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Summary
Background Stratifying risk of postoperative pulmonary complications after major abdominal surgery allows clinicians 
to modify risk through targeted interventions and enhanced monitoring. In this study, we aimed to identify and 
validate prognostic models against a new consensus definition of postoperative pulmonary complications.

Methods We did a systematic review and international external validation cohort study. The systematic review was 
done in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines. We 
searched MEDLINE and Embase on March 1, 2020, for articles published in English that reported on risk prediction 
models for postoperative pulmonary complications following abdominal surgery. External validation of existing 
models was done within a prospective international cohort study of adult patients (≥18 years) undergoing major 
abdominal surgery. Data were collected between Jan 1, 2019, and April 30, 2019, in the UK, Ireland, and Australia. 
Discriminative ability and prognostic accuracy summary statistics were compared between models for the 30-day 
postoperative pulmonary complication rate as defined by the Standardised Endpoints in Perioperative Medicine Core 
Outcome Measures in Perioperative and Anaesthetic Care (StEP-COMPAC). Model performance was compared 
using the area under the receiver operating characteristic curve (AUROCC).

Findings In total, we identified 2903 records from our literature search; of which, 2514 (86∙6%) unique records were 
screened, 121 (4∙8%) of 2514 full texts were assessed for eligibility, and 29 unique prognostic models were identified. 
Nine (31∙0%) of 29 models had score development reported only, 19 (65∙5%) had undergone internal validation, 
and only four (13∙8%) had been externally validated. Data to validate six eligible models were collected in the 
international external validation cohort study. Data from 11 591 patients were available, with an overall postoperative 
pulmonary complication rate of 7∙8% (n=903). None of the six models showed good discrimination (defined as 
AUROCC  ≥0∙70) for identifying postoperative pulmonary complications, with the Assess Respiratory Risk in 
Surgical Patients in Catalonia score showing the best discrimination (AUROCC 0∙700 [95% CI 0∙683–0∙717]).

Interpretation In the pre-COVID-19 pandemic data, variability in the risk of pulmonary complications (StEP-COMPAC 
definition) following major abdominal surgery was poorly described by existing prognostication tools. To improve 
surgical safety during the COVID-19 pandemic recovery and beyond, novel risk stratification tools are required.
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4.0 license.

Introduction 
Postoperative pulmonary complications account for 
a substantial proportion of surgical complications 
following major abdominal surgery, affecting 3–30% of 
individuals depending on the definition and patient 
popu lation under investigation.1–3 Before the COVID-19 
pandemic, evidence existed to support the association 
between postoperative pulmonary complications and a 
moderate risk of death and critical care usage.4–7

Accurate preoperative stratification of patients’ risk of 
pul monary complications has several potential advan tages. 
Firstly, evidence-based but resource-inten sive perioperative 
prophylaxis can be targeted to those at highest risk of 

postoperative pulmonary complications. Examples include 
lung-protective intraoperative venti lation, prophylactic 
respiratory physiotherapy, and epidural analgesia.8 
Secondly, accurate preoperative stratification can inform 
shared decision making with patients and can determine 
optimal use of enhanced care areas with additional 
monitoring or elevated nursing ratios. Finally, accurate 
preoperative stratification can be used to enrich patient 
populations for clinical trials that evaluate novel therapies.

Several prognostic tools have been proposed to inform 
clinical decision making. However, these tools are yet to 
be used routinely in clinical practice possibly due to 
inconsistencies in outcome definitions,3 paucity of 
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external validation,9 lack of generalisability, and the 
complexity of implementing stratified care in clinical 
pathways.10,11 The recent standardised, consensus-driven 
definitions of postoperative pulmonary complications by 
the Standardised Endpoints in Perioperative Medicine 
Core Outcome Measures in Perioperative and Anaesthetic 
Care (StEP-COMPAC) group3 has superseded previous 
definitions and provides an opportunity to allow fair 
comparison between different models developed to date. 
The so-called transportability of these prognostic tools12 
has yet to be evaluated to determine whether these tools 
can be generalised to predict the occurrence of post-
operative pulmonary complications in a broad major 
abdominal surgical population. Therefore, in this study, 
we aimed to identify existing prognostic models from the 
literature, and externally validate selected scores in an 
international, prospective, pre-pandemic cohort study 
to predict postoperative pulmonary complications 
according to the StEP-COMPAC definition.

Methods 
Systematic review 
Search strategy and selection criteria 
We did a systematic review according to a predefined 
protocol, which was registered on Open Science 

Framework, and reported according to the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses 
guidelines.13 We developed a search strategy to identify risk 
prognostication models that predict postoperative 
pulmonary complications following abdominal surgery 
(appendix p 13). We did a comprehensive search of 
MEDLINE and Embase, on March 1, 2020, for articles 
published in English. This search was supplemented 
through hand-searching citation and reference lists from 
relevant articles. No date restrictions were applied.

Studies were eligible for inclusion if they developed or 
externally validated a model that sought to predict risk of 
pulmonary complications after abdominal surgery using 
preoperative or operative characteristics, or both. Models 
that included patients having non-abdominal surgical 
procedures were eligible if these models also included 
abdominal surgical procedures. The exclusion criteria 
were development or validation done in non-adult patients 
(<18 years) in whom development and performance 
were not separate for adult and children, inclusion of 
postoperative parameters in the risk score, a score non-
specific to pulmonary complications (ie, all complications) 
in which pulmonary and other complications were not 
reported separately, procedure-specific risk scores, and 
those that did not provide sufficient description of risk 

Research in context

Evidence before this study
We searched PROSPERO and Open Science Framework on 
June 1, 2021, for registered systematic reviews. We used the 
search terms “surgery”, “pulmonary complication”, and 
“postoperative pulmonary complication”. We also searched 
MEDLINE and Embase, from database inception to 
March 1, 2020, with languages restricted to English. One 
previous systematic review was identified reporting prognostic 
models for postoperative pulmonary complications (not 
performed in line with the EQUATOR guidelines), and none 
were registered. 29 unique prognostic models were identified; 
however, very few had been validated externally (four [13∙8%]) 
or in prospective international data (two [6∙9%]).

