
Transplantation DIRECT         2020 www.transplantationdirect.com 1

M.K. and T.H. contributed equally to this work and the guarantors of this 
manuscript. S.E., T.S., H.N., M.N., and Ak.S. have full access to all of the data 
in the study, gathered information from the database or patients, and took care 
of patients in the study who underwent lung transplant. H.O., Y.M., and T.S. 
contributed substantially to the study design, the data analysis and interpretation, 
reviewed CT images and wrote the manuscript. Am.S. is responsible for statistical 
analysis. Y.O. had full access to all of the data in the study and takes responsibility 
for the integrity of the data and the accuracy of the data analysis.
Correspondence: Takashi Hirama, MD, PhD, Division of Organ Transplantation, 
Tohoku University Hospital, 4-1 Seiryomachi, Sendai, Miyagi 980-8574, Japan. 
(thirama@icloud.com).

Copyright © 2020 The Author(s). Transplantation Direct. Published by Wolters 
Kluwer Health, Inc.This is an open-access article distributed under the terms of 
the Creative Commons Attribution-Non Commercial-No Derivatives License 4.0 
(CCBY-NC-ND), where it is permissible to download and share the work provided 
it is properly cited. The work cannot be changed in any way or used commercially 
without permission from the journal.

ISSN: 2373-8731

DOI: 10.1097/TXD.0000000000001013

Received 10 April 2020. Revision received 23 April 2020.
Accepted 25 April 2020.
1 Department of Thoracic Surgery, Institute of Development, Aging and Cancer, 
Tohoku University, Sendai, Miyagi, Japan.
2 Division of Organ Transplantation, Tohoku University Hospital, Sendai, Miyagi, 
Japan.
3 Department of Thoracic Surgery, Fujita Health University School of Medicine, 
Toyoake, Aichi, Japan.
4 Multi-Organ Transplant Program, Toronto General Hospital, Toronto, ON, 
Canada.
5 Toronto General Hospital Research Institute, Toronto, ON, Canada.
This work is supported in a part by Kurozumi Medical Foundation, Tokyo-
Hokenkai Byotai-Seiri Laboratory and Takeda Science Foundation. No additional 
external funding was received for this study.
The authors declare no conflicts of interest.
The study protocol was reviewed by the Institutional Review Board at Tohoku 
University Hospital on January 30, 2020. In light of the retrospective design, the 
requirement of informed consent was waived.

Impact of Postoperative Continuous Renal 
Replacement Therapy in Lung Transplant 
Recipients
Masato Katahira, MD,1 Takashi Hirama, MD, PhD,1,2 Shunsuke Eba, MD, PhD,1 Takaya Suzuki, MD, PhD,1  
Hirotsugu Notsuda, MD, PhD,1 Hisashi Oishi, MD, PhD,1 Yasushi Matsuda, MD, PhD,1,3 Tetsu Sado, MD, PhD,1  
Masafumi Noda, MD, PhD,1 Akira Sakurada, MD, PhD,1 Aman Sidhu, MSc, MD,4,5  
and Yoshinori Okada, MD, PhD1,2

Lung transplant (LTx) can offer both a survival benefit 
and improved quality of life for selected patients with 

advanced lung disease. Nongraft complications after lung 
transplant can have considerable effects on the morbidity and 
mortality of recipients. Acute kidney injury (AKI) is a com-
mon posttransplant complication, with up to 65% of recipi-
ents experiencing at least 1 episode of AKI within the first 2 
weeks after transplantation.1 Any episodes of posttransplant 
AKI have been associated with an increased risk of CKD and 

