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Abstract

Background: There is limited data on outcomes among lung transplant (LT) patients

who survive Coronavirus disease 2019 (COVID-19).

Methods: Any single or bilateral LT patients who tested positive for SARS-CoV-2

between March 1, 2020, to February 15, 2021 (n = 54) and survived the acute illness

were included (final n = 44). Each patient completed at least 3 months of follow-up

(median: 4.5; range 3–12 months) after their index hospitalization for COVID-19. The

primary endpoint was a significant loss of lung functions (defined as > 10% decline in

forced vital capacity (FVC) or forced expiratory volume in 1 s (FEV1) on two spirome-

tries, at least 3 weeks apart compared to the pre-infection baseline).

Results: A majority of the COVID-19 survivors had persistent parenchymal opacities

(n = 29, 65.9%) on post-infection CT chest. Patients had significantly impaired func-

tional status, with the majority reporting residual disabilities (Karnofsky performance

scale score of 70% or worse; n = 32, 72.7%). A significant loss of lung function was

observed among 18 patients (40.9%). Three patients met the criteria for new chronic

lung allograft dysfunction (CLAD) following COVID-19 (5.6%), with all three demon-

strating restrictive allograft syndrome phenotype. An absolute lymphocyte count

< 0.6 × 103/dl and ferritin > 150 ng/ml at the time of hospital discharge was indepen-

dently associated with significant lung function loss.

Conclusions: A significant proportion of COVID-19 survivors suffer persistent allo-

graft injury. Low absolute lymphocyte counts (ALC) and elevated ferritin levels at the

conclusion of the hospital course may provide useful prognostic information and form

the basis of a customized strategy for ongoingmonitoring andmanagement of allograft

dysfunction.

Tweet: Twitter handle: @AmitBangaMD

Lung transplant patients who survive COVID-19 suffer significant morbidity with per-

sistent pulmonary opacities, loss of lung functions, and functional deficits. Residual ele-

vation of the inflammatorymarkers is predictive.
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1 INTRODUCTION

The early impact of Coronavirus disease 2019 (COVID-19) among

patients with lung transplantation (LT), including the significant in-

hospital morbidity and mortality, has now been reported by multiple

groups across different countries.1–5 Despite improved hospital sur-

vival in more recent studies,1,3 LT patients with COVID-19 seem to

be at an increased risk of severe diseases such as the development

of respiratory failure and need for respiratory support strategies that

require intensive care unit (ICU) admission. A more severe clinical

course consisting of lower respiratory tract involvement with respira-

tory viral infections (RVI) has been reported to increase the risk of pro-

gressive allograft injury among LT patients.6

The focus of a large majority of the current work has been the

acute illness and its impact on the allograft, which by virtue of being

the target of the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), is at a uniquely high risk of dysfunction compared to

patients with other types of solid organ transplantation. However,

there is limited data on outcomes among the patients who survive

COVID-19.

As a group, RVIs have been associated with post-infection allograft

dysfunction among LT patients via activation of alloimmune pathways

that increase the risk of chronic lung allograft dysfunction (CLAD).7–9

Furthermore, previous research has demonstrated that acute illness

from SARS-Cov-2 infection is more severe than a respiratory syncytial

virus (RSV) in LT patients.1 Apart from the direct injury to the allograft

from the SARS-Cov-2 virus, the secondary damage from the activa-

tion of systemic inflammatory pathways, coagulation dysfunction, and

immunothrombosis are all somewhat unique to COVID-19.10,11 Fur-

thermore, COVID-19has the potential for significant long-termeffects

even among non-transplant patients.12 These considerations raise the

concerns regarding the long-term implications of COVID-19 among

LT patients and its impact on the allograft. Indeed, there are isolated

reports of LT patients with COVID-19 experiencing accelerated pro-

gression to CLAD after recovering from acute infection.13,14

The current work reports the outcomes after COVID-19 among LT

patients who survive acute illness, focusing on post-infection spirom-

etry. We sought to determine the frequency of significant loss of lung

functions assessed via spirometry among a cohort of COVID-19 sur-

vivors. In addition,weelucidated clinical predictors that could facilitate

prognostication and permit consideration of customized management

strategies during the acute infection with SARS-CoV-2.

2 METHODS

The current study was a single-center chart review study approved

by the UT Southwestern Medical Center Institutional Review Board

(#STU-2020-1400). Any patient with a history of single or bilateral

LT who tested positive for SARS-CoV-2 on a nasopharyngeal swab

betweenMarch 1, 2020, to February 15, 2021, and survived the acute

illness (referred to as ‘COVID-19 survivors’) was eligible for inclusion.

