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Association between COVID-19 and
the development of chronic kidney
disease in patients without initial
acute kidney injury

I-Wen Chen2, Li-Chen Chang?, Chun-Ning Ho**, Jheng-Yan Wu?®, Ya-Wen Tsai®,
Chien-Ming Lin%*, Ying-Jen Chang*’ & Kuo-Chuan Hung%***

While the association between COVID-19 and acute kidney injury (AKI) is well documented, the
impact of COVID-19 on the development of advanced chronic kidney disease (CKD) remains unclear,
particularly in patients without initial AKI. Using the TriNetX healthcare database, we conducted a
matched cohort study comparing 141,587 COVID-19 and 141,587 influenza patients. We excluded
patients with AKI within one month of infection and matched groups on demographics, comorbidities,
and baseline laboratory values. The primary outcome was the incidence of advanced CKD (stages 3-5)
at the 12-month follow-up. COVID-19 patients showed higher 12-month risks of advanced CKD (hazard
ratio [HR]:2.02, 95% confidence interval [CI]:1.69-2.42, p<0.0001), AKI (HR 3.04, 95%Cl:2.61-3.55,
p<0.0001), and estimated glomerular filtration rate <60 mL/min/1.73 m? (HR:3.01, 95%CI:2.74-3.30,
p<0.0001) compared to influenza patients. Subgroup analyses showed consistently elevated risks
across sexes and in patients over 45 years, while younger patients did not demonstrate an increased
risk of advanced CKD at the 12-month follow-up. Diabetes mellitus and hypertension have emerged
as the strongest predictors of advanced CKD development. In conclusion, COVID-19 is associated with
an increased risk of long-term renal dysfunction compared with influenza, suggesting the need for
extended monitoring of kidney function in high-risk populations.
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The emergence of SARS-CoV-2 has created unprecedented challenges for healthcare systems worldwide, with
effects extending far beyond the acute phase of infection!.

Although COVID-19 was initially recognized for its respiratory manifestations, growing evidence indicates
that SARS-CoV-2 infection can lead to long-term complications affecting multiple organ systems®-. The impact
of the virus on kidney function has emerged as a particular concern, as research suggests potential associations
between COVID-19 infection and the development of chronic kidney disease (CKD)*>-%. Acute kidney injury
(AKI) was recognized early in the pandemic as a severe complication of COVID-19, occurring in 32-57% of
hospitalized patients and associated with significant mortality’~'2. Evidence has established that patients who
develop AKI during acute COVID-19 face an increased risk of subsequent CKD'. However, an important
knowledge gap remains regarding the long-term renal consequences in COVID-19 survivors who did not
experience AKI during their initial infection. A study of 1,008 COVID-19 patients followed over six months
found no evidence of CKD development after acute illness, regardless of COVID-19 severity'%. These findings
suggest that kidney function might remain stable over time in patients who avoid acute renal dysfunction during
their initial infection. This knowledge gap is particularly concerning given the global scale of SARS-CoV-2
infection and the substantial healthcare burden associated with CKD'®.

Previous studies examining post-COVID renal dysfunction have been limited by short follow-up periods,
small sample sizes, or focus on subgroups of patients with pre-existing AKI°8. Additionally, many studies have
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not adequately controlled for pre-existing risk factors or baseline kidney function, making it difficult to establish
the independent contribution of COVID-19 to CKD development. There is a pressing need for large-scale, well-
controlled studies to quantify the risk of new-onset CKD following COVID-19 and to identify factors that might
modify this risk.

This cohort study aimed to evaluate the association between COVID-19 infection and subsequent development
of advanced CKD (i.e., stage 3-5) in a large, population-based sample, while accounting for relevant confounding
factors. By analyzing longitudinal data from TrinetX, we sought to provide robust estimates of advanced CKD
risk following COVID-19 infection and identify patient characteristics that might influence this risk.

Method

Setting and data source

This study utilized data from the TriNetX Healthcare Commercial Organizations (HCOs) database, a global
federated network that includes electronic health records from 133 healthcare organizations predominantly
located in the United States. While the authors are affiliated with institutions in Taiwan, the analysis was conducted
remotely through secure access to the TriNetX platform, which provides de-identified patient data in compliance
with international research standards. The de-identification process was validated through expert determination
in accordance with the HIPAA Privacy Rule requirements. The TriNetX platform provides real-time access to
de-identified electronic health records, including demographics, diagnoses (ICD-10 codes), procedures (CPT/
ICD-10-PCS codes), medications, laboratory results, and clinical observations. Data collection and analysis were
conducted in accordance with the principles of the Declaration of Helsinki. Informed consent was not required
for this retrospective study, as it involved secondary analysis of pre-existing data without any interventions or
direct participant interaction. The study protocol was approved by the Institutional Review Board of Chi Mei
Medical Center, which granted a waiver of informed consent in compliance with its observational research
regulations (approval number No. 11302-E01).

