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Background. Coronavirus disease 2019 (COVID-19) has resulted in significant morbidity and mortality in solid organ 
transplant (SOT) recipients. The National COVID Cohort Collaborative was developed to facilitate analysis of patient-
level data for those tested for COVID-19 across the United States. Methods. In this study, we identified a cohort of 
SOT recipients testing positive or negative for COVID-19 (COVID+ and COVID−, respectively) between January 1,  
2020, and November 20, 2020. Univariable and multivariable logistic regression were used to determine predictors of a 
positive result among those tested. Outcomes following COVID-19 diagnosis were also explored. Results. Of 18 121 
SOT patients tested, 1925 were positive (10.6%). COVID+ SOT patients were more likely to have a kidney transplant and be 
non-White race. Comorbidities were common in all SOT patients but significantly more common in those who were COVID+. 
Of COVID+ SOT, 42.9% required hospital admission. COVID+ status was the strongest predictor of acute kidney injury (AKI), 
rejection, and graft failure in the 90 d after testing. A total of 40.9% of COVID+ SOT experienced a major adverse renal or 
cardiac event, 16.3% experienced a major adverse cardiac event, 35.3% experienced AKI, and 1.5% experienced graft loss. 
Conclusions. In the largest US cohort of COVID+ SOT recipients to date, we identified patient factors associated with 
the diagnosis of COVID-19 and outcomes following infection, including a high incidence of major adverse renal or cardiac 
event and AKI.
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Severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) infection and the coronavirus disease 2019 

(COVID-19) pandemic have resulted in significant morbid-
ity and mortality worldwide.1 In the general population, 
critical manifestations of COVID-19 include an increased risk 
of acute kidney injury (AKI), major adverse cardiovascular 
events (MACE), acute respiratory distress syndrome, and 
death.2 The incidence of COVID-19 in solid organ transplant 
(SOT) recipients is ≈15-fold higher than in the general immu-
nocompetent population,1 and SOT patients with COVID-19 
appear to be at higher risk of severe outcomes on the basis 
of their chronically immunosuppressed state and underly-
ing medical comorbidities.1,3,4 In 1013 transplant recipients 
from across Europe, 28-d mortality risk in SOT was ≈20% to 
30%5 (compared with 0.8%–2% in the general population).6 
However, whether SOT patients have worse COVID-19–
attributable mortality than demographic and comorbidity-
matched non-SOT patients after hospitalization remains to 
be seen, with some earlier studies suggesting no difference 
once hospitalized.7 The largest study to date in SOT patients 
with COVID-19 is a meta-analysis of 74 published studies 
from March 2020 to January 2021, including 5559 kidney 
transplant recipients (51% from Europe and 34% from the 
United States).8 Although there was significant heterogeneity 
in reported outcomes, AKI occurred in ≈50% of patients and 
23% of kidney transplant recipients died; a mortality rate 
≈4× to 10× higher than age-matched population controls.8 
Furthermore, in addition to standard COVID-19 risks, SOT 
patients with COVID-19 are uniquely at risk for graft loss 
relating to multiorgan failure and cytokine storm or to graft 
rejection secondary to immunosuppression withdrawal if crit-
ically ill.9-11

While predictors of testing positive for COVID-19 have 
been described in the general non-SOT population, character-
istics associated with COVID-19 diagnosis in SOT recipients 
have not been rigorously explored. There are both biologic 
and behavioral reasons why certain patients may be at 
increased risk of acquiring SARS-CoV-2 infection either based 
on exposure risk or infection after exposure to an inoculum. 
For example, estrogens are known to be immune stimulating 
and in the immunocompetent state, females have more robust 
antiviral immunity than males.12 Indeed, earlier literature 
has demonstrated that in the immunocompetent (non-SOT) 
population, males are more likely to test positive for COVID-
19 than are females.13 Whether this relates to sex-based dif-
ferences in exposure risk or in biologic immunity remains to 
be seen. Similar behavioral and biologic differences in infec-
tion risk after exposure to inoculum may likewise exist for 
other patient characteristics. Those with underlying comorbid 
conditions may be more likely to follow public health rec-
ommendations to minimize exposure risk and subsequent 
adverse outcomes from SARS-CoV-2. However, it is known 
that SARS-CoV-2 enters cells via the angiotensin converting 
enzyme-2 (ACE2) receptor which may be expressed differ-
entially based on age and underlying comorbidities (chronic 
obstructive pulmonary disease [COPD], smoking, hyperten-
sion, diabetes, and coronary artery disease [CAD]),14 and 
this may have a biologic impact on infection risk following 
an exposure. In a non-SOT population, a meta-analysis dem-
onstrated hypertension to be the most common comorbidity 
(30%) in those with COVID-19, followed by diabetes (19%) 
and CAD (8%).15 Common characteristics among hospitalized 

COVID-19 patients include hypertension (56.6%), as well as 
obesity (41.7%) and diabetes (33.8%).16 Finally, in the gen-
eral population, advanced age has also been associated with 
an increased susceptibility to COVID-19 disease (defined 
as an increased probability of SARS-CoV-2 infection upon 
contact with an infected individual).17 In SOT patients, non-
White ethnicity, obesity, asthma/COPD, and diabetes have 
been associated with COVID-19 disease.1,10 However, whether 
this simply reflects SOT patient demographics or true differ-
ences between SOT patients who test positive or negative for 
COVID-19 has not been examined.

The  National COVID Cohort Collaborative (N3C) is the 
largest database on COVID-19 in the United States. As of July 
30, 2021 (release 40), N3C contains longitudinal Electronic 
Health Record data on >2.1 million SARS-CoV-2 infected 
patients and >4.3 million uninfected controls from 57 data pro-
viders. It consists of a centralized, secure Enclave to store and 
study vast amounts of medical record data from people diag-
nosed with COVID-19 across the United States.18,19 N3C aims 
to transform clinical information into the knowledge urgently 
needed to study COVID-19, including risk factors that indi-
cate better or worse outcomes of the disease. Therefore, using 
the N3C, in a cohort of SOT patients tested for COVID-19, 
our objectives were to identify significant differences between 
those who tested negative and positive, and to determine out-
comes following COVID-19 diagnosis in a SOT population.

