outcomes than EH patients (Fig. 2A).

Incidence of MACE

After excluding records of prior myocardial infarction,
stroke, or heart failure before the index date, we further
analyzed the risk of incident MACE in two groups: 3510
patients with PA and 3510 patients with EH. Results showed
that 1150 (32.8%) patients with PA and 706 (20.1%) patients
with EH experienced MACE within 180 days after contract-
ing COVID-19 (sTable 2). The Kaplan-Meier survival analysis
demonstrated a significant difference in the probability of
MACE between the two groups (log-rank test, p < 0.001;
Fig. 2B). Furthermore, patients with PA had a higher risk of
MACE with an aHR of 1.32 (95% Cl, 1.12—1.54; p < 0.001)
compared to those with EH. (sTable 3, Fig. 2B).

Incidence of MAKE

Following the exclusion of patients with incident AKI prior
to the index date, 3373 patients with PA and 3373 with EH
were analyzed. Of the two groups, 394 (11.7%) patients
with PA and 289 (8.76%) patients with EH developed inci-
dent MAKE within 180 days after the first occurrence of the
COVID-19 positive event (p = 0.001) (sTable 3). The Kaplan-
Meier survival analysis revealed a statistically significant
difference in probability between the two groups (log-rank
test p < 0.001). Adjusted HR revealed that the PA group had
a higher MAKE HR of 1.36 (95% Cl, 1.05—1.58, p < 0.001)
compared to the EH group (sTable 4, Fig. 2C). Notably, the
observed disparity in the starting points at day 0 between
the two groups in Fig. 2B can be attributed to the prompt
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TriNetX Collaborative Network
Jan, 2020- July, 2022
SARS-CoV-2 (COVID-19) PCR result
N=9,817,307

Hyperaldosteronism diagnosis {N=36,153) | |

Control group (N=9,781,960)

Excluded no-MRA before index date
(N=328,073)

Excluded no-antihypertensives
before index date
(N=9,080,246)

Hyperaldosteronism patients
(M=8,080)

Hypertensive patients
(N=701,714)

Evchider] § Bl 258 Excluded: N= 87,171
1. Resection of Adrenal Gland, -
Percutaneous Endoscopic 1. Bartter's syndrome , n=300
Approach, n=323 2. End stage kidney disease,
2. Secondary hyperaldosteronism, |___ - n=70,524
n=270 3. \entilator Management,
3, End stage renal disease, n=8, 5.81 . .
n=1.006 4, Ever diagnosis of aldosteronism
a, Bart'ter’s syndrome , n= 166 or other adrenal disease,
5. Ventilator Management, n=1,0396
n=1493
PA patients Non- PA hypertensive patients
(N=4,822) (N=614,543)
1:1 propensity score matching
PA patients Non- PA hypertensive patients
(N=4,814) {N=4814)
Figure 1. Enrollment algorithm for patients. Abbreviation: PA, primary aldosteronism.

diagnosis of MACE in PA patients following a positive COVID-
19 PCR test (2.7%). This diagnosis occurred early and was
more frequent compared to their EH counterparts (0.68%,
p < 0.001), shortly after contracting COVID-19.

Time sequential adjusted hazard ratios for the sequelae
of PA versus EH

An examination of the adjusted hazard ratio (aHR) as a
horizon plot after discharge revealed that patients with
pre-existing PA concomitant to COVID-19 had the highest
risk of critical outcomes at 7 months (aHR = 1.21), MACE
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(@aHR = 1.76) at 6 months and MAKE (aHR = 1.47) at 10
months compared to those with EH (Fig. 3).

Specificity analysis

We applied a doubly robust approach to the entire enrollee
cohort, assessing the impact of pre-exposure to COVID-19
on outcomes in patients with PA and EH. Additionally, a
focused analysis within the United States collaborative
Network considered potential international variations in
healthcare. These findings align with the primary method-
ology. A sensitivity analysis was conducted to evaluate the
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Table 1
(EH) after COVID-19.