Inclusion and exclusion criteria

We conducted a retrospective cohort study using data from the TriNetX database. From the initial population,
we identified eligible participants as adults aged > 18 years who had visited HCOs at least twice during 2022-
2023. Within this population, we identified two groups of patients: those diagnosed with COVID-19 [ICD-10:
U07.1] for the first time (COVID-19 group) and those diagnosed with influenza [ICD-10: J09-J11] for the first
time (influenza group). The COVID-19 group included patients with confirmed SARS-CoV-2 infection through
mRNA diagnostic testing. To prevent confounding from dual infections, patients in the COVID-19 group
were excluded if they had an influenza diagnosis within one year before or after their COVID-19 diagnosis.
Conversely, patients in the influenza group were excluded if they had a COVID-19 diagnosis within one year
before or after their influenza diagnosis.

To minimize bias, patients with any history of advanced renal dysfunction in the year prior to their
COVID-19 or influenza diagnosis were excluded. This included any estimated glomerular filtration rate
(eGFR) below 60 mL/min/1.73 m? documented proteinuria, a history of AKI, a diagnosis of CKD stages 3-5,
or a history of hemodialysis or peritoneal dialysis. In addition, patients were excluded if they had a history
of kidney transplantation, cystic kidney disease, or congenital kidney malformations; underwent any surgical
procedure within 3 months before or up to 1 year after infection; experienced AKI; required renal dialysis;
developed rhabdomyolysis, sepsis, or required intensive care unit admission within 1 month of infection; or
had pre-existing heart failure or autoimmune disease. The one-month exclusion period for AKI was chosen
based on previous studies showing that COVID-19-associated AKI typically occurred a median of 7-15 days
from symptom onset!®!7, making our exclusion period sufficient to capture acute kidney complications directly
related to the infection.

Propensity score matching

To minimize selection bias and confounding factors, we performed 1:1 propensity score matching between the
COVID-19 and influenza groups using logistic regression. The matching variables comprised demographic
factors (age, sex, race) and laboratory values obtained at the closest time point before diagnosis, including
body mass index (LOINC: 9083), hemoglobin (LOINC: 9014), serum albumin (LOINC: 9045), and HbAlc
(LOINC: 9037). Comorbidities were matched and identified using ICD-10 codes from the three years prior to
the diagnosis of COVID-19 or influenza and included essential hypertension [ICD-10: I110], neoplasms [ICD-
10: C00-D49], obesity [ICD-10: E66], depression [ICD-10: F32], nicotine dependence [ICD-10: F17], diabetes
[ICD-10: E08-E13], ischemic heart diseases [ICD-10: 120-125], liver disease [ICD-10: K76], COPD [ICD-10:
J44], cerebrovascular diseases [ICD-10: 160-169], alcohol disorders [ICD-10: F10], atrial fibrillation [ICD-10:
148], NSAID use [ICD-10: Z79.1], and malnutrition [ICD-10: E40-E46]. The balance of covariates before and
after matching was assessed using standardized mean differences, with values < 0.1 considered indicative of good
balance.

Study outcomes

The primary outcome was the incidence of advanced CKD (i.e., stages 3-5) [ICD-10: N18.3-N18.5] occurring
between 1 and 12 months after COVID-19 or influenza infection. Secondary outcomes included risks of AKI
(ICD-10: N17) or single eGFR measurement<60 mL/min/1.73 m? during the same follow-up period. The
eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula'®. For
each patient, follow-up began one month after their initial COVID-19 or influenza diagnosis (index date) to
exclude acute renal dysfunction, and continued until either advanced CKD development, death, loss to follow-
up, or the end of the study period. We selected the 1-12 month follow-up period to allow sufficient time for
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the development of CKD while minimizing loss to follow-up. A minimum 1-month lag was implemented to
exclude acute renal dysfunction directly related to the infection period. Additional analyses were performed for
outcomes occurring between 1 and 6 months to assess earlier renal dysfunction.

Sensitivity analysis

We conducted four sensitivity analyses to evaluate the robustness of our findings. First, we performed propensity
score matching that incorporated baseline eGFR values with previous variables to evaluate the consistency of our
outcomes. For each patient, we identified the most recent eGFR value prior to the index infection date. Second,
to evaluate whether the increased risk of CKD stage 3-5 was independent of AKI development, we conducted
a sensitivity analysis excluding all patients who developed AKI during the one-year follow-up period. Third, we
performed a sensitivity analysis without excluding patients with AKI, ICU admission, rhabdomyolysis, or sepsis
within one month of infection. This analysis helps to evaluate whether our main findings persist when including
the full spectrum of disease severity. Fourth, within the COVID-19 cohort, we compared the outcomes between
hospitalized and non-hospitalized patients. We identified patients who were hospitalized within 14 days of their
initial COVID-19 diagnosis. Using propensity score matching, we created a matched cohort of non-hospitalized
COVID-19 patients. This analysis helps identify whether hospitalization after infection serves as a marker for an
increased risk of subsequent kidney dysfunction, which could help clinicians prioritize monitoring resources.
Using the same propensity score matching approach as our primary analysis, we assessed these outcomes at the
12-month follow-up.