The swabs were collected from symptomatic patients and tested for

the SARS-CoV-2 virus using the quantitative polymerase chain reac-

tion assay. This assay targets the nucleocapsid and RdRp genes of the

novel Coronavirus using the Abbott Alinity m SARS-CoV-2 assay.

Themanagement of patientswithCOVID-19was protocolized early

in the pandemic based on the best available evidence, expert guidance,

and consensus among themultidisciplinarymembers of the lung trans-

plant team. The cornerstone of the management included the early

institution of a multimodality pharmacological strategy consisting of

antiviral agent, passive immune augmentation, and the attenuation of

the hyper-inflammatory phase of the SARS-CoV-2 infection and post-

viral alloimmune responses. Thedetails regarding indications for hospi-

talization as well as themultimodality pharmacotherapeutic strategies

have been described earlier.1

The hospitalized patients were instructed to resume their home

spirometry monitoring protocol (twice daily using a micro-spirometer)

after discharge. Outpatient follow-up consisted of a clinic visit 2weeks

after the discharge or recovery from acute illness (defined as 28 days

from the symptomonset)with subsequent visits at thediscretionof the

managing physician. All patients underwent testing with office spirom-

etry and chest radiograph during their clinic visit. Late in 2020, proto-

cols were instituted to obtain post-discharge CT chest at 4–6weeks or

beyond thediagnosis ofCOVID-19during their clinic visit. Eachpatient

completed at least 3 months of follow-up after their index hospitaliza-

tion for COVID-19 or the acute illness.

Patient variables were recorded directly from the electronic med-

ical records and consisted of patient demographics (age, gender, and

race), transplant indication, pre-transplant comorbidities, immunosup-

pressive regimen at the time of infection, and presenting symptoms.

Pre-infection baseline spirometry, defined as an average of two mea-

surements of forced vital capacity (FVC) and forced expiratory vol-

ume in 1 s (FEV1), at least 3 weeks apart, during the 3–6 months

preceding the infection, laboratory abnormalities including inflamma-

tory markers, and radiological findings were also reviewed. Complica-

tions such as new or worsening respiratory failure, admission to the

ICU, and need for ventilator support (non-invasive or invasive), were

recorded. Finally, we recorded the length of the hospital stay, post-

infection findings on CT chest, functional status, and spirometry (FVC

and FEV1). We also queried for a sustained and significant loss of FVC

or FEV1 (>10% on two spirometries, at least 3 weeks apart) as com-

pared to their pre-infectionbaselineduring the follow-upperiodaswell

as the type of ventilatory defect among patients with a loss of lung

functions.

All spirometric testing was conducted in the lung transplant clinic

using the Vyntus Spiro systems and Vyaire’s SentrySuite software

platform. All spirometry analyses met the American Thoracic Society

standards.15

Each patient chart was independently reviewed by a lung trans-

plant nurse practitioner (Luke D. Mahan) and a transplant pulmonolo-

gist (Amit Banga) to evaluate the lung function data and determine the

pre, andpost-infectiondiagnosis ofCLADbasedupon the International

Society for Heart & Lung Transplantation criteria.16
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2.1 Statistical analysis

Data were described as median with range, mean with standard devia-

tion, or proportions as appropriate. The primary endpoint for the study

was a post-infection significant loss of lung functions (FVC or FEV1).

We compared the characteristics and outcomes among patients with

and without spirometry decline. The univariate comparison was made

using the Chi-squared test for categorical and Mann-Whitney U test

for quantitative variables. Receiver operator characteristics curves

were constructed to assess the performance of predictor variables for

loss of lung function and to identify the best cut-offs. Variables were

selected as potential covariates for entering into amultivariate logistic

regression model on the basis of them achieving significance at p< 0.1

on univariate analysis. In addition, we selected age, gender, transplant

indication, pre-infection CLAD, and respiratory failure as potential

confounder variables and entered them in the multivariate model to

identify variables independently associated with post-infection loss of

lung functions.

Statistical significance was considered at p < 0.05 (two-tailed

only). The analysis was done using SPSS statistical software (IBM

Corp. Released 2012. IBM SPSS Statistics for Windows, Version 21.0.

Armonk, NY: IBMCorp.)

3 RESULTS

During the study period, 54 patients were diagnosed with COVID-19,

the majority of which were hospitalized (n = 50, 92.6%). Among the

four patients managed as outpatients, three were approved for bam-

lanivimab infusion (only available for outpatients) anddidnotneedhos-

pitalization. The remaining patient opted not to be admitted. Overall,

45 patients (including the four managed as outpatients) survived the

acute illness or its complications (overall survival: 83.3%). One of the

discharged COVID-19 survivors died of disseminated malignancy and

did not return for post-discharge clinic follow-up. The remaining 44

patients were included in the final analysis.

