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Abstract

Donor lung utilization rates are persistently low primarily due to donor lung dysfunction. We
hypothesized that a treatment that enhances the resolution of pulmonary edema by stimulating the
rate of alveolar fluid clearance would improve donor oxygenation and increase donor lung
utilization. We conducted a randomized, blinded, placebo-controlled trial of aerosolized albuterol
(5 mg g4h) versus saline placebo during active donor management in 506 organ donors. The
primary outcome was change in oxygenation (PaO,/FiO,) from enrollment to organ procurement.
The albuterol (n=260) and placebo (n=246) groups were well matched for age, gender, ethnicity,
smoking, and cause of brain death. The change in PaO,/FiO, from enrollment to organ
procurement did not differ between treatment groups (p=0.54) nor did donor lung utilization
(albuterol 29% vs. placebo 32%, p=0.44). Donors in the albuterol vs. placebo group were more
likely to have the study drug dose reduced (13% vs. 1%, p<0.001) or stopped (8% vs. 0%,
p<0.001) for tachycardia. In summary, treatment with high dose inhaled albuterol during the donor
management period did not improve donor oxygenation or increase donor lung utilization but did
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cause tachycardia. High dose aerosolized albuterol should not be used in donors to enhance the
resolution of pulmonary edema.
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INTRODUCTION

Compared to liver and kidney utilization rates of greater than 85%, the donor lung utilization
rate in the U.S. is approximately 20% (1), and the demand for donor lungs far exceeds the
available supply (2-4). The most common reasons for failure to utilize donor lungs are
donor hypoxemia and/or pulmonary infiltrates. Since pulmonary edema is a common,
reversible cause of pulmonary infiltrates and hypoxemia in patients with brain injury (5),
strategies to treat pulmonary edema in organ donors could lead to higher rates of donor lung
utilization.

Aerosolized beta-2 adrenergic agonists increase the rate of alveolar fluid clearance and
reduce pulmonary edema in animal and human lungs (6). Our research group reported that
the majority of human donor lungs that are rejected for transplantation have significant
pulmonary edema and respond to beta-2 adrenergic agonists with increased rates of alveolar
fluid clearance (7, 8). Beta-2 adrenergic agonists also have potent anti-inflammatory and
endothelial and lung epithelial protective effects that may be beneficial in the brain-dead
organ donor (9-11).

Based on this compelling preclinical evidence, we designed a blinded, randomized clinical
trial to test the hypothesis that administration of an aerosolized beta-2 agonist (albuterol,
also known as salbutamol) in brain-dead organ donors would improve donor oxygenation
and static compliance of the respiratory system by enhancing clearance of pulmonary edema
and would thereby improve donor lung procurement rates. In the subset of enrolled donors
whose lungs were not utilized for transplantation, we tested the secondary hypothesis that
aerosolized albuterol would reduce pulmonary edema and enhance the rate of alveolar fluid
clearance in the excised lung.

METHODS

Trial design

The study was a prospective, randomized, double-blinded, placebo-controlled clinical trial
of aerosolized albuterol compared to aerosolized placebo (saline) control. Donors were
enrolled from April 23, 2007 until targeted enroliment was completed on April 23, 2011
(ClinicalTrials.gov NCT00310401) at hospitals served by the California Transplant Donor
Network (CTDN) throughout Northern California and parts of Nevada. Detailed methods
have been previously published (12). A summary is provided here.
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The study was approved by the Medical Board of the CTDN. All brain-dead organ donors
managed by the CTDN during the study period were eligible for enrollment. Donation after
cardiac death (DCD) donors were not included. Exclusion criteria included age less than 14
years or lack of legal next-of-kin authorization for organ donation for purposes of both
transplantation and research as previously described (13). Additional exclusion criteria
included failure to receive at least one dose of study drug after enrollment and failure to
complete the donation process as defined by surgical recovery of at least one solid organ for
transplantation (Figure 1). For measurement of physiologic endpoints in the excised lung,
the lungs had to be rejected for transplantation and released by the coroner or medical
examiner. In addition, a qualified surgeon had to be available to recover the lungs at the time
of organ procurement.