Statistical analysis

Continuous variables are presented as mean+standard deviation, and categorical variables are expressed
as numbers and percentages. Between-group differences were assessed using standardized mean differences,
with values less than 0.1 indicating good balance between matched cohorts. The cumulative incidence of renal
dysfunction was estimated using the Kaplan-Meier method, and differences between the COVID-19 and
influenza groups were compared using the log-rank test. A multivariable Cox proportional hazards model,
which included all patients from both the COVID-19 and influenza cohorts, was constructed to identify
independent risk factors for new-onset CKD stage 3-5 at the 12-month follow-up. The model included the
following covariates: demographic factors (i.e., age at index, sex) and comorbidities (e.g., essential hypertension,
diabetes mellitus, obesity, and neoplasms). The results are expressed as hazard ratios (HRs) with 95% confidence
intervals (CIs). All analyses were performed using the TriNetX analytics platform, which provides real-time
statistical analyses. All statistical analyses were performed using the built-in analytics platform within TriNetX,
which provides real-time statistical analysis. Statistical significance was set than 0.05.

Results

Patient selection

Of the 156,386,048 patients in 133 TriNetX healthcare organizations, 34,764,412 patients aged > 18 years visited
healthcare facilities at least twice between 2022 and 2023 (Fig. 1). Among them, 1,451,073 were diagnosed with
first-time COVID-19 and 666,902 with first-time influenza. After applying the exclusion criteria (Supplemental
Table 1), 636,264 COVID-19 patients and 141,737 patients with influenza remained eligible. Propensity score
matching 1:1 by age, sex, race, and comorbidities yielded final analytical cohorts of 141,587 patients in each

group.

Patient characteristics before and after matching
Prior to propensity score matching, our study included 636,264 patients in the COVID-19 group and 141,737
patients in the influenza group, respectively. Several notable differences in the baseline characteristics were
observed between the groups (Table 1). The COVID-19 group was slightly older (mean age 46.9+17.6 years
vs. 42.6+16.3 years) and had a marginally higher body mass index (29.8+7.5 vs. 29.0+7.2). While gender
distribution was similar between groups (56.4% vs. 56.6% female), racial composition showed more variation,
with the COVID-19 group having a higher proportion of White patients (57.7% vs. 49.6%) and Black or African
American patients (14.2% vs. 9.9%), but a lower proportion of patients of unknown race (16.0% vs. 27.1%).
After 1:1 propensity score matching, we achieved well-balanced cohorts of 141,587 patients in each group,
with standardized differences less than 0.1 for all baseline characteristics (Table 1). The matched cohorts had
comparable demographic characteristics, including age (42.5+16.5 vs. 42.6+16.3 years), body mass index
(28.7+£7.2 vs. 29.0+7.2), gender distribution (56.7% vs. 56.6% female), and racial composition. Comorbidity
profiles were also well-balanced between the matched groups, with similar prevalences of essential hypertension
(13.2% vs. 13.4%), neoplasms (8.6% vs. 8.9%), and other chronic conditions. Laboratory values, including
hemoglobin (13.6£1.9vs. 13.7 £1.8 g/dL), albumin (4.2 £0.6 vs. 4.2+ 0.4 g/dL), and hemoglobin Alc (5.9+1.4%
vs. 6.0+ 1.8%), showed no significant differences between the matched groups.

Outcome at 6-month and 12-month follow-up

During the first 6 months of follow-up, patients in the COVID-19 group demonstrated significantly higher
rates of renal dysfunction than those in the influenza group (Table 2). The incidence of AKI was threefold
higher in COVID-19 patients (0.25% vs. 0.08%, HR 3.16, 95% CI 2.57-3.88, P<0.0001), whereas advanced CKD
occurred more than twice as frequently (0.14% vs. 0.07%, HR 2.25, 95% CI 1.76-2.87, P<0.0001). Similarly,
reduced eGFR (<60 mL/min/1.73 m?) was substantially more common in the COVID-19 group (0.68% vs.
0.22%, HR 3.32, 95% CI 2.92-3.78, P<0.0001). The disparity in renal dysfunction persisted through 12 months
of follow-up (Table 2). Kaplan-Meier curves show the cumulative incidence of renal dysfunction in COVID-19
versus influenza patients (Fig. 2). The COVID-19 group maintained higher rates of AKI (0.45% vs. 0.15%, HR
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TriNetX HCOs 133
n=156,386,048

Between 2022 and 2023, patients aged 218 years visited HCOs at least twice
(n=34,764,412)

v’ Patients were diagnosed with COVID-19 v Patients were diagnosed with
for the first time. influenza for the first time.
v’ Patients without any history of advanced v Patients without any history of
renal dysfunction one year prior to the advanced renal dysfunction one year
infection. prior to the infection.
(n=1,451,073) (n =666,902)

Exclusion criteria

1. Patients with a history of transplantation, cystic kidney disease, or congenital
kidney malformations.

2. Patients who underwent any surgical procedure within 3 months before or up
to 1 year after the first instance of infection.

3. Patients with acute kidney injury, renal dialysis, rhabdomyolysis, sepsis, or ICU
admission within 1 month after the infection.