Added value of this study
In this study, we present a comprehensive systematic review of 
prediction models for postoperative pulmonary complications 
in abdominal surgery. We showed that substantial 
heterogeneity exists in definitions used for postoperative 
pulmonary complications, and substantial flaws exist in the 
reporting and methodological approaches to the prognostic 
models developed. These factors limit comparison between 
models and the generalisability of study results. We also present 
external validation of six of the models identified in a large, 
prospective, international cohort study completed before the 
COVID-19 pandemic. This cohort study doubles the number of 
scores that have been externally validated to date and allows 
direct comparison of performance in an independent dataset. 

No models showed good discrimination on external validation 
using the Standardised Endpoints in Perioperative Medicine 
Core Outcome Measures in Perioperative and Anaesthetic Care 
(StEP-COMPAC) postoperative pulmonary complication 
definition (for model discrimination, an area under the receiver 
operating characteristic curve of 0∙60–0∙69 was considered 
moderate; 0∙70–0∙79 was considered good; and ≥0∙80 was 
considered excellent), and data were insufficient to explore 
calibration of five of the models. Where calibration was 
performed, systematic over-estimation of risk was observed.

Implications of all the available evidence
Postoperative pulmonary complications remain an urgent 
clinical concern as surgery continues through and beyond the 
COVID-19 pandemic. Accurate stratification of patients at high 
risk of postoperative pulmonary complications following major 
abdominal surgery is required to provide appropriate clinical 
advice regarding risk of complications, or target enhanced 
monitoring and perioperative interventions to mitigate 
modifiable risk factors. However, the prediction of 
postoperative pulmonary complications (StEP-COMPAC 
definition) for patients following major abdominal surgery is 
not sufficiently described by existing risk prediction tools. 
As surgery is upscaled to meet the growing demands on health-
care systems worldwide, an urgent clinical need exists to better 
differentiate between modifiable risk and fixed risk of 
pulmonary complications and develop validated prediction 
tools that are clinically relevant to a global context.

For the predefined protocol 
see https://osf.io/ceypm

https://osf.io/ceypm
https://osf.io/ceypm
https://osf.io/ceypm
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parameters to allow replication of the algorithm in the 
external validation study.

Data analysis 
Following the removal of duplicate publications, titles 
and abstracts were screened and full texts of relevant 
publications were reviewed. Data fields of interest 
relating to study characteristics (year of publication, 
setting, sample size, inclusion criteria, technique for 
model development), pulmonary complications 
(definition used, number of cases), and the risk score 
(validation status, clinical parameters included, and any 
metrics reported regarding prognostic accuracy and 
model performance) were extracted from eligible 
papers.

Study screening and data extraction were completed 
independently by seven reviewers (SKK, WAC, VM, OK, 
SB, SQS, and MK), with any disagreements resolved 
through a consensus-based approach. Finally, quality 
assessment of eligible studies was done using the reporting 
guidelines of the Transparent Reporting of a multivariable 
prediction model for Individual Prognosis Or Diagnosis 
(TRIPOD)14 and the Prediction model Risk Of Bias 
ASsessment Tool (PROBAST).15 Narrative synthesis of 
results was done, with the data extracted and summarised 
using frequencies and percentages for dichotomous 
variables. No meta-analysis was planned or performed.

External validation cohort study 
Study design and participants
We did an international external validation cohort study 
of the risk scores identified from the systematic review in 
accordance with the TRIPOD reporting guidelines.14 
The international external validation cohort study was 
a preplanned secondary analysis of the REspiratory 
COmplications after abdomiNal surgery (RECON) study, 
done according to a prespecified protocol.16 RECON was 
a prospective, multicentre, international study invest-
igating pulmonary complications after major abdominal 
surgery. Eligible patients were identified by local 
collaborators at each participating hospital during 
two data collection periods: Jan 1, 2019, to April 30, 2019 
(UK and Ireland), and Sept 1, 2019, to Oct 31, 2019 
(Australia). Consecutive adult patients undergoing 
a broad range of major abdominal surgeries were eligible 
across four surgical disciplines (abdominal visceral 
resection, reversal of stoma, open vascular surgery, 
anterior abdominal wall hernia repair, or transplant 
surgery through any operative approach). Planned day 
case procedures and abdominal surgeries without 
visceral resection were excluded. This process collected 
routine anonymised data with no change to clinical care 
pathways, and so was considered an audit in the UK and 
Ireland but required ethical approval in Australia. 
Confirmation of appropriate local or national regulatory 
approval was required before patient enrolment. 
The international external validation cohort study was 

registered according to the appropriate local or national 
approval pathways in each participating country, and 
data was submitted using a secure Research Electronic 
Data Capture server.17

Data collection and procedures 
Data relating to baseline demographics, perioperative 
care, and 30-day outcomes for each patient were collected 
using a prespecified case report form.16 The Assess 
Respiratory Risk in Surgical Patients in Catalonia 
(ARISCAT) score18 was identified a priori by the external 
advisory group for validation based on the likelihood of 
clinical adoption, methodological rigor (ie, sufficient 
internal validation during development, one or more 
existing external validation studies), and accessibility of 
covariable data in routine practice. Other models 
identified from the systematic review were externally 
validated if the corresponding clinical parameters were 
available in the RECON dataset.