Baseline characteristics comparison between patients with primary aldosteronism (PA) and essential hypertension

Before matching

After matching

PA (n = 4822) EH (n = 614,543) Std PA (n = 4814) EH (n = 4814) Std

Men (%) 2150 (44.6%) 273,482 (44.5%)  0.002 2147 (44.6%) 2169 (45.1%)  0.009%
Age (years) 63.0 + 14.0 59.7 + 18.6 0.196 63.0 £ 14.0 63.4 + 15.4 0.030°
Not Hispanic or Latino (%) 3985 (82.6%) 507,476 (82.6%)  0.002 3979 (82.7%) 3998 (83.0%)  0.010°
Laboratory®
Potassium, mEq/L 4.1 £ 0.6 4.1+ 0.5 0.137 4.1 £ 0.6 4.2 £ 0.5 0.181
Creatinine, mg/dL 1.1+1.3 1.1+ 1.1 0.075 1.1 +£1.3 1.1 £ 0.6 0.080%
BMI, kg/m? 31.5+ 7.2 299 £ 7.1 0.217 31.5+7.2 314+ 7.3 0.011?
Blood pressure, systolic, mmHg 123.2 £29.5 131.5 + 23.4 0.312 123.2 £29.5 128.44+-24.8 0.188
Blood pressure, ddiastolic, mmHg 75.2 + 16.5 75.8 + 13.1 0.038 75.2 + 16.4 74.9 + 14.3 0.020
Cholesterol, mg/dL 158.2 + 51.3  167.6 + 47.1 0.191 158.3 +£51.3 163.6 £49.0 0.107%
LDL, cholesterol, mg/dL 89.5 + 40.2 92.6 + 38.0 0.078 89.6 + 40.2 89.5 + 38.2 0.002°
INR 1.7 £ 3.6 1.3 +1.8 0.148 1.7 £+ 3.6 1.5+ 2.7 0.078%
Glucose, mg/dL 125.7 +57.3  120.0 + 54.2 0.103 125.7 £ 57.4 126.7 £59.9 0.016%
Plasma renin activity, ng/mL/h 4.4 +11.5 6.8 + 65.9 0.050 4.4 + 11.6 3.9 £11.5 0.043
Plasma aldosterone concentration, ng/dL 28.4 + 81.5 13.6 + 20.6 0.249 28.4 + 81.5 14.6 + 15.8 0.236
Hemoglobin, g/dL 12.4 + 2.3 12.7 + 2.2 0.151 12.4 + 2.3 12.6 + 2.2 0.084*
Comorbidities, n (%)
Overweight 2065 (42.8%) 94,372 (15.4%) 0.634 2057 (42.7%) 2037 (42.3%)  0.008%
Diabetes mellitus 2321 (48.1%) 121,290 (19.7%)  0.629 2313 (48.0%) 2378 (49.4%)  0.027%
Rheumatoid arthritis 122 (2.5%) 8277 (1.3%) 0.086 122 (2.5%) 121 (2.5%) 0.001?
Sepsis 151 (3.1%) 5396 (0.9%) 0.161 150 (3.1%) 155 (3.2%) 0.006%
Ischemic heart diseases 2004 (41.6%) 96,362 (15.7%) 0.598 1996 (41.5%) 2025 (42.1%)  0.012°
Cerebrovascular diseases 1172 (24.3%) 62,147 (10.1%) 0.383 1166 (24.2%) 1153 (24.0%) 0.006°
Dementia 130 (2.7%) 10,869 (1.8%) 0.063 129 (2.7%) 143 (3.0%) 0.018%
Peptic ulcer 337 (7.0%) 3679 (0.6%) 0.339 329 (6.8%) 289 (6.0%) 0.034°
Lymphoma 186 (3.9%) 10,082 (1.6%) 0.136 184 (3.8%) 185 (3.8%) 0.001°
Neoplasm 369 (7.7%) 10,721 (1.7%) 0.282 364 (7.6%) 362 (7.5%) 0.002%
COPD 934 (19.4%) 45,060 (7.3%) 0.36 928 (19.3%) 958 (19.9%) 0.016°
Liver Disease 1321 (27.4%) 36,489 (5.9%) 0.601 1313 (27.3%) 1242 (25.8%)  0.033%
Diseases of the musculoskeletal system 3545 (73.5%) 279,889 (45.5%)  0.595 3537 (73.5%) 3626 (75.3%)  0.042°