4. Patients with heart failure or autoimmune diseases.

5. Patients were excluded if they had both COVID-19 and influenza diagnoses.

COVID-19 group (n = 636,264) Influenza group (n = 141,737)

Propensity score matching 1:1 by age at index date, gender, race, and comorbidities

COVID-19 group (n = 141,587) Influenza group (n = 141,587)

Fig. 1. Flowchart showing the patient selection process from the TriNetX database, ICU: intensive care unit;
HCOs: Healthcare Commercial Organizations.

3.04, 95% CI 2.61-3.55) (Fig. 2a), advanced CKD (0.25% vs. 0.13%, HR 2.02, 95% CI 1.69-2.42) (Fig. 2b), and
reduced eGFR (1.23% vs. 0.43%, HR 3.01, 95% CI 2.74-3.30) (Fig. 2c). All differences at 12 months remained
statistically significant (P <0.0001), indicating a consistently elevated risk of renal dysfunction in COVID-19
patients compared with those with influenza.

Subgroup analysis of gender on clinical outcomes

In a subgroup analysis stratified by sex, both females (n=80,632 per cohort) and males (n=56,745 per cohort)
showed significantly higher incidence rates of AKI, advanced CKD, and reduced eGFR in the COVID-19 group
than in the influenza group during the 12-month follow-up period (all p <0.0001) (Table 3). However, the HR
for AKI and reduced eGFR were notably higher in males than in females. For AKI, the HR was 3.78 (95% CI
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Before matching After matching

COIVD-19 group | Influenza group COIVD-19 group | Influenza group | Std
variables (n=636,264) (n=141,737) Std diff | (n=141,587) (n=141,587) diff
Patient characteristics
Age in index (years) 46.9+17.6 42.6+£16.3 0.251 42.5+£16.5 42.6+£16.3 0.008
Body mass index (kg/m?) 29.8+7.5 29.0+7.2 0.105 28.7+7.2 29.0+7.2 0.050
Female 358,831 (56.4%) 80,190 (56.6%) 0.004 80,281 (56.7%) 80,068 (56.6%) 0.003
White 366,820 (57.7%) 70,280 (49.6%) 0.162 71,014 (50.2%) 70,280 (49.6%) 0.010
Unknown Race 101,760 (16.0%) 38,442 (27.1%) 0.273 39,032 (27.6%) 38,292 (27.0%) 0.012
Black or African American 90,108 (14.2%) 13,986 (9.9%) 0.132 13,863 (9.8%) 13,986 (9.9%) 0.003
Asian 29,632 (4.7%) 5912 (4.2%) 0.024 | 6038 (4.3%) 5912 (4.2%) 0.004
Comorbidities
Essential (primary) hypertension | 136,389 (21.4%) 18,956 (13.4%) 0.214 18,639 (13.2%) 18,915 (13.4%) 0.006
Neoplasms 83,341 (13.1%) 12,603 (8.9%) 0.135 | 12,224 (8.6%) 12,580 (8.9%) 0.009
Overweight and obesity 81,801 (12.9%) 9773 (6.9%) 0.201 9408 (6.6%) 9768 (6.9%) 0.010
Depressive episode 63,921 (10.0%) 8142 (5.7%) 0.160 7826 (5.5%) 8141 (5.8%) 0.010
Nicotine dependence 50,369 (7.9%) 7134 (5.0%) 0.117 6838 (4.8%) 7133 (5.0%) 0.010
Diabetes mellitus 54,262 (8.5%) 7251 (5.1%) 0.136 6552 (4.6%) 7236 (5.1%) 0.022
Ischemic heart diseases 28,180 (4.4%) 2942 (2.1%) 0.133 2427 (1.7%) 2941 (2.1%) 0.027
Liver diseases 22,499 (3.5%) 2295 (1.6%) 0.121 | 1912 (1.4%) 2295 (1.6%) 0.022
COPD 15,605 (2.5%) 2118 (1.5%) 0.069 1654 (1.2%) 2114 (1.5%) 0.028
Cerebrovascular diseases 17,957 (2.8%) 1766 (1.2%) 0.112 1313 (0.9%) 1766 (1.2%) 0.031
Alcohol related disorders 14,363 (2.3%) 1291 (0.9%) 0.108 1024 (0.7%) 1291 (0.9%) 0.021
Atrial fibrillation and flutter 12,396 (1.9%) 1037 (0.7%) 0.106 778 (0.5%) 1037 (0.7%) 0.023
Long term use of NSAID 5654 (0.9%) 401 (0.3%) 0.079 346 (0.2%) 401 (0.3%) 0.008
Malnutrition 3993 (0.6%) 194 (0.1%) 0.080 172 (0.1%) 194 (0.1%) 0.004
Laboratory data
Hemoglobin (g/dL) 13.6+1.8 13.7+1.8 0.070 13.6+1.9 13.7+1.8 0.058
Albumin (g/dL) 42+0.5 42+04 0.094 42+0.6 42+0.4 0.099
Hemoglobin Alc (%) 6.0+1.5 6.0+1.8 0.014 59+14 6.0+1.8 0.094

Table 1. Patient characteristics before and after matching. NSAID: non-steroidal anti-inflammatories; COPD:

Chronic obstructive pulmonary disease; std diff: standardized difference.

