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Abstract

Objectives The role of intraoperative cardiopulmonary bypass (CPB) in lung transplant (LTx) surgery is controversial. CPB
enables slow pulmonary reperfusion and initial ventilation with low oxygen concentrations, both theoretically protective of
transplanted lungs. In this study, we explored clinical outcomes following extended criteria donor LTx surgery implementing
a thoroughly protective allograft reperfusion strategy using CPB.

Methods Thirty-nine consecutive adult patients who underwent bilateral LTx with elective CPB and protective allograft
reperfusion were reviewed. Bilaterally implanted lungs were reperfused simultaneously, via slow CPB flow reduction and
initial ventilation with 21% oxygen and nitric oxide, followed by a brief modified ultrafiltration. During weaning from CPB,
mean pulmonary arterial pressure was strictly maintained at 10-15 mmHg by controlling CPB and pulmonary flow. The
clinical outcomes in 23 patients who received lungs from extended criteria donors (ECD group) were elucidated and com-
pared to 16 patients undergoing LTx from standard criteria donors (SCD group).

Results No life-threatening deterioration was observed to graft functionality during the first 72 h after LTx in the ECD group;
however, only one patient required post-transplant extracorporeal membrane oxygenation. In three of 23 ECD LTx patients
(12%), surgical revision for bleeding was required. Survival outcomes for the ECD group were favorable, with 100% survival
at 6-months, 87.0% at 1-year, and 80.7% at 5-years. Outcomes in the ECD group were comparable to those in the SCD group.
Conclusions Despite a certain extent of risk associated with full-dose heparinization, use of CPB does not undermine survival
outcomes after ECD LTx surgery if protective allograft reperfusion is securely performed.
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Introduction

Lung transplantation (LTx) is regarded as an effective treat-
ment for end-stage lung disease. However, LTx is limited by a
persistent shortage of donor organs. In Japan, approximately
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fore, living-related LTx is still necessary to save critically ill
transplant candidates [1, 2]. The current situation also compels
transplant centers in Japan to utilize more than 70% of the
offered lungs, in which 90% of the cases were from extended
criteria donors [3]. Extending the donor lung criteria may
increase LTx, and even small-volume centers are demanded to
utilize extended criteria donor (ECD) lungs. However, as there
is no universal consensus on the definition and clinical safety
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of LTx from ECDs [4-7], maximal effort is needed to maintain
outcomes after ECD-LTX, to ensure that patients benefit from
the active use of ECD lungs.

Historically, cardiopulmonary bypass (CPB) has been
used in LTx surgery in which the patient is not expected to
tolerate single lung ventilation during transplantation. CPB
use is inevitable in some transplant cases, whilst there are
concerns for adverse effects related to blood cell destruction,
excessive consumption of coagulation factor, subsequent
systemic inflammation, and coagulopathy following CPB
in LTx surgery. Indeed, several studies indicated that CPB
use was associated with a significantly higher incidence of
primary graft dysfunction (PGD) [8—11]. However, there are
other research studies that indicate no disadvantage to CPB
in LTx [12-16]. Different centers have different CPB proto-
cols, in terms of the type of pump and management strate-
gies such as reperfusion procedures, complicating interpreta-
tion of the actual impact of CPB use in LTx. Several reports
from high-volume LTx centers recently indicated an advan-
tage of extracorporeal membrane oxygenation (ECMO) as
an alternative cardiopulmonary support method. However,
CPB generally provides safer, easier and more versatile sur-
gical fields than ECMO, which still justifies surgeons’ choice
and preference for CPB in some circumstances.

It is widely believed that high-flow graft reperfusion and
initial ventilation with high oxygen concentrations and pres-
sure are detrimental to early allograft function after LTx.
This clinical perception has been verified in well-designed
studies in animals [17, 18]. In addition, compared to qual-
ity lungs, ECD lungs tend to be more fragile in terms of
vascular permeability, and susceptible to reperfusion injury
caused by uncontrolled reperfusion. CPB allows us to
meticulously manage graft reperfusion flow and low oxygen
concentration (room air) ventilation. Therefore, CPB man-
agement policy must be one of the key factors determining
early graft outcomes in ECD-LTx. Although the potentially
beneficial effects of protective reperfusion and ventilation
via CPB are recognized, the actual clinical outcome of CPB
protocol prioritizing reperfusion strategy has not been well
examined. We adopted a policy of the routine use of CPB
and thorough protective allograft reperfusion strategy for
bilateral LTx surgery over a certain period of time. In this
study, we explored the feasibility of CPB use in ECD LTx
where the protective slow-reperfusion strategy was system-
atically applied.