Variables from the RECON dataset that were identified 
for use in the external validation process were age 
(years), sex (male or female), body-mass index (kg/m²), 
history of cardiac disease (formal diagnosis of 
myocardial infarction, angina, congestive cardiac 
failure, or hyper tension recorded on the patient health-
care record), history of chronic respiratory disease 
(formal diagnosis of asthma, chronic obstructive 
pulmonary disease, bronchiectasis, pulmonary fibrosis, 
lung cancer, or obstructive sleep apnoea recorded on the 
patient health-care record), history of neurological 
disease (formal diagnosis of stroke, dementia, multiple 
sclerosis, Parkinson’s disease, or neurological tumour 
recorded on the patient health-care record), the 
American Society of Anesthesiologists’ physical status 
classification (grades 1–5), smoking status within the 
last 6 weeks (yes or no), preoperative (ie, ≤1 month) 
respiratory tract infection (yes or no), preoperative 
oxygen saturation (>96%, 91–95%, or ≤90% as measured 
by pulse oximetry on 21% fractional concentration of 
oxygen in inspired air or room air), last preoperative 
albumin concentration (g/L), last preoperative 
haemoglobin concentration (g/L), operative indication 
(benign or malignant), operative urgency (elective 
[intervention planned in advance of admission] or 
emergency [intervention planned after admission]), 
operative approach (open or minimally invasive 
[laparoscopic or robotic techniques with no conversion 
to open]), highest level of operative incision (highest 
incision performed at the thoracicoabdominal, upper 
abdominal, or lower abdominal level), and operative 
duration (min). Full data were extracted from routinely 
collected patient health records, with no changes to 
clinical care pathways.

Outcome definition
Postoperative pulmonary complications were defined in 
this study according to the StEP-COMPAC definition.3 
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Core outcome sets are an agreed set of outcomes that all 
clinical trials should report as a minimum in a specific 
area, and so improve transparency, consistency, and 
reproducibility of our study design and analysis.19 This 
definition is globally accepted as the benchmark for 
perioperative outcome selection, guided by inter-
disciplinary leaders in each field of interest.20 This 
consensus composite outcome definition of postoperative 
pulmonary compli cations includes four respiratory 
pathologies that share a common pathophysiological 
mechanism of pulmonary collapse and airway contam-
ination (atelectasis [radiological evidence], pneumonia 
[US Centers for Disease Control definition], acute 
respiratory distress syndrome [Berlin consensus 
definition], and pulmonary aspiration [clear clinical 
history with radiological evidence]).3 This definition 
excludes other compli cations that do not share these 
mechanisms but have previously been considered as 
postoperative pul monary complications (eg, pulmonary 

embolism, pleural effusion, pneumothorax, cardiogenic 
pulmonary oedema, and bronchospasm) or other causes 
of respiratory failure requiring mechanical ventilation.3 
All postoperative pulmonary complication events were 
recorded at 7 days and 30 days after surgery. 
The StEP-COMPAC composite postoperative pulmonary 
complication outcome was used for all external validation 
models, irrespective of those used in the original 
derivation models. Data collection teams were unaware 
of the predictors that would be included in this external 
validation, therefore no blinding to outcomes or other 
predictors was deemed necessary.

Statistical analysis
Risk score models identified from the systematic review 
were externally validated if the corresponding clinical 
parameters were available in the RECON dataset.16 Where 
appropriate, clinical parameters that were aligned but 
not exactly equivalent in RECON were rationalised on 
a pragmatic basis. Definitions of each parameter were 
harmonised to facilitate validation. Scores are referenced 
in the text by the acronym or name of the score where 
this is available, or the name of the first author in the 
development report. Multivariable logistic regression 
was done for each individual model, with pairwise 
exclusion done for patients that had incomplete data for 
clinical parameters required.

Model performance was compared using the area under 
the receiver operating characteristic curve (AUROCC) 
and prognostic accuracy summary statistics (sensitivity, 
specificity, positive predictive value, and negative 
predictive value). Coefficients, intercepts, and cutoff 
values were used in accordance with the most recent 
paper reporting development or validation, or both. The 
cutoff with the highest AUROCC value was chosen if a 
cutoff point had not been previously reported. An 
AUROCC of 0∙60–0∙69 was considered to be moderate, 
0∙70–0∙79 considered good, and 0∙80 or more considered 
excellent model discrimination.21 Calibration was assessed 
through visual inspection and the calibration intercept 
(calibration-in-the-large) and slope22 (an intercept of 0 and 
slope of 1 indicates perfect calibration). No recalibration 
was planned or performed to allow determination of 
whether these models were trans portable in their original 
iteration12 (eg, continue to produce accurate predictions in 
a related but different population). A sensitivity analysis 
was done using 7-day postoperative pulmonary compli-
cations as the outcome to determine whether model 
discrimination remained consistent.

We did all statistical analyses using R Studio 
(version 3.6.1) with the following packages: tidyverse, 
finalfit, pROC, and collaboratoR. 23

Role of the funding source 
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing 
of the report.