COVID-19 Influenza

group group
Outcomes event | (%) event | (%) HR | 95% CI P-value®
Outcomes at 1-6 month (142,636 for each group)
AKI 363 0.25% | 120 0.08% | 3.16 | (2.57-3.88) | <0.0001
CKD stages 3-5 202 0.14% | 94 0.07% | 2.25 | (1.76-2.87) | <0.0001
eGFR <60 mL/min/1.73m? | 971 0.68% | 306 0.22% | 3.32 | (2.92-3.78) | <0.0001
Outcomes at 1-12 month (141,587 for each group)
AKI 630 0.45% | 218 0.15% | 3.04 | (2.61-3.55) | <0.0001
CKD stages 3-5 353 0.25% | 184 0.13% | 2.02 | (1.69-2.42) | <0.0001
eGFR <60 mL/min/1.73m? | 1,739 | 1.23% | 613 0.43% | 3.01 | (2.74-3.30) | <0.0001

Table 2. New-onset renal dysfunction during 12-m follow-up after covid-19 or influenza infection. AKI: acute
kidney injury; CKD: chronic kidney disease; eGFR: estimated glomerular filtration rate; HR: hazard ratio; CI:
confidence interval; TLog-Rank Test.

3.04-4.71) in males compared to 2.27 (95% CI 1.79-2.86) in females. Similarly, for reduced eGFR, the HR was
3.13 (95% CI 2.71-3.62) in males versus 2.84 (95% CI 2.52-3.19) in females. These findings suggest that while
COVID-19 infection poses a significantly higher risk of developing renal dysfunction than influenza infection
in both sexes, males may be more susceptible to AKI and reduced eGFR than females after COVID-19 infection.

Subgroup analysis of age on kidney dysfunction
Analysis of age-stratified outcomes at 12 months revealed distinct patterns of renal dysfunction between
younger (18-45 years) and older (>45 years) patients (Table 4). In the younger cohort of 67,859 patients per
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Fig. 2. Kaplan-Meier curves showing the cumulative incidence of renal dysfunctions in COVID-19 versus
influenza patients. (a) Acute kidney injury (AKI); (b) Chronic kidney disease (CKD) stages 3-5; and (c)
Reduced estimated glomerular filtration rate (eGFR <60 mL/min/1.73 m?). Blue and red lines represent
COVID-19 and influenza groups respectively, with shaded areas indicating 95% confidence intervals. Higher
rates of all three outcomes were observed in the COVID-19 group throughout the 12-month follow-up period
(all P<0.0001).
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COVID-19 Influenza

group group
Outcome event | (%) event | (%) HR | 95% CI P-value®
Female (n=380,632 for each cohort)
AKI 220 0.27% | 102 0.13% | 2.27 | (1.79-2.86) | <0.0001
CKD stages 3-5 162 0.20% | 88 0.12% | 1.94 | (1.50-2.51) | <0.0001

eGFR <60 mL/min/1.73m? | 1,020 | 1.27% | 380 0.47% | 2.84 | (2.52-3.19) | <0.0001
Male (n=56,745 for each cohort)
AKI 364 0.64% | 102 0.18% | 3.78 | (3.04-4.71) | <0.0001
CKD stages 3-5 155 0.27% | 83 0.15% | 1.98 | (1.52-2.58) | <0.0001
eGFR <60 mL/min/1.73m? | 721 1.27% | 245 0.43% | 3.13 | (2.71-3.62) | <0.0001

Table 3. Subgroup analysis of gender on new-onset renal dysfunction during 12-month follow-up. AKI: acute
kidney injury; CKD: chronic kidney disease; eGFR: estimated glomerular filtration rate; HR: hazard ratio; CI:
confidence interval; TLog-Rank Test.

COVID-19 Influenza

Outcome group group HR | 95% CI P-value
event | (%) event | (%)

Age 18-45 subgroup (1 =67,859 for each cohort)

AKI 106 0.16% | 46 0.07% |2.29 | (1.62-3.24) | <0.0001

CKD stage 3-5 20 0.03% | 13 0.02% | 1.53 | (0.76-3.07) | 0.2311

eGFR <60 mL/min/1.73m? | 153 0.23% | 34 0.05% | 4.47 | (3.09-6.49) | <0.0001

Age>45 subgroup (n=>56,782 for each cohort)
AKI 496 | 0.87% | 156 | 0.28% | 3.46 | (2.89-4.14) | <0.0001
CKD stage 3-5 317 | 0.56% | 165 | 0.29% |2.09 | (1.74-2.53) | <0.0001
eGFR<60 mL/min/1.73m? | 1,584 | 2.79% | 565 1.00% | 3.08 | (2.80-3.40) | <0.0001

Table 4. Subgroup analysis of age on renal dysfunction during 12-month follow-up. AKI: acute kidney injury;
CKD: chronic kidney disease; eGFR: estimated glomerular filtration rate; HR: hazard ratio; CI: confidence
interval; "Log-Rank Test.

group, COVID-19 patients demonstrated a significantly higher risk of AKI (0.16% vs. 0.07%, HR 2.29, 95%
CI 1.62-3.24, P<0.0001) and reduced eGFR (0.23% vs. 0.05%, HR 4.47, 95% CI 3.09-6.49, P<0.0001) than
influenza patients. However, the difference in the incidence of advanced CKD was not statistically significant in
this age group (0.03% vs. 0.02%, HR 1.53, 95% CI 0.76-3.07, P=0.2311).