and connective tissue
Antihypertensive medication, n (%)
Beta blockers 3133 (65.0%) 199,110 (32.4%)  0.689 3126 (64.9%) 2582 (53.6%) 0.232
Calcium channel blockers 2254 (46.7%) 136,951 (22.3%)  0.532 2249 (46.7%) 1778 (36.9%)  0.199
ACE inhibitors 1515 (31.4%) 92,395 (15.0%) 0.395 1510 (31.4%) 1378 (28.6%)  0.060
Alpha blockers 771 (16.0%) 69,408 (11.3%) 0.137 769 (16.0%) 867 (18.0%) 0.054
Angiotensin Il inhibitor 1691 (35.1%) 84,495 (13.7%) 0.512 1687 (35.0%) 1179 (24.5%)  0.232
All antihypertensives 1552 (32.2%) 203,814 (33.2%)  0.021 1552 (32.2%) 1614 (33.5%)  0.027°
Antiarrhythmics 2607 (54.1%) 187,932 (30.6%)  0.489 2599 (54.0%) 2630 (54.6%)  0.013%
Aspirin 2044 (42.4%) 118,988 (19.4%)  0.515 2036 (42.3%) 2083 (43.3%)  0.020%
Clopidogrel 602 (12.5%) 34,738 (5.7%) 0.240 600 (12.5%) 645 (13.4%) 0.028%
Enoxaparin 1256 (26.0%) 69,531 (11.3%) 0.385 1249 (25.9%) 1212 (25.2%)  0.018%
Atorvastatin 1853 (38.4%) 108,576 (17.7%)  0.475 1847 (38.4%) 1910 (39.7%)  0.027°

2 Items were put into propensity score matching.
b Biochemistry data were available near the index date.

Data are mean (SD) and n (%).

Abbreviation: ACE, angiotensin-converting enzyme, ARB, angiotensin receptor blocker, BMI, body mass index, COPD, Chronic
obstructive pulmonary disease, INR, international normalized ratio, LDL, Low-density lipoprotein, Std: standardized mean differences.
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Figure 2.

Kaplan-Meier curves showing the 6-month follow-up for (A) critical outcome (p = 0.021), (B) MACE (p < 0.001), (C)

MAKE (p < 0.001), and any first outcome after COVID-19 in propensity-score matched cohorts. The green line represents essential
hypertension, and the purple line represents primary aldosteronism. Abbreviation: MACE, major advert cardiovascular events,

MAKE, major advert kidney events.
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Figure 3. Time-varying adjusted hazard ratios for the

sequelae of primary aldosteronism (PA) versus essential hy-
pertension (EH) after COVID-19, in the propensity-score
matched population, from one month to two years. Abbrevi-
ation: MACE, major advert cardiovascular events, MAKE, major
advert kidney events.

reliability of our results related to the subcomponent out-
comes of critical care, MACE, and MAKE (Fig. 4A).

Patients with PA were found to have a higher risk of all-
cause mortality, critical care (aHR, 1.37; 95% CI, 1.17—1.60,
p < 0.001), MACE (aHR, 1.61; 95% Cl, 1.45—1.78, p < 0.001)
and MAKE (aHR, 1.70; 95% Cl, 1.55—1.86, p < 0.001).

Subgroup analyses revealed that patients with PA were
associated with a significantly higher risk of all-cause
mortality (aHR, 1.21; 95% CI, 1.10—1.32; p = 0.001),

usage of critical unit (aHR, 1.18; 95% Cl, 1.10—1.32;
p = 0.001), kidney function progression (aHR, 1.40; 95% Cl,
1.14—1.71; p = 0.001), AMI (aHR, 1.40; 95% Cl, 1.01—1.93;
p = 0.040), and congestive heart failure (aHR, 2.14; 95% Cl,
1.92-2.39; p < 0.001) compared to EH patients. In
contrast, no significant difference was observed in the risk
of incident stroke or redialysis between the two groups.

Sensitivity, subgroup analysis

In this study, a cohort of individuals was analyzed to
determine the risks and burdens of pre-specified outcomes
based on their obesity status, hypokalemia, presence of
aldosterone-producing adenoma, use of angiotensin-
converting enzyme inhibitor (ACEi)/angiotensin receptor
blocker (ARB) and use of corticosteroid (Supplementary
Fig. 5). The analysis was consistent with the primary anal-
ysis results (Fig. 4B).

Moreover, a subgroup analysis was conducted to assess
the impact of COVID-19 vaccination on the outcomes of
interest. Specifically, the subgroup analysis focused on in-
dividuals who were ever hospitalized in terms of disease
severity. The results of this analysis were consistent with
those of the primary analysis.