The mean age of COVID-19 survivors was 58 ± 12 years (range 20-

73 years), where the majority were Caucasians (n = 27, 61.4%) and

males (n = 33 75%) with a mean body mass index of 28 ± 5.5 Kg/m2.

Restrictive lung disease was the most common transplant indication

(n = 31, 70.5%), and a majority of the patients had received a bilateral

LT (n = 34, 77.3%). Median time from LT to the diagnosis of COVID-

19 was 50 months (range 5–139 months), while a significant propor-

tionof theCOVID-19 survivors hadestablishedCLADbefore the infec-

tion (n= 12, 27.3%). Patients had completed a median follow-up of 4.5

months (range 3–12 months) from hospital discharge or the acute ill-

ness. All included patients were alive at the time of this report.

3.1 Outcomes among COVID-19 survivors

During the course of acute illness, parenchymal involvement was evi-

dent on chest radiographs among amajority of the study group (n= 27,

61.4%), while it was nearly ubiquitous among the patients where a CT

chest was available (34/39, 87.2%). At the time of the most recent

clinic assessment, a majority of the COVID-19 survivors had persis-

tent parenchymal opacities related to COVID-19 on post-infection

chest radiographs (21/27, Figure 1A–C) and CT chest, where avail-

able (22/28, Figure 1D–F). The overall burden of persistent pulmonary

opacities in the current cohort was 65.9% (29/44). The most common

types of opacities consisted of persistent ground glass or consolidative

changes with evidence of organization, by way of varying degrees of

reticularmarkings, in the areas of the ground glass opacities at the time

of acute infection (20/22, 91%, Figure 1F). Twelve of the 22 scans had

parenchymal bands, and eight showed persistent pulmonary nodules.

Most of the CT chest (17/22) hadmultiple abnormalities on the follow-

up CT chest.

Patients had significantly impaired functional status,with themajor-

ity reporting residual disabilities (Karnofsky performance scale (KPS)

score of 70% or worse; n= 32, 72.7%). However, severe disability (KPS

score ≤40%) was infrequent (n = 7, 15.9%). A persistent and signif-

icant loss of FVC or FEV1 (>10% from pre-COVID-19 baseline) was

observed among 18 patients (40.9%), and a large majority of these

patients had a restrictive or mixed ventilatory defect on spirometry

(n = 15, 83.3%). The loss of lung functions was not associated with the

severity of functional impairment at follow-up (medianKPS70%, range

20%–80% vs. 70%, range 30%–80%, p = 0.83). Three patients met the

criteria for CLAD (incidence of new CLAD after COVID-19 infection:

5.6%), with all of them demonstrating restrictive allograft syndrome

(RAS) phenotype.

3.2 Predictors of loss of lung functions

Thebaseline characteristics of thepatientswithandwithout significant

loss in FVCor FEV1 after COVID-19 are compared in Table 1. Although

none of the comparisons achieved statistical significance, patientswith

restrictive lung disease appeared to be at a higher risk of significant

loss in lung functions, while those with obstructive lung disease were

at lower risk. In addition, although statistically not significant, patients

with a lower reserve, as reflected by the lower median pre-infection

FVC and FEV1, may be at a higher risk of post-COVID-19 lung function

loss. They also appeared to have a more severe illness at presentation

as reflected by a higher incidence of lower respiratory tract symptoms

and spirometry decline at presentation, opacities on chest radiographs,

and need for hospitalization.

The laboratory variables during the course of acute illness are

compared between the two groups in Table 1. Both groups appeared

to have similar laboratory profiles at the onset of illness. However,

persistently lower absolute lymphocyte count (ALC) and higher fer-

ritin levels at hospital discharge were associated with post-discharge

lung function loss. On the receiver operator characteristics analy-

sis, an ALC < 0.6 X103/dl (Figure 2A, area under the curve (AUC):

0.736, p = 0.015; sensitivity: 78.3% and specificity: 73.3%) and fer-

ritin > 150 ng/mL (Figure 2B, AUC: 0.701, p = 0.038; sensitivity: 80%
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F IGURE 1 (A–F) Serial chest radiographs of a lung transplant (LT) patient with COVID-19. This is a 52-year-old male patient with scleroderma
who underwent bilateral LT in September 2019. He presented with fevers and tested positive for SARS-CoV-2 on a nasopharyngeal swab. He
developed acute hypoxic respiratory failure during the hospital stay but did not need intensive care unit (ICU) admission. Hewas treated with
remdesivir (10 doses), two units of convalescent plasma, and pulse dose corticosteroids (10mg/Kg IV daily for 3 days). (A) Baseline chest
radiograph (1month before COVID-19). (B) Chest radiograph during acute illness showing new bibasilar hazy and reticular opacities. (C) Chest
radiograph 6months after COVID-19 showing persistence of bibasilar reticular opacities. (D) Baseline CT chest of the same patient (1month
before COVID-19) showed predominant findings of post-surgical changes indicated by scattered parenchymal bands. (E) CT chest during the acute
illness: There is interval development of diffuse ground-glass opacities with consolidative changes involving the lower lobes with similar but less
severe involvement of the right middle lobe and lingula. (F) CT Chest 2months after COVID-19: There aremuch improved but persistent ground
glass and peri-broncho-vascular consolidative opacities. There is a development of subpleural scarring predominantly involving the left lower lobe.
There is lower lobe predominant bilateral diffuse bronchiectasis

and specificity: 65.2%) at the time of discharge were identified as the

best cut-off for predicting a significant loss of lung functions.