Patients and methods
Patients and study design

From January 2010 to December 2016, 91 LTx surgeries
were performed in Okayama University Hospital. Of these,

45 patients received bilateral LTx from deceased donors.
We excluded 6 pediatric cases; the remaining 39 consecu-
tive adult cases (age > 18) were retrospectively analyzed by
reviewing their medical records. The study cohort was fur-
ther classified into two groups: the standard criteria donor
(SCD) group and the extended criteria donor (ECD) group.
ECD group was defined as donors that had two or more num-
ber of the following conditions: (1) age>55; (2) smoking
history > 20 pack-years; (3) final P/F ratio <300 mmHg; (4)
infiltration on the last chest X-ray; (5) abnormal secretions
at bronchoscopy during evaluation. Those not regarded as
ECD were categorized as SCD. Sixteen recipients received
lungs from an SCD and 23 from an ECD. All transplants
were performed under elective cardiopulmonary bypass. To
demonstrate the outcomes of protective CPB strategy on
post-transplant outcomes by transplanted donor lung quality,
we examined early graft performance and survival outcomes
in each group. The institutional review board of Okayama
University approved the study (Approval#: 1808-014).

Donor selection and procurement procedure

Available cadaveric lungs were allocated to recipients by
the Japan Organ Transplant Network according to waitlist
order, ABO compeatibility, and predicted pulmonary function
value matching. Detailed donor data, including past medical
history and examination results, were obtained by author-
ized donor coordinators. An experienced transplant physi-
cian, delegated by the transplant network as a consultant for
donor management, was involved from the early stages of
the allocation process; the physician collected updated donor
information about physical, radiological, and bronchoscopic
findings, and helped the local donor hospital staff optimize
donor condition as much as possible. The final decision on
donor selection was made by our experienced transplant
physicians. Lung procurement was standardized. The lungs
were removed en bloc after antegrade perfusion (60 ml/kg;
4 °C, 30 cmH,0). Donor lungs were routinely flushed with
extracellular phosphate-buffered lung preservation (EP-TU)
solution ® (Cell Science & Technology Institute, Sendai
Japan) with added prostaglandin. After returning the lungs to
the recipients’ hospitals, additional retrograde perfusion was
performed through the pulmonary veins to optimize lung
graft preservation.

Lung transplantation procedure

Procedure indication was determined for each candidate
according to their primary disease, urgency, and organ avail-
ability. Bilateral LTx was limited to cases in which recipients
could not accept single LTx due to medical problems, such
as airway infection or comorbid pulmonary hypertension.
After hilar preparation was completed, cardiopulmonary
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support was routinely established. Following bilateral pneu-
monectomy, donor lungs were implanted in order of the diffi-
culty of anastomoses, with the hardest (commonly left side)
first. The heart is kept beating throughout the implantation
procedure. During implantation of the second lung, the first
lung was not reperfused (the hilum remained clamped), and
crushed ice was placed in the chest cavity to topically cool
the first lung. After bilateral lung-implantation was com-
plete, both lungs were reperfused simultaneously, follow-
ing methylpredonisolone administration, and the patient was
weaned from CPB. Regarding the surgical techniques for
implantation, an end-to-end anastomosis with a single run-
ning suture was performed in the following order: bronchus,
pulmonary vein, and pulmonary artery. Recipients received
a triple-drug maintenance immunosuppressive regimen con-
sisting of a calcineurin inhibitor (cyclosporine or tacroli-
mus), mycophenolate mofetil, and steroids.

Cardiopulmonary bypass

CPB was established by ascending aortic and right atrial can-
nulation. The pulmonary artery was vented if right ventri-
cle and pulmonary arteries distended (commonly in patients
with pulmonary arterial hypertension). We used a hollow-
fiber membrane oxygenator (RX-25; Terumo, Tokyo), open
hard-shell reservoir (Capiox-RX; Terumo, Tokyo), arterial
filter (CX-AF125; Terumo, Tokyo), and roller pump perfu-
sion (S-5; LivaNova, Munich, Germany). The CPB circuits
were primed with Ringer’s acetate solution, albumin, and
mannitol. Anticoagulation via intravenous heparin was used
to maintain an activated clotting time of over 400 s during
CPB. The initial CPB flow rate was 2.4 L/min/m?. Perfu-
sion pressures were maintained at 60—80 mmHg, systemic
temperatures at 34 °C, and hematocrits at more than 25% by
adding packed red blood cells. Pump suckers were turned
off when the bronchus was opened. Cell Saver was not used
at all.