25 no external validation 1 external validation of current 
score

3 external validation of previous 
score 

29 derivation of new score 2 external validation of previous 
scores

2896 records identified from 
database searching

7 records identified from hand 
searching

121 full-text articles assessed

2903 records identified

31 eligible articles

2514 screened based on title and 
abstract

90 excluded
73 no PPC risk score

3 risk scores included postoperative 
variables

5 risk score not specific to PPC
9 risk score specific to a procedure

2393 excluded

389 duplicates removed

Figure 1: PRISMA flow diagram
PRISMA=Preferred Reporting Items for Systematic Reviews and Meta-Analyses. PPC=postoperative pulmonary 
complications.
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Country Study type Outcomes Operative population Number of 
events

Event rate Validation

Brooks-Brunn 
(1997)33

USA Prospective, 
multicentre

Postoperative pulmonary complications 
(pneumonia [alternate]; atelectasis [alternate])

n=400; elective non-cardiac 
(abdominal)

90 22∙5% Internal 
(subgroup)

Brooks-Brunn 
(1998)24

USA Prospective, 
multicentre

Postoperative pulmonary complications 
(pneumonia [alternate]; atelectasis [alternate])

n=276; elective non-cardiac 
(abdominal)

73 26∙4% None

Arozullah et al 
(2000)34

USA Retrospective, 
multicentre (NSQIP)

Postoperative respiratory failure (unanticipated 
reintubation [undefined]; failure to wean 
[<48 h])

n=81 719; non-cardiac 2746 3∙4% Internal 
(subgroup)

Fuso et al (2000)25 Italy Retrospective, single 
centre

Postoperative pulmonary complications 
(pneumonia [undefined]; atelectasis 
[undefined])

n=480; elective non-cardiac 
(abdominal)

88 18∙3% None

Arozullah et al 
(2001)35

USA Retrospective, 
multicentre (NSQIP)

Postoperative pulmonary complication 
(pneumonia [StEP-COMPAC])

n=160 805; non-cardiac 2466 1∙5% Internal 
(subgroup)

McAlister et al 
(2003)36

Canada Prospective, single 
centre

Postoperative respiratory failure (unanticipated 
reintubation [undefined]) or postoperative 
pulmonary complications (pneumonia 
[alternate]; atelectasis [alternate]; pleural 
effusion [alternate]; pneumothorax [alternate])

n=272; elective non-cardiac 22 8∙1% Internal (cross-
validation)

McAlister et al 
(2005)26

Canada Prospective, single 
centre

Postoperative respiratory failure (unanticipated 
reintubation [undefined]) or postoperative 
pulmonary complications (pneumonia 
[alternate]; atelectasis [alternate]; pleural 
effusion [alternate]; pneumothorax [alternate])

n=1055; elective non-cardiac 28 2∙7% None

Johnson et al 
(2007)37

USA Retrospective, 
multicentre (NSQIP)

Postoperative respiratory failure (unanticipated 
reintubation [undefined]; failure to wean 
[<48 h])

n=90 055; non-cardiac 2691* 3∙0% Internal 
(subgroup)

Scholes et al 
(2009)27

Australia Prospective, 
multicentre

Postoperative pulmonary complications 
(pneumonia [alternate]; atelectasis [alternate])

n=268; elective non-cardiac 
(upper abdominal)

35 13∙1% None

Canet et al 
(2010)18

Spain Prospective, 
multicentre

Postoperative pulmonary complications 
(traditional [alternate])

n=2464; non-cardiac and cardiac 123 5∙0% Internal 
(bootstrap) and 
external48,51,52,53

Smith et al 
(2010)28

USA Retrospective, single 
centre

Postoperative pulmonary complications 
(traditional [alternate])

n=359; non-cardiac (general) 25 7∙0% None

Kor et al (2011)39 USA Prospective, single 
centre

Postoperative pulmonary complication (acute 
respiratory distress syndrome [alternate])

n=4363; elective non-cardiac and 
cardiac

113 2∙6% Internal (cross-
validation) and 
external45

Gupta et al 
(2011)38

USA Retrospective, 
multicentre (NSQIP)

Postoperative respiratory failure (unanticipated 
reintubation [undefined]; failure to wean 
[<48 h])

n=211 410; non-cardiac and 
cardiac

6531 3∙1% Internal 
(subgroup)

Ramachandran et 
al (2011)40

USA Retrospective, 
multicentre (NSQIP)

Postoperative respiratory failure (unanticipated 
reintubation [30 days])

n=222 094; elective non-cardiac 1853 0∙8% Internal 
(subgroup)

Hua et al (2012)41 USA Retrospective, 
multicentre (NSQIP)

Postoperative respiratory failure (unanticipated 
reintubation [30 days])

n=231 548; non-cardiac and 
cardiac

5028 2∙2% Internal 
(subgroup)

Blum et al (2013)29 USA Retrospective, single 
centre

Postoperative pulmonary complication (acute 
respiratory distress syndrome [alternate])

n=50 367; non-cardiac 93 0∙2% None

Gupta et al 
(2013)43

USA Retrospective, 
multicentre (NSQIP)

Postoperative pulmonary complication 
(pneumonia [alternate])

n=211 410; non-cardiac and 
cardiac

3825 1∙8% Internal 
(subgroup)

Brueckmann et al 
(2013)42

USA Retrospective, single 
centre

Postoperative respiratory failure (unanticipated 
reintubation [72 h])

n=16 885; non-cardiac and 
cardiac

65 0∙4% Internal 
(subgroup) and 
external51

Jeong et al 
(2014)44

South Korea Prospective, single 
centre

Postoperative pulmonary complication 
(traditional [alternate])

n=2059; non-cardiac and cardiac 140 6∙8% Internal 
(bootstrap)

