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Abstract

Lung transplant recipients (LTR) with coronavirus disease 2019 (COVID-19) may have higher 

mortality than non-lung solid organ transplant recipients (SOTR), but direct comparisons are 

limited. Risk factors for mortality specifically in LTR have not been explored. We performed 

a multicenter cohort study of adult SOTR with COVID-19 to compare mortality by 28 days 

between hospitalized LTR and non-lung SOTR. Multivariable logistic regression models were 

used to assess comorbidity-adjusted mortality among LTR vs. non-lung SOTR and to determine 

risk factors for death in LTR. Of 1,616 SOTR with COVID-19, 1,081 (66%) were hospitalized 

including 120/159 (75%) LTR and 961/1457 (66%) non-lung SOTR (p = .02). Mortality was 

higher among LTR compared to non-lung SOTR (24% vs. 16%, respectively, p = .032), and lung 

transplant was independently associated with death after adjusting for age and comorbidities (aOR 

1.7, 95% CI 1.0–2.6, p = .04). Among LTR, chronic lung allograft dysfunction (aOR 3.3, 95% 

CI 1.0–11.3, p = .05) was the only independent risk factor for mortality and age >65 years, heart 

failure and obesity were not independently associated with death. Among SOTR hospitalized for 

COVID-19, LTR had higher mortality than non-lung SOTR. In LTR, chronic allograft dysfunction 

was independently associated with mortality.
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1 ∣ INTRODUCTION

Solid organ transplant recipients (SOTR) are at risk for poor outcomes from coronavirus 

disease 2019 (COVID-19) due to the frequent medical comorbidities and the potential 

impact of immunosuppression.1,2 Lung transplant recipients (LTR) with COVID-19 are 

unique among SOTR because severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) directly infects the allograft. Small observational cohort studies suggest that LTR 

with COVID-19 may have higher mortality than non-lung SOTR. Mortality as high as 46% 

has been reported in LTR, compared to ~20% for SOTR as a collective group.1,3-6 However, 

heterogeneity in follow-up duration both within and between these studies precludes 

meaningful assessment of differences between LTR and non-lung SOTR with COVID-19. 

Although advanced age, obesity, chronic lung disease, and heart failure appear to be the key 

drivers of COVID-19-related mortality among SOTR and the general population,1,7-9 risk 

factors for mortality specifically among LTR have not been assessed in large cohorts.

We previously reported a multicenter registry of SOTR with COVID-19, all of whom were 

followed for 28 days (or until death if <28 days) using standardized data collection tools.1 

This registry remained open for an additional 7 months to accrue further cases. Here, 

we report the 28-day morbidity and mortality among SOTR who were hospitalized for 

COVID-19, directly compare outcomes between LTR and non-lung SOTR, and evaluate risk 

factors for death specifically in LTR.

2 ∣ MATERIALS AND METHODS

As previously described,1 the study was approved by the University of Washington 

Institutional Review Board with waiver of informed consent (STUDY00009698). The 

Institutional Review Board issued a “not human subjects research” designation for 

contributors reporting de-identified data accessed during routine clinical care. Study sites 

underwent review by local institutional review boards if needed to access data or to maintain 

a key to identify patient records at their discretion.

2.1 ∣ Study design

This multicenter cohort study included recipients of any solid organ transplant who were 

diagnosed with COVID-19 between February 28, 2020 and December 31, 2020 by SARS-

CoV-2 antigen or polymerase chain reaction testing of an upper or lower respiratory sample. 

Providers were notified of the study through postings on message boards hosted by the 

American Society of Transplantation, the American Society of Transplant Surgeons, and the 

International Society for Heart and Lung Transplantation. Contributors at individual study 

sites entered de-identified patient data into REDCap (Research Electronic Data Capture), 

a secure, web-based data capture software program, which was hosted at the University 
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of Washington.10,11 Clinical information regarding baseline demographics and details of 

disease presentation were collected in an initial survey, and a second follow-up survey 

collected clinical data at 28 days after COVID-19 diagnosis (Table S1). The registry 

remained open to collect follow-up surveys through January 31, 2021. Patients for whom 

both the initial and follow-up surveys were completed were included in the present study.