The study found that patients with diabetes mellitus and
chronic kidney disease were at increased risk of critical
care and MACE (Fig. 4B).
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Forest plot of adjusted hazard ratios for patients with primary aldosteronism (PA) versus essential hypertension (EH)

after COVID-19 regarding the 6-month risk of (A) negative/positive specificity for critical care and (B) sensitivity analysis for critical
care, MACE, and MAKE. The hazard ratio was adjusted for age, gender, and race due to their potential interactions with COVID-19.
Adjusted HRs and 95% Cls (error bars) are presented. The vertical line indicates an HR of 1.00; lower limits of 95% Cls with values

greater than 1.00 indicate significantly increased risk.

Positive and negative-outcomes

Our results indicate that PA concomitant to COVID-19 could
be associated with a heightened risk of autoimmune disease
(aHR, 1.18, 95% CI, 1.01—1.38, p = 0.040). We found that
patients with prior infections (PA) had similar risks of inci-
dent traffic accident (aHR, 1.06, 95% Cl, 0.81—1.38), her-
niated intervertebral disc (HIVD) (aHR, 0.87, 95% ClI,
0.60—1.26), and hypertrichosis (aHR, 2.53, 95% ClI,
0.49—13.0) relative to those withEH after COVID-19. These
results suggest limited systemic bias in our analysis be-
tween the PA and EH groups (Fig. 4B).

Negative-exposure controls

To further assess the reliability of our data analysis, we
developed and implemented a pair of negative-exposure
controls. Under the hypothesis that PA patients after
influenza infection would not increase the risk of devel-
oping critical care, MACE and MAKE, we compared associ-
ations between patients with PA (n = 3055) to those with
EH (n = 358,911) concomitant influenza within the same
study period (Fig. 4A). Utilizing the same data sources,
cohort design, analytical approach (including covariate
specification and matching method) and outcomes of in-
terest, our results showed no significant association be-
tween PA patients concomitant influenza and any of the
pre-specified critical care (aHR, 0.913, 95% ClI,
0.831-1.012, p = 0.057), MACE (aHR, 0.938, 95% ClI,
0.809—1.087, p = 0.394), or MAKE (aHR, 0.934, 95% ClI,
0.818—1.065, p = 0.321) compared to EH patients with
influenza.

Discussion

We provide the first evidence that, beyond the positive
COVID-19 PCR test, people with COVID-19 exhibited
increased risks and 6-month burdens of incident MACE,
mortality, critical care, and MAKE. The risks were evident
regardless of age, race, sex, and other cardiovascular risk
factors, including obesity, aldosterone-producing adenoma,
hospitalization, with or without vaccination, with or

without ACEi/ARB users, and hypokalemia. This provides
compelling evidence that these risks may indeed manifest
in individuals with PA after COVID-19, particularly those at
high risk of cardiovascular and kidney diseases. Our ana-
lyses of the risks and burdens of cardiovascular or kidney
outcomes across aldosterone-related hypertensive settings
after the acute infection revealed some important findings.

First, our study has significant implications for the
management of patients with PA who have had a previous
SARS-CoV-2 infection. Specifically, our findings highlight the
need for continued optimization of follow-up strategies for
such patients, as those with PA exhibited higher levels of
end-organ injury compared to those with EH. Furthermore,
these patients also experienced a higher incidence of MAKE
that persisted for over 10 months.

Second, the increasing number of people worldwide who
suffer from intractable hypertension, including those with
PA,'® means that the risks and 6-month burdens of major
cardiovascular and kidney diseases identified in our study
may have significant implications for a large number of
individuals. Third, Specifically, we elaborate on how
hyperaldosteronism could potentially exacerbate the risk of
MACE shortly after COVID-19 infection, offering a more
comprehensive understanding of the temporal dynamics of
these complications.

Given the potential contribution of the COVID-19
pandemic to the rise in the burden of aldosterone-related
hypertension, even for those with secondary hyper-
aldosteronism, it is crucial for endocrine and hypertension
societies worldwide to be prepared to deal with this
growing public health concern.

