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Abstract

Background

Postoperative pulmonary complications (PPCs) are a major cause of morbidity and mortality

after open abdominal surgery. Optimized perioperative lung expansion may minimize the

synergistic factors responsible for the multiple-hit perioperative pulmonary dysfunction. This

ongoing study will assess whether an anesthesia-centered bundle focused on perioperative

lung expansion results in decreased incidence and severity of PPCs after open abdominal

surgery.

Methods

Prospective multicenter randomized controlled pragmatic trial in 750 adult patients with at

least moderate risk for PPCs undergoing prolonged (�2 hour) open abdominal surgery. Par-

ticipants are randomized to receive either a bundle intervention focused on perioperative

lung expansion or usual care. The bundle intervention includes preoperative patient educa-

tion, intraoperative protective ventilation with individualized positive end-expiratory pressure

to maximize respiratory system compliance, optimized neuromuscular blockade and rever-

sal management, and postoperative incentive spirometry and early mobilization. Primary

outcome is the distribution of the highest PPC severity by postoperative day 7. Secondary

outcomes include the proportion of participants with: PPC grades 1–2 through POD 7; PPC

grades 3–4 through POD 7, 30 and 90; intraoperative hypoxemia, rescue recruitment

maneuvers, or cardiovascular events; and any major extrapulmonary postoperative
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complications. Additional secondary and exploratory outcomes include individual PPCs by

POD 7, length of postoperative oxygen therapy or other respiratory support, hospital

resource use parameters, Patient-Reported Outcomes Measurements (PROMIS®) ques-

tionnaires for dyspnea and fatigue collected before and at days 7, 30 and 90 after surgery,

and plasma concentrations of lung injury biomarkers (IL6, IL-8, RAGE, CC16, Ang-2) ana-

lyzed from samples obtained before, end of, and 24 hours after surgery.

Discussion

Participant recruitment for this study started January 2020; results are expected in 2024. At

the conclusion of this trial, we will determine if this anesthesia-centered strategy focused on

perioperative lung expansion reduces lung morbidity and healthcare utilization after open

abdominal surgery.

Trial registration

ClinicalTrial.gov NCT04108130.

Introduction

Postoperative pulmonary complications (PPCs) are a major cause of morbidity and mortality

for patients undergoing the estimated 51 million annual inpatient surgeries in the US [1–3].

National estimates in 2011 suggested 1,062,000 PPCs per year, with 46,200 additional deaths,

and 4.8 million additional days of hospitalization [2]. Abdominal surgery is associated with the

largest absolute number of PPCs [4]. Whereas PPCs are as significant and lethal as cardiac sur-

gical complications [1, 5], research in the field has received much less attention, and strategies

to reduce perioperative lung morbidity are limited [5, 6].

Prior individual approaches to optimize specific aspects of care have been pursued to

reduce PPCs, mostly focused on mechanical ventilation strategies during surgery [7–10], and

the optimization of the reversal of neuromuscular blockade [11–13]. During abdominal sur-

gery, Futier et al. [7] demonstrated a reduced incidence of a composite of pulmonary compli-

cations of repeated intraoperative recruitment maneuvers, higher positive end-expiratory

pressure (PEEP) 6–8 cmH2O and lower tidal volume (VT) 6–8 ml/kg of predicted body weight

(PBW) vs. a strategy of no lung recruitments, PEEP 0 cmH2O and higher VT (10–12 ml/

kgPBW). The PROVHILO study found no reduction in PPCs of intraoperative constant high

(12 cmH2O) vs. low (�2 cmH2O) PEEP and similar protective VT 8 ml/kgPBW in patients

undergoing abdominal surgery [14]. While the first trial highlighted the relevance of ventila-

tory strategies to postoperative outcomes, the second led to the controversial recommendation

that low PEEP should be the standard of care in abdominal surgery [15], a practice anticipated

to worsen lung collapse. Individualized PEEP management has been more recently explored

since the PROVHILO study. Individualized PEEP titrations can optimize lung mechanics,

lung aeration or oxygenation [16–18], but they have yet failed to consistently improve relevant

clinical outcomes [19]. PEEP optimization in most recently published studies [16–18] is typi-

cally performed once early during the surgical procedure, and the selected PEEP level remains

unchanged for the rest of surgery. However, PEEP requirements for optimal lung expansion

measured as respiratory system compliance vary substantially during open abdominal surgery

not only among patients, but also, within the same patient, along the different phases of
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surgery [20]. Therefore, a repeated PEEP titration may be a critical intraoperative intervention

to effectively achieve optimized lung expansion and improve outcomes.

