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Background: Primary graft dysfunction (PGD) and acute kidney injury (AKI) are major early
complications of lung transplantation and are associated with increased mortality. Lung injury after PGD
can contribute to renal dysfunction; however, the association between PGD and AKI severity has not been
thoroughly investigated. We analyzed the association between PGD grading and AKI staging, and the impact
of AKT on subsequent changes to chronic kidney disease (CKD), including glomerular filtration rate (GFR),
over time.

Methods: This was a retrospective review of a single-center lung transplantation database between January
2018 and June 2022. AKI and GFR categories were classified according to the Kidney Disease: Improving
Global Outcomes criteria. Spearman’s and Kaplan-Meier tests were used to compare disease severity and
assess survival.

Results: In a total of 206 patients: 119 (57.8%), 25 (12.1%), 34 (16.5%), and 28 (13.6%) had PGD grades
0, 1, 2, and 3, respectively; 96 (46.6%), 47 (22.8%), 27 (13.1%), and 36 (17.5%) had AKI stages 0, 1, 2, and
3, respectively. Twenty-one of the 28 patients (75.0%) with PGD grade 3 had AKI stage 3. There was a
significant correlation between PGD grade and AKI stage (P<0.001). There was also a significant correlation
between AKI stage and GFR category of CKD at 3, 6, 9, and 12 months after lung transplantation (all
P<0.001). For all AKT stages, GFR categories worsened with postoperative time.

Conclusions: PGD grade was significantly correlated with AKI stage, and AKI stage was correlated with
GFR categories of CKD.
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Introduction

Primary graft dysfunction (PGD), resulting from ischemia
reperfusion injury, affects over 50% of recipients within
24 hours of lung transplantation and has emerged as the most
important risk factor for short-term mortality (1). It also has
a potential impact on long-term survival, resulting in a higher
rate of chronic lung allograft dysfunction (CLAD) (2,3).
Acute kidney injury (AKI), which commonly occurs
after lung transplantation, is characterized by a rapid
decline in the glomerular filtration rate (GFR) in response
to acute stressors, leading to increased short- and long-
term morbidity and mortality (4,5). In recent years, it
has been reported that 23-69% of lung transplantation
patients have AKI, 17-37% have stage 2-3 AKI, and
5-13% require renal replacement therapy (RRT) (6-12).
Mortality rates due to AKI after lung transplantation range
between 16-50% and are strongly associated with AKI
stage, etiology, and comorbidities (13,14). Pooled odds
ratios of in-hospital mortality rates in patients following
lung transplantation with AKI and AKI requiring RRT
were 2.75 (95% CI: 1.18-6.41) and 10.89 (95% CI:
5.03-23.58) (4). In previous studies, the intraoperative risk
factors for AKI after lung transplantation included bilateral
transplantation (6,8,9), hypoxia (15), hypotension (10), high-
dose catecholamine (11), longer ischemic time (7), blood
loss (6,11,12), and transfusion (6,12). In addition, volume
depletion (16), diuretic use (16), sepsis (17), prolonged
mechanical ventilation (10,18) and extracorporeal membrane
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oxygenation (ECMO) (18), and nephrotoxic drugs (19) were
listed as postoperative risk factors (5). Despite advances in
transplantation therapy, the incidence of AKI in post-lung
transplant patients has not improved for at least a decade (4).

Previous studies have shown that PGD is a strong clinical
risk factor of AKI. However, these studies did not classify
AKI by severity (20), except for one report related only to
cystic fibrosis (21). Therefore, the correlation between PGD
and AKI severity in the entire lung transplantation cohort
remained unclear. If there is a strong connection between
PGD and AKI severity, it would be a good rationale to
research the mechanism by which PGD leads AKI.

Lung transplantation patients with AKI are also at high
risk of developing chronic kidney disease (CKD) (22). The
2019 annual report of the International Study Groups of
Heart and Lung Transplantation ISHLT) reported that
10 years after lung transplantation, the cumulative
incidence of severe renal dysfunction was 24.6%, with 6.3%
undergoing chronic dialysis and 3.6% receiving a kidney
transplant (23). However, while the impact of the degree of
AKI on subsequent CKD risk and CKD grade over time has
been studied in patients with kidney disease, it has not been
extensively studied in the field of lung transplantation (24).