Protective allograft reperfusion strategy

Systemic rewarming was initiated and 20 mg/kg of meth-
ylprednisolone was administered at the end of the anasto-
mosing procedure for the second lung. After completion
of bilateral implantation, we reperfused the bilateral lungs
simultaneously. Mean pulmonary artery pressure (PAP)
was strictly maintained at 10-15 mmHg by thoroughly con-
trolling the CPB and pulmonary flow. Mechanical ventila-
tion was initiated with the pressure control mode setting,
an inspired oxygen fraction (FiO,) of 21%, peak inspira-
tory pressure of 20-25 cmH,0, end expiratory pressure of
5-10 ¢cmH,O0, respiratory rate of 12 breaths/minute, and
tidal volume of 6-8 ml/kg of ideal body weight. Nitric
oxide (20 ppm) was also administered intratracheally. After
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10—15 min of reperfusion, we slowly weaned the patient
from CPB. The CPB flow was reduced in a stepwise fash-
ion over > 30 min. Following weaning from CPB, we per-
formed 10 min of modified ultrafiltration (MUF) to remove
the initial cytokines and any excess fluid emitted from the
reperfused lung allografts and the heart [19]. After complet-
ing MUF, the arterial and venous cannulae were removed.
The FiO, ventilator setting was adjusted to maintain an arte-
rial blood gas saturation of >90%. Maximal effort to avoid
using extracorporeal support after reperfusion was made
in all cases. We only introduced extracorporeal membrane
oxygenation (ECMO) when the artery blood gas saturation
remained < 90% (FiO, 100%, PIP > 30 cmH,0) for > 30 min
after the start of weaning off CPB.

Statistical analysis

All data are presented as medians and ranges. Categorical
data are presented as frequencies (percentages). Chi square
(%) tests or Mann—Whitney U tests were used to evaluate
the differences in continuous variables between the groups.
Kaplan—Meier statistics with log-rank testing were used
for survival analyses. Probability (p) values of <0.05 were
considered statistically significant. PGD grade was defined
in accordance with the International Society for Heart and
Lung Transplantation working group statement [25]. To
determine the pre-transplant severity of each patient, their
US lung allocation score (LAS) was retrospectively calcu-
lated (in November 2016) using the LAS calculator available
on the OPTN website (https://optn.transplant.hrsa.gov/resou
rces/allocation-calculators/las-calculator/). The donor score
was defined according to the previous study by Oto et al.
[21]. In brief, the scoring system includes five domains rep-
resenting known important donor criteria, i.e., age, smoking
history, chest radiography, secretions, and the ratio of arte-
rial oxygen tension to inspired oxygen fraction (P/F). Each
variable is graded between 0 and 3, with the exception of the
P/F factor, which is given a double-weighting (graded 0-6)
because of its perceived clinical significance. The score was
applied to grade each donor lung quality objectively. All data
were analyzed using SPSS software for windows version 22
(SPSS Inc, Chicago, IL).

Results
Donor and recipient characteristics

The donors’ characteristics are given in Table 1; ECD
accounted for 59.0%. Median age was significantly higher
in the ECD than SCD group. Lung oxygenation of the ECD
at different time points was significantly worse than the
SCD group. Radiological/bronchoscopic findings indicating
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pulmonary edema or infection of the donors were also fre-
quently observed in the ECD group. Donor lungs in the
ECD group marked statistically higher donor score than
SCD indicating objectively-rated poor quality. There were
no significant differences between the ECD and SCD groups
in terms of donor gender, body mass index, smoking his-
tory and duration of mechanical ventilation. The recipients’
characteristics are given in Table 2. The ECD group had 16
recipients (69.6%) with pre-transplant pulmonary hyperten-
sion (mean PAP > 25 mmHg), which was similar proportion
to the SCD group with 13 (81.3%). The ECD group included
6 recipients (26%) with idiopathic pulmonary arterial hyper-
tension as an indication for transplant. There were no sig-
nificant between-group differences in terms of recipient age,
waiting list time, or LAS.

Intraoperative parameters

There were no cases in which ex vivo lung perfusion (EVLP)
was applied to the offered lungs. The intraoperative data
from the ECD and SCD groups are described in Table 3.
Mean PAP after reperfusion was successfully controlled
at the targeted level in both groups. Equivalent total CPB
times and FiO, levels after CPB removal were required. A
mean of 55 and 48 min were spent weaning from CPB after
allograft reperfusion in the ECD and SCD groups, respec-
tively. The graft ischemic time extended beyond 9 h, and a
certain amount of blood product transfusion was required

both in the ECD and SCD group: 16/14 units of red blood
cell concentrate ; 10/6 units of fresh frozen plasma, respec-
tively. Mean amount of intraoperative bleeding was 3450
(1200-10,410) mL in the ECD and 2340 (970-12060)mL in
the SCD group. In all of the > 3000 mL cases, broad pleural
adhesion was found. No statistical differences were observed
in all of those factors between the groups.

Early graft outcomes

The early performance of grafts is given in Fig. 1. The
Pa0,/FiO, ratio in the ECD group showed no significant
changes during the first 72 h after LTx (fluctuating around
300); there were also no significant between-group differ-
ences. Other indicators of early post-transplant outcomes
are given in Table 4. Grade 3 PGD developed in 17% of
patients in the ECD group. Three ECD recipients under-
went single surgical revision for postoperative bleeding
and recovered thereafter. There was only one patient in
the SCD group who required ECMO after LTx, but this
patient successfully recovered within a short time period.
No recipients required postoperative hemodialysis or
hemofiltration to resolve a systemic condition associated
with primary graft dysfunction. The early outcomes after
LTx in the ECD were comparable to the SCD group in
PGD grades, postoperative ventilator support times, neces-
sity for extracorporeal membrane oxygenation support, or
intensive care unit or hospital stays. The length of hospital