Other interventions during and after open abdominal surgery are likely relevant to optimize

perioperative lung expansion and impact clinical outcomes. Previous reports pointed to ade-

quate neuromuscular blockade and reversal management to improve postoperative oxygen-

ation, minimize postoperative residual muscle weakness and optimize perioperative lung

expansion [11–13]. Postoperatively, incentive spirometry followed by early ambulation are fre-

quently employed for usual care of surgical patients as an attempt to optimize lung expansion

and prevent complications after surgery [5, 21–24]. Finally, patient education has been

increasingly emphasized as essential to increase engagement with adherence and quality of

performance of postoperative interventions [22, 25, 26].

For the PRIME-AIR trial, we hypothesize that an intervention focused on repeated lung

expansion during the perioperative period will minimize multiple and synergistic factors

responsible for the multiple-hit perioperative pulmonary dysfunction and result in decreased

PPCs, as well as non-pulmonary complications and healthcare utilization. To test this hypothe-

sis, we aim to implement a bundle of perioperative interventions targeting lung expansion and

composed of (1) preoperative education; intraoperative (2) repeated individualized PEEP and

(3) optimized neuromuscular blockade and reversal management; and postoperative (4) incen-

tive spirometry and (5) ambulation goals, and to assess the effect of this bundle on the inci-

dence and severity of PPCs within postoperative day 7 as compared to usual care.

Materials and methods

The PRIME-AIR trial protocol is presented following the Standard Protocol Items: Recom-

mendations for Interventional Trials (SPIRIT) 2013 and 2022 guidelines [27, 28].

Aim, design and setting

The PRIME-AIR trial is an ongoing prospective multicenter randomized controlled pragmatic

trial focused on perioperative lung expansion for patients undergoing open abdominal sur-

gery. This study aims to test if a bundle intervention focused on optimizing lung expansion

before, during, and after open abdominal surgery will reduce the incidence or severity of

PPCs, overall morbidity and mortality up to 90 days after surgery, and decrease plasma con-

centrations of biomarkers of lung injury. The trial takes place primarily at academic institu-

tions in the United States.

Eligibility criteria

We will study 750 adult patients of both genders undergoing open abdominal surgery and clas-

sified as at intermediate or high risk for PPCs.

Please find inclusion and exclusion criteria in Table 1. Eligible candidates are identified

from the surgical schedule at participating sites, screened for inclusion and exclusion criteria,

and then approached for introduction of the study and informed consent.

Interventions

The study workflow diagram is shown in Fig 1. Patients are randomized to receive either usual

care or an intervention bundle. Participants randomized to the usual care group receive the

institution’s usual perioperative protocols of care without specific recommendations or goals.

Participants randomized to the intervention group receive the intervention bundle that is sum-

marized in the mnemonic PRIME-AIR: PEEP (positive end-expiratory pressure),
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Recruitment, Incentive spirometry, Muscle relaxant optimization, preoperative Education,

postoperative early Ambulation, Individualized, and Reinforced. Specifically, the intervention

bundle consists of the following perioperative interventions aimed at optimizing perioperative

lung expansion (see full details in the Protocol in S1 Appendix):

1. Preoperative education on PPCs and practice of lung expansion maneuvers. Participants

randomized to the intervention group receive preoperative education in paper and video

format that reviews relevance of PPCs, provides instructions for performing incentive spi-

rometry, and includes study-specific postoperative incentive spirometry and daily ambula-

tion goals. This preoperative education has been adapted from supported prior findings

[22, 29].

2. Intraoperative periodically individualized PEEP with recruitment maneuvers to maximize

respiratory system compliance (Crs). Individualized PEEP is titrated to maximize Crs fol-

lowing previous findings [20] confirming that this strategy achieves increased Crs, reduced

driving pressure (DP) and maintains a positive end-expiratory transpulmonary pressure

(Ptp_ee) during the different phases of open abdominal surgery. Mechanical ventilation for

intervention patients with volume controlled ventilation and the following settings: VT 6–8

ml/kgPBW, inspiratory to expiratory (I:E) ratio 1:2, 20% inspiratory pause, respiratory rate

titrated to normocapnia and FiO2�0.4 aiming at SpO2�96%. After confirming adequate

neuromuscular blockade and hemodynamic stability, a stepwise incremental PEEP recruit-

ment maneuver is performed (i.e., PEEP = 5, 10, 15 and 20 cmH2O at 30s intervals). This is

followed by a 3 cmH2O stepwise decrease in PEEP until a maximum Crs is identified (Fig

2). After a 30s recruitment maneuver to the highest recruitment PEEP, the PEEP observed

for the maximum Crs is selected. This PEEP titration is performed after tracheal intubation,

Table 1. Inclusion and exclusion criteria of the PRIME-AIR trial.