2.2 ∣ Statistical analyses

Primary analysis assessed patients who were hospitalized within the 28 days following 

the first positive SARS-CoV-2 test and who were not already hospitalized for another 

indication prior to or concurrent with diagnosis (consort diagram, Figure S1). Demographic 

and baseline characteristics were assessed as counts and percentages for categorical values 

and as a mean (standard deviation) for continuous variables. Chi-square and Student's t 
tests were used to compare baseline categorical and continuous variables, respectively. 

Chi-squared and Fisher's exact tests were used to compare the incidence of death (primary 

outcome) and seven secondary outcomes between LTR and non-lung SOTR by 28 days after 

COVID-19 diagnosis. Secondary outcomes included intensive care unit (ICU) admission, 

mechanical ventilation, acute kidney injury, bacterial pneumonia, fungal pneumonia, 

bloodstream infection, and acute cellular rejection.

Univariable logistic regression was used to assess risk factors for mortality among three 

hospitalized cohorts: (1) LTR only, (2) non-lung SOTR only, and (3) LTR and non-lung 

SOTR combined, and multivariable logistic regression was used to determine risk factors 

for mortality among the entire SOTR cohort. Variables that were selected a priori for 

consideration of inclusion in our multivariable model (based on our hypothesis and/or prior 

studies showing significance) included receipt of lung transplant (vs. non-lung transplant), 

age, and comorbidities (hypertension, diabetes mellitus, heart failure, obesity, chronic 

kidney disease, coronary artery disease, and chronic lung disease). We evaluated other 

covariates with at least a prevalence of 5% and a p < .2 in the univariable analysis 

of the entire SOTR cohort for inclusion; based on this, use of mammalian target of 

rapamycin (mTOR) inhibitor was included as well. Age was assessed as a dichotomous 

variable (age ≤65 years vs. >65 years) based on clinical relevance and in accordance with 

prior studies.12,13 Interactions between lung transplant history and other covariates were 

considered in the final model. A separate multivariable logistic regression model was used 

to identify risk factors for mortality specifically in the LTR cohort. For consistency, this 

model contained the same covariates as the multivariable model used to assess risk factors 

for mortality in the full SOTR cohort, with the exception that type of lung transplant (single 

lung vs. bilateral lung) was assessed in place of lung transplant vs. no lung transplant and 

chronic lung allograft dysfunction (CLAD) was assessed in place of chronic lung disease. 

Complete data were available for the majority of variables; multiple imputation by chained 

equations was used to handle the missing data for multivariable models.14 All results were 

considered statistically significant at a two-sided p value ≤ .05. All analyses were performed 

using Stata version 16.1 (Stata Corporation, College Station, TX) and R version 4.0.2.
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3. ∣ RESULTS

3.1 ∣ Study population

There were 1,701 cases of COVID-19 in SOTR entered into the registry during the study 

period. Cases were excluded from analysis if there was no laboratory-confirmed COVID-19 

diagnosis (n = 8), >10% of requested data were missing on initial or follow-up surveys (n 
= 5), data were duplicated in another entry (n = 9), the contributor reported that the case 

was diagnosed after December 31, 2020 (n = 1), or follow-up reports for a living patient 

were submitted earlier than 28 days after COVID-19 diagnosis (n = 62). Of the 1616 SOTR 

who met inclusion criteria, 1081 (66%) were hospitalized within 28 days of COVID-19 

diagnosis, including 120/159 (75%) LTR and 961/1457 (66%) non-lung SOTR (p = .02, 

Table S2). These 1081 patients were included in the primary analysis (consort diagram, 

Figure S1).

3.2 ∣ Baseline characteristics of hospitalized LTR and non-lung SOTR

Baseline demographics, clinical characteristics, and therapeutic interventions in hospitalized 

lung and non-lung SOTR are summarized in Table 1. Thirty-four LTR (29%) received a 

single lung transplant and 16 (14%) LTR had CLAD at baseline. Most LTR were receiving a 

calcineurin inhibitor (114, 97%) and corticosteroids (117, 98%) at the time of presentation, 

and 84 (70%) were receiving a regimen that included a calcineurin inhibitor, corticosteroid, 

and anti-metabolite. Reduction in immunosuppression after COVID-19 diagnosis was less 

common in LTR vs. non-lung SOTR (64/120 [57%] vs. 686/961 [74%]), and LTR were 

more likely to receive treatment with corticosteroids, remdesivir, and/or convalescent plasma 

(Table 1).