The older cohort (56, 782 patients per group) showed more pronounced differences in all kidney outcomes.
COVID-19 patients over 45 years of age exhibited substantially higher rates of AKI (0.87% vs. 0.28%, HR 3.46,
95% CI 2.89-4.14, P<0.0001), advanced CKD (0.56% vs. 0.29%, HR 2.09, 95% CI 1.74-2.53, P<0.0001), and
reduced eGFR (2.79% vs. 1.00%, HR 3.08, 95% CI 2.80-3.40, P<0.0001) than their influenza counterparts. These
findings suggest that older age may be an important risk modifier of renal dysfunction following COVID-19.

Sensitivity analysis

In sensitivity analyses (Supplemental Table 2), we first incorporated baseline eGFR as a matching variable,
achieving well-balanced cohorts (COVID-19:96.9+21.6 mL/min/1.73 m? Influenza: 97.2+19.9 mL/
min/1.73 m?, standardized difference: 0.0341). Despite this balance, COVID-19 patients continued to exhibit
significantly higher 12-month risks for AKI (HR 2.80, 95% CI 2.44-3.21), advanced CKD (HR 2.38, 95% CI
2.04-2.77), and eGFR < 60 mL/min/1.73 m* (HR 2.78, 95% CI 2.56-3.02) (all P<0.0001).

After excluding patients who developed AKI within one year post-infection, COVID-19 patients remained
at elevated risk for advanced CKD (HR 1.88, 95% CI 1.59-2.22, P<0.0001) and eGFR < 60 mL/min/1.73 m* (HR
2.62, 95% CI 2.40-2.85, P<0.0001), suggesting that COVID-19 may contribute to chronic kidney dysfunction
independent of AKI (Supplemental Table 2).

When including patients with initial severe disease (defined as AKI, ICU admission, rhabdomyolysis, or
sepsis within one month of infection), COVID-19 patients consistently demonstrated higher risks for AKI (HR
2.27,95% CI 2.03-2.54), advanced CKD (HR 1.68, 95% CI 1.48-1.91), and eGFR <60 mL/min/1.73 m* (HR 2.74,
95% CI 2.53-2.96) (all P<0.0001) (Supplemental Table 2).

Finally, in a matched comparison of COVID-19 patients with and without early hospitalization, those
who were hospitalized had higher risks for AKI (HR 2.43, 95% CI 2.14-2.76, P<0.0001) and eGFR <60 mL/
min/1.73 m* (HR 1.56, 95% CI 1.43-1.69, P<0.0001). However, there was no significant difference in the risk
of advanced CKD (HR 1.05, 95% CI 0.89-1.24, P=0.591), suggesting that while early hospitalization may help
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Covariates

HR [95% Cl]

COVID-19 vaccines (Yes/No) - 1.01[0.93, 1.11]
Alcohol related disorders (Yes/No) — 1.03 [0.83, 1.28]
Atrial fibrillation and flutter (Yes/No) Tt 1.06 [0.93, 1.20]
Nicotine dependence (Yes/No) T+ 1.07 [0.94, 1.22]
Age at Index I 1.07 [1.07, 1.08]
Ischemic heart diseases (Yes/No) —— 1.10[1.00, 1.21]
Cerebrovascular diseases (Yes/No) —t— 1.10[0.99, 1.23]
Liver diseases (Yes/No) e 1.13 [0.99, 1.30]
Depressive episode (Yes/No) —— 1.16 [1.05, 1.29]
Neoplasms (Yes/No) == 1.18 [1.09, 1.27]
Male/Female —+ 1.18 [1.10, 1.26]
Overweight and obesity (Yes/No) —+ 1.28 [1.17, 1.40]
Malnutrition (Yes/No) — L 1.77 [1.43, 2.18]
Hypertension (Yes/No) — 2.14[1.97, 2.33]
COVID-19 group vs. Influenza group —f— 2.29[1.97, 2.67]
Diabetes mellitus (Yes/No) — 2.42[2.24, 2.62]
0.5 0.7 1 1.5 2

Fig. 3. Risk factors for new-onset chronic kidney disease (CKD) stage 3-5 at the 12-month follow-up.
Forest plot showing adjusted hazard ratios (HRs) with 95% confidence intervals (CIs) from multivariate Cox
regression analysis. The vertical line at HR =1 represents no effect; HRs greater than 1 indicate an increased
risk. The variables are ordered by the magnitude of the effect size.

identify patients at higher risk for acute complications and reduced eGFR, it does not necessarily translate into
an increased risk of advanced CKD (Supplemental Table 2).

