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ABSTRACT

Introduction: Normothermic ex vivo lung per-
fusion (EVLP) is used to evaluate and condition
donor lungs for transplantation. The objective
of this study was to determine whether admin-
istration of exogenous nitric oxide during EVLP
contributes to improvement of lung health.
Methods: A multicenter, blinded, two-arm,
randomized pilot study evaluated the effect of
gaseous nitric oxide (gNO) administered during

EVLP on donor lungs rejected for transplanta-
tion. gNO introduced into the perfusate at 80
parts per million (ppm) was compared with
perfusate alone (P). An open-label substudy
assessed inhaled nitric oxide gas (iNO) delivered
into the lungs at 20 ppm via a ventilator. Pri-
mary endpoints were an aggregate score of lung
physiology indicators and total duration of
stable EVLP time. Secondary endpoints inclu-
ded assessments of lung weight and left atrium
partial pressure of oxygen (LAPO2).
Results: Twenty bilateral donor lungs (blinded
study, n = 16; open-label substudy, n = 4) from
three centers were enrolled. Median (min, max)
total EVLP times for the gNO, P, and iNO groups
were 12.4 (8.6, 12.6), 10.6 (6.0, 12.4), and 12.4
(8.7, 13.0) hours, respectively. In the blinded
study, median aggregate scores were higher in
the gNO group compared to the P group at most
time points, suggesting better lung health with
gNO (median score range [min, max], 0–3.5 [0,
7]) vs. P (0–2.0 [0, 5] at end of study). In the
substudy, median aggregate scores did not
improve for lungs in the iNO group. However,
both the gNO and iNO groups showed
improvements in lung weight and LAPO2 com-
pared to the P group.
Conclusions: The data suggest that inclusion of
gNO during EVLP may potentially prolong
duration of organ stability and improve donor
lung health, which warrants further
investigation.
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Key Summary Points

Why carry out the study?

There is a substantial unmet need for
patients with end-stage lung disease
resulting from a shortage of lifesaving
transplantable lungs, partially due to high
discard rates.

This study sought to determine whether
ex vivo lung perfusion (EVLP), an evolving
approach used to assess and recondition
otherwise unsuitable donor lungs, showed
a greater improvement in lung health
with the addition of gaseous nitric oxide
(gNO) to the perfusate or with inhaled
nitric oxide (iNO) via a ventilator.

What was learned from the study?

Compared with lungs treated with
perfusate alone, the addition of gNO to
the perfusate improved the health of
donor lungs, as demonstrated by an
increased aggregate score of lung
physiology, whereas administration of
iNO via the ventilator did not; however,
both gNO and iNO appeared to provide
some beneficial effects on lung weight and
oxygenation.

These results support ongoing research
regarding the possible inclusion of gNO
during EVLP to potentially increase the
number of suitable donor lungs for
transplantation.

INTRODUCTION

Lung transplantation is the solitary lifesaving
treatment for patients with end-stage lung dis-
ease, and there remains a large gap between
demand and supply. Over the last two decades,

end-stage lung disease has grown to be the third
leading cause of disease-related death in the US
[1] and has likely become even more prevalent
during the global COVID-19 pandemic.
Although the lung transplant numbers are
increasing every year, so too is the waiting list.
In 2018, 3134 candidates were added to the U.S.
lung waitlist, which was a 42% increase from
2008 [2]. This issue is further complicated by
the high discard rates of donated lungs (only
about 20–25% of lungs from multiorgan donors
are transplanted) [3, 4]. Ultimately, in the US,
10–20% of patients listed for lung transplanta-
tion die before a suitable donor lung is found
and many more patients dying of lung disease
are never listed [5, 6].

Ex vivo lung perfusion (EVLP) is an evolving
approach that may be used to assess and repair
otherwise unsuitable donor lungs [5, 7–10].
EVLP has been shown to aid in the assessment
of potential donor lungs and help with recon-
ditioning of marginal or unacceptable lungs,
thus potentially expanding the donor pool
[11–13]. EVLP also allows for the treatment of
lungs with adjuncts including anti-inflamma-
tory gene therapy (interleukin [IL]-10) [14, 15],
antibiotics or antifungals [16], surfactant lung
lavage [17], and exogenous surfactant replace-
ment [18]. Despite the promise of EVLP, discard
rates of perfused lungs following EVLP remain
high [19, 20].