In this study, we investigated the correlation between
PGD grade and AKI stage using a single-center consecutive
lung transplant database. We also investigated the impact of
AKIT stage on the GFR categories of CKD and its transition
within one year. We present this article in accordance with
the STROBE reporting checklist (available at https://jtd.
amegroups.com/article/view/10.21037/jtd-23-256/rc).

Methods
Study design

Patient data were collected retrospectively using
electronic medical records and stored in a database at the
Northwestern University Medical Center in Chicago,
Illinois, USA. Adult patients who underwent lung
transplantation at our institution between January 2018 and
June 2022 were included in the study. Multiorgan transplant
recipients were excluded from the study. Tacrolimus
trough level was used as the target of 8-12 ng/mL for all
patients. All the patients underwent regular follow-up
at our outpatient clinic after discharge. Data on patient
demographics, comorbidities, including PGD grade, AKI
stage, GFR category, donor characteristics, preoperative
laboratory values, and intraoperative and postoperative
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outcomes were collected. This study was conducted in
accordance with the Declaration of Helsinki (as revised in
2013). The study was approved by the Institutional Review
Board of Northwestern University (Nos. STU00207250
and STU00213616). The need for patient consent was
waived by the institutional review board because this was a
retrospective study.

Statistical analysis

Recipient and donor characteristics, preoperative
laboratory values, and intra- and postoperative outcomes
were compared among the patients at each stage of AKI.
One-way analysis of variance with Tukey’s range test and
Kruskal-Wallis analysis with the Bonferroni test were used
to compare continuous variables among the groups and
calculate P values. The chi-square test was used to compare
categorical variables, which were reported as numbers and
percentages. The univariate logistic regression analysis
was used to calculate odds ratios (ORs). Hazard ratios
(HRs) for mortality were obtained using a univariate Cox
regression analysis. Spearman’s test was used to compare
PGD grades and AKI stages, and compare AKI stages
and GFR categories of CKD. For sensitivity analysis, a
dataset was created in which missing values in the GFR
category of CKD were replaced by the Last Observation
Carried Forward (LOCF) method, and the same Spearman
test as above was performed. The Kaplan-Meier method
was used to estimate survival, and the Wilcoxon test was
performed to compare survival between the groups. Linear
mixed-effects models were used to assess changes in CKD
over time. Statistical significance was set at P<0.05. EZR
software (Saitama Medical Center, Jichi Medical University,
Saitama, Japan), a graphical user interface for R (The R
Foundation for Statistical Computing, Vienna, Austria), was
used to perform all the analyses (25).

Definition of complication and classification

PGD grade

PGD is defined based on the ISHL'T guidelines (1). Patients
with no evidence of pulmonary edema on chest X-ray (CXR)
are considered grade 0. The absence of invasive mechanical
ventilation was graded according to the partial pressure of
arterial oxygen (PaQ,)/fraction of inspired oxygen (FiO,)
ratio, using methods similar to those used for mechanical
ventilation. If PaO, was not available for calculation of the
PaO,/FiO, ratio, then an oxygen saturation/FiO, ratio was

© Journal of Thoracic Disease. All rights reserved.

3753

used. Grade 1: PaO,/FiO, ratio >300; grade 2: PaO,/FiO,
ratio 200-300; grade 3: PaO,/FiO, ratio <200. The lowest
PaO,/FiO, ratio within 72 hours after lung transplantation
was used. The use of ECMO for bilateral pulmonary edema
on CXR images was graded grade 3. The continuous use
of ECMO without pulmonary edema on CXR imaging was
excluded.