Randomization and treatment groups

Primary and

Randomization was conducted by the University of California Investigational Pharmacy at
the time of study drug preparation in a 1:1 ratio between study drug and placebo in permuted
blocks of 8 using computer generated random numbers. The albuterol group received 5.0 mg
of albuterol sulfate (dissolved in saline) by nebulization through the ventilator circuit every
4 hours from the time of study enrollment until organ procurement. This dose was chosen
because it is within the usual dosing range for mechanically ventilated patients and should
lead to alveolar concentrations that are on the plateau of the dose response curve for
enhanced alveolar fluid clearance in the ex vivo human lung (14, 15). The placebo group
received an equivalent volume of identical-appearing nebulized, preservative-free saline
every 4 hours. To maintain blinding, study kits containing identically labeled placebo or
study drug were distributed to each transplant coordinator and coordinators were instructed
to utilize the study Kits sequentially as they enrolled donors in the field. All transplant
coordinators, respiratory therapists and others caring for the donor as well as study
coordinators who recorded clinical data including clinical outcomes were blinded to
treatment group, and there were no unblinding events. If during the aerosolization, the heart
rate increased by >30 beats per minute (bpm), the aerosol was stopped. If during the next
scheduled aerosolization the heart rate again increased by >30 bpm, the aerosol was stopped
and subsequent study drug doses were reduced to 2.5 mg albuterol sulfate or equivalent
volume of saline. Any subsequent increase in heart rate of >30 bpm was treated with
discontinuation of study drug for the remainder of the study. Study drug was also
discontinued in the event of sustained atrial or ventricular arrhythmias or development of
more than four new premature ventricular contractions per minute during aerosolization.

secondary clinical outcomes

The primary outcome was the change in PaO4/FiO5 ratio from enrollment to organ
procurement or to 72 hours, whichever occurred first. Secondary clinical outcomes included
the change in static compliance of the respiratory system (as calculated from measurement
of the plateau pressure during an end-inspiratory pause), the change in chest radiographic
score (16) from enrollment to organ procurement, and the donor lung utilization rate. In a
prespecified analysis, donor lung utilization was also analyzed after excluding donors who
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were deemed unlikely to be lung donors at enroliment (defined as > 50 pack year smoking,
age > 65, positive serologies, or underlying chronic lung disease). Recipient outcomes
including 30-day and one-year recipient survival were analyzed for lung and other solid
organs including liver, kidney and heart using data collected by the United Network for
Organ Sharing (UNOS) and the Organ Procurement and Transplantation Network (OPTN).
The OPTN data system includes data on all donor, wait-listed candidates, and transplant
recipients in the US, submitted by the members of the Organ Procurement and
Transplantation Network (OPTN), and has been described elsewhere (17). The Health
Resources and Services Administration (HRSA), U.S. Department of Health and Human
Services provides oversight to the activities of the OPTN contractor. The UCSF Committee
on Human Research approved the use of UNOS/OPTN data for this study.

Physiologic endpoints

Lungs that were not used for clinical transplantation were recovered without perfusion and
transported to UCSF at 4°C for physiologic evaluation. Evaluations included measurement
of the lung weight, bronchoalveolar lavage on an isolated lobe for cell count and differential
and measurement of the rate of alveolar fluid clearance as previously described (7).

Other study procedures

Avrterial blood gases, static compliance of the respiratory system and chest radiograph were
obtained at enrollment and immediately prior to organ procurement. Donors were managed
by standard CTDN protocols (18). In addition, it was recommended (but not mandated) that
donors be ventilated with 10 cc/kg tidal volume based on predicted body weight (19) to
minimize ventilator-associated lung injury.

Power analysis

The trial was planned with early termination opportunities for efficacy based on the method
of O’Brien and Fleming (20). The targeted final sample size of 500 donors (250 treated with
albuterol and 250 treated with placebo) had a power of 80% to detect an increase in donor
oxygenation, expressed as a mean increase in PaO5/FiO, of 37.5. The standard deviation of
the PaO,/FiO, ratio was assumed to be 150 based on our prior studies in the organ donor
population. Two interim analyses for efficacy were planned at total sample sizes of 100 and
300 with one-sided type | error rates of <0.0001, 0.0038. The type I error rate for the final
analysis was 0.0212. Sample size computation was conducted using alpha spending
approach (21) and later confirmed with PASS 2008 (22). An additional planned review of
data quality was conducted when at least 50 donors were enrolled in each group. At the two
interim analyses, a t-test was used to compare the primary outcome between the two
treatment groups.