mortality in previous long-term observational studies.1 Renal 
replacement therapy (RRT) is increasingly of use to critically 
ill patients who have developed AKI,2 and continuous renal 
replacement therapy (CRRT) is favored in the intensive care 
unit setting rather than conventional intermittent hemodialy-
sis (IHD) due to hemodynamic instability in most patients, 
especially LTR in the early postoperative period. However, the 
optimal timing or threshold of kidney impairment for which 
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Background. Acute kidney injury (AKI) is a common complication after lung transplant (LTx), and continuous renal 
replacement therapy (CRRT) is increasingly of use to critically ill patients who have developed AKI. However, the optimal 
timing or threshold of kidney impairment for which to commence CRRT after LTx has been uncertain. There has also been 
limited information on the impact of CRRT among LTx recipients (LTRs) introduced in the early posttransplant period on sur-
vival, graft function, and renal function. We aimed to review LTRs who developed AKI requiring CRRT postoperatively and fol-
lowed their long-term outcomes at Tohoku University Hospital (TUH). Methods. Medical records of consecutive patients 
who underwent LTx at TUH between 2000 and 2018 were reviewed, with follow-up to 2019 inclusive. Results. Although 
mortality in those who required CRRT (n = 21) was increased versus those who did not require CRRT (n = 85)(P = 0.024), 
conditional survival beyond 3-month posttransplant was not affected (P = 0.131). Additionally, the cumulative incidence of 
chronic lung allograft rejection (P = 0.160) and the development of chronic kidney disease (P = 0.757) were not significant 
between groups. Conclusions. The initiation of CRRT posttransplant may be a useful strategy to preserve cardiac and 
optimize volume management among critically ill patients.
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to commence RRT has been uncertain. There has also been 
limited information published on the benefit of CRRT among 
LTRs in the early posttransplant period, such as survival, graft 
function, and renal function. We aimed to review LTRs who 
developed AKI requiring CRRT postoperatively and followed 
their long-term outcomes in our facility.

MATERIALS AND METHODS

Study Design and Data Collection
Medical records of consecutive lung transplant recipi-

ents (LTRs) at Tohoku University Hospital (TUH) between 
January 1, 2000, and December 31, 2018, were retrospec-
tively reviewed, with follow-up data collected up to December 
31, 2019 inclusive. LTRs who received living-donor trans-
plant were excluded from the study (Figure 1). Baseline data 
pretransplantation and peritransplantation were collected 
from all participants, and follow-up data were gathered at 
months 3, 6, 9, and annually posttransplant. The study proto-
col was reviewed by the Institutional Review Board at TUH 
on January 30, 2020. In light of the retrospective design, the 
requirement of informed consent was waived.

Definition of CKD and Chronic Lung Allograft 
Dysfunction

The glomerular filtration rate (GFR) was used as an index 
of global kidney function and estimated from a revised equa-
tion for serum creatinine-based estimated GFR in Japan as fol-
lows: 194 × serum creatinine (mg/dL) (−1.094) × age(−0.287) 
(×0.739 if female).3 AKI was defined by an increase in serum 
creatinine of ≥0.3 mg/dL within 48 hours or ≥1.5 times base-
line, or urine output <0.5 mL/kg/h for 6 hours.4 CKD was 
defined as an irreversible decline in GFR <60 mL/min/1.73 m2, 
and severe CKD <30 mL/min/1.73 m2.5 chronic lung allograft 
dysfunction (CLAD) was defined as an irreversible decline in 
FEV1 to <80% from the baseline confirmed twice at least 3 
weeks apart and at least 3 months posttransplant.6

Data Analysis
Differences across groups were reported with chi-square 

or Fisher’s exact tests for categoric variables and the Mann–
Whitney test for continuous variables, as appropriate. The 
Kaplan–Meier analysis was used to model time-to-event out-
comes, and differences between groups were calculated with 
the log-rank test. Risk factors for mortality were assessed 
using a Cox proportional hazards model. Variables associ-
ated with CRRT requirement in chi-square or Fisher’s exact 
tests (P  <  0.05) and those with biological plausibility were 
analyzed in the univariable and multivariable model. Hazard 
ratios (HRs) were presented with their 95% confidence 

intervals (CIs). P values of <0.05 were considered statistically 
significant. Statistical analyses and graph generation were per-
formed with GraphPad Prism 6.0 (GraphPad Software Inc., 
La Jolla, CA) or StatPlus:macLE (AnalystSoft Inc., Walnut, 
CA).