Inclusion criteria

• Adults (�18 years)

• Elective surgery with expected duration�2 hours

• Open abdominal surgery, including: gastric, biliary, pancreatic, hepatic, major bowel, ovarian, renal tract,

bladder, prostatic, radical hysterectomy, and pelvic exenteration

• Intermediate or high risk of PPCs defined by an ARISCAT risk score�26 [4] (S1 Appendix, Table 1)

Exclusion criteria

• Inability or refusal to provide consent

• Inability or significant difficulty to perform any study interventions, including incentive spirometry, ambulation

and/or maintaining follow-up contact with study personnel for up to 90 days after the date of surgery

• Participation in any interventional research study within 30 days of the time of the study

• Previous surgery within 30 days prior to this study

• Pregnancy

• Emergency surgery

• Severe obesity (above Class I, BMI�35 kg/m2)

• Significant lung disease: any diagnosed or treated respiratory condition that (a) requires home oxygen therapy

or non-invasive ventilation (except nocturnal treatment of sleep apnea without supplemental oxygen), (b) severely

limits exercise tolerance to <4 METs (e.g., patients unable to do light housework, walk flat at 4 miles/h or climb one

flight of stairs), (c) required previous lung surgery, or (d) includes presence of severe pulmonary emphysema or

bullae

• Significant heart disease: cardiac conditions that limit exercise tolerance to <4 METs

• Pulmonary hypertension

• Renal failure: peritoneal or hemodialysis requirement or preoperative creatinine �2 mg/dL

• Neuromuscular disease that impairs ability to ventilate without assistance

• Severe chronic liver disease (Child-Turcotte-Pugh Score >9)

• Sepsis

• Malignancy or other irreversible condition for which 6-month mortality is estimated �20%

• Bone marrow transplant

https://doi.org/10.1371/journal.pone.0283748.t001
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hourly thereafter or sooner after any event potentially associated with lung collapse such as

application of surgical retractors, disconnection of the endotracheal tube, tracheal suction-

ing, Trendelenburg position, or if the static respiratory system compliance is reduced by

�15%. Deviations from these recommendations are allowed and tracked at the discretion

of the anesthesiologist.

3. Intraoperative optimized neuromuscular blockade administration and reversal based on

neuromuscular monitoring. Administration of intermediate-acting neuromuscular block-

ing agents follows appropriate dosing recommendations (see details in Table 2) and is

Fig 1. PRIME-AIR trial study workflow.

https://doi.org/10.1371/journal.pone.0283748.g001
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Fig 2. Diagram depicting intraoperative PEEP titration procedures for the intervention participants of the

PRIME-AIR trial.

https://doi.org/10.1371/journal.pone.0283748.g002

Table 2. Optimized neuromuscular blockade management.

Maximal intubating and maintenance doses (mg/kg) of muscle relaxants to be used during the PRIME-AIR

trial.*
Intubation Maintenance

Cisatracurium (mg/kg) 0.2 0.03

Rocuronium (mg/kg) 1.2 0.2

Vecuronium (mg/kg) 0.1 0.015

*Maximal doses ± 20% considered acceptable due to usual concentrations of medication solutions.

https://doi.org/10.1371/journal.pone.0283748.t002
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maintained based on surgical conditions following neuromuscular transmission monitor-

ing with 2 Hz train-of-four stimulation. At the end of surgery, neuromuscular blockade

reversal is achieved following neuromuscular blockade monitoring with dosing guidelines

described in Table 3 [30].

4. Postoperative incentive spirometry with study-specific daily goals and adherence enhanced

by supervision by study personnel. Incentive spirometry instructions are based on the

Guidelines of the American Association for Respiratory Care (AARC) [31]. Intervention

patients receive: (a) specific preoperative education as described above, (b) clear expecta-

tions of incentive spirometry breaths per day (Fig 3A); and (c) direct supervision of perfor-

mance by study coordinators during a target of three daily visits.

5. Postoperative ambulation with study-specific daily goals and adherence enhanced by

encouragement by study personnel. Intervention patients receive: (a) preoperative educa-

tion on the benefits of early mobilization and ambulation, (b) clear expectations of daily

mobilization milestones (Fig 3B), (c) reinforcement and systematic monitoring of these

milestones by study coordinators during three daily visits, and (d) encouraging patients to

address barriers with care team.

Intraoperative care to intervention participants is provided by anesthesiologists that have

been randomized and trained in the study protocol (“intervention anesthesiologists”), while

control group participants receive care by anesthesiologists that have been randomized to pro-

vide usual care (“control anesthesiologists”). Anesthesiologists are randomized at each site and

may be stratified by frequency of anesthesiology practice for open abdominal surgery. Partici-

pants randomized to the control group receive usual care during surgery as per their medical

anesthesia team.