While the pharmacotherapeutic strategies were similar among the

two groups (Table 2), patients with acute chronic respiratory fail-

ure appeared more likely to suffer loss in lung functions (p > 0.05).

Although the need for ICU admission during the acute illness pre-

dicted subsequent lung function loss, the need for readmission and

cumulative length of hospital stay were similar between the two

groups.

On multivariate logistic regression analysis, ALC < < 0.6 X103/dl

(adjusted odds ratio (OR): 100.7, 1.84–5515.6; p = 0.024) and fer-

ritin > 150 ng/mL (adjusted OR: 59.9, 1.5–2396.5; p = 0.03) at hos-

pital discharge were independently associated with significant lung

function loss while obstructive lung disease as the transplant indi-

cation appeared to be protective (adjusted OR: 0.532, 0.28–1.0;

p= 0.05).

4 DISCUSSION

The current study reports the outcomes among a cohort of lung trans-

plant patients who survived COVID-19. We focused on assessing the

impact of COVID-19 on lung functions beyond acute illness. We found

that a high proportion of COVID-19 survivors are left with structural

abnormalities on their allografts and impairment in pulmonary physi-

ology on spirometry. Furthermore, we identified two laboratory vari-

ables, ALC, and ferritin, during the index hospitalization that emerged

as independent predictors of significant loss of lung functions.

A small but significant proportion of patients met the criteria for

new CLAD after COVID-19. All these patients were classified as RAS

phenotype based on the restrictive pulmonary physiology and typical

radiological changes. However, these radiological abnormalities were

essentially indistinguishable from post-COVID opacities among other

patients in the study group who did not meet the physiologic criteria.
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TABLE 1 Comparative analysis of baseline characteristics and laboratory abnormalities during the acute illness among lung transplant
patients with andwithout significant spirometry decline after COVID-19

Post-infection spirometry decline>10%

Variable Yes (n= 18) No (n= 26) Odds ratio (95%CI) p-value

Age 58 (20–70) 60.5 (21–72) .33

BMI at diagnosis (Kg/m2) 26.4 (17–40) 28.1 (20–39) .4

Male gender 72.2% 76.9% 0.78 (0.2–3.1) .74

Caucasian 55.6% 65.4% 0.66 (0.19–2.27) .54

Transplant Indication (%) .13

Restrictive 83.3 61.5

Obstructive 5.6 23.1

Suppurative 11.1 3.8

Vascular 11.5

Bilateral Transplant 88.9% 69.2% 3.56 (0.66–19.3) .16

Time since transplant (months) 48 (10–100) 39 (5–139) .26

Baseline FEV1 before the infection (L) 2.01 (0.99–4.32) 2.38 (0.49–4.7) .59

Baseline FVC before the infection (L) 2.79 (2.06–4.53) 3.03 (1.24–5.21) .61

Diabetes mellitus 33.3% 57.7% 0.37 (0.11–1.28) .14

Co-morbid renal dysfunction† 44.4% 46.2% 0.93 (0.28–3.1) 1.0

Established pre-infection CLAD 27.8% 26.9% 1.04 (0.27–4.02) 1.0

Duration of symptoms at diagnosis (days) 2.5 (0–10) 3 (1–7) .93

Lower respiratory tract symptoms at presentation 83.3% 61.5% 3.13 (0.72–13.6) .18

Spirometry (FEV1 or FVC) decline of>10% at

presentation

42.9% (n= 14) 31.6% (n= 20) 1.63 (0.39–6.82) .72

Opacities on chest radiograph at presentation 77.8% 46.2% 4.08 (1.06–15.8) .06

Opacities consistent with COVID-19 on CT chest 93.3% (n= 15) 83.3% (n= 24) 2.8 (0.28–27.8) .63

Hospitalization 100% 84.6% .13

Lymphocyte count (× 103/dL)

At diagnosis 1.42 (0.76–2.94) 1.22 (0.4–2.71) .41

Lowest during admission 0.25 (0–0.78) 0.28 (0–0.94)* .273

At hospital discharge 0.41 (0.23–2.45) 0.89 (0–2.24)* .014

Lymphocyte counts< 0.6× 103/dl at discharge from

hospital

72.2% 22.7%* 8.84 (2.1–37.1) .003

Ferritin (ng/ml)