PA deteriorated critical outcome and mortality

The effects of PA on patients are not solely persistent hy-
pertension and electrolyte imbalance, but also a pro-
inflammatory effect causing end-organ damage.'®"” In
clinical settings, patients with PA who underwent mineral-
ocorticoid receptor antagonist treatment has increased risk
of sepsis than EH.'® Further plausible mechanisms are
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aldosterone-related vascular stiffness, nephrosclerosis, and
intractable hypertension, which are attributed to fragile
vasculopathy as well as arterial stiffness.'”?° Furthermore,
the number and function of circulating endothelial pro-
genitor cells were suppressed by aldosterone and could
interfere with vascular endothelial integrity.?' The strength
of the correlation between generation probabilities and
frequencies of T-Cell receptor repertoire clonotypes was
significantly higher in the PA group than that in the EH
group.? Consequently, aldosterone can modulate dendritic
cells function by enhancing CD8(+) T cell activation and
promoting Th17-polarized immune responses, which might
contribute to the inflammatory injury attributed to hyper-
tension and cardiovascular disease.”* On the other hand, an
increase in pro-inflammatory cytokine secretion, including
interleukine-6 (IL-6) and tumor necrosis factor-o (TNF-a)
leads to fibrosis-related factor expression and persistent,
low-grade inflammation.?* According to recent concepts, a
chronic inflammatory disease could be attributed to
sepsis.”>"?® Most importantly, the signaling milieu is likely
very different after hypertensive endothelial injury in PA
than in the hypertensive controls.?! Furthermore, gluco-
corticoid co-secretion likely exists in patients with PA?"-28
can increase the secretion of proinflammatory cytokines,
including TNF-« and IL-6,2° which could promote the onset
of respiratory distress in patients with SARS-CoV-2.*°

PA concomitant incident MACE

Many factors will attribute to the risk of incident cardio-
vascular disease beyond the acute phase of COVID-19. The
recognized mechanism includes a putative mechanism for
the downregulation of ACE2 and dysregulation of the
renin—angiotensin—aldosterone system.>"** The binding of
SARS-CoV-2 to ACE2 leads to the downregulation of this
enzyme and, in the aftermath, to the excess of angiotensin
Il and aldosterone.®

Heart failure in patients with PA is attributed to the
over-production of oxidative stress and pro-inflammatory
cytokine augmented by Hyperaldosterone®*%; this phe-
nomenon was reported to be promoted by aldosterone and
related to dysfunction of innate and adaptive immu-
nity.>>3¢ Moreover, long-term excessive aldosterone con-
centrations have been accused of causing enduring
hypertension due to increased arterial stiffness.>’

It is hypothesized that the cumulative effects of exces-
sive aldosterone may lead to vasoconstriction, hypertrophy,
and fibrosis, which can contribute to the development of
cardiovascular complications in both COVID-19 and PA.
Long-term exposure to elevated aldosterone levels, in
combination with hypertension, may eventually result in
cardiovascular and kidney functional damage, including
marked left ventricular hypertrophy (LVH), increased
collagen deposition in the myocardium, renal hyper-
filtration, and proteinuria.3®3°

The observed trend provides support for the notion that
MACE are more likely to manifest as early rather than long-
lasting consequences of COVID-19 in PA patients, who
receive a severe and early diagnosis compared to their EH
counterparts. This temporal pattern can be attributed to
several plausible mechanisms, particularly in patients with
PA. These mechanisms may include various factors, such as
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the acute inflammatory response, hypoxia, thrombotic
events, and myocardial injury induced by the virus, which
have been well-documented and play significant
roles. 4041

PA concomitant incident MAKE

The incidence of AKI was increased in patients with COVID-
19 compared with AKI attributed to bacterial sepsis, severe
influenza infection, or in general hospitalized patients.*?
COVID-19 was associated with more severe acute tubular
necrosis and microvascular thrombosis coupled with
decreased microvascular flow, yet minimal inflammation.*?
Longer duration of hypertension among PA patients is
positively associated with heavier proteinuria and higher
kidney resistance index.** The activation of mineralocorti-
coid receptors injures podocytes and results in the disrup-
tion of the glomerular filtration barrier; leading to
proteinuria and the progression of CKD.* Aldosterone
aggravated large glomerular pore sizes and hyperfiltration
in the residual glomeruli and worsened albuminuria.*® We
showed that first-time COVID-19 superimposed with
hyperaldosteronism will increase the risk of incident ESKD.