MATERIALS AND METHODS

N3C includes a broad category of patients with limited 
inclusion criteria for incoming data; specifically need 
for COVID-19 testing for both inpatient and outpatient 
encounters.20 The incoming data comes from 4 primary 
data models—OMOP, PCORnet, TriNetX, and ACT—
harmonized into the OMOP 5.3.1 data model and made 
available within a secure Enclave for analysis at the patient 
and encounter level.18

Design
We conducted a cohort study of adult SOT patients (>18 

years of age) in the United States who were tested for COVID-19  
(either a positive or negative result, COVID+ and COVID−, 
respectively) between January 1, 2020, and November 20, 
2020, identified using the N3C Enclave. The N3C Enclave 
was developed to facilitate analysis of patient-level data across 
the United States for multiple conditions, consisting of weekly 
electronic medical record (EMR) data extraction and transmis-
sion into a federally secured platform. This database includes 
EMR data from 57 US academic medical centers harmonized 
into an accessible analytical database (see Acknowledgments), 
including information on >2.1 million COVID+ patients. Any 
patient tested for COVID-19 (including COVID− individu-
als) was included in the N3C Enclave before the November 
20, 2020, cohort extraction date. Beginning with all releases 
after the N3C computable phenotype 3.0, however,21 all unin-
fected (COVID−) controls have all been shown to impact 
ACE2 receptor expression (based on age, sex, and race) in a 
2:1 uninfected:infected ratio at each data provider. Because of 
this matching process, all data released into the Enclave after 
release 13 (November 20, 2021) are difficult to use for studies 
requiring a true control arm; after this date, it was not possi-
ble to compare age, race, or sex differences between COVID+ 
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and COVID− patients. As a result, we restrict to data collected 
as of November 20 (release 13), which represents >2 million 
total patients, including 292 thousand SARS-CoV-2 infected 
patients from 34 data providers.

Analysis
Descriptive statistics were used to report baseline charac-

teristics for all SOT patients stratified by whether they tested 
positive or negative for COVID-19. Counts and percentages 
were used to describe categorical variables.

Data Collection
Patient factors that may be associated with increased like-

lihood of testing positive for COVID-19 were determined 
a prioiri and included patient demographics, such as age, 
race, and sex, type of organ transplant (kidney, liver, heart, 
lung, and other/unknown), and comorbidities (chronic kid-
ney disease [CKD], hypertension, diabetes, COPD/asthma, 
cancer, CAD, congestive heart failure [CHF], peripheral vas-
cular disease, liver disease, and obesity [body mass index  
(BMI) > 30 kg/m2]). Given large amounts of missingness for 
BMI (>40%), an indicator was created for missing BMI and 
included as an adjustment variable in multivariate analyses. 
We also collected information on maintenance immunosup-
pression (prednisone, tacrolimus, cyclosporine, and mycophe-
nolate mofetil) and induction agent (antithymocyte globulin 
[ATG] and basiliximab) utilized during a 90-d look-back 
period before COVID-19 testing date. Thus, for choice of 
induction agent, we only had data available for those trans-
planted in the 90 d before COVID-19 test date. Concept sets 
defining all standardized vocabulary used for medications, 
labs, procedures, and outcomes are available on the project 
Github repository.22

Primary Analysis
In our primary analysis, among those tested, the odds of 

receiving a positive COVID-19 result was determined using 
univariable logistic regression for each patient variable. Any 
patient factor significantly associated with a positive COVID-19  
test result at a P value of <0.05 was then incorporated into 
a multivariable logistic regression model to determine the 
adjusted odds ratio of testing positive for COVID-19.

Secondary Analysis
In a secondary analysis, we determined the proportion of 

patients experiencing an outcome in the 90 d after being tested 
for COVID-19 (among COVID+ and COVID−). Specifically, 
we examined outcomes including the development of severe 
COVID-19 requiring hospitalization (in those testing posi-
tive), MACE (defined as acute myocardial infarction, angina, 
stent occlusion/thrombosis, stroke, transient ischemic attack, 
CHF, or death from any cause), AKI, major adverse renal or 
cardiac event (MARCE), defined as either a MACE or AKI 
event, mortality, graft rejection, and graft failure. Because of 
small event numbers and a requirement of N3C to obscure 
counts of <20 individuals, we could not report 90-d rejection 
or mortality rates.

Among all patients tested for COVID-19, we used univari-
able logistic regression to determine patient variables (includ-
ing the results of COVID-19 testing) associated with the odds 
of developing each outcome ([1] MACE, [2] AKI, [3] MARCE, 
[4] mortality, [5] graft rejection, and [6] graft failure). The 

odds ratio for each variable for the outcome of MACE, AKI, 
MARCE, mortality, graft rejection, or graft failure was com-
pared with the odds ratio associated with testing positive 
for COVID-19. We did not include measures of COVID-19 
severity in our regression analysis (eg, hospitalization, need 
for mechanical ventilation, and extracorporeal membrane 
oxygenation) because the primary objective was to determine 
whether COVID-19 (including all potential downstream com-
plications) was associated with the above adverse outcomes. 
To include COVID-19 complications which may lie on the 
causal pathway between diagnosis and outcome would atten-
uate any signal associated with COVID-19 risk.

National Institute of Health’s N3C Data Utilization Request 
Approval committee approved the data utilization request of 
this project (RP-CA3365). Each author’s home institution 
executed Data Use Agreements for participation in N3C. All 
research team members relied upon Data Use Agreements exe-
cuted between their home institutions and National Center 
for Advancing Translational Sciences for access to N3C. Our 
study protocol was approved by the N3C Data Access and 
Ethics Committee before analysis. NACTS reviewed all data 
elements before extraction. All statistical analyses were per-
formed using R.

RESULTS

At the time of the analysis, 34 sites accounted for over 
2 million patients in the Enclave, of whom 292 226 were 
COVID+. We identified 18 121 SOT patients, of whom 1925 
were COVID+ (10.6%) with a median follow-up time of 76 
d (0–90 d), Figure S1, SDC, http://links.lww.com/TXD/A372. 
Demographics for COVID+ versus COVID− SOT patients are 
shown in Table  1. Compared with COVID− SOT patients, 
COVID+ SOT patients were slightly younger (mean 54.4 ver-
sus 56.1 y, P < 0.001) and less likely to be White race (40.3% 
of COVID+ SOT were White versus 60.3% of COVID−,  
P < 0.001). Those who were COVID+ were significantly more 
likely to have had a kidney transplant relative to other organ 
transplant type (72.7% of COVID+ versus 58.1% of COVID− 
SOT had a kidney transplant, P < 0.001). Conversely, lung 
and liver transplant recipients made up a smaller proportion 
of those patients testing positive for COVID-19 than those 
testing negative. Hypertension, diabetes, CAD, peripheral 
vascular disease, and CKD were common comorbidities in 
all SOT but significantly more common in those who were 
COVID+. Further analysis in more recent cohorts was limited 
by the inclusion of COVID− individuals matched by age, race, 
and sex.

Results of univariable analysis examining predictors of 
testing positive for COVID-19 are shown in Table 2. Among 
those tested, older age was negatively associated with test-
ing positive (odds ratio [OR] 0.74; 95% CI, 0.65-0.85 for 
those >65 y of age versus those aged 18–45 y). When tested, 
those of non-White ethnicity and recipients of kidney versus 
other organ transplants were more likely to have a positive 
test result, as were patients with any comorbidity other than 
liver disease. Among those with SOT, prednisone, tacrolimus, 
and mycophenolate mofetil use were each associated with an 
increased odds of testing positive for COVID-19. In multi-
variable analysis, age over 65, liver or lung transplant, and 
basiliximab induction were independently associated with a 
lower likelihood of testing positive for COVID-19, whereas a 

http://links.lww.com/TXD/A372


4	 Transplantation DIRECT   ■   2021	 www.transplantationdirect.com

positive test result was more common in those of non-White 
race, those with hypertension, diabetes, peripheral vascular 
disease, and tacrolimus maintenance immunosuppressive 
therapy, Table 2.