Statistical analysis

The baseline donor information was summarized with the mean and standard deviation for
each treatment group, and the group difference was assessed with t-test for the continuous
variables and chi-squared test for the categorical variables. Median and quartiles were used
to summarize continuous variables that were heavily skewed; Wilcoxon rank sum tests were
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used in place of t-tests with the skewed data. Treatment comparisons on pulmonary
physiologic variables were conducted with analysis of covariance models to account for
baseline differences. The recipients’ survival data were analyzed using Cox proportional
hazard (PH) models. To account for the repeated data structure due to shared donors,
generalized estimating equations with robust variance estimator (23) were used. Because
albuterol might only be effective in donors with substantial pulmonary edema, as a
secondary analysis we analyzed the same outcomes excluding donors who had a baseline
PaO,/FiO5 ratio of > 300 mmHg. SPSS version 20 (IBM Corporation, Armonk, New York)
and R 2.15.1 (R Core Team, Vienna, Austria) were used for statistical analysis.

A total of 591 donors met inclusion criteria and were enrolled (Figure 1). The study was
stopped when targeted enrollment was reached. 85 donors were excluded from the final
analysis for prespecified reasons including donors who ultimately had no organs recovered
(n =47), lack of a baseline arterial blood gas for calculation of the primary outcome (n =
30), failure to receive any doses of study drug (n = 5) and all study data missing (n = 3).
Among the remaining 506 donors, 260 were randomized to albuterol therapy and 246 were
randomized to placebo.

Donor characteristics at enrollment are summarized in Table 1. The donors were well
matched for baseline demographics, cause of brain death and smoking history. A diagnosis
of chronic lung disease other than remote childhood asthma was infrequent (48/506, 9.5%),
and did not differ significantly between treatment groups. The majority of these diagnoses
were asthma (n = 40) or chronic obstructive pulmonary disease (n = 4). Donors who were
not included in the final analysis (n = 85) were older (49 £ 15 vs. 42 £ 16 years, p < 0.001),
more likely to be male (79% vs. 63%, p = 0.005) and less likely to have head trauma (28%
vs. 41%, p = 0.065) as the cause of brain death compared to donors who were included.

Table 2 summarizes study drug treatment during the study. The time from the enroliment
arterial blood gas to the pre-procurement arterial blood gas ranged from 5 to 122 hours
(mean 34 + 15 hours) and donors received a mean of 9 + 3 doses of study drug. The
albuterol group was more likely than the control group to have the study drug dose reduced
due to tachycardia (13% vs. 1%, p < 0.001) or to have the study drug held due to tachycardia
(8% vs. 0%, p < 0.001). No other tachyarrhythmias were observed in either group.

Ventilatory and blood gas parameters at baseline and at study completion are summarized in
Table 3. The primary outcome, change in oxygenation as measured by change in the
PaO,/FiO; ratio from enrollment to procurement was not different between treatment groups
(Table 3). There were also no differences in other donor outcomes including change in
alveolar-arterial oxygen difference, static compliance of the respiratory system or the chest
radiographic score. Furthermore, no differences were observed in primary or secondary
outcomes in those donors with a baseline PaO2/FiO2 ratio of < 300 mmHg (data not
shown).
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Donor lung utilization did not differ significantly between treatment groups (Table 4).
Donor lung utilization also did not differ significantly between treatment groups after
excluding donors who were deemed unlikely to be lung donors at enrollment. Excluding
unlikely lung donors, donor lung utilization was 37% (61/167) in the albuterol group and
37% (67/183) in the placebo group. Donor lung utilization was also not improved by
albuterol in the subgroup with initial PaO4,/FiO5 ratio < 300. In fact, lung utilization was
higher in the placebo treated group (22/108, 20%) compared to the albuterol treated group
(11/120, 9%, p = 0.023) when donors with PaO2/FiO2 ratio > 300 were excluded.