Table 1 Donor characteristics

ECD (n=23) SCD (n=16) p value
Age (years) 49 (20-69) 43 (27-71) 0.489
Age>55 9 (39%) 4 (40%) 0.357
Female gender 10 (43%) 7 (44%) 0.987
BMI (kg/m?) 23.5 (17.5-39.5) 22.4 (16.9-39.8) 0.944
Smoking history 12 (52%) 10 (63%) 0.522
Smoking > 20 pack-years 7 (30%) 2 (13%) 0.191
Ventilation duration (day) 6 (1-20) 5(3-13) 0.601
P/F ratio at final evaluation 388 (111-548) 479 (307-566) 0.028
P/F ratio at final evaluation < 300 6 (26%) 0 0.026
Best P/F ratio 424 (118-602) 512 (391-591) 0.040
Best P/F ratio <300 5 (22%) 0 (0%) 0.045
Worst P/F ratio 340 (111-470) 357 (245-540) 0.095
Worst P/F ratio <300 10 (43%) 4 (25%) 0.237
Abnormal chest X-ray 20 (87%) 2 (13%) <0.001
Massive secretions on bronchoscopy 14 (61%) 1 (7%) <0.001
Evidence of non-resident bacteria in sputum 8 (34.8%) 1(6.3%) 0.038
culture
Donor score 8 (4-12) 3(1-8) <0.001

Categorical data are presented as number (%) and continuous data as median (range)

BMI body mass index, ECD extended criteria donor, P/F partial pressure of arterial oxygen to fraction of

inspired oxygen, SCD standard criteria donor
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I;Z:zczter‘?;ccisiem ECD (n=23) SCD (n=16) p value
Age (years) 38 (21-61) 51 (23-57) 0.061
Female gender 14 (61%) 7 (44%) 0.291
BMI (kg/m?) 17.7 (11.9-23.9) 21.1 (13.6-29.6) 0.011
Re transplantation 2 (8%) 0 (0%) 0.228
Time on waiting list (days) 538 (45-3331) 419 (40-2167) 0.746
LAS 38.2 (30.2-69.2) 41.3 (33.5-55.5) 0.621
Comorbid pulmonary hypertension

Mean PAP 25-35 mmhg 11 (48%) 8 (50%) 0.894
Mean PAP > 35 mmhg 5(22%) 5031%) 0.503
Diagnosis
Idiopathic interstitial pneumonia 2 (9%) 7 (44%) 0.011
Idiopathic pulmonary arterial hypertension 6 (26%) 1 (6%) 0.112
Bronchiolitis obliterans 6 (26%) 1 (6%) 0.112
Bronchiectasis 3(13%) 3(19%) 0.339
Lymphangioleiomyomatosis 2 (9%) 2 (13%) 0.700
Diffuse panbronchiolitis 3(13%) 1 (6%) 0.492
Pulmonary emphysema 1 (4%) 0 (0%) 0.398
Categorical data are presented as number (%) and continuous data as median (range)
BMI body mass index, ECD extended criteria donor, LAS lung allocation score, PAP pulmonary artery
pressure, SCD standard criteria donor

Table 3 Intraoperative data ECD (n=23) SCD (n=16) p value
Number of pre-transplant EVLP use 0 0 NA
Mean PAP (mmHg)

Pre-CPB 28 (18-60) 31 (23-51) 0.128

Re-perfusion 11 (8-17) 13 (10-16) 0.738

Post-CPB 21 (13-30) 21(16-27) 0.641
FiO, (%)

Re-perfusion 21 21 NA

Post-CPB 55 (40-100) 45 (40-100) 0.143
CPB time (min) 258 (195-409) 264 (217-364) 0.388
Time from reperfusion to CPB off (min) 54 (27-90) 50 (30-82) 0.621
Ischemic time left lung (min) 553 (267-747) 569 (353-787) 0.582
Ischemic time right lung (min) 557 (277-747) 563 (353-787) 0.563
Bleeding (mL) 3450 (1200-10,410) 2340 (970-12060) 0.159
RBC (unit) 16 (6-44) 14 (6-50) 0.128
FFP (unit) 10 (6-16) 6 (4-18) 0.010
PC (unit) 30 (6-40) 20 (0-35) 0.008

Categorical data are presented as number (%) and continuous data as median (range)

CPB cardiopulmonary bypass, ECD extended criteria donor, EVLP ex vivo lung perfusion, FFP fresh fro-
zen plasma, FiO, fraction of inspired oxygen, PAP pulmonary artery pressure, PC platelet concentrates,
RBC red blood cells, SCD standard criteria donor

stay in the SCD group was paradoxically longer than in the =~ impaired airway or skin healing that required repeated
ECD group because of four patients with extremely pro-  medical or surgical interventions. The remaining one
longed hospitalization. Of them, three patients developed
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Fig. 1 Graft function early after LTx surgery in the extended and
standard criteria donor groups. P/F partial arterial oxygen pressure/
fraction of inspired oxygen, ECD extended criteria donor, SCD stand-
ard criteria donor, 70 at intensive care unit arrival, 712-T72 12-72 h
after intensive care unit admission.