AKT stage

AKI stages were classified using the Kidney Disease:
Improving Global Outcomes (KDIGO) criteria (26).
Baseline serum creatinine (sCr) levels were measured
immediately before transplantation. AKI was defined by:
(I) a 0.3 mg/dL sCr increase, over any 48-hour period, to
a level 20.3 mg/dL above baseline; (II) a 50% increase in
sCr, over any 7-day period, to a level >250% above baseline;
or (IIT) need for acute RRT. In addition, each AKI case
was staged (stage 2: sCr >200% of baseline; stage 3: sCr
>300% of baseline, sCr >4 mg/dL, or RRT use). Indications
for RRT were determined by an experienced transplant
nephrologist based on the eGFR, urine output, and
electrolyte abnormalities.

GFR categories of CKD

The GFR categories of CKD were classified using the
KDIGO criteria (27): Category 1: GFR >90 mL/min;
Category 2: GFR =60-89 mL/min; Category 3A: GFR
>45-59 mL/min; Category 3B: GFR >30-44 mL/min;
Category 4: GFR >15-29 mL/min; Category 5: GFR
<15 mL/min. The GFR was calculated using the 2009
Chronic Kidney Disease Epidemiology Collaboration
equation (28). Albuminuria was not routinely examined and
not used for staging CKD in this study.

CLAD

The ISHLT defined CLAD as a persistent decline (>20%)
in the measured forced expiratory volume in 1 second
(FEV)) from the post-transplantation baseline that persisted
for three months after the first value was taken (29).
Patients with <3 total FEV, measurements, precluding

CLAD diagnosis, were excluded.

Indication of ECMO

Patients with respiratory failure were considered for veno-
venous (VV)-ECMO if they failed to achieve satisfactory gas
exchange (PaO, >55 mmHg, oxygen saturations >88%, pH
>7.2, with plateau pressures less than 35 cmH,O) despite
lung protective mechanical ventilation and recruitment
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maneuvers with or without neuromuscular blockade. The
decision to cannulate was made by a multidisciplinary
ECMO team. All patients were cannulated by thoracic
surgeons.

VV-ECMO management

Patients did not receive continuous anticoagulation
unless there was a specific indication, such as deep venous
thrombosis or pulmonary embolism, and there was no
monitoring of bleeding parameters such as the activated
clotting time or activated partial thromboplastin time,
consistent with our prior study (30). All patients who
were not receiving continuous systemic anticoagulation
received 5,000 U subcutaneous unfractionated heparin
every 8 hours as a prophylaxis dose to prevent deep venous
thrombosis. VV-ECMO flow was maintained at a minimum
of 3.0-3.5 L/min, consistent with our recent reports, to
reduce thrombotic complications in the ECMO circuit (30).
Transfusions were administered if any of the following
criteria were met: platelets <50,000/mL, hemoglobin
<7 g/dL, or hemodynamic instability in the setting of active
blood loss. Different cannulation strategies [internal jugular
vein-femoral vein cannulation or ProtekDuo® cannulation
(CardiacAssist Inc., Pittsburgh, PA, USA)] were used in
patients depending on surgeon preference. The VV-ECMO
circuit included a Quadrox-iD adult (7.0) oxygenator
(MAQUET Holding B.V. & Co. KG, Germany) and
Rotaflow pump (MAQUET Holding B.V. & Co. KG,
Germany). All components of the ECMO circuit had a
heparin coating except for the cannulas.