Postoperative daily visits for all participants by study coordinators are maintained until hos-

pital discharge, postoperative day 7, or when they are fully ambulatory. Full ambulation is

defined as the ability to be out of bed for at least 6 hours/day and walk at least 75 meters 3

times/day. Intervention participants receive focused supervision of incentive spirometry, and

review and encouragement of daily lung expansion (incentive spirometry and ambulation)

study goals (Fig 3). Control participants receive daily postoperative visits with generic conver-

sation by study coordinators.

All participants have a blood sample collected before surgery, at the end of surgery (extuba-

tion or equivalent) and 24 hours after the end of surgery. These blood samples will be used for

analysis of concentrations of lung injury biomarkers and for the development of a bioreposi-

tory of perioperative blood samples from patients undergoing open abdominal surgery at risk

for PPCs.

Table 3. Optimized neuromuscular blockade reversal management.

Neuromuscular blockade reversal management based on monitoring of the train-of-four (TOF) ratio (T4/T1).

Twitches in the TOF Neostigmine dose (mcg/kg) Sugammadex dose (mg/kg)

Quantitative Monitoring Qualitative Monitoring

0 0 Wait Wait or 4–16

1 1 Wait 3–4

2–3 2–3 50 2–3

T4/T1<0.4 4 with fade 40 1–2

T4/T1 = 0.4–0.9 4 without fade 15–25 0.25–2

T4/T1>0.9 Unnecessary Unnecessary

https://doi.org/10.1371/journal.pone.0283748.t003
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Outcomes. All outcomes for each participant are assessed by a blinded investigator.

Primary outcome

For an individual participant, the primary outcome is the participant’s PPC severity within

postoperative day 7. We utilize an established scale of PPC severity classified from none

(Grade 0) to Grade 4 [7, 32, 33] modified to include PPCs defined in recent large trials [4, 19]

(Table 4). These modifications aim to maximize event detection through the addition of two

items into the grading scale: (a) Mild hypoxemia (Grade 1), a usual clinical trigger for oxygen

Fig 3. Postoperative study goals of incentive spirometry and ambulation for the intervention participants of the

PRIME-AIR trial.

https://doi.org/10.1371/journal.pone.0283748.g003
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therapy in acute patients, associated by us and others with clinically meaningful outcomes and

health care utilization [19, 34, 35]; and (b) Respiratory infection (Grade 2), included as an

important complication in recent large studies on PPCs with a broad definition [4, 14, 36]. By

using the highest PPC grade as the primary outcome in each participant, we seek to detect the

impact of the bundle on both the overall PPC rate and on the severity of occurring PPCs (see

Data Analysis section). The 7-day postoperative period was chosen because it includes the

majority of PPCs occurring within the first month after surgery [7], has been used in previous

large trials [7, 14] and is known to prolong hospital length of stay [34, 37].

Secondary outcomes

For the study include the proportion of participants with highest PPC grade as Grades 1–2

through POD 7; PPC Grades 3–4 through POD 7, 30 and 90; hypoxemia, atelectasis, pneumo-

nia or ventilatory requirement by POD 7; intraoperative hypoxemia and rescue recruitment

maneuvers; intraoperative cardiovascular events; and any major extrapulmonary postoperative

complication. Secondary outcomes for the study also include the median length of postopera-

tive oxygen therapy or other respiratory support and length of hospital stay. See details and

definitions in the Protocol in S1 Appendix.

Additional Exploratory Outcomes are listed in the Protocol in S1 Appendix, and encom-

pass mortality, frequency of individual pulmonary and extra-pulmonary complications, resid-

ual muscle weakness, doses of intraoperative vasoactive medications and fluids, other hospital

resources used (e.g., unplanned ICU admission, post-discharge disposition, readmissions),

and PROMIS1 questionnaire scores.

Table 4. Definitions for postoperative pulmonary complications (PPCs) for the PRIME-AIR trial (adjusted from

Futier et al. [7]).

Grade 1

Mild hypoxemia: SpO2 = 90–92% on room air or the equivalent imputed PaO2/FiO2 ratio when oxygen therapy is

provided

Mild respiratory findings: abnormal lung symptoms/signs (e.g., cough, dyspnea) and temperature >37.5˚C without

other documented cause; chest radiograph normal/unavailable

Grade 2

Cough: productive, no other cause

Bronchospasm: new or pre-existent wheezing resulting in therapy change

Hypoxemia: PaO2<60 mmHg or SpO2< 90% on room air or the equivalent imputed PaO2/FiO2 ratio when oxygen

therapy is provided

Respiratory Infection: use of antibiotic for suspected respiratory infection and at least one of the following: new or

changed sputum, fever>37.5˚C, WBC>12,000/mm3

Atelectasis*: radiological confirmation + either temperature >37.5˚C or abnormal lung symptoms/signs (e.g.,

cough, dyspnea)

Hypercarbia: transient, requiring treatment

Grade 3

Pleural effusion: resulting in thoracentesis

Pneumonia**, suspected: radiological evidence without bacteriological confirmation

Pneumonia**, proved: radiological evidence and documentation of pathological organism

Pneumothorax: resulting in intervention.