Table 4 Postoperative data

ECD (n=23) SCD (n=16) p value

PGD
0-2 19 (83%) 14 (88%) 0.120
3 4 (17%) 2 (13%) 0.120
Surgical revision for bleeding 3 (13%) 2(13%) 0.960
Posttransplant ECMO use 0 1(6%) 0.225
Hemodialysis 0 0 NA
Ventilation time (h) 154 (43-827) 76 (21-1704) 0.053
ICU stay (day) 20 (7-71) 22 (5-106) 0.877
Hospital stay (day) 86 (49-366) 112 (53-788) 0.128
Survival (%)
6 months 100 100 NA
12 months 100 87.5 0.090
24 months 87.0 81.3 0.617
36 months 87.0 81.3 0.617
48 months 87.0 81.3 0.617
60 months 80.7 78.5 0.871

Categorical data are presented as number (%) and continuous data as
median (range)

ECD extended criteria donor, ECMO extracorporeal membrane oxy-
genation, /CU intensive care unit, PGD primary graft dysfunction,
SCD standard criteria donor

patient developed refractory antibody mediated rejection
posttransplant.

Survival outcomes

The survival data are given in Table 4 and Fig. 2. No early
mortality occurred. Survival probability was favorable, even
in the ECD group, with 100% at 6 months, 100% at 1 year,
87.0% at 2 years, 87.0% at 3 years, and 80.7% at 5 years.
Very similar survival outcomes were achieved in the ECD
and SCD groups. Six of the 39 recipients died during the

observation period; causes of death included malignancy
(n=3), infection (n=2), and chronic lung allograft dysfunc-
tion (n=1). There were no critical events relevant to CPB.

Discussion

In this feasibility study regarding the specific CPB strat-
egy for LTx surgery, ECD lungs provided a feasible short-
term outcome and an excellent long-term outcome after
LTx using CPB. The survival probability of the ECD-LTx
population was favorable with 100% at 6-months and 87%
at 3-years. We had a consistent recipient/donor selection
policy, uniform post-transplant management protocol, and
single surgical team throughout the study period. In addi-
tion, the study cohort comprised 39 adult bilateral cadav-
eric LTxs that accounted for 30% of bilateral cadaveric LTx
cases performed over the same period in Japan (n=134).
There were no differences to the SCD group in terms of graft
ischemic times, primary diagnoses or severity of recipients’
pre-transplant physical conditions. Despite the fact that a
certain amount of blood product transfusion was required
due to full heparinization, there was no serious morbidity
and mortality related to CPB use in the short or long term.
Overall, elective intraoperative CPB continuously has a great
potential to play a role in ECD-LTXx if a protective allograft
reperfusion strategy was carefully performed.

Off-pump sequential LTx is one of the most common
procedures for LTx surgery. However, this technique poses
some inevitable risks in terms of graft protection. The first
implanted lung receives considerable pulmonary artery pres-
sure; as a result, acute right-sided heart failure and hemody-
namic collapse can develop during clamping of the pulmo-
nary artery. Increased hydrostatic pressure usually causes
severe interstitial and alveolar edema, leading to allograft
dysfunction and impaired gas exchange [22]. Rosé et al. [23]
suggested that CPB starting after the first graft implantation

100 4‘_\_|

80

60
=—ECD

D
40 s¢

Survival(%)

P=0.871 Log-Rank
20

Months
Number at risk
ECD 23 23 19 18 18 14
SCD 16 14 12 10 8 7

Fig.2 Survival probability for the 60 months after LTx surgery in the
extended and standard criteria donor groups. ECD extended criteria
donor, SCD standard criteria donor
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and before the second recipient lung removal appeared to
benefit oxygenation and prevent the occurrence of severe
pulmonary edema in the first transplanted lung. Further-
more, lung ventilation with highly concentrated oxygen is
generally required after reperfusion in off-pump surgery to
maintain systemic oxygenation. However, increased FiO, in
the early phase of reperfusion is also recognized as a strong
risk factor for the development of high grade PGD [9]. These
adverse effects can occur more frequently in ECD lungs that
are increasingly in demand. According to previous research,
the use of ECD lungs could affect short-term graft perfor-
mance despite providing favorable long-term outcomes
identical to SCD-LTx [4-7]. Clearly, stabilizing lung graft
function as early as possible after LTx is key to successful
survival outcomes in ECD-LTx. When prioritizing a perfect
control of the initial flow and FiO, on transplanted lungs,
the sequential transplant technique is not an ideal surgical
option.