At diagnosis 200 (15–1336) 200 (36–1637) .67

Highest during admission 620 (64–3373) 212 (40–3614)* .06

At hospital discharge 349 (56–2232) 113 (22–2627)* .04

Ferritin levels> 150 ng/ml/L at discharge from hospital 72.2% 31.8%* 5.57 (1.42–21.9) .02

Lymphocyte counts< 0.6 .001

× 103/dl and Ferritin levels

>150 ng/ml at discharge from

hospital

None None 54.5%*

Either 50% 40.9%*

Both 50% 4.5%*

(Continues)
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TABLE 1 (Continued)

Post-infection spirometry decline>10%

Variable Yes (n= 18) No (n= 26) Odds ratio (95%CI) p-value

D-dimer (mcg/ml)

At diagnosis 0.43 (0.25–1.29) 0.92 (0.17–32.6) .17

Highest during admission 0.97 (0.17–32.8) 0.66 (0.09–6.0)* .63

At hospital discharge 0.52 (0.17–6.28) 0.6 (0.17–5.77)* .77

C-reactive protein (mg/L)

At diagnosis 5.0 (0.4–59.4) 5.25 (0.03–37.4) .95

Highest during admission 38.9 (6.1–256.4) 35 (2.2–116.6)* .6

At hospital discharge 3.6 (0.4–23.4) 4.2 (0.4–17.9)* .46

Lactate dehydrogenase (U/L)

At diagnosis 216 (145–341) 200 (124–376) .87

Highest during admission 301 (350–789) 290 (199–600)* .87

At hospital discharge 269(151–556) 239 (156–600)* .34

Abbreviations: BMI, bodymass index; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity.
†Defined as CKD-3 or higher.

*n= 22.

F IGURE 2 (A–B) Receiver operator characteristic curves to assess the predictive capability of variables for significant lung function loss after
COVID-19. (A) Absolute lymphocyte counts (ALC) at discharge from hospital. The area under the curve (AUC) for ALCwas 73.6%, (95%CI:
55.6%–91.6%), p= .015with 0.6× 103 /dl as the best cut-off. (B) Serum ferritin at the time of hospital discharge. The AUC for ferritin was 70.1%
(95%CI: 53%–87.3%), p= .038with 150 ng/ml as the best cut-off

It remains to be seen if the natural history of post-COVID CLAD, espe-

cially the RAS phenotype, will mirror the typically ominous outlook of

the usual RAS. It is indeed possible that some of these opacities may

resolve with time, and such patientsmay no longermeet the RAS crite-

ria.

We defined the significant loss of lung functions as at least a 10%

or more decline in either FVC or FEV1 on post-infection spirometry on

two ormore occasions. This variable has been found to be a useful pre-

dictor of adverseoutcomes afterRVI amongLTpatients, although it has

not been studied among patientswithCOVID-19.17,18 In a large cohort

of LT patients with RSV infection, an early decline in FEV1> 10% was

noted among 13% of the patients and was an independent predictor of

post-RSVmortality.18 Similarly, our group found thatmore than a third

of the LT patients suffered > 10% decline in FEV1 or FVC during the 6

months after RSV infection and, alongwith pre-infection CLAD,was an

independent predictor of mortality at one year after the RSV infection.
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TABLE 2 Comparison of management strategies and clinical course among lung transplant patients with andwithout significant spirometry
decline after COVID-19

Post-infection spirometry

decline>10%

Variable Yes (n= 18) No (n= 26) Odds ratio (95%CI) p-value

Monoclonal antibody† 22.2% 7.7% 3.42 (0.55–21.2) .2

Remdesivir 83.3% 84.6% 0.91 (0.18–4.66) 1.0

Time from symptom onset to Remdesivir initiation (days) 5 (1–20) 3 (1–8) .15

Convalescent plasma 61.1% 80.8% 0.37 (0.09–1.46) .18

Time from symptom onset to Convalescent plasma (days) 4 (1–20) 4 (1–8) .75

Pulse corticosteroids 61.1% 57.7% 1.15 (0.34–3.93) 1.0

Acute or acute on chronic respiratory failure 50% 26.9% 2.71 (0.77–9.63) .2

Need of ICU admission 27.8% 3.8% 9.62 (1.01–91.2) .034

Need of ventilator support 16.7% 3.8% 5.0 (0.48–52.53) .29

Need for readmission 44.4% 27.3%* 2.13 (0.57–8.0) .33

Cumulative length of hospital stay (days)∞ 10 (2–49) 10 (4–12) .62

Post-COVID-19 pulmonary opacities∞ 77.8% 57.7% 4.76 (0.51–44.4) .2

Karnofsky score at the last follow up visit .49

≤40% 11.1% 19.2%

50–70% 66.7% 50%

≥80% 22.2% 30.8%

†Includes Bamlanivimab and Casirivimab-Imdevimab combination.
∞Combined length of stay from the primary admission and readmission.