Ninety-day outcomes in those who tested positive and 
negative for COVID-19 are shown in Figure 1. In COVID+, 
42.9% were hospitalized for a median of 5 d (Q1 2, Q3 10 d).  
Compared with 26.5% of SOT patients who experienced 
MARCE in the 90 d following a negative COVID-19 test, 
40.9% of SOT patients who tested positive for COVID-19  
experienced MARCE. This was driven primarily by an 
increased incidence of AKI (35.3% of patients with COVID-19  
developed AKI, compared with 18.8% of patients test-
ing negative). Graft failure occurred in 1.5% of COVID+ 
patients. All outcomes were significantly different in COVID+ 
and COVID− patients at a P value of <0.001. Less than 20 

COVID− patients experienced graft failure in the 90 d after 
testing and fewer than 20 SOT patients testing either positive 
or negative for COVID-19 rejected their organs or died, and 
thus, the rates for these outcomes could not be displayed.

The odds of developing an outcome in the 90 d after a 
positive COVID-19 test (relative to those testing negative) are 
shown in Table 3. Testing positive for COVID-19 was signifi-
cantly associated with an increased risk of MARCE (OR, 1.92; 
95% CI, 1.75-2.12), MACE (OR, 1.23, 95% CI, 1.09-1.40), 
AKI (OR, 2.35, 95% CI, 2.13-2.61), death (OR, 8.43, 95% 
CI, 2.11-33.73), rejection (OR, 31.8, 95% CI, 10.5-95.9), and 
graft loss (OR, 79.7, 95% CI, 24.2-262.31).

Among all SOT patients tested (COVID+ and COVID−), 
predictors of each outcome (MARCE, MACE, AKI, mortal-
ity, rejection, and graft loss) are shown in Table 4. Compared 
with all other organ types, kidney transplant recipients had 

TABLE 2.

Univariable and multivariable OR and 95% CI for a positive 
COVID-19 test result among solid organ transplant patients 
who were tested

Variable
Univariable  
OR (95% CI)

Multivariable  
OR (95% CI)

Sex
  Male Ref –
  Female 0.95 (0.86-1.04)  
Age
  18–45 y Ref Ref
  45–65 y 0.88 (0.78-0.98) 0.99 (0.98-1.00)
  >65 y 0.74 (0.65-0.85) 0.97 (0.96-0.99)a

Race
  White Ref Ref
  Black or African American 2.31 (2.07-2.59) 1.06 (1.05-1.07)a

  Hispanic or Latino 2.41 (2.1-2.78) 1.07 (1.06-1.09)a

  Other/unknown 1.89 (1.61-2.23) 1.04 (1.03-1.06)a

Organ type
  Kidney 1.92 (1.72-2.13) 1.02 (1.00-1.03)
  Liver 0.62 (0.54-0.70) 0.97 (0.96-0.98)a

  Lung 0.46 (0.39-0.55) 0.97 (0.95-0.99)a

  Other/unknown 0.93 (0.81-1.07) –
Comorbidities
  CKD 2.17 (1.95-2.42) 1.01 (1.00-1.02)
  Hypertension 3.18 (2.77-3.64) 1.05 (1.04-1.06)a

  Diabetes 1.75 (1.59 -1.93) 1.02 (1.01-1.03)a

  Asthma 1.16 (1.02-1.31) 1.01 (1.00-1.02)
  Cancer 1.33 (1.19-1.46) 1.01 (1.00-1.02)
  Coronary artery disease 1.70 (1.54-1.88) 1.01 (1.00-1.03)
  Congestive heart failure 1.32 (1.19-1.46) 0.99 (0.98-1.00)
  Peripheral vascular disease 1.65 (1.48-1.83) 1.02 (1.01-1.03)a

  Liver disease 0.95 (0.86-1.06) –
  Obesity 1.13 (1.00-1.27) 1.00 (0.99-1.02)
  Obesity missing 1.22 (1.09-1.36) 1.01 (1.00-1.02)
Immunosuppression
  Prednisone 1.31 (1.18-1.45) 0.99 (0.98-1.01)
  Tacrolimus 1.60 (1.44-1.78) 1.03 (1.02-1.04)a

  Cyclosporine 0.97 (0.82-1.15) –
  MMF 1.52 (1.37-1.68) 1.01 (1.00-1.02)
  ATG induction 1.55 (1.32-1.81) 1.00 (0.98-1.02)
  Basiliximab induction 0.53 (0.41-0.68) 0.95 (0.93-0.97)a

a Statistically significant at a P < 0.05.
ATG, antithymocyte globulin; CI, confidence interval; CKD, chronic kidney disease; COVID-19, 
coronavirus disease 2019; MMF, mycophenolate mofetil; OR, odds ratio.

TABLE 1.

Patient demographics among solid organ transplant 
recipients with and without COVID-19

Variable
COVID+ (n/%),  

N = 1925 (10.6%)
COVID− (n/%),  

N = 16 196 (89.4%) P

Sex    
  Male 1156 (60.1) 9521 (58.8) 0.286
  Female 769 (39.9) 6675 (41.2)  
Age   <0.001a

  18–45 y 499 (25.9) 3629 (22.4)  
  45–65 y 951 (49.4) 7900 (48.8)  
  >65 y 475 (24.7) 4667 (28.8)  
Race   <0.001a

  White 776 (40.3) 9768 (60.3)  
  Black or African American 620 (32.2) 3376 (20.8)  
  Hispanic or Latino 324 (16.8) 1689 (10.4)  
  Other/unknown 205 (10.6) 1363 (8.4)  
Organ type   <0.001a

  Kidney 1399 (72.7) 9415 (58.1)  
  Liver 327 (17.0) 4041 (25.0)  
  Lung 139 (7.2) 2342 (14.5)  
  Other/unknown 243 (12.6) 2178 (13.4)  
Comorbidities
  CKD 1444 (75.0) 9399 (58.0) <0.001a

  Hypertension 1669 (86.7) 10889 (67.2) <0.001a

  Diabetes 1198 (62.2) 7851 (48.5) <0.001a

  Asthma 335 (17.4) 2495 (15.4) 0.024a

  Cancer 459 (23.8) 3081 (19.0) <0.001a

  Coronary artery disease 1311 (68.1) 9016 (55.7) <0.001a

  Congestive heart failure 590 (30.6) 4068 (25.1) <0.001a

  Peripheral vascular disease 523 (27.2) 2992 (18.5) <0.001a

  Liver disease 556 (28.9) 4842 (29.9) 0.372
  Obesity 487 (25.3) 4000 (24.7) 0.001a