Kor et al (2014)45 USA, Turkey Prospective, 
multicentre

Postoperative pulmonary complication (acute 
respiratory distress syndrome [alternate])

n=1562; elective non-cardiac and 
cardiac

117 7∙5% Internal 
(bootstrap)

Canet et al 
(2015)46

Europe Prospective, 
multicentre

Postoperative respiratory failure (hypoxaemia 
[5 days])

n=5384; non-cardiac and cardiac 224 4∙2% Internal 
(bootstrap)

Yang et al (2015)30 USA Retrospective, 
multicentre (NSQIP)

Postoperative respiratory failure (unanticipated 
reintubation [2 days]; failure to wean [2 days]) 
or postoperative pulmonary complication 
(pneumonia [alternate])

n=165 196; elective non-cardiac 
(general)

9596 5∙8% None

Johnson et al 
(2017)47

USA Retrospective, 
multicentre (NSQIP)

Postoperative respiratory failure (unanticipated 
reintubation [30 days]; failure to wean [<48 h])

n=151 700; elective non-cardiac 2900 1∙9% Internal 
(subgroup)

(Table 1 continues on next page)
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Results 
In total, we identified 2903 records from our literature 
search; of which, 2514 (86∙6%) unique records were 
screened based on the title and abstract, and 121 (4∙8%) of 
2514 full texts were assessed for eligibility (figure 1). 
We identified 29 unique risk scores to predict the risk of 
pulmonary complications after abdominal surgery: nine 
(31∙0%) had score development reported only,24–32 
19 (65∙5%) had undergone internal validation,18,33–50 and 
only four (13∙8%) had been externally validated 
(table 1).18,39,42,51

Most scores were developed for patients either 
undergoing procedures from all surgical specialties (non-
cardiac and cardiac; 11 [37∙9%] of 29) or all forms of non-
cardiac surgery (eight [27∙6%]; table 1). Several scores 
were developed only for patients undergoing elective 
procedures (12 [41∙3%]; table 1).24–27,30,32,33,36,39,40,45,47 Although 
18 (62∙1%) studies were multicentre, only 12 (41∙4%) 
were developed or validated in prospective cohort data. 
Furthermore, nine (31∙0%) were derived from the subsets 
of the same registry (National Surgical Quality 
Improvement Program).30,34,35,37,38,40,41,43,47 All scores 
developed shared a common approach of using logistic 
regression to derive their models.

Adherence to the TRIPOD reporting guidelines14 was 
typically mixed, with no clear pattern of improvement 
since TRIPOD was published in 2015 (appendix p 1). 
Consistently poor reporting remained for methods of 
blinding of outcome or predictors, how missing data 
were handled, and methods and results of model 
updating. Similarly, all scores (derived or validated), 
which were quality assessed using the PROBAST tool,15 
were rated to be at an overall high risk of bias (32 
[88∙9%] of 36) or unclear risk of bias (four [11∙1%]; 

appendix p 2)—namely, due to the signalling questions 
regarding the outcome or analysis, or both (appendix 
p 4).

A wide variation was reported in the definition of 
outcomes in included studies. Studies defined outcomes 
according to either the aetiology of postoperative 
pulmonary complications (16 [55∙2%] of 29), severity of 
pulmonary complications (eg, postoperative respiratory 
failure; nine [31∙0%]), or a composite outcome of both 
(four [13∙8%]; table 1). Within these classifications, a 
substantial variation existed in the included postoperative 
pulmonary complications and prognostic criteria used. 
For example, although 17 studies had a primary outcome 
including pneumonia, only two (11∙8%) adhered to the 
US Centre for Disease Control definition.3 No studies 
used the StEP-COMPAC consensus criteria.

A wide variation in the pulmonary complication rates 
was reported between studies (range 0∙2%29 to 24∙6%24;  
figure 2). Definition of outcome appeared to influence 
the rate observed; studies only reporting acute respiratory 
distress syndrome or respiratory failure had a 
corresponding lower event rate.

The 29 risk prediction models were based on 53 unique 
clinical parameters, with substantial heterogeneity in the 
number of variables (median 7 [IQR 5–8]) and types of 
variables included within the predictive models (figure 3; 
appendix p 5). Common variables identified as predictive 
included the type of surgery and surgical location 
(21 [72∙4%] of 29), a diagnosis of chronic respiratory 
disease (17 [58∙6%]), patient age (16 [55∙2%]), and 
whether the procedure was listed as an emergency 
(14 [48∙3%]).

Of the 29 eligible risk prediction models, all models 
demonstrated good or excellent discrimination for 

Country Study type Outcomes Operative population Number of 
events

Event rate Validation

(Contined from previous page)

Neto et al (2018)48 Global Prospective, 
multicentre

Postoperative respiratory failure (hypoxaemia 
[5 days]; unanticipated reintubation [5 days]; 
failure to wean [5 days]) or postoperative 
pulmonary complications (pneumonia 
[alternate]; acute respiratory distress syndrome 
[alternate]; pneumothorax [alternate])

n=3919; non-cardiac and cardiac 419 10∙7% Internal 
(subgroup)

Lukannek et al 
(2019)51

USA Retrospective, single 
centre

Postoperative respiratory failure (unanticipated 
reintubation [<72 h])

n=90 893; non-cardiac 699 0∙8% External51

Russotto et al 
(2019)31

Europe Prospective, 
multicentre

Postoperative pulmonary complication 
(pneumonia [alternate])

n=5094; non-cardiac and cardiac 120 2∙4% None

Kawasaki et al 
(2019)49

Japan Prospective, single 
centre

Postoperative pulmonary complication 
(pneumonia [alternate])

n=1050; non-cardiac (abdominal) 56 5∙3% Internal 
(bootstrap)

Takesue et al 
(2019)50

Japan Retrospective, 
multicentre

Postoperative pulmonary complication 
(pneumonia [StEP-COMPAC])

n=247 604; non-cardiac (general) 7196* 2∙9% Internal 
(subgroup)

Baba et al (2020)32 Japan Retrospective, single 
centre

Postoperative pulmonary complication 
(pneumonia [alternate])

n=1016; elective non-cardiac 
(general)

67 6∙6% None

NSQIP=National Surgical Quality Improvement Program. StEP-COMPAC=Standardised Endpoints in Perioperative Medicine Core Outcome Measures in Perioperative and Anaesthetic Care. *Event rate in 
derivation sample was not stated in the paper, and was thus calculated based on the event rate in combined derivation and internal validation cohorts.