RESULTS

Characteristics of Lung Transplant Recipients at 
TUH

One hundred six patients who underwent LTx between 
2000 and 2018 were included into the study (Table  1). 
Median age of LTRs was 45 [interquartile range (IQR) 34–
51], and 67.3% were female. Single lung transplantation was 
performed more often than double lung transplantation at 
56.7% versus 43.3%. Obstructive lung disease was the indi-
cation for 43.4% of LTx, followed by pulmonary arterial 
hypertension (PAH) at 20.8% and nonidiopathic pulmonary 
fibrosis interstitial pneumonia at 13.2%. There were 2 LTRs 
with pretransplant CKD and 7 with diabetes. The incidence 
of hypertension [systolic blood pressure (BP) ≥130 mm Hg, 
diastolic BP≥ 80 mm Hg or taking antihypertensive drugs 
at the time of transplant7] (16.3%, 17/106) and proteinu-
ria through urinalysis5,8 (13.5%, 14/106) was reviewed. The 
median operation time was 521 minutes (IQR 383–842) and 
the median ischemic time of 525 minutes (IQR 438–688). 
The median survival of all participants was 58 months (IQR 
20–84, n = 106), and for those who underwent LTx between 
2000 and 2012, excluding recent transplants (2013–2018), 
the median survival was 91 months (IQR 26–116, n = 45).

Twenty-one LTRs required CRRT (CRRT+), and 85 did not 
need CRRT (CRRT−) (Table 1B). The median age was not dif-
ferent at 40 (IQR 24–51) versus 45 (IQR 37–52) (P = 0.182), 
and there was no statistically significant difference in gender 
(P = 0.441) between categories. CRRT+ patients were more 
likely to have undergone double transplantation (71.4%) ver-
sus CRRT− (37.6%) (P = 0.007). Unsurprisingly, PAH was the 
most common indication for transplant in CRRT+ (61.9%), 
whereas obstructive lung disease was the most common indi-
cation in CRRT− (49.2%) (P  < 0.0001). There was no sig-
nificant difference in pretransplant comorbidities between 
groups. The proportion of CMV mismatch was also not differ-
ent between groups (17.6% versus 27.4%, P = 0.544). Donor 
age in both CRRT+ and CRRT– showed a similar distribution 
(P = 0.967). The operation time in CRRT+ was longer than 
that of CRRT− (P < 0.0005), likely owing to the higher pro-
portion of patients transplanted for PAH in CRRT+ patients. 
Total ischemic time in the majority of LTRs with CRRT+ was 
over 600 minutes, whereas that of CRRT− was significantly 
shorter (P = 0.021).

CRRT
During the observation period, 21 LTRs required CRRT 

postoperatively. Although optimal timing2 or consensus pro-
posal to start CRRT9 has been documented in previous work, 
our indications for CRRT are summarized in Table 2. All LTRs 
requiring CRRT were critically ill postoperatively (unstable 
hemodynamic state and requiring mechanical ventilation sup-
port and tracheostomy). The major indications for CRRT 
were pulmonary edema resistant to diuretic therapy (38.1%), 
followed by anuria (28.6%) and oliguria accompanied with 
uremic symptoms (19.0%). No LTRs had hyperkalemia or 

FIGURE 1. Study flowchart indicates inclusion of consecutive LTx 
recipients between January 2000 and December 2018 (n = 106) and 
further analyzed based on CRRT requirement (n = 21 vs 85). CRRT, 
continuous renal replacement therapy; LTx, lung transplant.
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acidemia as an indication for CRRT. The median duration of 
CRRT was 39 days (IQR 26–49). Among 21 LTRs treated 
with CRRT, 4 died while on CRRT, 16 successfully discontin-
ued, and 1 switched from CRRT to IHD.

Postoperative Outcomes in Patients Requiring CRRT 
After LTx

LTRs who required CRRT perioperatively demonstrated 
lower survival than those who were not on CRRT (Log-rank 
P = 0.024) (Figure 2A). However, there were likely other fac-
tors affecting mortality in the early postoperative phase for 
CRRT+ patients, because LTRs on CRRT are generally criti-
cally ill. Because of this, conditional survival beyond 3-month 
posttransplant was also analyzed (Figure 2B), illustrating that 
CRRT requirement was not associated with long-term mor-
tality (Log-rank P = 0.131). Other risk factors for mortality 
after LTx were analyzed in a univariate Cox model (Table 3), 
showing only an age at the time of transplant was associated 
with mortality (HR: 1.037, 95% CI: 1.00-1.07). Both age and 

TABLE 1.