  Obesity missing 677 (35.2) 5141 (31.7) 0.001a

Immunosuppression
  Prednisone 1332 (69.2) 10230 (63.2) <0.001a

  Tacrolimus 1415 (73.5) 10271 (63.4) <0.001a

  Cyclosporine 167 (8.7) 1439 (8.9) 0.792
  MMF 1319 (68.5) 9535 (58.9) <0.001a

  ATG induction 199 (10.3) 1123 (6.9) <0.001a

  Basiliximab induction 63 (3.3) 976 (6.0) <0.001a

a Statistically significant at a P < 0.05.
ATG, antithymocyte globulin; CKD, chronic kidney disease; COVID−, negative result from COVID-
19 testing; COVID+, positive result from COVID-19 testing; COVID-19, coronavirus disease 2019; 
MMF, mycophenolate mofetil.
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the highest risk of AKI (OR, 1.26, 95% CI, 1.16-1.35) and 
graft loss (OR, 6.32, 95% CI, 1.92-20.80). Lung and liver 
transplant recipients had significantly lower odds of MARCE 
and MACE, and lung recipients also had a lower odds of AKI 
after being tested for COVID-19, compared with other allo-
graft types.

A positive COVID-19 test result was a stronger predictor 
of each outcome (MARCE, MACE, AKI, mortality, rejection, 
and graft loss) than most other patient variables, Table 4. The 
only variables more strongly associated with MARCE were a 
history of CKD, CAD, or CHF. Testing positive for COVID-19  
was the strongest predictor of AKI (more so even than a pre-
existing diagnosis of CKD), as well as death, rejection, and 
graft failure.

DISCUSSION

Our analysis of patient characteristics associated with test-
ing positive for COVID-19 in SOT recipients includes 1925 
COVID+ SOT from multiple US medical centers and repre-
sents the first analysis using real-world EMR data examining 
the impact of the COVID-19 pandemic in transplantation. In 
this study, we compared patient characteristics and comorbid-
ities in those who tested positive versus negative for COVID-
19  and demonstrated important differences between the 2 
groups. Earlier studies of COVID-19 in SOT examine results 
only in those with a confirmed diagnosis of COVID-198,23-25 
which is an important but different question. By excluding 
those who test negative, it is impossible to determine factors 
that are more likely to associate with a COVID-19 diagnosis. 
Therefore, our study is novel. We show that compared with 
COVID− patients, COVID+ SOT recipients were younger, less 
likely to be White race, and more likely to have had a kidney 
transplant than another organ. They also had greater levels of 
comorbidity, with a higher prevalence of hypertension, diabe-
tes, CAD, peripheral vascular disease, and CKD. Despite the 
increased risk associated with male sex in the general popu-
lation,3,26 male SOT recipients were not more likely to test 
positive for COVID-19. Likewise, in the general population, 
older age is a risk for SARS-CoV-2 infection.17 However, in 
our population, we saw the opposite in that SOT COVID+ 
recipients were significantly younger than those testing nega-
tive. Whether the association between male sex and older age 
with COVID-19 diagnosis in the general population relates 
to a biologic vulnerability to viral infection or to differences 
in behaviors and lifestyles (potentially more travel and con-
tact patterns in males or older individuals leading to more 
virus exposure) that might put these patients at increased risk 
of acquiring COVID-19 remains to be seen. We may specu-
late that older male SOT patients are not at increased risk 

FIGURE 1.  Outcomes after coronavirus disease 2019 (COVID-19) diagnosis in solid organ transplant recipients. AKI, acute kidney injury; 
COVID−, negative result from COVID-19 testing; COVID+, positive result from COVID-19 testing; Covid-severity >moderate, need for 
hospitalization, ventilation, ECMO, or death from COVID-19; MACE, major adverse cardiac event; MARCE, major adverse renal or cardiac event.

TABLE 3.

OR and 95% CI of 90-d outcomes associated with COVID-19 
test positivity

Outcome COVID+ (n/%) COVID− (n/%) OR (95% CI)

MARCE 788 (40.9) 4290 (26.5) 1.92 (1.75-2.12)
MACE 314 (16.3) 2208 (13.6) 1.23 (1.09-1.40)
Mortality <20a <20a 8.43 (2.11-33.73)
Covid-severity (>moderate) 826 (42.9) – –
AKI 680 (35.3) 3050 (18.8) 2.35 (2.13-2.61)
Rejection <20a <20a 31.79 (10.54-95.88)
Graft loss 28 (1.5) <20a 79.67 (24.20-262.31)

aEvent counts of <20 are not reported in alignment with N3C privacy requirements.
AKI, acute kidney injury; CI, confidence interval; COVID−, negative result from COVID-19 testing; 
COVID+, positive result from COVID-19 testing; COVID-19, coronavirus disease 2019; Covid-
severity >moderate, need for hospitalization, ventilation, ECMO, or death from COVID-19; MACE, 
major adverse cardiac event; MARCE, major adverse renal or cardiac event; N3C, National COVID 
Cohort Collaborative; OR, odds ratio.
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for acquiring COVID-19 because of better adherence to social 
distancing and use of personal protective equipment thereby 
mitigating any behavioral differences observed in the general 
population. It is also possible that given concerns regarding 
amplified risk with these demographics, more asymptomatic 
older individuals and males were tested leading to an influx of 
negative screening results. The same may have been the case 
for SOT recipients with comorbidities; with more testing and 
better adherence to public health recommendations in those 
at higher risk. Finally, we demonstrate that, not surprisingly, 
immunosuppression use was associated with an increased risk 
of SARS-CoV-2 infection. It is known that immunosuppres-
sion is a risk for opportunistic and other infections, and there 
is literature to support that infectious complications likely 
vary by immunosuppressive agent. For example, in patients 
being treated for lupus nephritis, a meta-analysis has demon-
strated significant differences in infectious risk by immuno-
suppressive drug; tacrolimus being associated with a lower 
risk of serious infections compared with cyclophosphamide 

and prednisone.27 Interestingly, in our study, tacrolimus was 
the only immunosuppressive agent independently associated 
with testing positive for COVID-19 in multivariable analysis. 
The significance of this finding requires further investigation.

In the 90 d following COVID-19 diagnosis, we identify that 
42.9% of SOT recipients required hospitalization, compared 
with the hospitalization rate for COVID-19 in the general pub-
lic which has been shown to be 14% to 46%.28,29 Importantly, 
we also show an increased 90-d incidence of AKI following 
COVID-19 diagnosis. COVID-19 has been associated with an 
increased risk of AKI in the general population through poten-
tially coexisting pathways, including both direct and indirect 
effects. Direct viral invasion of kidney cells occurs through the 
ACE2 receptor on endothelial cells and podocytes resulting in 
endothelial dysfunction and nephritis, inciting a hyperinflam-
matory response, hypercoagulability, and complement activa-
tion.30,31 Indirect renal consequences of COVID-19 may relate 
to hemodynamic instability in severe disease, organ cross-
talk, activation of the renin-angiotensin-aldosterone system, 

TABLE 4.