Table 1: Characteristics of included studies describing an original risk score
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postoperative pulmonary complications in their 
development study (median AUROCC 0∙815 [IQR 
0·780–0·854]; appendix pp 6–7). However, in four risk 
prediction models that had previously undergone 
external validation,18,39,42,51 the AUROCC remained more 
than 0∙7 for one score only (ie, ARISCAT18).

Measures of prognostic accuracy were reported for only 
eight (27∙6%) of 29 original models during development, 
with a substantial variation in the sensitivity 
(IQR 0·500–0·790) and specificity (0·749–0·902) at the 
reported cutoff point. Although 17 (58∙6%) of 29 models 
reported an evaluation of calibration during development, 
just one model (ie, SLIP39) had calibration reported 
within an external validation cohort.45

In the external validation cohort study, 11 591 patients 
undergoing major abdominal surgery from 150 centres 
across the UK, Ireland, and Australia were included 
(appendix p 8). Overall, 903 (7∙8%) of 11 591 patients 
reported a 30-day postoperative pulmonary complication 
rate, including atelectasis (526 [4∙5%]), pneumonia 
(493 [4∙3%]), pulmonary aspiration (39 [0∙3%]), and 
acute respiratory distress syndrome (16 [0∙1%]). 
721 (79∙8%) of 903 postoperative pulmonary compli-
cations occurred within the first 7 days after surgery. A 
further 451 (3∙9%) of 11 591 reported other postoperative 
pulmonary compli cations that did not meet the StEP-
COMPAC definition, and so were not included as an 
outcome event in the external validation cohort. 
Substantial differences were observed between the 
surgical populations in the derivation cohorts and the 
RECON cohort (appendix pp 9–11)—notably, three (50%) 
of six studies that included patients undergoing non-
abdominal procedures18,42,44 (30–60% of the overall 
samples) and two studies requiring emergency 
procedures.24,33

Of the 17 variables that were identified in five or more 
models, all variables except for functional status and 
respiratory symptoms at the time of surgery were 
represented in the RECON dataset. Six original risk score 
models18,24,33,42,44,49 were able to be externally validated with 
the data collected in the RECON cohort study based on 
the prerequisite clinical parameters being present 
(table 1; appendix pp 8–11). Of these models, only 
two scores (ARISCAT18 and SPORC42) had been previously 
externally validated (table 2).

None of the six models demonstrated good discrim-
ination for identifying postoperative pulmonary compli-
cations according to the StEP-COMPAC definition in 
this external validation cohort (figure 4A; table 2). 
Performance ranged from an AUROCC of 0∙574 to 0∙700, 
with the ARISCAT18 score showing the best discrimination 
(AUROCC 0∙700 [95% CI 0∙683–0∙717]). All models 
performed significantly worse than their derivation or 
internal validation results (figure 4B). Furthermore, 
model discrimination remained consistent on sensitivity 
analysis using the 7-day postoperative pulmonary compli-
cation outcome (appendix pp 3, 12).

The intercept for the original models, which is required 
to calculate calibration of the models in the RECON 
dataset, was only reported in one study.33 This model 
showed poor calibration within the RECON validation 
dataset with substantial overestimation of the risk of 
postoperative pulmonary complications (calibration-in-
the-large –1∙867; calibration slope 0∙377).

Discussion 
Mitigation of postoperative pulmonary complications is 
a priority in surgery, with these complications representing 
a leading source of morbidity and mortality.4–7 This study 
found that before the COVID-19 pandemic 29 original 
models had been developed for the prediction of 
postoperative pulmonary complications that were relevant 
to patients undergoing abdominal surgery. The clinical 
relevance of most existing models is questionable at 
present because of a paucity of external validation, the 
heterogeneity and number of variables required for use, 
and substantial variation in the populations and outcomes 
under investigation. Of the six models18,24,33,42,44,49 able to be 
externally validated in the largest prospective dataset of 
postoperative pulmonary complications done before the 
COVID-19 pandemic, none were significantly higher than 
the a priori threshold for good discrimination in the 
cohort (ie, AUROCC ≥0∙70).