Results
Patient demographics

A total of 206 patients were included in this study. Seven
multi-organ transplant recipients were excluded from
the study. There were no missing values for PGD grade
and AKI stage. Median follow-up period was 471.0 days
(interquartile range, 254.0-802.5 days). The patient data,
divided by AKI stage, are summarized in Table 1. The
numbers of patients with AKI stages 0, 1, 2, and 3 were
96 (46.6%), 47 (22.8%), 27 (13.1%), and 36 (17.5%),
respectively. The use of preoperative hemodialysis and VV-
ECMO, bilateral lung transplantation, low lung allocation
score (LAS), coronavirus disease 2019 (COVID-19)-
associated acute respiratory distress syndrome (ARDS),
and low hemoglobin levels were more common in the AKI
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stage 3 group. Higher AKI severity was also observed in
patients with longer operative time, higher transfusion use,
and more intraoperative veno-arterial ECMO use (Table 2).
Other postoperative complications were also more
frequently identified, especially PGD grade 3, which was
more common in AKI stage 3 [21 of 36 patients (58.3%)]
than in AKI stage 0 [2 of 96 patients (2.1%)]. The length
of stay in the intensive care unit, duration of ventilator
connection, and length of hospital stay were also prolonged
in the group with higher AKI. The use of postoperative
hemodialysis and ECMO, as well as hemodialysis after
discharge, was also more common in patients with higher
AKI severity (Table 2). Comparing the AKI stage 0-2 and
AKI stage 3 groups, the univariate logistic analysis showed
that preoperative dialysis and ECMO use, high LAS,
COVID-19-associated ARDS, high total bilirubin level, and
female donors were more common in the AKI stage 3 group
[dialysis use, odds ratio (OR) =7.76; ECMO use, OR =5.69;
LAS, OR =1.03; COVID-associated ARDS, OR =2.87;
high total bilirubin level, OR =1.80; and female donors,
OR =2.76] (Table S1). Similarly, patients in the AKI stage
3 group had longer operative times, higher transfusion and
intraoperative VA-ECMO use (operative times, OR =1.49;
packed red blood cells, OR =1.13; and intraoperative VA-
ECMO use, OR =2.96). Furthermore, PGD grades 1 to 3
and PGD grade 3 were significantly higher in AKI stage 3
than in AKI stage 0-2 (PGD grades 1 to 3, OR =5.94; and
PGD grade 3, OR =32.6). The ventilator connections, and
length of intensive care unit and hospital stays were also
longer in the AKI stage 3 group (ventilator connections,
OR =1.05; intensive care unit stay, OR =1.05; and hospital
stay, OR =1.05) (Table S1).

Survival after lung transplantation by AKI stage and
PGD grade

The survival curve was stratified according to AKI stage and
PGD grade (Figure 1A4,1B).

The survival rate of patients with AKI stage 0 was
better than that of patients with AKI stages 1-3 (P=0.02,
Figure 1A). Furthermore, the survival rate of patients with
AKT stage 3 was lower than that of patients with AKI stages
0-2 (P=0.002). The survival curves of AKI 1 and 2 were
almost identical, and the 2-year survival rates were 68.2%
and 68.4% for AKI stages 1 and 2, respectively. PGD
grades 1 and 2 did not affect survival, and only PGD grade
3 affected survival (P=0.001, Figure 1B).
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Table 1 Characteristics of patients by acute kidney injury stage
Variable All cohort (n=206) AKI stage 0 (n=96) AKI stage 1 (n=47) AKI stage 2 (n=27) AKI stage 3 (h=36) P value