OR and 95% CI for 90-d outcomes after testing for COVID-19 (both positive and negative test results)

Variable MARCE MACE AKI Rejection Death Graft loss

COVID-19+ (vs −) 1.92 (1.75-2.12)a 1.23 (1.09-1.40)a 2.35 (2.13-2.61)a 31.79 (10.54-95.88)a 8.43 (2.11-33.73)a 79.67 (24.2-262.31)a

Female sex (vs male) 0.88 (0.82-0.94)a 0.83 (0.76-0.91)a 0.92 (0.85-0.99)a 0.51 (0.18-1.42) 0.86 (0.21-3.60) 0.50 (0.22-1.11)
Age
  18–45 y Ref Ref Ref Ref Ref Ref
  45–65 y 1.21 (1.11-1.32)a 1.59 (1.40-1.80)a,b 1.11 (1.01-1.22)a 1.21 (0.43-3.40) 2.33 (0.27-19.97) 1.20 (0.50-2.87)
  >65 y 1.42 (1.29-1.56)a 2.47 (2.18-2.81)a,b 1.13 (1.02-1.25)a 0.16 (0.02-1.37) 1.61 (0.15-17.72) 0.69 (0.23-2.05)
Race
  White Ref Ref Ref Ref Ref Ref
  Black or African American 1.66 (1.53-1.79)a 1.58 (1.43-1.74)a,b 1.55 (1.43-1.70)a 1.89 (0.60-5.95) 0.53 (0.06-4.52) 2.88 (1.27-6.54)a

  Hispanic or Latino 1.16 (1.04-1.29)a 0.87 (0.75-1.02) 1.29 (1.15-1.45)a 3.75 (1.19-11.82)a 1.05 (0.12-8.97) 1.91 (0.61-5.99)
  Other/unknown 1.22 (1.08-1.37)a 1.00 (0.85-1.17) 1.26 (1.10-1.43)a 1.92 (0.40-9.26) 1.35 (0.16-11.52) 2.45 (0.78-7.70)
Organ type
  Kidney 1.17 (1.10-1.25)a 1.03 (0.94-1.12) 1.26 (1.16-1.35)a 1.16 (0.46-2.94) 1.13 (0.27-4.71) 6.32 (1.92-20.80)a

  Liver 0.82 (0.76-0.89)a 0.57 (0.51-0.63)a 0.96 (0.88-1.05) 0.59 (0.17-2.03) 1.05 (0.21-5.20) 0.34 (0.10-1.11)
  Lung 0.71 (0.64-0.78)a 0.64 (0.55-0.73)a 0.80 (0.72-0.90)a 0.74 (0.18-3.21) 0.90 (0.11-7.32) –
  Other/unknown 1.59 (1.46-1.74)a 2.8 (2.53-3.10)a,b 1.00 (0.90-1.11) 1.73 (0.57-5.22) 0.93 (0.11-7.53) 0.69 (0.21-2.21)
Comorbidities
  CKD 2.01 (1.87-2.15)a,b 1.66 (1.52-1.82)a,b 2.18 (2.01-2.36)a 1.88 (0.68-5.22) 1.12 (0.27-4.68) 20.19 (2.75-148.06)a

  Hypertension 1.73 (1.60-1.86)a 1.38 (1.25-1.51)a,b 1.80 (1.65-1.96)a 3.77 (0.87-16.32) 1.33 (0.27-6.59) –
  Diabetes 1.78 (1.67-1.90)a 1.82 (1.67-1.99)a,b 1.75 (1.63-1.88)a 2.81 (1.01-7.80)a 3.01 (0.61-14.91) 1.22 (0.60-2.47)
  Asthma 1.51 (1.39-1.65)a 1.72 (1.55-1.91)a,b 1.33 (1.21-1.46)a 3.94 (1.58-9.80)a 0.77 (0.09-6.27) 0.80 (0.28-2.29)
  Cancer 1.38 (1.28-1.49)a 1.15 (1.03-1.27)a 1.46 (1.34-1.59)a 0.23 (0.03-1.71) 0.59 (0.07-4.78) 1.20 (0.52-2.79)
  Coronary artery disease 2.47 (2.30-2.65)a,b* 3.95 (3.56-4.40)a,b 1.90 (1.76-2.05)a 1.64 (0.62-4.31) 1.26 (0.30-5.27) 1.59 (0.75-3.37)
  Congestive heart failure 3.87 (3.60-4.15)a,b 13.55 (12.28-14.95)a,b 1.83 (1.69-1.97)a 1.33 (0.51-3.51) 2.89 (0.72-11.57) 1.38 (0.65-2.93)
  Peripheral vascular disease 1.78 (1.65-1.93)a 2.07 (1.89-2.28)a,b 1.62 (1.49-1.77)a 1.48 (0.53-4.12) 1.39 (0.28-6.87) 1.98 (0.93-4.21)
  Liver disease 1.20 (1.12-1.28)a 0.95 (0.87-1.04) 1.33 (1.23-1.43)a 0.63 (0.21-1.89) 1.41 (0.34-5.92) 0.69 (0.30-1.60)
  Obesity 1.09 (1.01-1.18)a 1.26 (1.14-1.39)a,b 1.01 (0.93-1.11) 1.09 (0.36-3.33) 3.48 (0.32-38.44) 0.70 (0.27-1.80)
  Obesity missing 0.92 (0.86-1.00) 0.93 (0.84-1.03) 0.99 (0.91-1.07) 1.01 (0.35-2.91) 6.72 (0.79-57.54) 0.90 (0.40-1.99)
Immunosuppression
  Prednisone 0.88 (0.82-0.94)a 0.85 (0.78-0.92)a 0.89 (0.83-0.96)a 1.59 (0.57-4.41) 3.97 (0.49-32.3) 1.19 (0.56-2.53)
  Tacrolimus 0.73 (0.68-0.78)a 0.63 (0.58-0.69)a 0.80 (0.74-0.86)a 4.69 (1.08-20.28)a 0.33 (0.08-1.38) 0.76 (0.37-1.56)
  Cyclosporine 1.16 (1.04-1.30)a 1.11 (0.96-1.29) 1.22 (1.08-1.38)a 0.57 (0.08-4.28) 3.43 (0.69-17.01) 1.10 (0.33-3.63)
  MMF 0.79 (0.74-0.85)a 0.70 (0.64-0.76)a 0.84 (0.79-0.91)a 1.88 (0.68-5.21) 2.01 (0.41-9.96) 0.81 (0.40-1.65)
  ATG induction 1.20 (1.06-1.35)a 0.80 (0.68-0.96)a 1.26 (1.10-1.44)a 0.71 (0.09-5.29) 1.82 (0.22-14.77) 1.36 (0.41-4.49)
  Basiliximab induction 0.84 (0.73-0.98)a 0.60 (0.48-0.75)a 0.93 (0.80-1.09) NA NA 0.55 (0.07-4.02)

aStatistically significant at P < 0.05.
bStronger (significant) predictors of the specific outcome than a positive COVID-19 test result.
AKI, acute kidney injury; ATG, antithymocyte globulin; CI, confidence interval; CKD, chronic kidney disease; COVID-19, coronavirus disease 2019; MACE, major adverse cardiac event; MARCE, major 
adverse renal or cardiac event; MMF, mycophenolate mofetil; NA, not available; OR, odds ratio.
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rhabdomyolysis and sepsis or acute respiratory distress syn-
drome-associated AKI.30,31