Figure 2: Rate of primary pulmonary outcome reported in included studies
Error bars show 95% CIs. (A) PPCs. (B) PRF only. PPCs=postoperative pulmonary complications. PRF=postoperative 
respiratory failure. 
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Despite being one of the most common and clinically 
significant postoperative complications in modern 
surgical practice, the prediction of multifactorial 
outcomes such as postoperative pulmonary complications 
remain challenging tasks.54 As this study demonstrates, 
a large number of demographic, comorbidity, pre-
operative, and intraoperative factors exist, which have 
been previously identified as predictive of postoperative 
pulmonary complications. Despite the potential for bias 
and methodological concerns in derivation of the 
models,9 the most frequently highlighted variables 
represent those that are most likely to have the greatest 
clinical significance. These represent important factors 
to investigate in any future development of risk prediction 
models, although the potential for unaccounted con-
founders or collinearity must be considered. Further-
more, the challenges in prediction are further 
compounded by the paucity of agreement regarding what 
the target outcome of these models should entail. 
Substantial heterogeneity exists in the definition of 
postoperative pulmonary complications observed in the 
included studies, reflecting the variation observed in the 
literature.3 This heterogeneity limits the inter-study 
comparability in the event rates reported and subsequent 
model performance on external validation. The 
consensus-based global guidelines for standardisation of 
postoperative pulmonary complications3 that we have 
used in this study provide a reproducible framework 
that can be used by the perioperative community for 
future comparison of prognostic models, clinical trials 
to which our risk stratification tool might be applied, 
and routine practice.

Furthermore, the paucity of external validation studies 
and poor quality of reporting constitute major barriers 
for the safe use of developed risk prediction models in 
clinical practice.55 This study identified that only 
one (17%) of six original risk scores of postoperative 
pulmonary complication and only three [19%] of 16 of 
those available for over 5 years have undergone external 
validation to date, which is reflective of a wider issue 
with replication of risk prediction models.56 Because of 
the nature of predictive models and the pragmatic 
design of our international multicentre study, only those 
with corresponding data for all prognostic variables 
present within dataset could be externally validated. This 
effect should be considered a major limitation of this 
analysis. Using the RECON dataset, the number of 
models externally validated has doubled from four to 
eight, yet 16 (55%) of 29 risk models remain unvalidated. 
We prioritised the ARISCAT model18 a priori based on 
study quality and likelihood of clinical adoption. 
However, despite RECON including 11 (73%) of 15 most 
commonly identified variables, in addition to other less 
commonly identified variables, the capability to extern-
ally validate further models was restricted by the 
heterogeneity and number of variables identified in the 
models. This limitation could have implications for 
the clinical utility of these alternative models, with even 
greater challenges implementing complex datapoints 
and scoring systems within existing care pathways.57,58

As frequently observed in other contexts,56 the 
discrimination on external validation was significantly 
poorer than in the derivation cohorts. Furthermore, these 
models either did not report information needed to assess 

Figure 3: Heatmap of variables included in all models identified from the systematic review
A full list of variables included in less than five models is shown in the appendix (p 5). ASA=American Society of Anesthesiologists.
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calibration or demonstrated poor calibration33 within the 
RECON cohort, and so could not be reliably used to 
assess risk at an individual patient level without 
recalibration.22 Poor calibration and prognostic accuracy 
might reflect selection biases or overfitting within 
derivation cohorts, as well as differences in eligibility 
criteria and outcome definitions from the RECON cohort. 
For example, half the externally validated studies broadly 
matched the RECON population by including only 
patients undergoing abdominal surgery,24,33,49 whereas the 
other half included patients undergoing other non-
abdominal procedures (including cardiac surgery), who 
comprised 30–60% of the overall derivation samples.18,42,44 
Similarly, two studies excluded patients requiring 
emergency procedures,24,33 which might be of particular 
importance as emergency surgery was frequently 
identified as a key prognostic factor. These differences 
from the original population might partly explain the 
differences in event rate between studies and reduced 
prognostic accuracy observed on external validation 
(ie, these models might not be readily transportable to 
patients undergoing emergency surgery). The other 
important consideration would be that all models were 
being assessed in the prediction of the StEP-COMPAC 
definition of postoperative pulmonary complications,3 
rather than the definition originally used in the 
development of this study. The StEP-COMPAC definition 
was selected because this definition has reached 
consensus as a new global standard, therefore ensuring 
the analyses in our study are relevant to the future of 
perioperative research and practice. However, this 
decision means that poor model performance in our 
validation study does not inherently reflect poorly on the 
model as originally described. In addition, this choice of 
outcome does not account for the severity of postoperative 
pulmonary complications, and this fact might explain the 
poor performance of models such as SPORC,42 which 
focuses on the prediction of unplanned mechanical 
ventilation irrespective of aetiology. In light of these 
differences from the original derivation cohorts in the 
RECON cohort, this external validation analysis should be 
viewed as only testing the transportability (ie, general-
isability) of these models, rather than producing 

consistent results when tested under the same conditions 
as their original derivation cohorts. Nonetheless, our 
results still indicate that none of the current models were 
suitable for the reliable prediction of postoperative 
pulmonary complications in a broad cohort of patients 
undergoing major abdominal surgery.

This systematic review presents the most comprehensive 
analysis to date of risk scoring systems for the prediction 
of pulmonary complications after abdominal surgery. 
Furthermore, we report the simultaneous external 

AUROCC (95% CI) Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI)

Brooks-Brunn (1997)33 0∙607 (0∙587–0∙628) 0∙664 (0∙629–0∙698) 0∙525 (0∙514–0∙536) 0∙110 (0∙100–0∙119) 0∙947 (0∙940–0∙953)

Brooks-Brunn (1998)24 0∙660 (0∙642–0∙679) 0∙745 (0∙717–0∙774) 0∙531 (0∙521–0∙540) 0∙118 (0∙110–0∙127) 0∙961 (0∙956–0∙966)

Canet et al (2010)18 0∙700 (0∙683–0∙717) 0∙753 (0∙725–0∙781) 0∙564 (0∙555–0∙574) 0∙127 (0∙118–0∙136) 0∙964 (0∙960–0∙969)

Brueckmann et al (2013)42 0∙574 (0∙556–0∙593) 0∙241 (0∙214–0∙269) 0∙875 (0∙869–0∙881) 0∙140 (0∙123–0∙158) 0∙932 (0∙927–0∙937)

Jeong et al (2014)44 0∙688 (0∙671–0∙706) 0∙714 (0∙685–0∙744) 0∙578 (0∙568–0∙587) 0∙125 (0∙116–0∙134) 0∙960 (0∙955–0∙965)

Kawasaki et al (2019)49 0∙662 (0∙645–0∙678) 0∙800 (0∙773–0∙826) 0∙453 (0∙444–0∙463) 0∙110 (0∙102–0∙118) 0∙964 (0∙959–0∙969)

AUROCC=area under the receiver operating characteristic curve. PPV=positive predictive value. NPV=negative predictive value. RECON=REspiratory COmplications after 
abdomiNal surgery.