Recipient factors

Age (years) 57.4+12.2 58.4+12.5 57.7+12.6 57.7+11.8 54.2+11.2 0.37
Female 92 (44.7) 44 (45.8) 16 (34.0) 12 (44.4) 20 (55.6) 0.27
BMI (kg/m?) 25.8+4.6 25.9+4.2 25.8+5 24747 26.2+4.9 0.62
Smoking history 86 (41.7) 42 (43.8) 16 (34.0) 11 (40.7) 17 (47.2) 0.62
Hypertension 101 (49.0) 41 (42.7) 28 (59.6) 13 (48.1) 19 (52.8) 0.28
Diabetes 71 (34.5) 33 (34.4) 18 (38.3) 9 (33.3) 11 (30.6) 0.90
Dialysis 16 (7.8) 2(2.1) 4 (8.5) 13.7) 9 (25.0) <0.001
Pre-ECMO use 31 (15.0) 5(5.2) 7 (14.9) 6 (22.2) 14 (38.9) <0.001
Bilateral 129 (62.6) 47 (49.0) 31 (66.0) 22 (81.5) 29 (80.6) <0.001
LAS 56.4+19.6 51.1+16.6 56.8+19.3 61.3+22.5 66.3+20.8 <0.001
Etiology
ILD 78 (37.9) 41 (42.7) 16 (34.0) 7 (25.9) 14 (38.9) 0.41
ARDS 41 (19.9) 10 (10.4) 11 (23.4) 7 (25.9) 13 (36.1) 0.006
COPD 43 (20.9) 21 (21.9) 12 (25.5) 5(18.5) 5(13.9) 0.61
PAH 25 (12.1) 14 (14.6) 4 (8.5) 5(18.5) 2 (5.6) 0.31
Laboratory
Hemoglobin (g/dL) 11.1+2.6 11.8+2.4 10.9+2.5 10.0+2.6 10.4+2.8 0.002
WBC (1,000/mm?®) 9.9+3.9 9.5+3.9 10.1+3.3 10.4+4.6 10.5+4.2 0.53
Platelets (1,000/mm?®) 242.1£103.4 247.3+98.0 258.1+118.1 233.2+103.3 214.1£95.0 0.24
Sodium (mEg/L) 139.9+3.2 139.6+3.0 139.4+3.0 140.7+3.2 140.9+3.8 0.07
BUN (mg/dL) 16.7+8.3 16.3+8.0 16.1+6.3 19.0+9.6 16.9+10.4 0.49
Creatinine (mg/dL) 0.70+0.20 0.78+0.22 0.73+0.22 0.67+0.25 0.74+0.25 0.15
eGFR (mL/min/1.73 m?) 102.9+48.5 93.6+38.4 106.1+55.5 123.1+58.4 108.2+51.3 0.03
Total bilirubin (mg/dL) 0.7+0.6 0.6+0.4 0.7+0.5 0.6+0.4 0.9+1.1 0.04
PRA 92 (44.7) 46 (47.9) 15 (31.9) 11 (40.7) 20 (55.6) 0.15

Arterial blood gas

pH 7.40+0.10 7.36+0.07 7.38+0.08 7.39+0.06 7.38+0.07 0.31

PaCO, (mmHg) 50.1+12.1 49.4+10.3 52.6+15.6 51.1£12.6 47.6+9.8 0.29

PaO, (mmHg) 268.5+121.4 295.8+118.0 240.2+127.8 266.7+113.2 243.0£117.2 0.049
Donor

Age (years) 33.0+12.0 32.8+11.8 31.1+12.2 35.0+11.5 34.4+12.6 0.50

Female 68 (33.0) 31(32.3) 12 (25.5) 6 (22.2) 19 (52.8) 0.03

Table 1 (continued)
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Table 1 (continued)

Variable All cohort (n=206) AKI stage 0 (n=96) AKI stage 1 (n=47) AKI stage 2 (n=27) AKI stage 3 (n=36) P value

Cause of death

Anoxia 89 (43.2) 47 (49.0) 15 (31.9) 8 (29.6) 11 (30.6) 0.07

Head trauma 84 (40.8) 30 (31.3) 25 (53.2) 12 (44.4) 17 (47.2) 0.06

Continuous data are shown as mean + standard deviation and categorical data are shown as n (%). AKIl, acute kidney injury; BMI,
body mass index; ECMO, extracorporeal membrane oxygenation; LAS, lung allocation score; ILD, interstitial lung disease; ARDS, acute
respiratory distress syndrome; COPD, chronic obstructive pulmonary disease; PAH, pulmonary arterial hypertension; WBC, white blood
cell; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; PRA, panel reactive antibody; PaCO,, pressure of arterial carbon
dioxide; PaO,, partial pressure of arterial oxygen.

Table 2 Intra- and postoperative outcome by acute kidney injury stages

All cohort (n=206) AKI stage 0 (n=96) AKI stage 1 (n=47) AKI stage 2 (n=27) AKI stage 3 (n=36) P value

Variable

Intraoperative outcomes

Operative time (hours) 7.3 (5.3-8.3) 6.2 (5.0-7.9) 7.5(6.1-8.3) 7.5 (6.5-9.6) 8.4 (7.3-9.4) <0.001
Intraoperative blood 1(0-3.0 0 (0-2.0) 1(0-3.0 2 (1-5.5) 3 (0-10.0) <0.001
transfusion; PRBC (packs)

Intraoperative blood 0 (0-1.0) 0 (0-0) 0 (0-1) 0 (0-2.0) 0 (0-2.5) <0.001
transfusion; FFP (packs)