3.3 ∣ Crude incidence of outcomes by 28 days in hospitalized lung and non-lung SOTR

We compared the crude incidence of death (primary outcome) and seven secondary 

outcomes, assessed by 28 days, in hospitalized lung and non-lung SOTR (Table 2). LTR 

and non-lung SOTR had similar rates of admission to the ICU (52/1120 [44%] vs. 346/925 

[37%], p = .18), need for mechanical ventilation (33/120 [28%] vs. 250/961 [27%], p = 

.74) and bacterial pneumonia (12/120 [10%] vs. 72/961 [8%], p = .33). Fungal pneumonia 

occurred more commonly among LTR vs. non-lung SOTR (3/120 [3%] vs. 1/961[0.4%], p 
= .01). Crude 28-day mortality was significantly higher among LTR compared to non-lung 

SOTR (29/120 [24%] vs. 157/961 [16%], p = .032). Unadjusted survival curves demonstrate 

time to death during the first 28 days after COVID-19 diagnosis in hospitalized lung and 

non-lung SOTR (Figure 1A) and in all hospitalized SOTR, stratified by organ (Figure 1B).

3.4 ∣ Risk factors for 28-day mortality: Lung vs. non-lung SOTR

In LTR, there was no association between death by 28 days and hypertension, diabetes, 

coronary artery disease, heart failure, or chronic kidney disease in either univariable (Table 

3) or multivariable (Table 4) analysis. After adjusting for comorbidities, CLAD (aor 3.3, 

95% CI 1.0–11.3, p = .05) was independently associated with increased mortality. Adjusted 

mortality trended higher in LTR over age 65 (aOR 1.5, 95% CI 0.6–4.2, p = .4) and 

those with obesity (aOR 2.7, 95% CI 0.9–7.6 p = .07). Surrogates of immunosuppression 
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intensity (receipt of induction therapy in the 3 months prior to diagnosis or receipt of triple 

therapy with a calcineurin inhibitor, anti-metabolite, and steroids) were not associated with 

mortality.

Among non-lung SOTR, the strongest predictors of death in univariable analysis included 

age >65 years (OR 2.3, 95% CI 1.6–3.8 p < .001) and comorbidities: heart failure (OR 

3.8, 95% CI 2.2–6.6, p < .001), obesity (OR 1.6, 95% CI 1.1–2.2, p = .02), and chronic 

lung disease (OR 4.1, 95% CI 2.4–7.3, p < .001). Hypertension, diabetes mellitus, coronary 

artery disease, and chronic kidney disease were also associated with increased mortality; 

mTOR inhibitor use was associated with lower 28-day mortality (Table 3). There was 

no association between death and the receipt of any specific organ type (heart, liver, or 

kidney), induction immunosuppressive therapy in the three months preceding COVID-19 

diagnosis, or three-drug maintenance immunosuppression with a CNI, corticosteroid, and 

anti-metabolite.

3.5 ∣ Lung transplantation as an independent risk factor for mortality in hospitalized 
patients: multivariable analysis of all hospitalized SOTR

Lung, but not other organ transplant type, was associated with increased 28-day mortality 

in univariable analysis of all hospitalized SOTR (Table 3). Lung transplantation remained 

independently associated with death after adjusting for age and comorbidities (aOR 1.7, 

95% CI 1.0–2.8, p = .04, Table 4), but several other factors were more strongly associated 

with mortality: age >65 years (aOR 2.1, 95% CI 1.5–3.0), heart failure (aOR 2.3, 95% 

CI 1.3–3.9, p = .007), obesity (aOR 1.7, 95% CI 1.2–2.4, p = .005), and chronic lung 

disease (aOR 2.7, 95% CI 1.5–4.6, p < .001). Diabetes mellitus, coronary artery disease, and 

chronic kidney disease were not associated with mortality in the multivariable model (Table 

4). Baseline mTOR inhibitor use at the time of COVID-19 diagnosis was associated with 

decreased mortality (aOR 0.3, 95% CI 0.1–0.8, p = .03) but the number of SOTR receiving 

these agents was small (61 SOTR: nine lung and 52 non-lung).