In the protocol presented here, the first lung was not per-
fused during the second lung implantation, but rather both
sides of the grafts were perfused simultaneously thereafter.
When conducting sequential lung reperfusion, it is compli-
cated to manage initial flow or pressure for each implanted
lung. The simultaneous reperfusion to bilateral lungs is a
simple and optimal manner for perfectly controlled reperfu-
sion despite the need for a tiny prolongation of ischemic
time for the first lung. Importantly, the initial pulmonary
artery flow was strictly controlled by meticulous CPB flow
reduction to maintain an early pulmonary artery pressure of
10-15 mmHg. In addition, CPB support allowed to manage
ventilation at a lower FiO, level (room air) with nitric oxide
inhalation soon after the start of reperfusion, even when
early graft function remained unstable. MUF contributed
to the minimization of negative influence of CPB use on
early systemic and graft conditions. Our protective allograft
reperfusion protocol includes multidisciplinary approach
comprised all of slow, low-pressurized reperfusion proce-
dure using CPB, nitric oxide inhalation and MUF. Avoiding
pressure and oxygen injury in the early phase of reperfu-
sion under controlling adverse effects of CPB may facilitate
quick and secure lung graft reconditioning after LTx. Recent
EVLP technology provides justification to this; the EVLP
protocol, established by a pioneering center, aims to recon-
dition disqualified lung grafts on an ex vivo rig, employ-
ing careful initial perfusion and ventilation procedures [24]
similar in concept to the protective graft reperfusion strategy
we performed in vivo after implantation. The management
of protective graft reperfusion with CPB may provide a par-
tial alternative to the role of EVLP; of note, in our study,
only one patient in the SCD group required post-transplant
ECMO, despite the active use of disqualified lungs, and the
patients in the cohort experienced neither in-hospital death
nor early mortality (< 6 months post-LTx). By following the
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described protocol, we have rarely encountered critical PGD,
even after ECD-LTx.

Nevertheless, there are definite adverse effects associated
with the use of CPB, which can contribute toward higher
PGD grades after LTx [8—11]. As is often alleged, direct
contact between patient blood and foreign substances can
cause subsequent systemic inflammatory responses, and
anticoagulation during CPB can exacerbate unstable hemo-
stasis in the perioperative period, often demanding a cer-
tain amount of blood transfusion or rethoracotomy. As an
alternative device for intraoperative cardiopulmonary sup-
port in LTx surgery, veno-arterial ECMO has been increas-
ingly utilized with benefits for post-transplant outcomes.
Global high-volume centers such as Vienna, Columbia in
New York, Pittsburgh, Toronto, Munich and Hannover has
recently introduced ECMO as the first-line cardiopulmonary
support device in LTx surgery on the basis of their clinical
experience with favorable outcomes [25-30]. Arguably, the
closed circuit and centrifugal pump, equipped with a well-
developed membrane oxygenator (in the recent ECMO sys-
tem), is theoretically less invasive and reduces inflammatory
responses as well as the necessity for full heparinization.
However, there is no randomized study designed as ECMO
versus conventional CPB to examine a survival benefit
from ECMO use. Looking at the past literatures suggesting
advantages of ECMO mentioned above, survival rate after
LTx with intraoperative ECMO was 96-99% at 1 month,
91-94% at 3 months, and 83-86% at 1 year. When focusing
on survival data, comparable or even better outcomes were
achieved from our study cohort using CPB.

We would recognize the benefit of ECMO but caution
against excessively positive perceptions toward ECMO,
regarding it as a universally ideal option. The reason extends
beyond a fear of possible air embolisms when dissecting
hilum under ECMO circuit. Firstly, flexibility for surgical
strategy and optimal visibility of surgical fields are usually
limited. ECMO restricts cardiac drainage and manipulation
of the heart, resulting in poorer visibility than CPB surgery.
Also there is no room for choice of open pulmonary artery
or atrial procedure even when the necessity happens. Sec-
ondly, the flow generated by the centrifugal pump in ECMO
is considerably affected by variability in the patient’s circu-
latory volume. Therefore, ECMO is sometimes unable to
control the amount of venous drainage and lung perfusion
as intended. By contrast, CPB enables timely volume con-
trol with a venous reservoir and strict flow control via a
roller pump. These features of CPB allow full drainage of
the heart, offering safe, easy and versatile surgical fields
as well as meticulous management of pulmonary flow, key
to the successful protective allograft reperfusion reviving
ECD lungs. A LTx surgery with ECMO is theoretically less
invasive but less versatile than with CPB. It necessitates a
well-experienced surgeon and stable patients circulatory
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conditions. But both are not always available and unpredict-
able events sometimes happen. Thus universal acceptance
of ECMO in LTx surgery should be cautiously gained. The
advantage of CPB outweighs the disadvantage in LTx sur-
gery if it is used in the optimal manner. We believe use of
elective CPB remains justified if the benefit is maximized by
obtaining the most workable surgical situation and carrying
out the thorough protective reperfusion strategy.