Endogenous production of nitric oxide (NO)
decreases during lung transplantation, and
exogenous delivery of NO has vasodilatory,
anti-inflammatory, and anti-apoptotic effects in
the lung transplant setting [21–26]. NO venti-
lation of rat lungs during ischemia, during
ex vivo perfusion, and after transplant has sug-
gested beneficial effects from NO [27]. Thus, it is
hypothesized that administration of NO during
EVLP could have a positive effect on donor
lungs [4, 21–26].

The primary objective of this proof-of-con-
cept pilot study was to investigate the effects of
dissolved gaseous NO (gNO) in the EVLP per-
fusate on the health of donor lungs during
EVLP. A substudy including inhaled NO via the
ventilator (iNO) was also performed. We
hypothesized that administration of gNO dur-
ing EVLP would prolong the stability of lungs
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while on EVLP, improve lung physiologic
health, and attenuate overall lung injury.

METHODS

Study Design

This was a randomized, multicenter, blinded,
two-arm, proof-of-concept pilot study con-
ducted at Duke University Medical Center, the
University of Pittsburgh Medical Center, and
the University of Texas Southwestern Medical
Center. This study was conducted in agreement
with the Declaration of Helsinki and the Dec-
laration of Istanbul, and was in strict compli-
ance with the International Society for Heart
and Lung Transplantation (ISHLT) guidelines
for transplant ethics. Lungs utilized for research
from deceased donors, such as those procured
for this study, do not meet the requirement for
human subjects and are exempt from Institu-
tional Review Board (IRB) approval. Each
investigator obtained an IRB exemption from
their institution before initiating the study,
including the Duke University Health System
IRB, the University of Pittsburgh IRB, and the
University of Texas Southwestern Medical
Center IRB.

Randomization was performed by unblinded
statisticians and implemented via the IBM
Clinical Development system at each of the
three study centers before the lungs were pro-
cured; treatment groups remained blinded
through the end of perfusion. Three indepen-
dent, blinded evaluators carried out the lung
suitability assessments (the study-site investi-
gator, a trained independent observer at the
study site, and a trained, central reader).

The effects of gNO plus perfusate (acellular
STEEN solutionTM) on donor lungs perfused
ex vivo were compared to perfusate alone (P).
The study group received gNO (80 parts per
million [ppm]) delivered into the perfusate via
the membrane oxygenator on the XVIVO Per-
fusion System (XPSTM), while the control group
received standard perfusate alone. The gNO was
provided by INO Therapeutics. An open-label
substudy was also performed that included four
bilateral donor lungs not considered

transplantable. These lungs received iNO
(20 ppm) directly via the ventilatory system
along with perfusate in the XPS device. The
comparator for the open-label substudy was the
gNO group from the randomized study. A
higher concentration (80 ppm) of gNO was used
in the randomized blinded study because gNO
was indirectly administered to the lungs via the
oxygenator in the XPS device. A lower concen-
tration of gNO (20 ppm) was used in the open-
label substudy because gNO was administered
directly to the lungs via the ventilator.

All lungs were kept on the perfusion devices
for a minimum of 6 h. Physiologic measure-
ments were recorded every hour during perfu-
sion. If the delta PO2 (pulmonary vein partial
pressure of oxygen - pulmonary artery partial
pressure of oxygen) was\ 200 mmHg and the
static compliance of the lungs (CSTAT)
decreased by[20% of the baseline value on
two consecutive assessments after 6 h of EVLP,
the lungs were considered nonviable and EVLP
was terminated.