Table 2: Discriminatory performance of six risk stratification scores in the external validation cohort (RECON) to predict pulmonary complications in the 
30-day postoperative period

Figure 4: Discriminatory performance of six risk stratification scores in the external validation cohort to 
predict pulmonary complications in the 30-day postoperative period
Error bars show 95% CIs. (A) Receiver operating characteristic curves. (B) Discrimination compared with previous 
literature. AUROCC=area under the receiver operating characteristic curve.
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validation of six prognostic models identified, allowing 
direct contrast of their performance in a broad cohort 
of patients undergoing major abdominal surgery. 
The external validation is done on the largest prospective 
international cohort study on the topic of postoperative 
pulmonary complications before the COVID-19 pandemic, 
and uses the consensus-based StEP-COMPAC definition 
of postoperative pulmonary complications to facilitate 
future comparisons.3

This study, however, has several important limitations. 
First, although a systematic methodology was adopted, the 
search was limited to prognostic scores for the prediction 
of postoperative pulmonary complications in a broad 
adult surgical population, and thus did not include 
procedure-specific models because of anticipated limited 
generalisability to a broader population. Additionally, the 
search was limited to English language papers only. 
Because of these search limitations, the scores reported 
here might not encompass every score developed globally. 
Furthermore, this systematic review was limited by the 
quality of reporting in the included studies, and it should 
be noted that the majority were published before the 
TRIPOD statement,14 with few reporting measures of 
prognostic accuracy and model calibration to facilitate 
comparison. Secondly, RECON did not collect data for all 
possible risk factors identified in the prognostic scores; for 
example, functional status of patients or respiratory 
symptoms at the time of surgery. Data collected were 
restricted to what was routinely recorded and practical to 
be collected across international health systems, informed 
by prognostic models published at the time of design 
(ie, published before January, 2019). This methodology 
has been previously validated for both case ascertainment 
and data accuracy across a wide range of settings.59–63 
More than half of the models identified remain 
unvalidated, including updated versions of the scores 
such as the SPORC-2 score,51 and our results are not 
generalisable to models not evaluated within this study. 
However, these models often had other methodological or 
practical challenges that might limit their capacity for 
clinical adoption, such as complex or poorly defined 
covariables or insufficient internal validation. 
Furthermore, pragmatic decisions were made to equate 
risk factors when the data collected in RECON did not 
exactly match the original study, and these decisions 
might have contributed to the reduced discrimination 
observed on external validation. For example, high 
Brinkman index corresponding to current smoking status, 
or history of angina equated to a broader history of cardiac 
disease. Thirdly, none of the datasets or models 
incorporated perioperative SARS-CoV-2 infection, and 
this infection represents an important covariable that 
remains unaccounted for.64 However, even during periods 
with high community infection rates, the overall 
perioperative SARS-CoV-2 infection rates have remained 
low (<5%),64,65 and so the absolute risk of pulmonary 
sequelae of COVID-19 and thus the effect on the 

discriminative ability of these prognostic models is likely 
to be minimal. Fourthly, RECON collected routine data 
with no change to clinical care pathways. Given that 
community health-care attendances are not always 
accessible from hospital, the potential for missed 
postoperative pulmonary complications after discharge 
exists. However, the StEP-COMPAC definition requires 
radiological evidence of postoperative pulmonary 
complications for diagnosis; we expect all postoperative 
pulmonary complications that meet our study definition 
to have been identified. Furthermore, sensitivity analyses 
showed that the predictive ability remained consistent 
whether for early 7-day follow-up or late 30-day 
follow-up for postoperative pulmonary complications. 
Finally, RECON was limited to only high-income countries 
(UK, Ireland, and Australia), as were patients included in 
the included model development studies. More data are 
required from low-income and middle-income countries 
to understand whether these models are valid across low-
resource health-care settings.

The risk of postoperative pulmonary complications 
should be minimised for all patients where modifiable; 
however, without the capability to accurately identify 
those at the highest risk, provision of appropriate 
clinical advice regarding the risk of complications or 
target-enhanced monitoring and perioperative 
interventions is challenging.8 The ARISCAT model18 
remains the most validated in the literature and showed 
the highest discrimination in the RECON dataset, with 
potential clinical utility in identifying patients unlikely 
to develop postoperative pulmonary complications 
according to the StEP-COMPAC definition. However, 
because of the paucity of calibration observed in this 
study or previous external validation studies, no scores 
can be currently recommended for routine clinical use 
in a broad cohort of patients undergoing major 
abdominal surgery. As surgery is upscaled to meet the 
growing demands on health-care systems worldwide,66 
an urgent clinical need exists to better differentiate 
between modifiable risk and fixed risk of pulmonary 
complications and develop validated prediction tools 
that are clinically relevant to a global context.
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