Compared to other RVI, COVID-19 survivors seem more likely to

suffer a sustained decline in FEV1 or FVC. Our analysis indicates the

significantlyworsemorbidity afterCOVID-19amongLTpatients, espe-

cially considering that we limited our analysis to COVID-19 survivors

only. Alternatively, the proportion of patients experiencing the com-

posite endpoint of significant lung function loss or death from COVID-

19 exceeded 50% in the current cohort (28/54). Furthermore, the

median follow-up in the current analysis was shorter (4.5months) than

the earlier studies among RSV patients, which may have underesti-

mated the true morbidity burden, as additional patients could suffer

a delayed loss in lung functions beyond the study period. Conversely,

one can not discount the possibility that, among some patients, the

lung function loss may be driven by reversible factors such as debility

(althoughwedid not find an association ofKPSwith lung functions) and

such patients may recover some of their lost lung functions on longer

follow up.

The post-acute illness outcomes in the current report appear worse

than the only other study evaluating post-discharge outcomes among

COVID-19 patients, where an FEV1 decline > 10% was noted among

five out of the 21 patients.19 However, the differences are possibly

linked to the variability in studydesign, inclusion criteria, anddefinition

of endpoints. It appears that COVID-19 patients in the current study

(n = 54) had more risk factors for the severe disease at presentation,

as a higher proportion of patients had pertinent comorbidities such as

diabetes (48.1%) and stage 3 or worse chronic kidney disease (46.3%).

Additionally, a third of the patients had established CLAD at the time

of the diagnosis of COVID-19. Finally, the follow-up period of the study

by Permpalung et al.19 was limited to 90 days which may have under-

estimated the post-infection loss in lung functions.

Predictors of lung function loss after COVID-19 among LT patients

have not been reported before. Although the patients with significant

lung function loss tended to have more advanced disease at presenta-

tion and a more complicated hospital course, few variables achieved

statistical significance. Among the laboratory abnormalities, ALC and

ferritin levels at the time of hospital discharge emerged as indepen-

dent predictors of lung function loss. The severity of laboratory abnor-

malities, indicative of the extent of the inflammatory milieu, have been

associated with worse outcomes among non-transplant patients,20–23

although we did not find them to predict hospital outcomes among

LT patients.1 Similarly, none of the laboratory variables at presenta-

tion or during the hospital coursewere associatedwith the subsequent

lung function loss in the current analysis. Instead, elevated ferritin and

suppressed ALC at hospital discharge appeared to predict significant

lung function loss. It is noteworthy that none of the 12 patients with

ALC > 0.6 × 103/dl and ferritin < 150 ng/ml at the time of hospital dis-

charge suffered a significant loss in lung functions. This suggests that

the severity of inflammatory response at the time of diagnosis or its

peak during the course of acute illness may not be as consequential as

the persistence of the inflammatorymilieu among LT patients.

The mechanisms for low ALC during COVID-19 are not well under-

stood, although it is believed tobe the effect of the cytokine storm from

the active infection, mediated via the pro-inflammatory cytokines.24
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The associationof lowALCwithworsepost-infectionoutcomes incrim-

inates the acute infection, insteadof the activationof alloimmunepath-

ways, as the likely culprit for subsequent allograft dysfunction. The role

of ferritin as a predictor of outcomes among patients with COVID-

19 remains unclear. Studies from China found that ferritin levels were

associated with disease severity, although it is unclear if it is a by-

product or a mediator of the cytokine storm.23 Hyperferritinemia in

COVID-19 has been likened to secondary hemophagocytic lymphohis-

tiocytosis and is a key mediator of pulmonary fibrosis that can follow

severe COVID-19.25 Intriguingly, the extent of ferritin elevation has

been found to predict the severity of lung involvement assessed via

CT chest among patients with COVID-19.26 It is indeed possible that

persistent hyperferritinemia predisposes patients to ongoing allograft

injury and subsequent loss of lung functions.

While the associationof laboratory abnormalitieswith lung function

loss needs to be confirmed in larger studies, they do appear biologically

plausible. The prompt initiation of anti-inflammatory therapies could

blunt the effects of cytokine-mediated allograft injury during the peak

of COVID-19, while ongoing low-grade smoldering inflammation may

predispose patients to the subsequent loss of lung functions. It may,

therefore, be prudent to continue monitoring inflammatory markers

and consider an extended course of anti-inflammatory agents, such as

a long taper of oral corticosteroids, among patientswith persistent lab-

oratory abnormalities.