Ventilatory dependence: (non-invasive or invasive ventilation) < 48h

Grade 4

Ventilatory failure: postoperative non-invasive or invasive ventilation dependence�48h

* Atelectasis: lung opacification with shift of the mediastinum, hilum or hemidiaphragm towards affected area and

compensatory overinflation. ** Pneumonia: new and/or progressive pulmonary infiltrates on chest X-ray and two

or more of: fever�38˚C or hypothermia (<36˚C); white blood cell count (WBC)/mm3>12000 or <4000; purulent

sputum and/or onset or worsening cough or dyspnea.

https://doi.org/10.1371/journal.pone.0283748.t004
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Plasma concentrations of biomarkers

To test the hypothesis that the PRIME-AIR bundle intervention will minimize lung mechani-

cal injury and inflammation by reducing overinflation and atelectasis, we will compare plasma

biomarker concentrations in the PRIME-AIR intervention vs. control groups before, at the

end of and 24h after surgery. We will include plasma biomarkers of inflammation (cytokines

IL-6, IL-8), epithelial injury (the soluble form of the receptor for advanced glycation end-prod-

ucts, RAGE, and club cell protein 16, CC16), and endothelial injury (angiopoietin-2, Ang-2)

[38–40]. Blood collection in this aim will not only allow for the biomarkers analysis, but also

for the creation of a biobank for future studies on PPCs.

Participant timeline

Patient enrollment is currently ongoing and expected to reach the 750 studied patient goal no

later than summer 2023.

Sample size

Sample size was estimated using simulations of the primary analysis of the distribution of

highest PPC severity between the two groups. Based on these simulations, our sample size

of 375/group (750 total) being studied has 93% power (α = 0.05, two-sided) for the primary

analysis for the study. We formulated the treatment effect in this project as a relative percent

reduction in PPC rate between groups, not an absolute difference between the two groups.

For simplicity in these simulations, we assumed no change in the distribution of the severity

of PPCs, so the reduction in PPC rate applied to the number of PPCs of each severity grade.

The number of participants without any PPC (highest severity PPC grade 0) was then

adjusted accordingly. We then assumed a PPC event rate in the usual care group of 40% [7,

14, 19, 34], and a treatment effect (relative reduction of PPC rate) of 35.29% (so an absolute

PPC event rate of 25.88% in the group receiving the intervention bundle). The 35.29%

reduction in the rate of any PPCs was the lower 10% bound (one-sided) of the highest poste-

rior region based on previous studies using a Bayesian analysis. This means that we have a

90% expectation that the true treatment effect (reduction in the overall rate of PPCs) of the

entire bundle would be greater than 35.29%. We assumed for the simulations that among

participants with PPCs, approximately 50% would be grade 1, 25% grade 2, 20% grade 3,

and 5% grade 4.

Recruitment

Potential candidates are identified from the surgical schedule at individual sites, based on type

and estimated duration of surgical procedure. Medical records are reviewed to ensure that par-

ticipants meet inclusion/exclusion criteria. Candidates are then approached for introduction

of the PRIME-AIR trial by phone, videoconference (telehealth), or in person during a preoper-

ative hospital visit. All research personnel approaching potential participants have appropriate

human subjects research training per institutional requirements (e.g., Collaborative Institu-

tional Training Initiative (CITI Program) training) and study training.

Allocation

Randomization is performed through the PRIME-AIR online randomization system (RS).

Randomization at each site is blocked over time. Only site is used as a stratification factor.
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Blinding

The intraoperative and postoperative study interventions cannot be blinded. At each site, an

unblinded investigator performs the participant’s randomization, education, and postopera-

tive incentive spirometry/mobilization encouragement during hospital visits. An anesthesiolo-

gist assigned to the appropriate group implements the intervention in the operating room. An

investigator blinded to patient allocation assesses PPCs and all other participant outcomes

with information obtained from the participant’s medical chart and the participant via phone

calls, videoconference or in person visits. Investigators performing biomarker assays will also

be blinded to study group allocation.

Data collection

These include preoperative demographics, comorbidities, details related to the surgical proce-

dure (e.g., duration, type), vital signs, periodic ventilator settings, medications and fluids

received during surgery, parameters related to the postoperative course (e.g., admission to the

Intensive Care Unit, length of stay, clinical events within postoperative days 7, 30 and 90) and

Patient-Reported Outcomes Measurement Information System (PROMIS1) short question-

naires of fatigue (Short Form 13a) and dyspnea (Short Form 10a) preoperatively and on post-

operative days 7, 30 and 90. Details and definitions are included in the Protocol in S1

Appendix. Data collection (directly from participants and from their electronic medical rec-

ords) is required for any participants that experience a deviation from the bundle intervention

unless they withdraw their consent to data collection.