Study Population

Inclusion criteria were based on modified
inclusion criteria for standard donor organs but
considered not suitable for human transplan-
tation. All the enrolled lungs had been declined
for human transplant for quality concerns (e.g.,
low arterial partial pressure of oxygen to frac-
tion of inspired oxygen ratio [PaO2/FiO2], pul-
monary edema) after proceeding through the
match run and were offered for research pur-
poses by the responsible organ procurement
organization. Enrolled lungs were required to be
bilateral grafts from brain-dead donors aged 18
to 70 years and without evidence of sepsis, sig-
nificant trauma, or history of major thoracic
surgery and malignancy. A PaO2 between 150
and 400 mmHg with positive end-expiratory
pressure (PEEP) of 5 cm H20 on a FiO2 of 1.0 was
also required. Lungs were declined for the study
if there was evidence of significant lobar con-
solidation, moderate or worse emphysema, and/
or significant pulmonary edema.
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The EVLP Process

An overview of the EVLP process is illustrated in
Fig. 1 and was consistent with standard clinical
XPS use. The gas oxygenator was connected to a
tank with a gas mixture of oxygen (6%), carbon
dioxide (8%), and nitrogen (86%). The lungs
were gradually rewarmed over a period of
45 min. Lung perfusion was begun at a flow rate
of 0.10 to 0.15 L/min and gradually increased in
parallel with rewarming to a final pulmonary
artery delivery of 40% of the estimated cardiac
output for the donor (at 70 mL/kg/min). Pul-
monary artery pressure was targeted to remain
below 20 mmHg and left atrium pressure less
than 5 mmHg. During the rewarming phase,

oxygen supply to the graft was delivered by the
membrane oxygenator. Catheters were placed
in situ to continuously measure pulmonary
artery and left atrium pressure through the
EVLP process. Mechanical ventilation of the
lungs was initiated when the temperature of the
perfusate from the left atrial cuff reached 32 �C.
The static and dynamic compliance of the lungs
were continuously monitored, in addition to
other parameters including pulmonary vascular
resistance (PVR) and left atrium partial pressure
of oxygen (LAPO2).

A concentration of 80 ppm gNO was
administered via the oxygenator of the XPS
device in the randomized study, and a sham was
included for the control (P) group. All EVLP
participants were blinded to the intervention.
For the open-label substudy, iNO was adminis-
tered via the ventilator of the XPS device at
20 ppm, which is the recommended dose for
iNO, commonly used in clinical practice. A
higher concentration (80 ppm) of gNO was used
in the blinded study to compensate for indirect
administration of gNO with the oxygenator.
Doses of iNO up to 80 ppm were previously used
in a live animal study [28].

Endpoints

The two a priori primary endpoints were: (1)
health of the perfused lungs measured at base-
line (1 h following initiation of EVLP) and at
hours 2, 3, 4, 5, 6, 8, 10, and end of study (EOS)
using a novel Graded System Aggregate Score
composed of delta PO2, CSTAT, and PVR where
0 = worst possible outcome and 10 = best pos-
sible outcome (Table 1), and (2) the average
EVLP time for each cohort of lungs. The scoring
system is novel but was defined a priori based
on standard evaluated physiologic parameters
used to assess lung health on EVLP. All lungs
were perfused for a minimum of 6 h. After 6 h, if
the lungs met predetermined end parameters
defined above, they were removed from EVLP.

Secondary endpoints included clinical
assessments of transplantation suitability (at
hours 4 and 6, and EOS), LAPO2, and change in
lung weight from baseline during EVLP.

Fig. 1 Ex vivo lung perfusion (EVLP). Sequential com-
ponents of the EVLP process are indicated as shown
(1–10). This figure was reproduced with permission
courtesy of Lindsay Meyer from XVIVO Perfusion. EVLP
ex vivo lung perfusion, PAP pulmonary artery pressure,
LAP left atrial pressure
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Histologic evaluations were carried out on
each lung at the time of organ procurement, at
1 and 4 h following the start of EVLP, and again
at the end of the study. The severity of alveolar
injury, interstitial/vascular changes, and apop-
tosis/necrosis were each graded by 2 blinded,
trained pathologists on a four-point scale as 0,
absent; 1, mild; 2, moderate; and 3, severe. The
sum of these parameter scores resulted in a lung
injury score (LIS), which could range from 0 to
12. Similar approaches have previously been
used for assessment of lung injury following
EVLP via histologic assessments or quantitation
of inflammation markers in perfusate [29, 30].
The left atrial partial pressure of oxygen (LAPO2)
and changes in lung weight from baseline were
documented at specified time points during
EVLP.