We also demonstrate that in the 3 mo after diagnosis, 
16.3% of SOT patients experienced MACE, compared 
with the annual incidence of MACE in SOT patients with-
out COVID-19 of ≈3.5%–5%.32 In our study, however, the 
risk of MACE in the COVID− cohort was also much higher 
(13.6%), reflecting a more complex control population who 
by fact of inclusion, had an indication for COVID-19 test-
ing. The increased MACE risk following COVID-19 diagnosis 
likely reflects a physiologic response to critical illness, but it 
has also been proposed that the overwhelming inflammatory 
response to COVID-19 itself may trigger a cascade of com-
plications culminating in cardiovascular events.33 Finally, we 
demonstrate 90-d incidence rates of graft loss of 1.5%, with 
very few events in the COVID− groups (leading to large OR 
and wide CI associated with COVID-19 test positivity). Event 
rates in the COVID+ group are lower than in earlier studies 
of hospitalized patients, which likely reflects the fact that our 
study includes a less sick population, with nearly 50% of our 
cohort being managed as outpatients (providing a better esti-
mate of the true natural trajectory of COVID-19 disease in all 
SOT patients not just those sick enough for admission).

Although we do not have information regarding the 
COVID-19 management strategies employed in these patients, 
this would likely suggest less adjustments or minimization of 
immunosuppression were required. The American Society 
of Transplantation currently recommends providers con-
sider decreasing nonsteroid immunosuppression in sick SOT 
patients with COVID-19 and without recent episodes of acute 
rejection, however, the decision to reduce immunosuppression 
should be individualized and based on the relative risk-benefit 
of COVID-19 severity and graft rejection.34 Conversely, the 
American Association for the Study of Liver Diseases makes a 
more formal statement regarding discontinuation of antime-
tabolite medications and maintenance of calcineurin inhibi-
tors in those with active COVID-19.35

While systematic review and meta-analysis have yielded siz-
able COVID+ SOT study populations,8 the largest COVID+ 
SOT cohort study to date includes just over 1000 transplant 
recipients and focuses on outcomes in SOT recipients with 
COVID-19, rather than predictors of testing positive for 
COVID-19.5 Our current study is the largest to date to explore 
patient characteristics associated with a diagnosis of COVID-
19 in a national cohort of SOT. This information is valuable in 
that it may help identify patients who require a lower threshold 
for COVID-19 screening. We demonstrate similarities to the 
general population in that hypertension, diabetes, and CAD 
were all associated with testing positive for COVID-19,15 how-
ever, in our population, the proportion of patients with these 
comorbidities was much higher (eg, 69.3% of the entire cohort 
of SOT patients were hypertensive). Irrespective of whether 
certain patient characteristics are associated with an increased 
behavioral or biologic risk of acquiring COVID-19, the impor-
tance of social distancing and masking cannot be understated 
as a means of mitigating SARS-CoV-2 exposure and subse-
quent infection in this immunosuppressed population.

This study has limitations, however. As with all retrospec-
tive analyses, there is a risk of miscoding and misclassifica-
tion of patient covariates or outcomes. Importantly, in the 
general population, there is a bias in who ultimately under-
goes testing for COVID-19 with males, Black ethnicity, social 

disadvantage (based on education, housing, and income met-
rics), smoking history, obesity, and comorbid patients being 
tested more frequently.36 We were not able to account for 
potential differential testing bias, however, we were able to 
identify significant differences in test positivity among those 
tested. Additionally, the primary analysis examines predic-
tors of COVID-19 test positivity, however, it is known that 
there are limitations to test accuracy and false positives and 
negatives exist in varying frequencies depending on the test 
utilized. Reverse transcriptase polymerase chain reaction 
assay of nasopharyngeal respiratory secretions is the current 
gold standard for COVID-19 diagnosis.37 However, this has 
been associated with a relatively high false-negative rate.38,39 
Alternative diagnostic tests include serologic antibody test-
ing for SARS-CoV-2 antibodies and viral antigen testing.40 
However, the reliability of antibody testing in immunosup-
pressed SOT patients has been questioned, and viral antigen 
testing is known to be limited by reduced sensitivity and high 
false-negative rates.40 However, we did not have information 
on what particular test was used for diagnosis. Importantly, 
neither did we have information on the indication for test-
ing or presenting symptoms. A meaningful risk prediction 
model for COVID-19 diagnosis in SOT recipients would need 
to incorporate patient symptoms in addition to underlying 
demographics and comorbidity burden. Patients testing nega-
tive for COVID-19 would have had an indication for test-
ing (whether asymptomatic screening at the time of a routine 
clinic visit, or emergency room presentation with respiratory 
compromise), and thus because of potential confounding by 
indication, the risk of 90-d outcomes is inevitably higher in 
this population than in those not requiring testing. Because of 
limits with data availability, we do not have robust historical 
data on induction agent utilized at the time of transplant, as 
medications were only captured in a look-back window of 
90 d. Therefore, it is unlikely we would have induction data 
on those transplanted >90 d before COVID-19 testing date. 
Despite this limitation, we examined the potential risk asso-
ciated with ATG versus basiliximab in those with available 
data, and show that, with the caveat regarding missing data 
in those farther posttransplant, Basiliximab induction appears 
to be lower risk than ATG (as might be expected). Another 
important limitation is that we only had mortality outcome 
data as part of the MACE composite, not mortality in iso-
lation. Because of very low 90-d rejection and death rates 
(<20 individual patients) in both the COVID+ and COVID− 
groups, and concerns regarding patient privacy, we were not 
able to present isolated rejection or mortality data, which are 
certainly important metrics. Nor could we present graft loss 
rates in those who tested negative for COVID. Earlier liter-
ature has demonstrated a 20% to 32% 28-d mortality rate 
in SOT patients with COVID-19.4,41 However, again these 
studies are restricted to SOT patients who are hospitalized 
with COVID-19 and thus, represent a sicker cohort. Finally, 
although our study includes both inpatients and outpatients 
who had testing for COVID-19, many infections are asympto-
matic and these patients would not have sought testing unless 
required for hospital operating procedures and would remain 
undiagnosed.