There are several limitations to our study design. This
was a relatively small-scale retrospective research study
observing a simple cohort at a single center. The data with a
variety of confounding factors such as length of hospital stay
and long-term survival rate should be carefully interpreted.
We did not directly compare patients with and without CPB
or with ECMO as we had only a small volume of counter-
parts. Furthermore, we have a unique public health insurance
policy in Japan which rather generously covers expensive
medical practice compared to other developed nations. The
system resulted in substantially prolonged ICU or hospital
stay in our cohort, which complicates the interpretation of
the early outcomes. However, excellent survival outcomes
strongly suggest that the thorough graft-protective reper-
fusion policy with CPB counteracts the adverse effects of
ECD-LTx surgery.

In conclusion, the protective allograft reperfusion strat-
egy using elective CPB achieved optimal outcomes after
ECD-LTX, identical to SCD-LTx. Use of CPB does not sig-
nificantly undermine survival of ECD-lung recipients if a
careful total management for reperfusion is performed. CPB
can offer excellent versatility and flexible surgical condi-
tions. Thus, it is essential to continue to discuss not only
whether CPB should be replaced by ECMO, but also how
CPB should be used. Further multicenter studies to validate
the use of intraoperative CPB in LTx are warranted.

Acknowledgements This research received no specific grant from any
funding agency in the public, commercial, or not-for-profit sectors.

Compliance with ethical standards

Conflict of interest The authors declare no conflicts of interest.

References

1. Date H. Current status and problems of lung transplantation in
Japan. J Thorac Dis. 2016;8:631.S636.

2. Sato M, Okada Y, Oto T, Minami M, Shiraishi T, Nagayasu T,
et al. Registry of the Japanese society of lung and heart-lung trans-
plantation: the official Japanese lung transplantation report 2014.
Gen Thorac Cardiovasc Surg. 2014;62:594.601.

3. Hoshikawa Y, Okada Y, Ashikari J, Matsuda Y, Nikawa H, Noda
M, et al. Medical consultant system for improving lung trans-
plantation opportunities and outcomes in Japan. Transpl Proc.
2015;47:746-50.

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

Mulligan MJ, Sanchez PG, Evans CF, Wang Y, Kon ZN, Raja-
gopal K, et al. The use of extended criteria donors decreases
one-year survival in high-risk lung recipients: a review of the
United Network of Organ Sharing Database. J Thorac Cardio-
vasc Surg. 2016;152:891.898.

Moreno P, Alvarez A, Santos F, Vaquero JM, Baamonde C,
Redel J, et al. Extended recipients but not extended donors are
associated with poor outcomes following lung transplantation.
Eur J Cardiothorac Surg. 2014;45:1040.1047.

Sommer W, Kiihn C, Tudorache, Avsar M, Gottlieb J, Boethig
D, et al. Extended criteria donor lungs and clinical outcome:
results of an alternative allocation algorithm. J Heart Lung
Transpl. 2013;32:1065.1072.

Kotecha S, Hobson J, Fuller J, Paul E, Levvey BJ, Whitford H,
et al. Continued successful evolution of extended criteria donor
lungs for transplantation. Ann Thorac Surg. 2017;104:1702-9 k.
Liu Y, Liu Y, Su L, Jiang SJ. Recipient-related clinical risk
factors for primary graft dysfunction after lung transplan-
tation: a systematic review and meta-analysis. PLoS One.
2014;9:€92773.

Diamond JM, Lee JC, Kawut SM, Shah RJ, Localio AR, Bel-
lamy SL, et al. Clinical risk factors for primary graft dysfunc-
tion after lung transplantation. Am J Respir Crit Care Med.
2013;187:527.534.

Aeba R, Griffith BP, Kormos RL, Armitage JM, Gasior TA, Fuhr-
man CR, et al. Effect of cardiopulmonary bypass on early graft
dysfunction in clinical lung transplantation. Ann Thorac Surg.
1994;57:715.722.

Gammie JS, Cheul Lee J, Pham SM, Keenan RJ, Weyant RJ, Hat-
tler BG, et al. Cardiopulmonary bypass is associated with early
allograft dysfunction but not death after double-lung transplanta-
tion. J Thorac Cardiovasc Surg. 1998;115:990.995.

Szeto WY, Kreisel D, Karakousis GC, Pochettino A, Sterman DH,
Kotloff RM, et al. Cardiopulmonary bypass for bilateral sequential
lung transplantation in patients with chronic obstructive pulmo-
nary disease without adverse effect on lung function or clinical
outcome. J Thorac Cardiovasc Surg. 2002;124:241.249.

De Boer WJ, Hepkema BG, Loef BG, van der Bij W, Verschuuren
EA, de Vries HJ, et al. Survival benefit of cardiopulmonary bypass
support in bilateral lung transplantation for emphysema patients.
Transplantation. 2002;73:1621.1627.