Statistical Analysis

Summary descriptive statistics were determined
for numeric or continuous variables. For cate-
gorical variables, frequency and percentages
were calculated. Due to the small sample size of
this proof-of-concept pilot study, it was not
sufficiently powered to determine statistical
significance between treatment groups.

RESULTS

Donor Lungs

Twenty bilateral lungs were enrolled across
three study centers. Sixteen were included in
the blinded study and four were in the open-
label substudy. In aggregate, randomization
worked well, as both groups were overall similar
in baseline demographic features (Table 2). The
mean donor age and LAPO2 at the time of study
inclusion were lowest for the gNO group at
40.5 years and 319.3 mmHg, respectively, com-
pared to 46.5 years and 379.5 mmHg, respec-
tively, for the P group.

Primary Endpoints

In the randomized blinded study, gNO lungs
had higher median grading system aggregate
scores than the P controls, except at hours 2, 8,
and 10, when both groups scored equally
(Fig. 2). At hour 6, the final hour at which all
lungs were still enrolled, the median score was
1.5 for the gNO lungs, compared to 0 for the
control. In the substudy, median aggregate
scores for the gNO group were consistently
higher than the iNO group, except at hour 8.
Aggregate scores are charted for every donor
lung at each time point in Supplementary Fig. 1.
The results for the individual components of
the aggregate score at each time point are pre-
sented in Supplementary Table 1.

The median organ stability while on EVLP
time was longer for lungs in the gNO group
(12.4 h) compared with lungs in the P group
(10.6 h; Table 3). No clinically meaningful dif-
ference was observed for EVLP time in the open-

Table 1 Grading system for transplant viability

Delta PO2

Grade Parameter definition

0 \ 350 mmHg

1 C 350 to\ 400 mmHg

2 C 400 to\ 450 mmHg

3 C 450 to\ 500 mmHg

4 C 500 mmHg

CSTAT of the lungs

0 No improvement or worsening

1 1–3% improvement

2 4–7% improvement

3 8–11% improvement

4 12–15% improvement

PVR

0 No change or an increase in PVR

1 1–7% decrease in PVR

2 8–15% decrease in PVR

CSTAT static compliance, PO2 partial pressure of oxygen,
PVR pulmonary vascular resistance
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label substudy comparing gNO with iNO. The
percentage change in delta PO2 from baseline
showed increases for both NO groups except at
8 h in the iNO group (Table 3). At every time
point, the gNO group demonstrated higher
mean delta PO2 change from baseline compared
to control.

Secondary Endpoints

More lungs were found suitable for transplan-
tation by the site investigator than by the other
observers during the course of the study
(Table 4). In the blinded study, 43.8% (7/16) of
total lungs in the gNO and P groups together

Table 2 Demographics and characteristics at baseline

Parameter gNO (n = 8) P (n = 8) iNO (n = 4)

Mean age at death (SD), years 40.5 (11.3) 46.5 (9.4) 49.5 (6.9)

Cause of death, n (%)

Anoxia (including cardiac events) 4 (50) 4 (50) 3 (75)

CVA 2 (25) 3 (37.5) 0 (0)

Head trauma 2 (25) 0 (0) 1 (25)

Subarachnoid hemorrhage 0 (0) 1 (12.5) 0 (0)

Male sex, n (%) 5 (62.5) 6 (75.0) 4 (100)

Race, n (%)

White 7 (87.5) 6 (75.0) 2 (50.0)

Black 1 (12.5) 2 (25.0) 2 (50.0)

Mean (SD) absolute LAPO2, mmHg 319.3 (64.6) 379.5 (74.7) 341.3 (85.5)

Mean (SD) wet lung weight, g 1406.9 (390.7) 1615.6 (381.4) 3881.2 (3130.8)

CVA cerebrovascular accident, gNO gaseous nitric oxide, iNO inhaled nitric oxide, LAPO2 left atrium partial pressure of
oxygen, P perfusate, SD standard deviation