Intraoperative blood 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-1.5) 0 (0-3.0) <0.001
transfusion; PLT (packs)

Ischemic time (hours) 4.9 (4.1-5.8) 4.5 (3.9-5.5) 5.3 (4.2-5.8) 5.3 (4.6-6.5) 5.3 (4.5-5.8) 0.01
VA-ECMO use 127 (61.7) 44 (45.8) 31 (66.0) 23 (85.2) 29 (80.6) <0.001
VA-ECMO time (hours) 3.1 (2.5-3.7) 3.4 (3.0-5.0) 3.3 (3.0-6.7) 4.3 (3.9-11.9) 4.1 (3.1-5.8) 0.048

Postoperative outcomes
PGD grade 1to 3 91 (44.2) 29 (30.2) 22 (46.8) 12 (44.4) 28 (77.8) <0.001
PGD grade 3 28 (13.6) 2(2.1) 5(10.6) 0 (0.0 21 (58.3) <0.001
Dialysis 29 (14.1) 0(0.0) 0(0.0) 0 (0.0 7 (19.4) <0.001
Stroke 6 (2.9) 2(2.1) 1(2.1) 13.7) 2 (5.6) 0.73
Bowel ischemia 2(1.0) 0(0.0) 0(0.0) 0 (0.0 2 (5.6) 0.02
Digital ischemia 6 (2.9) 0(0.0) 0(0.0) 0 (0.0 6 (16.7) <0.001
ICU stay (days) 9.0 (6.0-19.3) 7.0 (5.0-10.3) 9.0 (5.0-15.0) 13.0 (8.0-24.0) 19.5(14.0-33.8) <0.001
Posttransplant ventilator (days) 2.0 (1.0-4.3) 2.0 (1.0-3.0) 2.0 (1.0-5.0) 2.0 (1.0-3.5) 8.0 (2.0-17.3) <0.001
Hospital stay (days) 17.0 (12.0-29.5) 12.0(10.0-17.5) 19.0(15.0-27.0) 23.0(15.5-34.0) 38.0 (27.0-54.3) <0.001
Post-ECMO use 34 (16.5) 4(4.2) 6 (12.8) 3(11.1) 22 (61.1) <0.001
CLAD 15 (7.3) 9 (9.4) 2 (4.3 0 (0.0 4(11.1) 0.15
HD after discharge 37 (18.0) 9(9.4) 9 (19.1) 4(14.8) 15 (41.7) <0.001

Continuous data are shown as medians (interquartile ranges) and categorical data are shown as n (%). AKI, acute kidney injury;
PRBC, packed red blood cell; FFP, fresh frozen plasma; PLT, platelet; VA-ECMO, veno-arterial extracorporeal membrane oxygenation;
PGD, primary graft dysfunction; ICU, intensive care unit; ECMO, extracorporeal membrane oxygenation; CLAD, chronic lung allograft
dysfunction; HD, hemodialysis.
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Figure 1 Kaplan-Meier analysis of overall survival after lung transplantation. (A) Survival rates among AKI stage groups. (B) Survival rates

among PGD grade groups. AKI, acute kidney injury; PGD, primary graft dysfunction.

HRs of complications as predictors of mortality

Univariate Cox regression analysis was performed to
determine the major complications that significantly affected
survival (Table 3). Ischemic events (stroke, bowel ischemia,
and digital ischemia) had large HRs (Stroke, HR =3.26;
bowel ischemia, HR =79.0; digital ischemia, HR =5.72);
however, they were relatively rare [stroke, number (N) =6
(2.9%); bowel ischemia, N=2 (1.0%); and digital ischemia,
N=6 (2.9%)]. In addition, AKI stage and dialysis during
hospitalization and after discharge were found to have a
significant impact on mortality (AKI >1, HR =1.89; dialysis
during hospitalization, HR =2.41; dialysis after discharge,
HR =7.27). These complications were also observed in
relatively more patients than other complications [AKI
>1, N=110 (53.4%); dialysis during hospitalization, N=29
(14.1%); dialysis after discharge, N=37 (18.0%)].