4 ∣ DISCUSSION

In this large multicenter cohort study of SOTR hospitalized for COVID-19, receipt of a 

lung (compared to non-lung organ) transplant was independently associated with increased 

mortality after controlling for comorbidities. Among LTR, single lung transplant and CLAD 

were independently associated with death. Age >65 years, obesity, and extra-pulmonary 

comorbidities which were important risk factors for mortality in non-lung SOTR were not 

independently associated with mortality among LTR.

In the present study, 24% of hospitalized LTR died within 28 days of COVID-19 diagnosis. 

Smaller observational studies in hospitalized LTR conducted early in the COVID-19 

pandemic reported mortality rates ranging from 13% to 46%, though these studies were 

heterogeneous, and duration of follow-up varied within and between studies.3,6,15-17 Most 

investigations of LTR with COVID-19 were conducted either outside the United States or 

were limited to a single center. This study focused on LTR from a broad range of locations 

primarily in the United States and provides a more precise estimate of mortality in a larger 

and more geographically diverse population than previously reported cohorts. Combining 
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data from the present study with those from previous studies with ≥10 LTR, we calculated 

a pooled weighted average mortality of 31% among LTR hospitalized with COVID-19 

(Table S3). Thus, we have identified hospitalized lung transplant recipients as a specific 

subpopulation of SOTR in whom new therapies or novel interventions are urgently needed to 

improve outcomes.

We observed a 50% increase in the odds of death in LTR compared to non-lung SOTR 

hospitalized for COVID-19. Lung transplant was more strongly associated with death 

than several comorbidities, including coronary artery disease, chronic kidney disease, and 

diabetes mellitus, conditions which have been associated with both COVID-19 and all-cause 

mortality in the general population.18 However, the magnitude of risk conferred by lung 

transplant was lower than that of other high-risk conditions, including age >65 years, 

obesity, chronic lung disease, and heart failure, all of which independently conferred at 

least a two-fold increase in the odds of mortality. The strong association between these 

high-risk conditions and mortality is consistent with multiple investigations in both SOTR 

and the general population.13,19 Notably, hospitalization occurred in a higher proportion of 

lung recipients (75%) than non-lung SOTR (66%). While this could indicate predisposition 

to severe COVID-19 after SARS-CoV-2 infection in LTR, this study was not designed to 

determine differences in the incidence of hospitalization between organ groups.

There are multiple potential mechanisms that may contribute to increased mortality in 

hospitalized LTR with COVID-19. Compared to non-lung SOTR, LTR typically receive 

more intensive maintenance immunosuppression,20 leading to a theoretic increased risk 

for severe complications of COVID-19 and other infections. For example, 70% of LTR 

in this study were receiving a three-drug regimen containing a calcineurin inhibitor, anti-

metabolite, and corticosteroids, compared to 50% of non-lung SOTR. However, neither this 

combination regimen nor any of its components were associated with death in either lung or 

non-lung SOTR. Likewise, induction immunosuppressive therapy in the 3 months preceding 

COVID-19 diagnosis was not associated with mortality, although the numbers of those who 

received induction immunosuppression in the preceding three months were small. While 

there is no standardized measure of immunosuppression intensity, these data imply that 

features of baseline immunosuppression are not prominent predictors of mortality in SOTR 

with COVID-19. It is worth nothing that maintenance immunosuppression with mTOR 

inhibitors was associated with reduced mortality, particularly in non-lung SOTR. In vitro 

investigations have shown that mTOR inhibitors may enhance autophagy of cells infected 

with SARS-CoV-2 and inhibit translation of SARS-CoV-2 structural proteins.22 Thus, it is 

biologically plausible that mTOR inhibitors may offer protection against severe COVID-19, 

but the efficacy of mTOR inhibitors has not been assessed in prospective randomized trials 

and the clinical benefits of mTOR inhibitors requires further exploration.