Conclusions
In this study, we examine patient factors associated with 

having a positive result when SOT recipients are tested for 
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COVID-19. This study includes 30 times more SOT patients 
than the next largest study examining predictors of a positive 
COVID-19 test in this population. We show that those with a 
kidney transplant are the highest risk for acquiring COVID-19,  
and comorbidities are common in all SOT patients but are 
even more common in those testing positive for COVID-19. 
SOT patients who test positive for COVID-19 are at a high 
risk for hospitalization, MARCE, and AKI. This information 
is important to risk stratify patients who might require testing 
for COVID-19.
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Clinical and Translational Science Institute of Southeast 
Wisconsin. University of New Mexico Health Sciences 
Center—UL1TR001449: University of New Mexico Clinical 

and Translational Science Center. George Washington 
University—UL1TR001876: Clinical and Translational 
Science Institute at Children’s National. Stanford University—
UL1TR003142: Spectrum: The Stanford Center for Clinical 
and Translational Research and Education. Regenstrief 
Institute—UL1TR002529: Indiana Clinical and Translational 
Science Institute. Cincinnati Children’s Hospital Medical 
Center—UL1TR001425: Center for Clinical and 
Translational Science and Training. Boston University 
Medical Campus—UL1TR001430: Boston University 
Clinical and Translational Science Institute. The State 
University of New York at Buffalo—UL1TR001412: Clinical 
and Translational Science Institute. Aurora Healthcare—
UL1TR002373: Wisconsin Network For Health Research. 
Brown University—U54GM115677: Advance Clinical 
Translational Research. Rutgers, The State University of New 
Jersey—UL1TR003017: New Jersey Alliance for Clinical and 
Translational Science. Loyola University Chicago—
UL1TR002389: ITM. #N/A—UL1TR001445: Langone 
Health’s Clinical and Translational Science Institute. 
Children’s Hospital of Philadelphia—UL1TR001878: 
Institute for Translational Medicine and Therapeutics. 
University of Kansas Medical Center—UL1TR002366: 
Frontiers: University of Kansas Clinical and Translational 
Science Institute. Massachusetts General Brigham—
UL1TR002541: Harvard Catalyst. Icahn School of Medicine 
at Mount Sinai—UL1TR001433: ConduITS Institute for 
Translational Sciences. Ochsner Medical Center—
U54GM104940: Louisiana Clinical and Translational 
Science Center. HonorHealth—None (Voluntary). University 
of California, Irvine—UL1TR001414: The UC Irvine 
Institute for Clinical and Translational Science. University of 
California, San Diego—UL1TR001442: Altman Clinical and 
Translational Research Institute. University of California, 
Davis—UL1TR001860: University of California, Davis 
Health Clinical and Translational Science Center. University 
of California, San Francisco—UL1TR001872: University of 
California, San Francisco Clinical and Translational Science 
Institute. University of California, Los Angeles—
UL1TR001881: University of California, Los Angeles Clinical 
Translational Science Institute. University of Vermont—
U54GM115516: Northern New England Clinical & 
Translational Research Network. Arkansas Children’s 
Hospital—UL1TR003107: University of Arkansas for 
Medical Sciences Translational Research Institute.

REFERENCES
	 1.	Elias M, Pievani D, Randoux C, et al. COVID-19 infection in kidney 

transplant recipients: disease incidence and clinical outcomes. J Am 
Soc Nephrol. 2020;31:2413–2423.

	 2.	Chen N, Zhou M, Dong X, et al. Epidemiological and clinical charac-
teristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, 
China: a descriptive study. Lancet. 2020;395:507–513.

	 3.	Pereira MR, Mohan S, Cohen DJ, et al. COVID-19 in solid organ trans-
plant recipients: initial report from the US epicenter. Am J Transplant. 
2020;20:1800–1808.

	 4.	Kates OS, Haydel BM, Florman SS, et al. Coronavirus disease  
2019 in solid organ transplant: a multi-center cohort study. 
Clin Infect Dis. [Epub ahead of print. August 7, 2020]. doi: 
10.1093/cid/ciaa1097

	 5.	Jager KJ, Kramer A, Chesnaye NC, et al. Results from the ERA-
EDTA Registry indicate a high mortality due to COVID-19 in dialysis 
patients and kidney transplant recipients across Europe. Kidney Int. 
2020;98:1540–1548.



10	 Transplantation DIRECT   ■   2021	 www.transplantationdirect.com

	 6.	Pastor-Barriuso R, Pérez-Gómez B, Hernán MA, et al; ENE-COVID 
Study Group. Infection fatality risk for SARS-CoV-2 in community 
dwelling population of Spain: nationwide seroepidemiological study. 
BMJ. 2020;371:m4509.

	 7.	Avery RK, Chiang TP-Y, Marr KA, et al. Inpatient COVID-19 out-
comes in solid organ transplant recipients compared to non-solid 
organ transplant patients: a retrospective cohort. Am J Transplant. 
2021;21:2498–2508.

	 8.	Kremer D, Pieters TT, Verhaar MC, et al. A systematic review and 
meta-analysis of COVID-19 in kidney transplant recipients: lessons to 
be learned. Am J Transplant. [Epub ahead of print. July 1, 2021]. doi: 
10.1111/ajt.16742

	 9.	Azzi Y, Parides M, Alani O, et al. COVID-19 infection in kidney transplant 
recipients at the epicenter of pandemics. Kidney Int. 2020;98:1559–1567.

	10.	Cravedi P, Mothi SS, Azzi Y, et al. COVID-19 and kidney transplanta-
tion: results from the TANGO International Transplant Consortium. Am 
J Transplant. 2020;20:3140–3148.

	11.	Roberts MB, Izzy S, Tahir Z, et al. COVID-19 in solid organ transplant 
recipients: dynamics of disease progression and inflammatory markers in 
ICU and non-ICU admitted patients. Transpl Infect Dis. 2020;22:e13407.

	12.	Lau A, West L, Tullius SG. The impact of sex on alloimmunity. Trends 
Immunol. 2018;39:407–418.

	13.	Vinson AJ, Chong AS, Clegg D, et al. Sex matters: COVID-19 in kid-
ney transplantation. Kidney Int. 2021;99:555–558.

	14.	Li Y, Zhou W, Yang L, et al. Physiological and pathological regu-
lation of ACE2, the SARS-CoV-2 receptor. Pharmacol Res. 
2020;157:104833.

	15.	Zhou F, Yu T, Du R, et al. Clinical course and risk factors for mortality 
of adult inpatients with COVID-19 in Wuhan, China: a retrospective 
cohort study. Lancet. 2020;395:1054–1062.

	16.	Richardson S, Hirsch JS, Narasimhan M, et al; the Northwell COVID-
19 Research Consortium. Presenting characteristics, comorbidities, 
and outcomes among 5700 patients hospitalized with COVID-19 in 
the New York city area. JAMA. 2020;323:2052–2059.

	17.	Davies NG, Klepac P, Liu Y, et al; CMMID COVID-19 working group. 
Age-dependent effects in the transmission and control of COVID-19 
epidemics. Nat Med. 2020;26:1205–1211.

	18.	Haendel MA, Chute CG, Bennett TD, et al. The National COVID Cohort 
Collaborative (N3C): rationale, design, infrastructure, and deployment. 
J Am Med Inform Assoc. 2021;28:427–443.