The correlation between PGD grade and AKI stage

Of the 206 patients, 119 (57.8%) had PGD grade 0, 25
(12.1%) had PGD grade 1, 34 (16.5%) had PGD grade 2,
and 28 (13.6%) had PGD grade 3. The distribution of PGD
and AKI stages is summarized in Figure 2A. Sixty-nine of
119 patients (58.0%) with PGD grade 0 had AKI stage 0,
and 21 of 28 patients (75.0%) with PGD grade 3 had AKI
stage 3. Spearman’s test showed a significantly stronger

© Journal of Thoracic Disease. All rights reserved.

correlation between PGD grade and AKI stage (P<0.001)
(Figure 2B).

The correlation between AKI stage and GFR categories of
CKD

The AKI stage was compared to the GFR category of
the CKD criteria at 3, 6, 9, and 12 months after lung
transplantation. At all time points, AKI stages were
significantly and strongly correlated with GFR categories
(P<0.001) (Figure 3). For the GFR category of CKD,
missing values were found in 3 (1.5%), 24 (11.7%), 40
(19.4%), and 54 (26.2%) patients at 3, 6, 9, and 12 months
after lung transplantation, with similar results in the data
with missing GFR category values replaced by the LOCF
method (Figure S1). In addition, linear mixed-effects
models showed worsening of GFR categories at 6, 9, and
12 months compared with 1 month after lung
transplantation in the entire patient cohort (Figure 4A4).
Similarly, in all AKT stages, the GFR categories of the CKD

criteria worsened with the postoperative time (Figure 4B).

Survival after lung transplantation by GFR categories of
CKD

Conditional survival curves were stratified according to
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Table 3 Univariate cox regression analysis of complications as
predictors of mortality

Variable Number HR Pvalue 95% ClI

Early phase
AKI >1 110 1.89 0.04 1.04-3.44
AKI =2 63 2.17 0.008 1.23-3.82
AKI =3 36 2.45 0.003 1.35-4.46
PGD =1 87 1.40 0.25 0.79-2.48
PGD =2 62 1.81 0.04 1.02-3.22
PGD =3 28 2.46 0.005 1.32-4.59
Dialysis 29 2.41 0.006 1.29-4.49
Stroke 6 3.26 0.048 1.01-10.5
Bowel ischemia 2 79.0 <0.001 14.2-440
Digital ischemia 6 5.72 <0.001 2.03-16.1

Early to chronic phase
CLAD 15 3.72 0.002 1.64-8.44
HD after discharge 37 7.27 <0.001 4.06-13.0

HR, hazard ratio; Cl, confidence interval; AKI, acute kidney
injury; PGD, primary graft dysfunction; CLAD, chronic lung
allograft dysfunction; HD, hemodialysis.

A
9 2 4 21
15 6 6 0
26 6 10 5

1 2

NEEED

Toyoda et al. Correlation between PGD and AKI

the GFR category of CKD to determine whether the GFR
category affected patient survival (Figure S2). However,
survival curves were similar for all categories at all time
points. Evidence that the GFR categories of CKD had an
impact on survival was not observed in our cohort.

Discussion

Our study demonstrated a strong correlation between the
clinical PGD grade and AKI stage. Previous studies have
also reported a correlation between PGD and AKI (20);
however, there are no reports of an association between
PGD and AKI severity, except for one report related only
to cystic fibrosis (21). Our study provides a clinical basis
for speculating the potential causal relationship between
PGD and AKI. However, it remains unclear whether both
are downstream effects of other post-reperfusion systemic
factors or whether only PGD is a factor in the development
of AKI. As no studies have investigated the molecular
epidemiology of AKI after lung transplantation, it remains
to be seen whether these very high rates of clinical grade
concordance reflect a novel molecular mechanism of renal

injury.