There were no differences in liver, heart or pancreas utilization (Table 4). However, kidney
utilization was lower in the albuterol treated group compared to the placebo group (77% vs.
88%, p = 0.001). Kidney function did not appear to drive this disparity. Indeed, serum
creatinine was similar at enrollment between the two groups (Table 1) and changes in blood
urea nitrogen and creatinine between enrollment and procurement were also not different
(data not shown). To further investigate potential reasons for the disparity in kidney
utilization, we considered underlying comorbidities that could plausibly affect potential for
kidney donation. We compared the incidence of comorbidities including diabetes,
hypertension, chronic kidney disease and positive serologies (hepatitis B, C and human
immunodeficiency virus) between placebo treated and albuterol treated donors. There was a
trend toward more comorbidities in the albuterol group (47% vs. 40% with any comorbidity,
p = 0.10). When potential donors with any comorbidity were excluded, the kidney utilization
rate was similar between the albuterol and placebo groups (Table 4). We also compared the
use of vasoactive drugs between the two treatment groups. There were no differences in the
number of donors receiving vasoactive drugs (need for any norepinephrine, epinephrine,
dopamine, or phenylephrine during donor management period) between donors receiving
albuterol and those receiving placebo and there were no differences in total doses received
of norepinephrine, epinephrine or dopamine. Donors in the albuterol arm received a slightly
higher total dose of phenylephrine during the donor management period [93.8 mg (44.0 —
162.1) vs. 76.1 mg (25.5 — 139.3), p = 0.035].

One or both lungs that were not utilized for transplantation were recovered for physiologic
evaluation from 213 donors. Physiologic indices are summarized in Table 5. There was no
difference in lung weight, a measure of the degree of pulmonary edema, or bronchoalveolar
lavage cell count in albuterol versus placebo-treated lungs. Donor lungs from the albuterol
group were more likely to have a measurable rate of alveolar fluid clearance (83% vs. 70%,
p = 0.042). However, the median rate of alveolar fluid clearance was not different in donor
lungs that had been treated with albuterol compared to placebo [9.5 (3.8 — 15.4) %/h vs. 7.0
(0-14.3), p=0.11].

Importantly, albuterol administration did not impact transplant recipient survival. Indeed,
across all solid organ transplant groups, there were no significant differences in either thirty
day (not shown) or one-year survival (Table 6).
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DISCUSSION

In this large, randomized, blinded, placebo-controlled clinical trial, administration of 5.0 mg
of aerosolized albuterol sulfate every 4 hours during the donor management period did not
improve donor oxygenation, static compliance of the respiratory system, donor radiographic
findings, lung utilization, or the degree of pulmonary edema in the recovered lung. Donors
who received albuterol were more likely to have tachycardia, and less likely to be kidney
donors.

The lack of benefit of aerosolized albuterol in the critically ill donor population is consistent
with the outcome of two recent large randomized clinical trials of beta-2 adrenergic agonists
in acute lung injury. In a National Heart Blood and Lung Institute Acute Respiratory
Distress Syndrome Clinical Trials Network study of a similar dose of aerosolized albuterol,
there was no benefit in 282 patients with acute lung injury and the study was stopped early
for futility (24). In a United Kingdom multicenter study of intravenous salbutamol in 326
patients with acute lung injury, there was also no benefit of intravenous salbutamol (25).
Furthermore, that study was stopped early because of increased mortality in the salbutamol
treated arm. Taken together, these three studies suggest that the use of either inhaled or
intravenous beta-adrenergic agonists to enhance the resolution of pulmonary edema is not
beneficial across a variety of clinical settings.

While this study did not demonstrate a clinical benefit of albuterol therapy, it provides
important insights for future trials aimed at improving donor management and utilization.
This is especially relevant for lung transplantation given the extremely low donor utilization
rate of ~20%. Indeed, this study is not only one of the first, large scale, randomized trials of
an intervention during the donor management period but also one of the first to study a
pharmacologic agent. While randomized studies of preservation solutions at the time of
organ recovery are numerous, large randomized trials of interventions in donor management
are scant. Consequently, donor management continues to be driven by physiologic rationale
and uncontrolled studies rather than by evidence based on clinical trials. This study, taken
together with a recent study of two different ventilator strategies during the donor
management period (26), suggests donor management trials are feasible, can be performed
ethically (13), and can address important questions in donor management.