Data management

Data is entered in the PRIME-AIR StudyTRAX database (ScienceTrax, LLC, Macon GA)

which consists of separate projects for screening, unblinded data collection and blinded data

collection. Access to specific projects is restricted to trained study team members at the site fill-

ing the role. Access is also available to members of the Statistical and Data Coordinating Cen-

ter. Data is queried for completeness and validity. Missing data is minimized by allowing

collection from medical records for certain variables. As we anticipate missing data on less

than 1% of participants for the primary endpoint, no data imputation for missing data will be

done.

Data analysis plan

The primary analysis will use a Cochran-Mantel Haenszel test (specifically the row mean score

test), stratifying by site. This tests the null hypothesis that there is no difference between the

two treatment groups in the distribution of the highest PPC grade during the first seven days

of the study. The alternative hypothesis is that there is a difference between the two treatment

groups in the distribution of the most severe PPC grade during the first seven days of the

study. The results of this test will determine whether the study can claim that the intervention

bundle reduced the average level of PPC severity. Secondary outcomes will be analyzed

depending on the type of variable (see Table 6 of Protocol in S1 Appendix). More complex

modeling approaches will be used to explore the results in more detail.

Data monitoring

A Data Safety Monitoring Board (DSMB) has been established by the Sponsor, the National

Heart, Lung and Blood Institute at the National Institutes of Health (NIH/NHLBI), and a

Medical Monitor has been appointed by the study’s Executive Committee. The DSMB and the
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Medical Monitor are independent of the Study Management Committee and the Sponsor. The

Medical Monitor receives information regarding all Adverse Events and provides advice on

their possible relatedness to the study. The DSMB met prior to start of study to review and

approve the protocol and approves all protocol amendments.The DSMB meets every 6 months

during study enrollment with the Medical Monitor and the Study Management Committee.

During these meetings, the DSMB receives updated reports of study data, interim data analyses

as planned, and safety information (e.g., Adverse Events). Serious Adverse Events are reported

to the DSMB within 24 hours (fatal events) or within 7 days (nonfatal events) of their notifica-

tion to the Statistical and Data Coordinatng Center.

Interim analysis

Interim analysis uses a Haybittle-Peto boundary (P<0.001) for the primary endpoint. Data is

analyzed as described above and provided to the DSMB. There will be two interim analyses for

efficacy (at approximately 250 and 500 participants with available data), and a futility analysis

was planned for the second timepoint.

Self-auditing

Sites engage in a self-assessment with at least 5 participants (or 10% of those recruited by the

respective site), where a coordinator not involved in the primary data collection re-extracts the

data from the EMR. Data is checked for consistency between the primary data collected and

the self-assessment. Discrepancies are resolved by the site PI. Depending on the results of this

review process, the Study Management Committee decides if data quality is adequate or not,

in which case they can request a self-assessment of 5 additional participants from that site or

an internal review (by the site) of all their data of a particular type. If there were major issues, a

source document verification, remote monitoring or even an in-person visit may be

recommended.

Research ethics approval

The Protocol and informed consent forms included in the Appendix have been approved by

the Partners Human Research Institutional Review Board (protocol# 2019P001788, original

approval date 8/20/2019). The Partners Human Research Institutional Review Board acts as

the single Institutional Review Board (sIRB) for all sites except for a Veterans Administration

(VA) facility reviewed by their own IRB. The single IRB approved the protocol, site-specific

informed consent forms, materials for participant recruitment, and study participant docu-

ments (e.g., preoperative education, postoperative study milestones). Annual reviews and any

protocol modifications are also submitted for review and approval by the sIRB and the Miami

VA IRB. Routine reports to the sIRB include the total number of participants enrolled, sum-

maries of participants characteristics, outcomes, and adverse events, and summaries of each

DSMB review of safety and/or efficacy.

Protocol amendments

Formal amendments to the protocol will be pursued for any modifications to the protocol

affecting participant eligibility, study objectives or any significant administrative study aspect

or study procedure. Any protocol amendments considered necessary by the Study Manage-

ment Committee or requested by the DSMB will be approved by such DSMB and the appro-

priate IRB(s) prior to the implementation of any changes. An important protocol adjustment

was obtained in the spring of 2020 to allow minimizing in person contact for the extenuating
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circumstances surrounding the COVID-19 pandemic [41]. The COVID-19 pandemic caused a

substantial impact on the PRIME-AIR trial due to delays and cancellations of elective surgical

procedures and unprecendented efforts to minimize transmission of viral infections between

patients, healthcare personnel and clinical research members. The PRIME-AIR trial had to

pause enrollment from March 2020 to July 2020. Recruitment resumed when permitted by

each site. Protocol study modifications were guided by individual institutional recommenda-

tions and reviewed and approved by the sIRB in June 2020. These modifications included elec-

tronic informed consent processes and different types of Health Insurance Portability and

Accountability Act (HIPPA)-approved virtual contact strategies (institutional tele-health or

videoconference platforms) between study participants and investigators.