Baseline characteristics of patients at the time of lung transplant (n = 106, A) and lung transplant recipients with/without 
CRRT implementation (n = 21 vs 85, respectively, B)

 

A B

Total (n = 106) CRRT + (n = 21) CRRT − (n = 85) P

Age at LTx, median (IQR) 45 (34–51) 40 (24–51) 45 (37–52) 0.182
Female 70 (67.3%) 12 (57.1%) 58 (68.2%) 0.441
LTx procedure    0.007
 Single 59 (56.7%) 6 (28.6%) 53 (63.9%)  
 Double 47 (44.3%) 15 (71.4%) 32 (37.6%)  
LTx indication    <0.0001
 PAH 22 (20.8%) 13 (61.9%) 9 (10.6%)  
 IPF 6 (5.7%) 1 (4.8%) 5 (5.9%)  
 Non-IPF IP 14 (13.2%) 1 (4.8%) 13 (15.3%)  
 Obstructive 46 (43.4%) 4 (19.0%) 42 (49.2%)  
 Suppurative 11 (10.4%) 1 (4.8%) 10 (11.8%)  
 CLAD 3 (2.8%) 1 (4.8%) 2 (2.4%)  
 Others 4 (3.8%) 0 (0.0%) 4 (4.7%)  
Pre-LTx comorbidities     
 Diabetes 7 (6.6%) 3 (14.3%) 4 (4.7%) 0.138
 CTD 15 (14.2%) 2 (9.5%) 13 (15.3%) 0.730
 GERD 7 (6.6%) 1 (4.8%) 6 (7.1%) 1.000
 CKD 2 (1.9%) 1 (4.8%) 1 (1.2%) 0.359
 Hypertension 17 (16.3%) 3 (14.3%) 14 (16.9%) 1.000
 Proteinuria 14 (13.5%) 2 (9.5%) 12 (14.5%) 0.730
 CMV mismatch (D+/R−)a 23/90 (25.6%) 3/17 (17.6%) 20/73 (27.4%) 0.544
Donor ageb    0.967
 ≤19 9 (8.5%) 2 (9.5%) 7 (8.2%)  
 20–59 87 (82.1%) 17 (81.0%) 70 (82.4%)  
 ≥60 9 (8.5%) 2 (9.5%) 7 (8.2%)  
Operation time (min)    < 0.0005
 ≤419 35 (33.0%) 2 (9.5%) 33 (38.8%)  
 420–839 45 (42.5%) 7 (33.3%) 38 (44.7%)  
 ≥840 26 (24.5%) 12 (57.1%) 14 (16.5%)  
Ischemic time (min)    0.021
 ≤419 18 (17.0%) 1 (4.8%) 17 (20.0%)  
 420–599 49 (46.2%) 7 (33.3%) 42 (49.4%)  
 ≥600 39 (36.8%) 13 (61.9%) 26 (30.6%)  

aPaired CMV serology available in 88 donors/recipients.
bMissing the age in 1 donor (n = 103 in total).
CLAD, chronic lung allograft dysfunction; CMV, cytomegalovirus; CRRT, continuous renal replacement therapy; CTD, connective tissue disease; eGFR, estimated glomerular filtration rate; GERD, gas-
troesophageal reflux disease; IQR, interquartile range; IPF, idiopathic pulmonary fibrosis; IP, interstitial pneumonia; LTx, lung transplant; PAH, pulmonary arterial hypertension.

TABLE 2.

Potential indications for CRRT and the study outcomes of 
CCRT implemented after LTx (n = 21)

Indication of CRRT (n = 21)  

Anuria (<100 mL/d) 6 (28.6%)
Oliguria accompanied with uremic symptoms 4 (19.0%)
Diuretic resistant pulmonary edema 8 (38.1%)
Rapid increase in BUN >76 mg/dL 3 (14.3%)
Refractory hyperkalemia (>6.0 mEq/L) 0 (0.0%)
Severe metabolic acidosis (pH <7.15) 0 (0.0%)
Duration of CRRT (IQR)  
 39 d (26–49)
Outcome of CRRT  
Died while on CRRT 4 (19.0%)
Discontinued CRRT 16 (76.2%)
Continued RRT with IHD 1 (4.8%)

BUN, blood urea nitrogen; CRRT, continuous renal replacement therapy; IHD, intermittent hemo-
dialysis; IQR, interquartile range.
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CRRT requirement were associated with mortality in the mul-
tivariate Cox analysis (HR: 1.044, 95% CI: 1.00-1.08 and 
HR: 3.061, 95% CI: 1.42-8.20, respectively). The LTx proce-
dure (double lung versus single transplant) and LTx indication 
(PAH versus others) were not associated with an increased 
risk of mortality (Table 3).