	19.	Bennett TD, Moffitt RA, Hajagos JG, et al. Clinical characterization 
and prediction of clinical severity of SARS-CoV-2 infection among US 
adults using data from the US National COVID Cohort Collaborative. 
JAMA Netw Open. 2021;4:e2116901.

	20.	GitHub. National-COVID-Cohort-Collaborative/Phenotype_Data_
Acquisition. 2021. Avaliable at https://github.com/National-COVID-
Cohort-Collaborative/Phenotype_Data_Acquisition. Accessed March 
17, 2021.

	21.	Pfaff Eea. COVID-19 Phenotype Documentation, Version 3.0. N3C 
Phenotype & Data Acquisition Workstream. 11/12/2020 2020. 
Avaliable at https://github.com/National-COVID-Cohort-Collaborative/
Phenotype_Data_Acquisition/wiki/Phenotype-3.0-(deprecated. 
Accessed August 4, 2021.

	22.	E.F. MARCE 2021. Github Repository. 2021. Available at https://
github.com/National-COVID-Cohort-Collaborative/CS-ISC/tree/main/
MARCE. Accessed July 10, 2021.

	23.	Chaudhry ZS, Williams JD, Vahia A, et al. Clinical characteristics and 
outcomes of COVID-19 in solid organ transplant recipients: a cohort 
study. Am J Transplant. 2020;20:3051–3060.

	24.	Avery RK, Chiang TP-Y, Marr KA, et al. Inpatient COVID-19 out-
comes in solid organ transplant recipients compared to non-solid 
organ transplant patients: a retrospective cohort. Am J Transplant. 
2021;21:2498–2508.

	25.	Molnar MZ, Bhalla A, Azhar A, et al; STOP-COVID Investigators. 
Outcomes of critically ill solid organ transplant patients with COVID-19 
in the United States. Am J Transplant. 2020;20:3061–3071.

	26.	Márquez EJ, Trowbridge J, Kuchel GA, et al. The lethal sex gap: 
COVID-19. Immun Ageing. 2020;17:13.

	27.	Singh JA, Hossain A, Kotb A, et al. Risk of serious infections with 
immunosuppressive drugs and glucocorticoids for lupus nephri-
tis: a systematic review and network meta-analysis. BMC Med. 
2016;14:137.

	28.	Kalyanaraman Marcello R, Dolle J, Grami S, et al; New York City Health 
+ Hospitals COVID-19 Population Health Data Team. Characteristics 
and outcomes of COVID-19 patients in New York City’s public hospital 
system. PLoS One. 2020;15:e0243027.

	29.	Reese H, Iuliano AD, Patel NN, et al. Estimated incidence of coro-
navirus disease 2019 (COVID-19) illness and hospitalization—United 
States, February–September 2020. Clin Infect Dis. 2021;72:e1010–
e1017. doi:10.1093/cid/ciaa1780

	30.	Kooman JP, van der Sande FM. COVID-19 in ESRD and acute kidney 
injury. Blood Purif 2020;50:610–620.

	31.	Nadim MK, Forni LG, Mehta RL, et al. COVID-19-associated acute 
kidney injury: consensus report of the 25th Acute Disease Quality 
Initiative (ADQI) Workgroup. Nat Rev Nephrol. 2020;16:747–764.

	32.	Kidney Disease: Improving Global Outcomes (KDIGO) Transplant 
Work Group. KDIGO clinical practice guideline for the care of kidney 
transplant recipients. Am J Transplant. 2009;9(s3): S1–S155.

	33.	Prabhu SD. Cytokine-induced modulation of cardiac function. Circ 
Res. 2004;95:1140–1153.

	34.	American Society of Transplantation 2019-nCoV (Coronavirus): FAQs 
for Organ Transplantation. October 13, 2020. Avaliable at https://
www.myast.org/sites/default/files/2019.02.10%20FAQs%20for%20
Coronavirus.pdf. Accessed March 2 4, 2021.

	35.	Diseases TAAftSoL. Clinical best practice advice for hepatology and liver 
transplant providers during the COVID-19 pandemic: AASLD expert 
panel consensus statement. March 9, 2021 2021. Avaliable at https://
www.aasld.org/about-aasld/covid-19-and-liver. Accessed March 24, 
2021.

	36.	Chadeau-Hyam M, Bodinier B, Elliott J, et al. Risk factors for positive 
and negative COVID-19 tests: a cautious and in-depth analysis of UK 
biobank data. Int J Epidemiol. 2020;49:1454–1467.

	37.	Hanson KE, Caliendo AM, Arias CA, et al. The Infectious Diseases Society 
of America guidelines on the diagnosis of COVID-19: molecular diag-
nostic testing. Clin Infect Dis. 2021;ciab048. doi: 10.1093/cid/ciab048

	38.	Liu R, Han H, Liu F, et al. Positive rate of RT-PCR detection of SARS-
CoV-2 infection in 4880 cases from one hospital in Wuhan, China, 
from Jan to Feb 2020. Clin Chim Acta. 2020;505:172–175.

	39.	Arevalo-Rodriguez I, Buitrago-Garcia D, Simancas-Racines D, et al. 
False-negative results of initial RT-PCR assays for COVID-19: a sys-
tematic review. PLoS One. 2020;15:e0242958.

	40.	Azzi Y, Bartash R, Scalea J, et al. COVID-19 and solid organ trans-
plantation: a review article. Transplantation. 2021;105:37–55.

	41.	Hilbrands LB, Duivenvoorden R, Vart P, et al; ERACODA Collaborators. 
COVID-19-related mortality in kidney transplant and dialysis patients: 
results of the ERACODA collaboration. Nephrol Dial Transplant. 
2020;35:1973–1983.

https://github.com/National-COVID-Cohort-Collaborative/Phenotype_Data_Acquisition
https://github.com/National-COVID-Cohort-Collaborative/Phenotype_Data_Acquisition
https://github.com/National-COVID-Cohort-Collaborative/Phenotype_Data_Acquisition/wiki/Phenotype-3.0-
https://github.com/National-COVID-Cohort-Collaborative/Phenotype_Data_Acquisition/wiki/Phenotype-3.0-
https://github.com/National-COVID-Cohort-Collaborative/CS-ISC/tree/main/MARCE
https://github.com/National-COVID-Cohort-Collaborative/CS-ISC/tree/main/MARCE
https://github.com/National-COVID-Cohort-Collaborative/CS-ISC/tree/main/MARCE
https://www.myast.org/sites/default/files/2019.02.10%20FAQs%20for%20Coronavirus.pdf
https://www.myast.org/sites/default/files/2019.02.10%20FAQs%20for%20Coronavirus.pdf
https://www.myast.org/sites/default/files/2019.02.10%20FAQs%20for%20Coronavirus.pdf
https://www.aasld.org/about-aasld/covid-19-and-liver
https://www.aasld.org/about-aasld/covid-19-and-liver