Anti-metabolites and/or calcineurin inhibitors were held or reduced after COVID-19 

diagnosis in 57% of LTR and 74% of non-lung SOTR. However, because underlying disease 

severity likely influenced management decisions, we were unable to accurately evaluate 

the relationship between immunosuppression reduction and mortality due to substantial 

confounding by indication. LTR were more likely to receive treatment with corticosteroids, 

remdesivir, or convalescent plasma and more frequent use of these agents may reflect more 
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severe disease in LTR, but assessment of the relationships between various treatments and 

mortality is again limited by confounding.

Direct infection of the transplanted organ in LTR may also account for differences in 

mortality between LTR and non-lung SOTR. Chronic lung disease and other medical 

conditions that decrease pulmonary reserve such as heart failure and obesity were the 

strongest predictors of death in all SOTR with COVID-19, indicating the importance of 

underlying pulmonary status on COVID-19 prognosis. Like heart failure and obesity, lung 

transplantation, even if uncomplicated, may have an unfavorable effect on lung disease 

in COVID-19. Disruption of thoracic lymphatic drainage during lung transplant surgery 

predisposes LTR to pulmonary edema, and denervation of the transplanted lung during 

procurement results in impairment of the cough reflex and mucociliary clearance.21 Thus, 

altered physiology following lung transplantation, like other underlying conditions that 

impact native lung function, may contribute to the excess mortality in LTR.

The risk factors for mortality among hospitalized LTR with COVID-19 differed from 

those of non-lung SOTR. Among LTR, lung-associated parameters, including single lung 

transplant and the presence of CLAD had the greatest association with mortality. Obesity, 

heart failure and age >65 years, which were strong predictors of death in the non-lung 

cohort, were not significantly associated with mortality in LTR. However, there was still a 

trend toward increased mortality among LTR with obesity and advanced age, and the study 

may not have been powered to detect the effect of these conditions. At the same time, these 

observations suggest that conditions traditionally considered to be high risk may be less 

important when lung function is already compromised, as in LTR. The effect of age and 

other comorbidities on outcomes of COVID-19 in LTR requires additional investigation.

Strengths of our study include the relatively large sample size, geographic and institutional 

diversity, rigorous and comprehensive statistical analyses, and standardized data collection 

with 28-day follow-up. We acknowledge potential limitations. Mild or asymptomatic SARS-

CoV-2 infections may not have come to the attention of transplant providers, and therefore, 

the registry may be biased toward more severe cases. Thus, the incidence of hospitalization 

in this cohort (75% of lung recipients and 66% of non-lung recipients) may overestimate the 

true incidence of hospitalization. To account for this potential bias, we limited our analysis 

to only patients who were hospitalized after the diagnosis of COVID-19 to include a more 

homogenous study population and focus on the most vulnerable patients. In order to perform 

a study of such magnitude in a timely fashion during a global pandemic, an accessible 

and concise data collection tool was necessary. This pragmatic study design precluded 

collection of potentially relevant but identifiable health information, such as date of organ 

transplant, and the need for efficiency prevented acquisition of detailed clinical information, 

including measurements required to calculate standardized metrics of disease severity (i.e., 

the sequential organ failure assessment [SOFA]).

In summary, LTR hospitalized with COVID-19 had higher 28-day mortality compared to 

non-lung SOTR. While lung transplantation remained an independent risk factor for death 

after adjusting for age and comorbidities, several traditional comorbidities were stronger 

predictors of mortality in the entire SOTR cohort. Mortality in LTR with COVID-19 was 
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closely linked to features of the allograft—single lung transplant and CLAD—rather than 

age or extra-pulmonary comorbidities. These findings should be corroborated in other 

cohorts, and future investigations should assess the long term outcomes of COVID-19 in 

LTR who survive the acute illness.
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FIGURE 1. 
Unadjusted Kaplan–Meier curves for all-cause mortality within 28-days after COVID-19 

diagnosis for hospitalized solid organ transplant recipients. Abbreviation: solid organ 

transplant recipients (SOTR). Note: Lung includes 1 lung/liver and 2 heart/lung recipients. 

Heart includes 14 heart/kidney and 1 heart/kidney/small bowel recipients. Liver includes 33 

liver/kidney, 2 liver/pancreas/small bowel. Kidney includes 17 kidney/pancreas recipients. 

Recipients of other organs (1 vascular composite allograft and 2 small bowel recipients) not 

included
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