Graft function posttransplant was reviewed, and the cumu-
lative incidence of CLAD was analyzed (Figure  3A). There 
was no difference in the incidence of CLAD among patients 
with or without CRRT implementation (Log-rank P = 0.160). 
The use of CRRT in the acute posttransplant phase was not 
associated with the development of any severity of CKD (Log-
rank P = 0.757) (Figure 3B). In addition, postoperative CRRT 
was also not associated with the development of severe CKD 
(Log-rank P = 0.642) (Figure 3C). Among LTRs who devel-
oped severe CKD, IHD was commenced in 3 LTRs, including 
1 patient in the CRRT+ group (2 mo post-LTx, transitioned 
from CRRT) and 2 patients in the CRRT− category (5 and 9 
y post-LTx, respectively).

DISCUSSION

Although AKI is one of the most common nongraft LTx 
complications10 and  is  known as a risk factor associated 
with mortality,1 few studies have evaluated the effect of 

the renal replacement therapy, which is a widely accepted 
strategy, to perioperatively preserve renal function for AKI.2 
We therefore described our experience in CRRT for those 
whose kidney function acutely dropped in the early phase 
after transplantation. In our analysis, mortality in those 
who required CRRT was significantly higher than those 
who were not on CRRT. These are similar outcomes in com-
parison to a previous report,10 in which the survival rate 
between recipients with and without RRT was 35.8% ver-
sus 85.5% at 1-year posttransplant, respectively, and 20.0% 
versus 56.4% in 5-year posttransplant. However, it is hard to 
conclude whether CRRT installation is causal to high mor-
tality because many of LTRs were likely critically ill post-
operatively and required CRRT because of hemodynamic 
instability and other complications that could contribute to 
survival. CRRT requirement was not related to conditional 
survival beyond 3-month posttransplant (P = 0.131), indi-
cating that there is no difference in mortality when LTRs 
survived over 3 months regardless of CRRT implementa-
tion. Furthermore, CRRT posttransplant was not associated 
with the development of CLAD (P  =  0.161) and CKD in 
both moderate (P  =  0.757) and severe (P  =  0.642) forms 
(Figure  3). The overall survival and the cumulative inci-
dence of severe CKD also showed a similar trend with a 
large scale study, in which 654 LTRs were analyzed.1 We 

A B

FIGURE 2. A, Kaplan–Meier survival stratified by the posttransplant CRRT requirement (CRRT+ n = 21 with solid line in blue, CRRT– n = 83 
with dashed line in red and all participants n = 106 with dashed line in gray) is shown by months after transplantation. The number of patients at 
risk is documented according to time. B, Kaplan–Meier conditional survival beyond 3-mo posttransplant survival stratified by the posttransplant 
CRRT requirement (CRRT+ n = 18 with solid line in blue, CRRT– n = 80 with dashed line in red and all participants with dashed line in gray) is 
illustrated by months after transplantation. CRRT, continuous renal replacement therapy.

TABLE 3.

Hazard ratios for mortality from univariate and multivariate Cox model

Variable 

Univariate Multivariate

HR 95% CI P HR 95% CI P

Age at LTx 1.037 1.00–1.07 0.050 1.044 1.00–1.08 0.041
Sex (female) 1.097 0.47–2.51 0.827 1.039 0.43–2.49 0.932
LTx procedure (double lung) 1.089 0.87–1.36 0.455 1.175 0.91–1.51 0.203
LTx indication (PAH) 1.031 0.93–1.03 0.947 1.090 0.26–4.43 0.905
CRRT requirement 2.178 0.98–4.82 0.055 3.061 1.14–8.20 0.026
Ischemic time 1.000 0.99–1.00 0.999 0.998 0.99–1.00 0.419
Hypertension 0.704 0.23–2.04 0.517 0.720 0.24–2.12 0.552
Proteinuria 0.737 0.22–2.44 0.618 0.865 0.25–2.92 0.816

CI, confidence interval; CRRT, continuous renal replacement therapy; HR, hazard ratio; LTx, lung transplant; PAH, pulmonary arterial hypertension.
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thus believe LTRs even who experienced severe AKI requir-
ing CRRT could demonstrate a similar long-term outcome 
to those who did not require it, provided they are being well 
managed with CRRT.