Cox proportional hazards analysis

Cox proportional hazards analysis revealed several significant risk factors for new-onset advanced CKD (Fig. 3).
Demographic factors, including age at index (HR 1.07, 95% CI 1.07-1.08) and male sex (HR 1.18, 95% CI
1.10-1.26) showed mild but significant associations. Diabetes mellitus (HR 2.42, 95% CI 2.24-2.62) and essential
hypertension (HR 2.14, 95% CI 1.97-2.33) emerged as the strongest clinical predictors. Several comorbidities
also showed significant associations, including malnutrition (HR 1.77, 95% CI 1.43-2.18), obesity (HR 1.28,
95% CI 1.17-1.40), neoplasms (HR 1.18, 95% CI 1.09-1.27), depressive episodes (HR 1.16, 95% CI 1.05-1.29),
and ischemic heart diseases (HR 1.10, 95% CI 1.00-1.21). Notably, nicotine dependence, alcohol-related
disorders, cerebrovascular diseases, liver diseases, atrial fibrillation, and COVID-19 vaccination status were not
significantly associated with kidney dysfunction (all P>0.05). The analysis also confirmed an elevated risk in the
COVID-19 cohort compared to the influenza cohort (HR 2.29, 95% CI 1.97-2.67, P<0.0001).

Discussion

In this large-scale matching cohort study, we investigated the association between COVID-19 and new-onset
CKD. We specifically excluded patients who experienced AKI within one month of infection to focus on the
direct viral impact on kidney function. Our findings revealed significantly higher risks of renal dysfunction
(i.e., AKI, advanced CKD, and reduced eGFR) in COVID-19 patients than in those with influenza during
the 6-month and 12-month follow-up periods. Gender-stratified analyses showed consistently elevated risks
across all renal dysfunctions for both males and females. Age-stratified analyses revealed that while both age
subgroups (i.e., 18-45 and >45 years) showed increased risks of AKI and reduced eGFR, only patients over 45
years demonstrated a significantly higher risk of advanced CKD. Cox proportional hazards analysis identified
several significant risk factors for new-onset CKD, with diabetes mellitus and essential hypertension emerging
as the strongest predictors.

Our findings revealed significantly elevated risks of new-onset advanced CKD in COVID-19 patients
without initial AKI compared to those with influenza at both the 6-month and 12-month follow-up periods.
However, these results are in contrast with those of some previous studies. For instance, a study examining 1,008
COVID-19 patients over a 6-month period found no evidence of CKD development after acute illness, regardless
of COVID-19 severity'®. Similarly, Strohbehn et al. reported that among patients followed for >90 days, the
rates of new-onset CKD were not significantly different between the COVID-19 and influenza cohorts!®. The
discrepancy between our findings and those of previous studies'*'” might be explained by the differences in
follow-up time and sample size. Our observation of persistently higher risk across both time points (6-month
HR 2.25; 12-month HR 2.02 for CKD stages 3-5) suggests that COVID-19’s impact on kidney function may
manifest early and continue through at least one year. The consistent HRs observed between 6 and 12 months
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suggest that the risk stabilizes during this period rather than continuing to deteriorate. This temporal pattern has
important implications for clinical monitoring, suggesting that kidney function surveillance may be most crucial
in the first 6 months post-infection, while remaining important throughout the first year.

Our findings of increased CKD risk in COVID-19 patients without initial AKI suggest mechanisms distinct
from acute damage pathways. This phenomenon can be explained by several pathophysiological processes.
SARS-CoV-2 can directly infect kidney tissues through ACE2 receptors expressed in renal tubular cells and
podocytes, initiating subtle but progressive tissue damage through local inflammation and fibrosis?®. COVID-
19-induced endothelial dysfunction and microthrombus formation can lead to chronic microvascular damage,
whereas systemic inflammation characterized by elevated pro-inflammatory cytokines may promote ongoing
oxidative stress and tissue remodeling?!. Additionally, COVID-19 can induce autoimmune responses targeting
kidney tissue and dysregulate the renin-angiotensin system, affecting long-term kidney homeostasis!'. These
mechanisms can operate independently of or synergistically with traditional acute kidney injury pathways,
explaining the observed increased risk of CKD even in patients without initial AKI.

Our findings demonstrated significantly higher risks of AKI in COVID-19 patients than in influenza patients
at both the 6-month (HR 3.16) and 12-month (HR 3.04) follow-up periods, maintaining consistent elevation
over time. The magnitude of the increased AKI risk we observed is comparable to but somewhat higher than
that reported by Xie et al. in their study, which found that COVID-19 patients had a 1.52 times higher AKI risk
compared to influenza patients??. Our findings also complement the work of Bowe et al., who found that 30-day
COVID-19 survivors had a 1.94 times higher risk of AKI than non-infected controls?’. This sustained elevation
in the risk of AKI in the current study suggests ongoing kidney vulnerability well beyond the acute phase of
infection.

Our gender-stratified analyses revealed that males exhibited a substantially higher risk for AKI than females
(HR 3.78 vs. 2.27), suggesting potential gender-specific vulnerabilities in acute kidney dysfunction after viral
infection. Regarding CKD, a previous study reported that men generally experience approximately a fifth higher
excess risk of incident CKD than women??, and Minutolo et al. also demonstrated higher risks for end-stage
kidney disease in men?>. However, the development of CKD in the current study showed similar patterns
between men and women, indicating that long-term kidney outcomes may be less influenced by sex-specific
factors in the context of COVID-19 infection.