Pochettino A, Augoustides JG, Kowalchuk DA, Watcha SM,
Cowie D, Jobes DR, et al. Cardiopulmonary bypass for lung
transplantation in cystic fibrosis: pilot evaluation of periopera-
tive outcome. J Cardiothorac Vasc Anesth. 2007;21:208.211.
Sabashnikov A, Weymann A, Mohite PN, Zych B, Patil NP, Garcia
Saez D, et al. Risk factors predictive of one-year mortality after
lung transplantation. Eur J Cardiothorac Surg. 2014;46:¢82.¢88.
Bates M, Factor M, Parrino E, Bansal A, Rampolia R, Seoane L,
et al. Lung transplantation and the routine use of cardiopulmonary
bypass and median sternotomy: experience at the ochsner multi-
organ transplant institute. Oschner J. 2017;17:38-41.

Fiser SM, Kron IL, Long SM, Long SM, Kaza AK, Kron IL.
Controlled perfusion decreases reperfusion injury after high-flow
reperfusion. J Heart Lung Transpl. 2002;21:687.691.

Singh RR, Laubach VE, Ellman PI, Reece TB, Unger E, Kron
IL, et al. Attenuation of lung reperfusion injury by modified
ventilation and reperfusion techniques. J Heart Lung Transpl.
2006;25:1467-73.

. Kotani Y, Honjo O, Goto K, Fujita Y, Ito A, Nakakura M, et al.

Modified low-flow ultrafiltration ameliorates hemodynamics and
early graft function and reduces blood loss in living-donor lobar
lung transplantation. J Heart Lung Transpl. 2009;28:340.346.

Christie JD, Carby M, Bag R, Corris P, Hertz M, Weill D. Report
of the ISHLT working group on primary lung graft dysfunction
part II: definition. A consensus statement of the international

@ Springer



632

General Thoracic and Cardiovascular Surgery (2019) 67:624-632

21.

22.

23.

24.

25.

26.

society for heart and lung transplantation. J Heart Lung Transpl.
2005;24:1454.1459.

Oto T, Levvey BJ, Whitford H, Griffiths AP, Kotsimbos T, Wil-
liams TJ, et al. Feasibility and utility of a lung donor score: cor-
relation with early post-transplant outcomes. Ann Thorac Surg.
2007;83(1):257-63.

Marczin N, Royston D, Yacoub M. Pro: lung transplantation
should be routinely performed with cardiopulmonary bypass. J
Cardiothorac Vasc Anesth. 2000;14:739.745.

Rozé H, Thumerel M, Barandon L, Dromer C, Perrier V, Jougon J,
et al. Cardiopulmonary bypass during a second-lung implantation
improves postoperative oxygenation after sequential double-lung
transplantation. J Cardiothorac Vasc Aneth. 2013;27:467.473.
Cypel M, Yeung JC, Machuca T, Chen M, Singer LG, Yasu-
fuku K, et al. Experience with the first 50 ex vivo lung perfu-
sions in clinical transplantation. J Thorac Cardiovasc Surg.
2012;144:1200.1206.

Biscotti M, Yang J, Sonett J, Bacchetta M. Comparison of
extracorporeal membrane oxygenation versus cardiopulmo-
nary bypass for lung transplantation. J Thorac Cardiovasc Surg.
2014;148:2410.2415.

Bermudez CA, Shiose A, Esper SA, Shigemura N, D’Cunha J,
Bhama JK, et al. Outcomes of intraoperative venoarterial extra-
corporeal membrane oxygenation versus cardiopulmonary bypass
during lung transplantation. Ann Thorac Surg. 2014;98:1936-42.

@ Springer

217.

28.

29.

30.

Machuca TN, Collaud S, Mercier O, Cheung M, Cunningham V,
Kim SJ, et al. Outcomes of intraoperative extracorporeal mem-
brane oxygenation versus cardiopulmonary bypass for lung trans-
plantation. J Thorac Cardiovasc Surg. 2015;149:1152-7.
Hoechter DJ, von Dossow V, Winter H, Muller HH, Meiser B,
Neurohr C, et al. The Munich lung transplant group: intraoperative
extracorporeal circulation in lung transplantation. Thorac Cardio-
vasc Surg. 2015;63:706—-14.

Tus F, Sommer W, Tudorache I, Avsar M, Siemeni T, Salman
J, et al. Five-year experience with intraoperative extracorporeal
membrane oxygenation in lung transplantation: indications and
midterm results. J Heart Lung Transpl. 2016;35:49-58.

Moser B, Jacsch P, Taghavi S, Murakézy G, Lang G, Hager H,
et al. Lung transplantation for idiopathic pulmonary arterial
hypertension intraoperative and postoperatively prolonged extra-
corporeal membrane oxygenation provides optimally controlled
reperfusion and excellent outcome. Eur J Cardiothorac Surg.
2018;53:178-85.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Lung transplantation via cardiopulmonary bypass: excellent survival outcomes from extended criteria donors
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Patients and methods
	Patients and study design
	Donor selection and procurement procedure
	Lung transplantation procedure
	Cardiopulmonary bypass
	Protective allograft reperfusion strategy
	Statistical analysis

	Results
	Donor and recipient characteristics
	Intraoperative parameters
	Early graft outcomes
	Survival outcomes

	Discussion
	Acknowledgements 
	References