Subgroup analysis time sequential risks

The time-sequential risk plotting of the sequelae of PA and
EH after COVID-19 has provided important insights into the
risks associated with these medical conditions. The results
demonstrate that adjusted hazard ratios are highest be-
tween 7 and 10 months after infection, indicating an ad-
ditive effect of cardiovascular and kidney attributes to
COVID-19 and hyperaldosterone that cannot be solely
attributed to the traditionally high cardiovascular events
common among PA patients.® Our study reported a Kaplan-
Meier curve illustrating that most MACE in COVID-19 pa-
tients materialized within a span of two weeks subsequent
to a positive COVID-19 test, with a median occurrence time
of 9 days.*’ This trend does lend credence to the notion
that MACE are more apt to manifest as early rather than
enduring consequences of COVID-19.

These findings highlight the need for personalized
healthcare strategies that account for individual patient
characteristics and medical history. In particular, our data
provide a unique perspective into cardiovascular events
that occur in patients with PA during COVID-19, empha-
sizing the importance of tailored healthcare approaches in
managing and treating patients with this condition. By
leveraging these insights, healthcare providers can poten-
tially improve overall health outcomes and reduce the
burden of disease for patients with PA and other medical
conditions.

Study strengths and limitations

We tested the robustness of the results in multiple sensi-
tivity analyses, and applied negative outcomes or exposure
control to detect spurious associations and show that there
were limited systemic or ascertainment biases. Patients
with PA were found to have a higher risk of developing
autoimmune disease.’ This finding is corroborated by
previous research, which has indicated that COVID-19 pa-
tients are associated with an increased risk for various
autoimmune diseases.” In order to assess whether our data
and analysis would be able to reproduce established



V.-C. Wu, J.-Y. Chen, Y.-H. Lin et al.

associations, we examined the association between PA with
or without COVID-19 and the risk of autoimmune disease. In
order to address potential concerns of health indication
bias or ascertainment bias, we analyzed of the risk of
incident traffic accident, herniated intervertebral disc
(HIVD), and hypertrichosis among patients with prior coro-
navirus disease 2019 (COVID-19) infection, without any
prior knowledge to suggest an association.' This study
applied positive controls to test whether our approach
would reproduce established knowledge. The results were
consistently robust to challenges posed in several sensi-
tivity analyses. These analyses included an examination of
a positive outcome control, a battery of negative outcome
controls, and a pair of exposure controls, all of which
yielded results consistent with pre-test expectations. We
measured the “outcome bias” to capture probabilistic
dependence between variables and the outcome for cohort
data. Our study utilized TRINETX data from multiple con-
tinents, which extended the generalizability of our findings.

However, there were some pitfalls in our studies.
Although pre-defined outcomes were carefully selected and
our analyses were adjusted for a large set of pre-defined
and algorithmically selected variables, there could be
misclassification bias and residual confounding. Potential
confounding might also exist if there are substantial dif-
ferences in unknown or unmeasured characteristics that
might be associated with the risk of SARS-CoV-2 or PA,
especially potential genetic susceptibility or environmental
exposures. The rarity of PA among the study population was
indeed a limitation we encountered, and we understand
how it might raise concerns regarding the credibility of the
results.

Furthermore, a specificity test evaluating traffic acci-
dents and lumbosacral herniated intervertebral disc s
revealed no difference between patients with PA or EH in
our negative control analysis, aiding in the removal of se-
lection bias that can be caused by existing knowledge of an
individual’s assignment. Importantly, we found that for
patients with PA who had concomitant infections with
influenza did not increase the risk of mortality. This sug-
gests that other sources of error, including recall bias or
analytic flaws, are unlikely to be significant.

In this study, we retrieved and examined federated
electronic medical record data that do not provide the
same level of control over diagnostic tests as could be
achieved in single or multi-center clinical studies, such as
the largest global COVID-19 registration. Despite this, the
data are real-life and include completed medical records,
allowing us to analyze long-term follow-up outcomes in PA
patients coinciding with COVID-19 on a large scale.

Conclusion

Our findings demonstrate that patients with PA are at a
greater risk of detrimental outcomes, including increased
incident MACE, mortality, critical care utilization, and
MAKE, when it comes to COVID-19. This highlights the
criticality of preventive measures and follow-up care for
patients with PA amidst the COVID-19 pandemic. Moreover,
further studies are needed to evaluate the optimal
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strategies for the prevention, diagnosis, and treatment of
PA in the context of COVID-19. Such research could lead to
improved clinical outcomes for patients with PA and help
reduce the risk of deleterious outcomes associated with
COVID-19.
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