Consent or assent

Participant identification and screening may be done from pre-admission/anesthesia clinic

schedules (manual or electronic), surgeons’ office schedules, operating room schedules and by

communication with relevant nursing and medical staff, depending on site preferences. Once

subjects are identified as meeting inclusion and exclusion criteria, they are contacted accord-

ing to each site’s procedures including approaches such as in person during hospital clinic vis-

its, phone call or videoconference through a site-specific approved HIPAA-compliant

telemedicine videoconferencing platform. Research personnel (research coordinators or

research nurses) at each site introduces the PRIME-AIR trial to the subject. If the subject is

interested in receiving further information, the site provides a written consent containing that

information in person, by mail, or email. A follow-up telephone call is done to discuss any

questions or concerns the subject may have. After those are addressed and if the subject agrees

to participate, a signed informed consent is obtained in person or by a site-specific HIPPA-

compliant eConsent process. If none of these options are feasible until the day of surgery, the

sIRB has allowed that the subject has the option to verbally agree to participate and sign the

informed consent on the day of surgery. This verbal agreement to participate is needed to

allow randomization of study participants before the day of surgery and assign an anesthesiol-

ogist for the appropriate study group. An independent consent section is required for the shar-

ing of biological specimens and data with the NHLBI BioLINCC repository.

Confidentiality

Study-related information is stored at each study site following secure local and sIRB-guided

regulations for clinical research data, with participant protected health information stored in

locked file cabinets in areas with access restricted to study personnel. All participant data col-

lection reports and laboratory specimens are identified by a study-specific identification code

number to maintain participant confidentiality. The individual sites but not the Statistical and

Data Coordinating Center have access to participants names and contact information. Study

data from all participants is entered by site study personnel using the participant’s study code

number into a central, study-specific and password-protected commercial online database

(StudyTRAX) provided by the Statistical and Data Coordinating Center. Dates and site name

are included in the PRIME-AIR online database. No identifiable information is shared in any

reports from the Statistical and Data Coordinating Center, communications to the sIRB or

DSMB, or any publications.

Access to data

The Statistical and Data Coordinating Center will oversee the data sharing process until data

sets are submitted to the NIH/NHLBI repository. Site investigators always have access to their
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own data. Primary data is stored in the StudyTRAX data managment system, which limits

access to authorized users for specific sites / types of data (e.g. blinded coordinators only have

access to the blinded and screening data at their own site). The Clinical Coordinating Principal

Investigators will have access to all cleaned data for the study; this would be provided in pass-

word protected files of an appropriate format (e.g. SAS datasets) as requested by the individual.

Writing groups for specific papers will have access to the data used in the manuscript (again,

password protected, in a format agreed with the writing group) To ensure confidentiality, data

from multiple sites shared with writing groups and other study team members outside the

Study Management Committee will be deidentified of any PHI, with date of surgery specified

by month/year only, and all other dates converted to days before/after surgery.

We will comply with all data sharing and dissemination requirements on the NIH Policy

on the Dissemination of NIH-Funded Clinical Trial Information (Notice Number: NOT-OD-

16-149). This includes registration of the study in the required time frame and submitting

results to ClinicalTrials.gov within 12 months of the date of final collection for the primary

endpoint as required by these regulations. We will submit our data and specimens to the

NHLBI BioLINCC repository (or a successor repository) for those participants that opted to

participate in this NHLBI BioLINCC biorepository. Our data and specimen sharing plan will

be consistent with NIH and NHLBI guidelines in effect at the time we are preparing the

transfer.

Ancillary and post-trial care

All intervention components of the PRIME-AIR trial are included within the standard of care

principles for surgical patients. If any incidental findings are discovered from participants’

interactions with the research team during any phases of the study, they will be communicated

to the participant’s primary medical team as appropriate for further care.

Dissemination policy

We will prioritize timely dissemination of the results of the PRIME-AIR study to ensure that

results are widely available for clinical practice. The Scientific Dissemination Committee will

direct the dissemination activities and determine authorship eligibility following accepted

medical peer-review guidelines [42]. No professional writers will be used. Three levels of dis-

semination are planned, including: 1) health care providers, 2) the scientific community, and

3) the general public. We have already opened a dedicated website (www.primeairstudy.org).

The PRIME-AIR study website will initially contain information on study goals, study design,

participating institutions and scientists. After the results have been published, the website will

contain the detailed results of the PRIME-AIR study. Results will also be presented at medical

local, national and international meetings. We anticipate the submission of the primary manu-

script within a few months after the last visit of the last patient, and multiple secondary manu-

scripts containing a priori secondary analyses subsequently.