There are several potential explanations for the lack of efficacy of albuterol. First,
pulmonary edema may be less of a clinical problem in organ donors than we expected based
on our prior studies of ex vivo human lungs. In our prior study of lungs recovered but not
utilized for transplantation, we found that the majority had pulmonary edema as measured
by the lung wet-to-dry weight ratio (8). However, the sample size was modest (n = 29) and
the majority of the lung wet-to-dry weight ratio measurements were consistent with only
mild pulmonary edema. Similarly in this study, the mean lung weights were elevated
compared to the normal lung weight by approximately 250 g, suggestive of mild pulmonary
edema (20). By radiograph, the average total chest radiographic score, a quantitative index
of pulmonary edema (16) was in the 4-5 range, consistent with mild but not severe
pulmonary edema. It is also possible that the aerosolized albuterol could not effectively
reach flooded or atelectatic airspaces. We have previously reported that aerosolization of 3—
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4mg of albuterol in mechanically ventilated patients with hydrostatic pulmonary edema or
acute lung injury led to concentrations in the airspace of 1076M (14). This represents a
concentration that is on the plateau of the dose response curve for enhanced alveolar fluid
clearance in the ex vivo human lung (15). While our dosing strategy of 5mg every four
hours would presumably lead to equivalent, if not greater, airspace concentrations, it was not
possible to measure air space concentrations of albuterol in the current study. In addition,
atelectasis was common on donor chest radiographs (16) and aerosolized albuterol would
likely not be delivered to atelectatic regions. Indeed, it is possible that some of the total
chest radiographic density score was due to atelectasis rather than pulmonary edema and
would not be impacted by albuterol. Whether albuterol might have a beneficial effect on
lung fluid balance if delivery issues were bypassed by adding it to the perfusate during ex
vivo lung perfusion is a question that will need to be addressed in future prospective studies.

Although albuterol did not show a therapeutic benefit, both the placebo and the albuterol
treated groups had a significant improvement in oxygenation as measured by the change in
PaO2/FiO2 ratio from study enrollment to organ procurement. It is not possible to conclude
from the study whether the aerosolization procedure itself (of saline or albuterol) was
responsible for changes in donor oxygenation over time or whether this was a function of
other aspects of routine donor management. The only other deviation from routine CTDN
donor management that was used in the study protocol was a suggested tidal volume of 10
cc/kg predicted body weight which was lower than tidal volumes routinely used by the
CTDN at the time this study was initiated. All other aspects of ventilator management and
donor management were done by standard CTDN protocol and were not altered for this
study. Given the report by Mascia and colleagues (26) suggesting that a short course of
lower tidal volume is associated with better oxygenation and higher rates of lung utilization
among potential lung donors, it is possible that lower tidal volume was beneficial in the
current study. Future prospective trials are needed to test the value of protective ventilatory
strategies in donors managed over longer periods of time than in the study by Mascia and
colleagues.

The overall donor lung utilization among donors enrolled in this study was approximately
~30%, higher than reported national donor lung utilization rates of approximately 20%
during the study period (1). Current and historical donor lung utilization rates for the
California Transplant Donor Network are consistently higher than national averages. One
reason for the high donor lung utilization rate is donor mix, which may differ from other
OPOs. Another possible explanation is the active involvement of a small group of
experienced Advanced Practice Coordinators in all aspects of donor management and organ
allocation at the CTDN, a practice model that differs from most other OPOs.

An unexpected finding was that Kidney utilization was significantly lower in the albuterol
treated group. This difference appeared to be explained by an imbalance in comorbiditities
that might impact kidney utilization, rather than differences in kidney function. After
excluding potential donors with comorbidities that might preclude kidney donation such as
diabetes, hypertension or positive viral serologies, kidney utilization rates were not different
between albuterol treated and placebo treated donors. Also reassuring is the finding that
survival was similar in recipients of either albuterol or placebo treated donor Kidneys.
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Although this analysis suggests that the difference in kidney utilization was driven primarily
by imbalances in comorbidities at randomization, our findings underscore the importance of
prospectively assessing outcomes in other organs in future donor management trials aimed
at improving lung function.