Fig. 2 Median aggregate lung health scores. EOS end of study, EVLP ex vivo lung perfusion, gNO gaseous nitric oxide, iNO
inhaled nitric oxide, P perfusate
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were judged suitable for transplantation by the
site investigator at hour 4 vs. 18.8% (3/16) and
31.3% (5/16) of lungs judged by the indepen-
dent site observer and central observer, respec-
tively. The suitability for transplant of the
donor lungs peaked at hour 6, when lungs
found suitable for transplantation in the blin-
ded study were 60.0%, 18.8% and 13.3% by the
site investigator, independent reader, and cen-
tral reader, respectively. However, by the EOS,

the suitability dropped to 25% by the site
investigator and 18.8% by both other observers.
Overall, evaluators did not find a

Table 3 Total ex vivo lung perfusion time and percentage
change of delta PO2 from baseline

gNO
(n = 8)

P
(n = 8)

iNO
(n = 4)

Total ex vivo lung

perfusion time

(hours)

Mean (SD) 12.0

(1.38)

10.0

(2.56)

11.6

(1.96)

Median (min, max) 12.4 (8.6,

12.6)

10.6 (6.0,

12.4)

12.4 (8.7,

13.0)

Mean % change (SD) in delta PO2 from baseline

Hour 2 26.4

(42.70)

-10.5

(22.16)

5.0

(6.48)

Hour 3 17.0

(57.99)

-15.4

(46.51)

11.2

(11.86)

Hour 4 49.4

(62.21)

13.9

(46.15)

11.7

(15.92)

Hour 5 31.4

(31.05)

-3.7

(40.69)

7.1

(18.49)

Hour 6 38.6

(64.48)

-16.3

(44.55)

3.4

(21.52)

Hour 8 24.7

(60.92)

15.4

(33.12)

-3.1

(9.82)

Hour 10 38.4

(57.08)

23.2

(20.47)

17.3

(57.86)

EOS 47.2

(72.72)

-8.9

(38.87)

19.2

(47.48)

EOS end of study, gNO gaseous nitric oxide, iNO inhaled
nitric oxide, min, max minimum, maximum, P perfusate,
PO2 partial pressure of oxygen, SD standard deviation

Table 4 Clinical judgment of transplantation suitability

Transplantation
suitability
timepoint/
reviewer

gNO
(n = 8)
n/N; %
(90% CI)

P
(n = 8)
n/N; %
(90% CI)

iNO
(n = 4)
n/N; %
(90%
CI)

Hour 4

Site investigator 3/8; 37.5

(11.1,

71.1)

4/8; 50.0

(19.3,

80.7)

2/4; 50.0

(9.8, 90.2)

Independent site

observer

2/8; 25.0

(4.6,

60.0)

1/8; 12.5

(0.6,

47.1)

2/4; 50.0

(9.8, 90.2)

Central reader 2/8; 25.0

(4.6,

60.0)

3/8; 37.5

(11.1,

71.1)

1/4; 25.0

(1.3, 75.1)

Hour 6

Site investigator 4/8; 50.0

(19.3,

80.7)

5/7; 71.4

(34.1,

94.7)

0/4

Independent site

observer

1/8; 12.5

(0.6,

47.1)

2/8; 25.0

(4.6,

60.0)

0/4

Central reader 1/8; 12.5

(0.6,

47.1)

1/7; 14.3

(0.7,

52.1)

0/4

End of study

Site investigator 2/8; 25.0

(4.6,

60.0)

2/8; 25.0

(4.6,

60.0)

0/4

Independent site

observer

1/8; 12.5

(0.6,

47.1)

2/8; 25.0

(4.6,

60.0)

0/4

Central reader 2/8; 25.0

(4.6,

60.0)

1/8; 12.5

(0.6,

47.1)

0/4

CI confidence interval, gNO gaseous nitric oxide, iNO
inhaled nitric oxide, P perfusate
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notable difference in the suitability of perfused
lungs between the gNO and control cohorts.
The proportion of lungs from the iNO group
found suitable for transplantation at hour 4 was
50% (2/4) by both the site investigator and the
independent site observer and 25% (1/4) by the
central observer. However, at hour 6 and EOS,
none of the iNO lungs were found suitable for
transplantation.