Our Cox proportional hazards analysis revealed several significant risk factors for new-onset CKD following
COVID-19, with diabetes mellitus and hypertension emerging as the strongest predictors. These findings align
with the established literature on traditional CKD risk factors?®~2® and emphasize the importance of maintaining
effective control of these conditions in patients with a history of COVID-19. The significant association between
malnutrition and CKD risk (HR 1.77) aligns with previous research showing that hypoalbuminemia, a key
marker of malnutrition, is independently associated with incident CKD?. Erlinger et al. demonstrated that
hypoalbuminemia was associated with CKD risk even after adjusting for multiple confounders, including
diabetes and cardiovascular disease?’. Similarly, the identified risk associated with obesity (HR 1.28) suggests that
metabolic dysfunction may play a crucial role in post-COVID renal dysfunction. These findings have important
implications for clinical practice, suggesting the need for particularly vigilant kidney function monitoring in
COVID-19 patients with pre-existing diabetes or hypertension. The identification of these risk factors could help
clinicians stratify patients for targeted preventive interventions and more intensive follow-up care.

To specifically evaluate the effect of COVID-19 on renal dysfunction, our study design included several
methodological considerations. One key step was the exclusion of patients who had experienced AKI within
one month of infection. This approach is essential, as AKI, irrespective of its underlying cause, is associated with
a higher risk of CKD development™®. By excluding these patients, we aimed to investigate whether COVID-19
could lead to chronic renal dysfunction through mechanisms independent of acute kidney damage. Similarly,
we excluded patients who underwent surgical procedures within 3 months before or up to 1 year after infection
because surgery can independently affect kidney function through multiple mechanisms®!*2. This approach
helped minimize confounding factors that could obscure the direct relationship between viral infection and
kidney outcomes. In addition, the study period (2022-2023) captures contemporary COVID-19 variants and
current treatment protocols, making findings relevant to present clinical practice.

The choice of influenza as a control group offers several advantages. First, influenza represents another viral
respiratory infection with systemic implications, allowing us to differentiate COVID-19-specific effects from
general post-viral complications®***. Second, both conditions typically affect similar populations and receive
comparable medical attention, thereby reducing the selection bias. Third, using influenza as a control helps
account for healthcare-seeking behavior patterns among patients with respiratory infections.

Several limitations of this study should be considered when interpreting our findings. First, although our
study utilized a large healthcare database, reliance on ICD-10 codes for outcome identification may have led to
misclassification bias. The accuracy of COVID-19 and CKD diagnoses depends on proper coding practices, which
can vary across healthcare organizations. Second, although we employed rigorous propensity score matching to
control for known confounders, residual confounding from unmeasured variables may persist. For instance,
detailed information on COVID-19 severity, viral variants, and socioeconomic factors was not available in our
dataset. The TriNetX database reflects data as recorded in electronic health records by participating healthcare
organizations, which may have missing data for certain laboratory values or demographic information. Because
patients with incomplete records were not automatically excluded from the dataset, this missing data could affect
the robustness of our findings, particularly in analyses requiring complete laboratory values or demographic
information. Additionally, an important limitation was our inability to account for the frequency of eGFR
measurements. Testing frequency can indicate both healthcare utilization patterns and underlying kidney disease
risk, with more frequent baseline testing potentially leading to increased post-infection monitoring and detection
of kidney dysfunction. Without these data from TriNetX, we cannot fully account for potential surveillance
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bias or adequately control for baseline kidney disease risk, as reflected in testing patterns. Third, our study’s
follow-up period was limited to 12 months, which may not have been sufficient to capture the full spectrum of
long-term renal dysfunction. The natural history of post-COVID kidney dysfunction might extend beyond this
timeframe. Fourth, our study population was drawn from healthcare organizations within the TriNetX network,
which may not be fully representative of the general population. Patients who seek care at these institutions may
differ systematically from those who receive care elsewhere. Finally, while we excluded patients with acute renal
dysfunction within one month of infection, we cannot completely rule out the possibility of subclinical kidney
injury that may have influenced our findings.

Conclusion

This large-scale matched cohort study demonstrated that COVID-19 increases the risk of long-term renal
dysfunction compared to influenza. Early hospitalization also emerged as a key predictor of subsequent kidney
complications, with hospitalized COVID-19 patients showing significantly higher risks of AKI and eGFR <60
mL/min/1.73 m? than non-hospitalized COVID-19 patients during the 12-month follow-up. Although the risk
of CKD stages 3-5 was not significantly elevated, possibly due to limited statistical power, these findings suggest
that post-COVID kidney monitoring should prioritize hospitalized patients, particularly those with additional
risk factors such as diabetes and hypertension, enabling more efficient allocation of healthcare resources. Future
research should focus on developing targeted interventions for these high-risk populations and understanding
the underlying mechanisms driving different types of kidney dysfunction.

Data availability

The data that support the findings of this study are available from TriNetX Research Network, but restrictions
apply to the availability of these data, which were used under a collaboration agreement for the current study
and so are not publicly available. Data are however available from the author (Kuo-Chuan Hung) upon reason-
able request and with permission of TriNetX. Access to the de-identified data requires either TriNetX network
membership or establishment of a collaborative agreement with TriNetX.
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