We will also comply with all requirements on the NIH Policy on the Dissemination of

NIH-Funded Clinical Trial Information, which includes registration of the study and submit-

ting results to ClinicalTrials.gov within the appropriate time frames. We will submit our data

and specimens to the NHLBI BioLINCC repository and follow their required procedures at

the end of the study.

Discussion

The PRIME-AIR trial has been designed to address the primary hypothesis of whether a peri-

operative lung expansion bundle intervention can reduce the frequency and/or severity of
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PPCs within postoperative day 7 after�2h-long open abdominal surgery in patients with at

least moderate risk for PPCs, compared to usual care. Reducing the pulmonary morbidity is a

critical need for patients after open abdominal surgery. The potential of the PRIME-AIR study

to improve pulmonary outcomes with interventions that are well known and do not increase

healthcare costs has a clear clinical value. Importantly, the PRIME-AIR trial will provide very

granular information related to the frequency and severity of PPCs in academic medical cen-

ters. Data will include mild complications that have not been studied prospectively in detail

(e.g., mild hypoxemia, mild respiratory symptoms) and their association with healthcare

resources use and outcomes up to 3 months after surgery.

The PRIME-AIR bundle intervention includes preoperative patient education, intraopera-

tive PEEP titration and optimized neuromuscular blockade and reversal management, and

postoperative incentive spirometry and early ambulation. These pragmatic interventions con-

stitute best care practices of perioperative care and do not introduce new procedures, but they

emphasize and reinforce strategies already familiar to clinicians. Detailed data collection from

the PRIME-AIR trial will provide insight on the effect of the individual bundle components on

postoperative pulmonary outcomes. This is particularly important because the implementa-

tion of these best care practices is time consuming to healthcare personnel and is inconsis-

tently followed by providers and patients.

Of note, findings from the PRIME-AIR trial will be valuable independent of the primary

results. This large multicenter study will provide comprehensive information on patients

undergoing open abdominal surgery from varied academic US medical centers to characterize

in-depth not only pulmonary complications up to 90 days after surgery, but also extra-pulmo-

nary outcomes and validated Patient-Reported Outcome Measurements (PROMIS1). We

will obtain extensive details about key aspects of care process for abdominal surgery at US aca-

demic centers, including those pertaining to anesthesia-centered perioperative care (e.g., neu-

romuscular blockade and reversal, analgesia strategies and opioid consumption), as well as

postoperative care and hospital resources use after abdominal surgery (e.g., incentive spirome-

try and ambulation, hospital length of stay or readmissions up to 90 postoperative days). In

addition, we will understand details related to patient adherence with postoperative lung

expansion recommendations of incentive spirometry and ambulation. The analysis of plasma

concentrations of accepted lung injury biomarkers may suggest mechanistic pathways associ-

ated with perioperative lung expansion and postoperative pulmonary or extra-pulmonary

complications. Finally, the PRIME-AIR trial has consolidated the creation of the Perioperative

Research Network (PRN), a diverse group of academic anesthesiologists and investigators

focused on perioperative research and outcomes. Various secondary analyses and ancillary

studies have been discussed and are being planned for additional questions that benefit from

the original dataset.

It is possible that results from the PRIME-AIR trial cannot be generalized to other surgical

populations with lower risk for PPCs. The PRIME-AIR study does not enroll patients undergo-

ing emergency, elective laparoscopic or short open abdominal or non-abdominal surgical pro-

cedures. Therefore study findings will have to be confirmed in those populations separately.

Also, the effectiveness of the individual PRIME-AIR bundle intervention components may

depend on quality of implementation of perioperative intervention components and on partic-

ipant’s adherence to postoperative study goals. Data related to those variables (e.g., quality of

implementation, patient adherence) are collected during the trial to provide an assessment of

the impact of these aspects on the incidence and severity of PPCs. Lastly, the participating sites

are all large US academic centers. As a consequence, usual care in those institutions may not

represent the typical care in community hospitals thoughout the nation or outside the US.

PLOS ONE The PRIME-AIR study protocol

PLOS ONE | https://doi.org/10.1371/journal.pone.0283748 April 6, 2023 15 / 20

https://doi.org/10.1371/journal.pone.0283748


Results from the ongoing PRIME-AIR study are expected to be available in 2024. We are

confident that the PRIME-AIR trial will provide a wealth of information relevant to postopera-

tive pulmonary mobidity after abdominal surgery.

Supporting information

S1 Checklist. SPIRIT checklist (combined SPIRIT 2013 and SPIRIT-Outcomes 2022

items).

(DOCX)

S1 Appendix.

(PDF)
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