The current analysis has some limitations. Our analysis did not dif-

ferentiate among patients who may be suffering ongoing lung func-

tion decline before COVID-19. The post-infection lung function loss

assessment can be confounded by such patients where the lung func-

tion decline may have occurred irrespective of the infection. While we

cannot completely exclude such a possibility in the occasional patient,

using the most recent spirometries to determine the pre-infection

baseline while assessing post-infection lung function loss reduces the

likelihood of falsely ascribing the lung function loss to COVID-19.

Despite being the largest study to date reporting post-acute illness

outcomes, the study was not powered to determine additional sta-

tistically significant associations with the endpoint. Additionally, the

model could not be fitted with all potential confounders, and fully

adjusted associations must await studies that include a larger sample

size. Regardless, we did have additional clinically relevant variables in

the multivariate model to adjust the associations for these variables

apart from those significant on univariate analysis (at p-value < .1).

Although we identified independent predictors of lung function loss

amongCOVID-19 survivors and the associations doappear biologically

plausible, causality cannot be determined and must await mechanistic

studies in the future.

It is concluded that a significant proportion of COVID-19 survivors

suffer persistent allograft injury as reflected by the parenchymal opac-

ities and loss of lung functions on spirometry. While post-viral activa-

tion of alloimmune pathways can contribute, the allograft injury from

COVID-19may be driven by the smoldering inflammation linked to the

acute infection. A persistently lowALC and elevated ferritin at the con-

clusion of the hospital course may provide useful prognostic informa-

tion and form thebasis of a customized strategy for ongoingmonitoring

andmanagement of allograft dysfunction.

FUNDING INFORMATION

None.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

AUTHOR CONTRIBUTIONS

Study design: Amit Banga; Data collection and management: Luke D.

Mahan, Isaac Lill, Quinn Halverson, and Amit Banga; Data analysis:

Amit Banga; Preparation of the manuscript: Luke D. Mahan, Manish R.

Mohanka, John Joerns, Adrian Lawrence, Vaidehi Kaza, Srinivas Bolli-

neni, Ricardo M. La Hoz, Song Zhang, Lance S. Terada, Corey D. Ker-

shaw, Fernando Torres, and Amit Banga.

ORCID

LukeD.Mahan https://orcid.org/0000-0002-7023-326X

Isaac Lill https://orcid.org/0000-0001-9096-6084

Vaidehi Kaza https://orcid.org/0000-0003-3578-6077

RicardoM. LaHoz https://orcid.org/0000-0002-1560-3192

CoreyD.Kershaw https://orcid.org/0000-0002-9696-1994

Amit Banga https://orcid.org/0000-0002-6932-1537

REFERENCES

1. Mohanka MR, Mahan LD, Joerns J, et al. Clinical characteristics, man-

agement practices, and outcomes among lung transplant patients with

COVID-19. J Heart Lung Transplant. 2021;5:18.
2. Verleden GM, Godinas L, Lorent N, et al. COVID-19 in lung transplant

patients: a case series. Am J Transplant. 2020;20:3234-3238.
3. Saez-Giménez B, Berastegui C, Barrecheguren M, et al. COVID-19

in lung transplant recipients: a multicenter study. Am J Transplant.
2020;10:22.

4. Aversa M, Benvenuto L, Anderson M, et al. From the columbia uni-

versity lung transplant program. COVID-19 in lung transplant recipi-

ents: a single center case series from New York City. Am J Transplant.
2020;20:3072-3080.

5. Messika J, Eloy P, Roux A, et al. French group of lung trans-

plantation. COVID-19 in lung transplant recipients. Transplantation.
2021;105:177-186.

6. Allyn PR, Duffy EL, Humphries RM, et al. Graft loss and CLAD-Onset

is hastened by viral pneumonia after lung transplantation. Transplanta-
tion. 2016;100:2424-2431.

7. Fisher CE, Preiksaitis CM, Lease ED, et al. Symptomatic respiratory

virus infection and chronic lung allograft dysfunction. Clin Infect Dis.
2016;62:313-319.

8. Weigt SS, Derhovanessian A, Liao E, et al. CXCR3 chemokine ligands

during respiratory viral infections predict lung allograft dysfunction.

Am J Transplant. 2012;12:477-484.
9. Vilchez RA, Dauber J, Kusne S. Infectious etiology of bronchiolitis

obliterans: the respiratory viruses connection—myth or reality? Am J
Transplant. 2003;3:245-249.