Spearman’s rank correlation coefficient =0.389
P value =0.00000000751
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Figure 2 Correlation between PGD grade and AKI stage. (A) Distribution of the number of patients according to PGD and AKI stage. The

heatmap shows the number of cases. (B) Spearman’s test was used to investigate the correlation between PGD grade and AKI stage. AKI,

acute kidney injury; PGD, primary graft dysfunction.
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Figure 3 Spearman’s test to investigate the correlation between AKI stage and GFR category of CKD criteria at 3 months (A), 6 months
(B), 9 months (C), and 12 months (D) after lung transplantation. AKI, acute kidney injury; CKD, chronic kidney disease; GFR, glomerular
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Common factors post-lung transplantation such as
hypoxia (15,31,32) and systemic inflammatory cytokine
production (33,34) can exacerbate both lung and kidney
dysfunction. Moreover, inflammatory cytokines have
been reported to exacerbate PGD and AKI (15,34).
One study showed that warm ischemic reperfusion with
pulmonary portal clamping in rats resulted in higher plasma
inflammatory cytokine levels and worsened structural
kidney injury on electron microscopy compared to sham
controls (35). AKI typically develops within 24 h after
PGD. Therefore, elevated cytokine levels associated with
lung tissue injury may be the primary trigger for AKI.
Management of PGD often includes prolonged ventilation
and attempts to maintain negative fluid balance, both of
which can adversely affect the kidneys (18,36,37). Injurious
ventilation can cause AKI, and low-tidal-volume ventilation
improves mortality in patients with ARDS. The effect of
mechanical ventilation during the lung transplant operation
and immediately afterwards could be an important factor in
the development of AKI (38-40). Conversely, increased sCr
levels and decreased urine output promote fluid load, which
may promote graft pulmonary edema and hypoxemia (41).

The survival rate in our cohort was decreased with AKI
stage 3 by KDIGO criteria and PGD grade 3, consistent
with previous reports (9,18,21,42). In addition, 75% of
patients with PGD grade 3 had AKI stage 3. These results
indicate that once PGD grade 3 develops, management
strategies that balance lung allograft protection and kidney
risks are very important, but very difficult, especially
with respect to infusions and calcineurin inhibitors. It is
important to avoid a significant decline in renal function
while protecting lung function and recovery. AKI is a
known risk factor for mortality after lung transplantation.
AKI is an attractive therapeutic target because of its high
incidence compared with other complications and its impact
on prognosis.

This study showed that the AKI stage was strongly
associated with the GFR category of the CKD criteria
within one year. Furthermore, regardless of the stage of
AKI, the GFR category was elevated, even within as short
of a period as 1 year. This increase may be due to drug-
induced renal damage caused by calcineurin inhibitors,
analgesics, antibiotics, and antiviral therapies. Therefore,
patients with a higher stage of AKI will have even lower
renal function at one year, which further limits the use
of drugs and makes the chronic phase of post-transplant
management more difficult.

© Journal of Thoracic Disease. All rights reserved.
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Previously, a few groups, including ours, have reported
that surgical factors for PGD include blood transfusion
volume, high FiO, during reperfusion, high post-reperfusion
systolic pulmonary artery pressure, and operative time
(43-46). Central VA-ECMO has been applied in our
institution instead of cardiopulmonary bypass (CPB) to
reduce PGD based on evidence that ECMO has been
shown to reduce intraoperative blood transfusion volume
compared with CPB (47). In addition to efforts to minimize
these surgical risk factors, perioperative renal protection
requires appropriate management of perioperative
hemodynamic changes, minimization of nephrotoxic drugs,
appropriate monitoring of AKI using cystatin and other
agents, and early intervention by nephrologists.

Limitations

The relatively small sample size of this study, due to the
single institution, limits its generalizability. In addition,
accurate diuresis records were not available retrospectively,
which limited the ability to correctly classify KDIGO
AKT stages. Furthermore, only the GFR category of the
KDIGO diagnostic criteria for chronic renal failure was
used, because albuminuria was not measured during our
standardized follow-up. Therefore, it may not accurately
reflect the severity of chronic renal failure.

Conclusions

We demonstrated a strong association between AKI and
PGD severity after lung transplantation. Challenges to
PGD grade 3 reduction with protection of renal function
will improve the life expectancy and quality of life of lung
transplant recipients. The direct association between PGD
and AKI remains unclear and requires basic and clinical
research to understand the underlying mechanisms.
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