In the blinded study, mean LAPO2 tended to
increase from baseline during EVLP in the gNO
group, whereas the control group generally
showed a decrease at each point through 6 h
(Fig. 3). In the substudy, the iNO group
demonstrated modest increases in LAPO2 from
baseline during EVLP, except at hour 6 where
the change was -2.8 mmHg (Supplementary
Fig. 2).

Mean wet lung weight in the gNO group
increased from 1406.9 g at baseline to 1604.3 g
at end of EVLP; in the P group, mean weight
increased from 1615.6 to 2255.6 g. The mean
change (increase) in lung weight from baseline
through hour 6 of EVLP was lower at each
timepoint for the gNO group vs. the P group
(Fig. 4). In the substudy, mean wet lung weight
in the iNO group was 3881.3 g at baseline and
substantially decreased through hour 6 of EVLP
(Supplementary Fig. 3).

Results of histologic lung injury score anal-
ysis following EVLP are described in Supple-
mentary Table 2. All three study groups
showed decreasing mean LIS during EVLP,
although no meaningful differences were seen
between the groups. The mean (SD) score
decreased from 4.3 (1.0) prior to initiation of

Fig. 3 Mean change from baseline in LAPO2 of the lungs. BL baseline, EVLP ex vivo lung perfusion, gNO gaseous nitric
oxide, LAPO2 left atrial partial pressure of oxygen, P perfusate, SEM standard error of the mean

Fig. 4 Mean change from baseline in wet weight of the lungs. BL baseline, EVLP ex vivo lung perfusion, gNO gaseous nitric
oxide, P perfusate, SEM standard error of the mean
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EVLP to 2.3 (0.9) at end of study in the gaseous
nitric oxide group (gNO), and from 4.1 (1.6)
prior to EVLP to 1.5 (0.8) at end of study in the
perfusate-only (control, P) group. A similar
trend was observed in the inhaled nitric oxide
group (iNO) in the open-label substudy, with
mean (SD) scores decreasing from 4.0 (1.4)
prior to EVLP to 2.3 (0.5) at end of study. It was
concluded that the EVLP process resulted in
overall improvement of the lung injury score,
both in the absence or presence of exogenous
nitric oxide.

DISCUSSION

The demand for transplantable lungs far
exceeds the supply due to a shortage of suit-
able organs [2, 31]. The process of EVLP helps
mitigate this by increasing the proportion of
donor lungs suitable for transplantation
[8, 9, 31]. Even so, discard rates of perfused
lungs following EVLP remain high and the
overall impact on organ availability has been
relatively muted [19, 20]. Part of the appeal of
EVLP resides in the potential for addition of
adjuncts to the perfusate that may have a ben-
eficial impact on the health of the graft. The
administration of NO has shown benefits in
other areas of lung transplantation and injury
and was hypothesized to have a positive effect
on lungs during EVLP [4, 21–26].

The lungs recruited in this pilot study had
been rejected for transplantation after attempts
at organ allocation by the respective organ
procurement organizations. It is important to
realize that these pulmonary allografts were also
deemed unsuitable for clinical EVLP, which
highlights a challenge in performing research
on discarded lungs not intended for transplan-
tation. In these otherwise unacceptable organs,
the addition of gNO during the EVLP process
showed a potential improvement of overall
lung health, while in contrast, there was a
deterioration in the health of lungs treated with
perfusate alone. Importantly, the duration of
stable EVLP time was maintained longer in
lungs treated with NO vs. those that received
perfusate alone. In severely damaged lungs, the
addition of NO to the perfusate may slow or

delay deterioration of the allograft during EVLP.
The lungs in both NO groups demonstrated a
mean increase from baseline delta PO2 at almost
every EVLP time point, suggesting that the
introduction of exogenous gNO may improve
the ability of lungs to oxygenate. Given that
PaO2 is important for decision-making for use of
marginal lungs in transplantation, responsive-
ness to gNO through improvement in PaO2

could be a meaningful assessment to predict
integrity of the alveolar-capillary membrane
and overall quality of the allograft. Another
positive observation was the delta weight of the
lungs. Although both study groups in the ran-
domized blinded study showed an increase in
lung weight as perfusion progressed, the gNO
group exhibited a lower increase in lung weight
compared to P alone. However, despite the
promising findings presented here, it should be
noted that no substantial differences in organ
suitability between gNO and control groups
were noted by blinded evaluators.