Another unexpected finding was a non-significant trend towards better long term outcomes
in recipients of hearts from albuterol treated donors compared to placebo. Since the number
of heart recipients was low, the study may have been underpowered to demonstrate any
effect of albuterol on long term outcomes in heart recipients. A potential explanation for
trends towards different outcomes of heart transplantation could be that albuterol treatment
altered endogenous catecholamine production or need for exogenous catecholamines.
However, plasma norepinephrine and epinephrine levels were not different between
albuterol and placebo treated donors (data not shown) and there were no differences in the
need for or total doses of epinephrine, norepinephrine or dopamine. The higher total dose of
phenylephrine in the albuterol-treated donors may reflect beta-2 adrenergic receptor
mediated peripheral vasodilation. Another potential explanation for the trend towards better
outcomes of heart recipients in the albuterol group is that high dose albuterol caused
coronary vasodilation which may have been protective at the time of myocardial ischemia
reperfusion. Albuterol has been reported to cause coronary vasodilation in healthy humans
(27, 28).

In summary, in a large randomized blinded clinical trial in 506 brain-dead organ donors,
high dose aerosolized albuterol was not beneficial compared to placebo and cannot be
recommended as routine donor management. This study establishes the feasibility of large
scale randomized trials during the period of active donor management and lays the
groundwork to carry out additional rigorous evaluations of donor management practices in
the future.
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Enrolled n = 591

Excluded from Final Analysis

\ 4

Did not complete organ

donation process n=47
No study drug received n=5
No baseline ABG n =30
Study data missing n=3

Randomized and
Included in Final
Analysis (n = 506)

Placebo n = 246

Albuterol n = 260

Figure 1.
Flow diagram of donor enroliment
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Baseline Donor Characteristics

Table 1

Placebo Albuterol
(N = 246) (N =260)

Age (yrs) | 42+ 15 | 43+ 16
Male | 161 @5%) | 158 (629%)
Race/ethnicity
-Caucasian 145 (59%) | 159 (61%)
-Hispanic 60 (24%) 52 (20%)
-African American 20 (8%) 31 (12%)
-Asian 19 (8%) 16 (6%)

Current smoker

112 (46%) | 106 (41%)

Cause of brain injury
-head trauma
-CVA/bleed
-anoxic injury

-other

106 (43%) | 102 (39%)
95 (39%) | 111 (43%)
43 (18%) | 40 (15%)
2 (1%) 7 (3%)

Current lung disease

| 17 (7%) | 31 (12%)

Time from clinical brain stem herniation to enroliment (h) | 26 22 | 26 £ 24

Albuterol treatment prior to enrollment

| 59 (24%) | 59 (23%)

Tidal volume (ml/kg)

| 89+17 | 87+18

Positive end expiratory pressure (cm H20)

| 57+x19 | 59%22

Creatinine (mg/dL)

| 1.28 +0.96 | 1.34+1.20

Data as mean + SD or N (%)
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Clinical data in the placebo versus albuterol groups

Table 2

Placebo Albuterol | P value

(N=246) | (N =260)
Time from enrollment to organ procurement (h) | 42 +15 38+14 0.002
Baseline to final ABG time (h) 37+16 33+14 0.002
Doses of study drug received 9+3 8+3 <0.001
Percent of expected doses eceived 86% 87% 0.41
Open label albuterol 15 (6%) 11 (4%) 0.34
Donors with dose reduction for tachycardia 3 (1%) 35 (13%) <0.001
Donors with study drug stopped for tachycardia | 0 (0%) 21 (8%) <0.001

Data as mean + SD or N (%)
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Table 4

Organ utilization in the placebo versus albuterol groups

Placebo Albuterol P value

Lung 781246 (32%) | 74/260 (29%) | 0.44
Lung (excluding donors less likely to donate)l 67/183 (37%) 61/167 (37%) 10
Heart 99/246 (40%) | 95/260 (37%) | 0.41
Liver 198/246 (81%) | 213/260 (82%) | 0.73
Pancreas 68/246 (28%) | 53/260 (20%) | 0.061
Kidney 216/246 (88%) | 199/260 (77%) | 0.001
Kidney (excluding donors less likely to donate)2 | 138/143 (97%) | 121/130 (93%) | 0.27

Page 16

1Donors less likely to donate included those > 65 years old or > 50 pack years smoking or history of chronic lung disease or positive serologies

Donors less likely to donate included those with diabetes, chronic kidney disease, hypertension or positive serologies
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