PAH was the most common indication for LTx among those 
who required CRRT therapy (61.9%), although it accounted 
for minority (10.6%) in LTRs who did not require CRRT 
(Table  1). This was likely related to the prolonged ischemic 
time (P = 0.021) as the majority of recipients with CRRT after 
transplant received double transplant rather than the single 
(P = 0.007) and thus needed longer operation time (P < 0.0005). 
LTRs with PAH are known to require hemodynamic and res-
piratory support immediately after transplantation due to 
frequently seen left ventricular (LV) failure.1,11,12 Swift nor-
malization of pulmonary vascular resistance, followed by an 
immediate upturn in cardiac output and a rapid increment in 
left ventricular filling, leads to drastic LV impairment in PAH 
patients postoperatively. Therefore, it may be reasonable to 
implement CRRT in the early posttransplant phase for PAH 
patients: the removal of a large amount of intravascular fluid 
can reduce preload, resulting in a reduction in cardiac output 
and a decrease in the capillary wedge pressure. We thus pro-
pose that the initiation of CRRT for PAH patients posttrans-
plant for volume control even though there is no indication for 
electrolyte or acid-base management (Table 2), to potentially 
avoid posttransplant LV dysfunction in these recipients. On 
the other hand, a recent study suggested an extended usage of 
extracorporeal membrane oxygenation postoperatively until 
the LV capacity has adapted to the altered hemodynamics after 
transplantation.12,13 With those features in mind, combined 
extracorporeal membrane oxygenation with CRRT could be 
a rescue strategy to preserve cardiac and renal function among 
critically ill patients after lung transplantation.

Given that this is a single-center retrospective analysis, 
there are several limitations that warrant discussion. Potential 
institutional bias should be considered where PAH is respon-
sible for 20% of all LTRs in our facility, which is higher pro-
portion than the International Society for Heart and Lung 
Transplantation registry14 in which overall PAH accounted for 
<5.0% of entire recipients. Furthermore, analyzing survival in 
a larger-scale study would be prudent given the small sample 
size. The outcome of our study was different from a previous 

report based on United Network for Organ Sharing data-
base,10 in which a perioperative need for post-LTx RRT was 
reviewed with the outcome that post-LTx RRT had a lower 
survival rate than those who did not require RRT. As this was 
a retrospective registry study from United Network for Organ 
Sharing, the details of RRT, such as the type (peritoneal, inter-
mittent, or continuous), the duration, and the indication, were 
unable to be gathered. Therefore, we cannot directly compare 
the study with our outcome. On the other hand, the trans-
plant circumstance is unique in Japan, where the donor short-
age is a major issue. To overcome the shortage, living-donor 
transplant is one of the transplant procedures,15 yet it is not 
the current transplant practice worldwide.16 The relationship 
of the recipient with the donor is different between the living 
and the deceased donors, which affects the recipient’s condi-
tion and outcome, such as waiting time, histocompatibility, 
ischemic time, etc. For those reasons, the living-donor trans-
plant was excluded from the analysis. Moreover, to cope with 
an insufficient number of donation, the single-lung transplant 
still outnumbers the double,15 which is not carried out as fre-
quently today throughout the world.14 Accordingly, the diag-
nosis of CLAD among recipients with single LTX has not been 
well established, which should be discussed in the future trial.

In conclusion, we documented our experience with mortal-
ity, graft outcomes, and renal function with CRRT use for those 
who developed AKI after LTx. Although mortality in those 
who required CRRT was high, conditional survival beyond 
3-month posttransplant was not affected. Additionally, the 
cumulative incidence of CLAD and the development of CKD 
in CRRT+ were not significant in comparison to those who 
were not on CRRT. Initiation of CRRT posttransplant may 
be a useful strategy to preserve cardiac and optimize volume 
management among critically ill patients, yet further study is 
needed to overcome some limitation.
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