One unexpected result was the disparity of
findings among evaluators, with the on-site
evaluator consistently finding a greater propor-
tion of lungs to be suitable for transplantation
than other observers. According to the on-site
EVLP specialist, 45% of the rejected lungs were
appropriate for human transplantation after 4 h
of perfusion. This is clinically relevant, as the
community considers different logistics to
organ perfusion (i.e., remote perfusion centers,
on-site perfusion, or portable devices). It may be
beneficial for multiple trained personnel, in
addition to the procuring surgeon or EVLP
specialist, to carry out evaluations for trans-
plantation suitability. Clearly, there is variabil-
ity in terms of what constitutes a usable
pulmonary allograft with or without the use of
EVLP, and more definitive objective data are
needed to make the process less subjective. The
novel aggregate donor score provided in this
study is one example of a possible objective
scoring system to judge lungs during EVLP.
Validated clinical parameters may provide the
best real-time assessment for organ usability,
although the determination of lungs to be
suitable for transplant will continue to be cen-
ter/surgeon-specific.

Pulm Ther



It is important to highlight that despite the
differences among evaluators regarding the
numbers of lungs that were transplantable, all
the evaluators at all time points during the
EVLP run found one or more lungs to be
transplantable from the gNO and P groups. This
is an intriguing finding that probably reflects
some degree of conservativeness in the trans-
plant community regarding organ selection
practices. Even the strictest evaluator in this
study found that 3 of 16 lungs from either
group were transplantable at some point after
EVLP (18.75%). If this is extrapolated broadly, it
would lead to a substantial increase in the
number of available lung donors each year,
albeit at an equally substantial increase in cost.

Limitations

The study is strengthened by its rigorous pro-
tocol, randomized cohorts, and blinded partic-
ipants. The primary limitation was the small
sample size. It is important to note that this was
a proof-of-concept study and was not powered
for determination of statistical significance
between groups. Given that carefully selected
donor lungs were rejected for transplantation
and for clinical EVLP, acquiring larger sample
sizes may be a challenge faced by similar future
studies. The difficulty in acquiring a sample size
powered to show significant differences
between lungs highlights the importance of
finding consistent trends in the data. Another
challenge is the lack of a clear tool to assess lung
quality on EVLP and the inherently subjective
nature of lung evaluation. Moreover, outcome
improvements in patients who receive trans-
plants with lungs previously treated with NO
via EVLP, and the clinical relevance of
improvements in aggregate scores, lung weight,
and so on, remain to be seen and should be
evaluated in future studies. Although additional
costs are incurred with inclusion of NO to EVLP,
these may potentially be offset by an increased
proportion of transplantable lungs.

Despite the limitations, the data suggest that
the overall health of the lungs treated with NO
showed improvement compared with those
that received perfusate alone, as seen in the

oxygenation and lung weights. This is not sur-
prising, given that endogenous production of
NO is decreased during the lung transplant
process and that exogenous delivery of NO is
known to have vasodilatory, anti-inflammatory,
and anti-apoptotic effects in the lung transplant
setting [4, 21–26]; it was also shown to improve
oxygenation and reduce pulmonary artery
pressure in patients with impaired oxygenation
[32–34]. Especially given that NO is a readily
available agent, our observations warrant fur-
ther investigation to determine whether
administration of NO would have a clinically
meaningful effect following transplantation.

CONCLUSIONS

The results and the data trends observed in this
pilot study suggest that the addition of gNO to
the perfusate during EVLP may potentially
improve the health of donor lungs compared to
perfusate alone, as demonstrated by an aggre-
gate score of lung physiology, whereas admin-
istration of iNO via the ventilator did not
provide improvement in the aggregate score.
However, both gNO and iNO appeared to have
some beneficial effect on several endpoints.
Overall, these findings suggest a possible role for
the inclusion of gNO during EVLP with the aim
of increasing the number of suitable donor
lungs for transplantation and that a larger
appropriately powered study is warranted to
confirm these results and to determine signifi-
cant differences between treatment groups.
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