10. Colling ME, Kanthi Y. COVID-19-associated coagulopathy: an explo-

ration of mechanisms. VascMed. 2020;25:471-478.
11. McGonagleD,O’Donnell JS, SharifK, et al. Immunemechanismsof pul-

monary intravascular coagulopathy in COVID-19 pneumonia. Lancet
Rheumatol. 2020;2:e437-e445.

https://orcid.org/0000-0002-7023-326X
https://orcid.org/0000-0002-7023-326X
https://orcid.org/0000-0001-9096-6084
https://orcid.org/0000-0001-9096-6084
https://orcid.org/0000-0003-3578-6077
https://orcid.org/0000-0003-3578-6077
https://orcid.org/0000-0002-1560-3192
https://orcid.org/0000-0002-1560-3192
https://orcid.org/0000-0002-9696-1994
https://orcid.org/0000-0002-9696-1994
https://orcid.org/0000-0002-6932-1537
https://orcid.org/0000-0002-6932-1537


MAHAN ET AL. 9 of 9

12. CrookH, Raza S, Nowell J, YoungM, Edison P. Long covid-mechanisms,

risk factors, andmanagement. BMJ. 2021;374:n1648.
13. Turkkan S, BeyogluMA, SahinMF, et al. COVID-19 in a lung transplant

patient: rapid progressive chronic lung allograft dysfunction. Exp Clin
Transplant. 2021. https://doi.org/10.6002/ect.2020.0563

14. Goodlet KJ, Bansal S, Arjuna A, et al. COVID-19 in a lung transplant

recipient: exploring the diagnostic role of circulating exosomes and

the clinical impact of advanced immunosuppression. Transpl Infect Dis.
2021;23:e13480.

15. Society AmericanThoracic. Standardization of spirometry, 1994

update. Am J Respir Crit Care Med. 1995;152:1107-1136.
16. Verleden GM, Glanville AR, Lease ED, et al. Chronic lung allograft dys-

function: definition, diagnostic criteria, and approaches to treatment-

A consensus report from the pulmonary council of the ISHLT. J Heart
Lung Transplant. 2019;38:493-503.

17. Mahan LD, Points A,MohankaMR, et al. Characteristics and outcomes

among lung transplant patients with respiratory syncytial virus infec-

tion. Transpl Infect Dis. 2021:e13661.
18. Permpalung N, Thaniyavarn T, Saullo JL, et al. Oral and inhaled rib-

avirin treatment for respiratory syncytial virus infection in lung trans-

plant recipients. Transplantation. 2020; 104:1280-1286.
19. Permpalung N, Bazemore K, Chiang TP, et al. Impact of COVID-19

on lung allograft and clinical outcomes in lung transplant recipients: a

case-control study. Transplantation. 2021;105:2072-2079.
20. Lee J, Park SS, Kim TY, Lee DG, Kim DW. Lymphopenia as a biologi-

cal predictor of outcomes in COVID-19 patients: a nationwide cohort

study. Cancers. 2021;13:471.

21. Lu C, Liu Y, Chen B, et al. Prognostic value of lymphocyte count in

severe COVID-19 patients with corticosteroid treatment. Signal Trans-
duct Target Ther. 2021;6:106.

22. Huang I, Pranata R. Lymphopenia in severe coronavirus disease-2019

(COVID-19): systematic review and meta-analysis. J Intensive Care.
2020;8:36.

23. Gómez-Pastora J, Weigand M, Kim J, et al. Hyperferritinemia in criti-

cally ill COVID-19 patients - Is ferritin the product of inflammation or

a pathogenic mediator. Clin Chim Acta. 2020;509:249-251.
24. Tavakolpour S, Rakhshandehroo T, Wei EX, Rashidian M. Lymphope-

nia during the COVID-19 infection: what it shows and what can be

learned. Immunol Lett. 2020;225:31-32.
25. Perricone C, Bartoloni E, Bursi R, et al. COVID-19 as part of the hyper-

ferritinemic syndromes: the role of iron depletion therapy. Immunol
Res. 2020;68:213-224.

26. Carubbi F, Salvati L, Alunno A, et al. Ferritin is associated with the

severity of lung involvement but not with worse prognosis in patients

with COVID-19: data from two Italian COVID-19 units. Sci Rep.
2021;11:4863.

How to cite this article: Mahan LD, Lill I, HalversonQ, et al.

Post-infection pulmonary sequelae after COVID-19 among

patients with lung transplantation. Transpl Infect Dis.

2021;23:e13739. https://doi.org/10.1111/tid.13739

https://doi.org/10.6002/ect.2020.0563
https://doi.org/10.1111/tid.13739

	Post-infection pulmonary sequelae after COVID-19 among patients with lung transplantation
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Statistical analysis

	3 | RESULTS
	3.1 | Outcomes among COVID-19 survivors
	3.2 | Predictors of loss of lung functions

	4 | DISCUSSION
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	ORCID
	REFERENCES


