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Background

Lung cancer remains the leading cause of cancer death 
worldwide (1) and is associated with particularly poor 
outcomes. Only around one third of patients are still alive  
1 year after diagnosis, with less than 15% of patients surviving 
to 5 years (2). These poor survival statistics are largely 
due to the fact that more than half of all patients already 
have metastatic disease at the time of initial diagnosis (3). 
There are several different treatment options available for 

non-small cell lung cancer (NSCLC), including surgical 
resection, chemotherapy, radiotherapy, immunotherapy and a 
combination of two or more of these modalities (4).

Although for early-stage lung cancer stereotactic 
ablative body radiotherapy (SABR) has produced promising  
results (5), guidelines continue to advocate that all suitable 
patients with NSCLC should be offered surgical resection 
as a first-line treatment (6). In broad terms, in order to 
be deemed “suitable” for lung resection, patients must be 
fit enough to undergo surgery and must have a pattern of 
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disease for which the operating surgeon is confident of 
achieving a complete resection. These two factors underpin 
the selection process for lung resection.

There is clear evidence that the number of patients 
undergoing lung cancer surgery has increased over recent 
years, with around 7,000 resections for lung cancer 
currently being performed each year across the United 
Kingdom (7). The introduction of lung cancer screening 
programmes is one initiative designed to further increase 
the number of patients with lung cancer who are suitable 
for surgical resection. Results from initial screening 
programmes demonstrated that lung cancer was detected 
in 2–3% of patients, of which more than 80% were early 
stage (stage I/II) lung cancers (8,9). Early-stage lung cancers 
normally represent less than 25% of all lung cancers at 
the time of initial diagnosis (10). Widespread adoption 
of screening is therefore highly likely to lead to further 
increases in surgical activity.

With a rising number of operations being performed 
and potential alternative treatment options more readily 
available, the ability to accurately assess the risks of surgical 
resection is increasingly important. This review considers 
the pre- and peri-operative factors underpinning risk 
prediction in contemporary thoracic surgery.

The tripartite approach

For patients with NSCLC anatomically suitable for surgical 
resection, a comprehensive assessment to ensure that they 
are physiologically robust enough to undergo surgery and 
will recover an appropriate quality of life once treatment 
has been completed is required. In order to ensure that 
pre-operative decision making is robust and reproducible, 
a standardised approach should be applied to all patients. 
Guidelines from the British Thoracic Society (BTS) focus 
on three key elements of peri-operative risk, advocating 
a tripartite approach designed to simultaneously assess a 
patient’s risk of experiencing post-operative dyspnoea, peri-
operative cardiac event and peri-operative mortality (6).

Determining the extent of resection

Determining the extent of resection required to adequately 
treat lung cancer is a key first step in assessing the risk of 
surgery. Unlike other surgical procedures, where a return 
to baseline function can be expected after a period of post-
operative recovery, a resection for NSCLC involves the 
removal of a substantial portion of healthy lung tissue. From 

an oncological perspective, the gold standard operation for 
NSCLC is an anatomical resection (11). This is usually a 
lobectomy, although for larger and more central tumours, 
a bi-lobectomy or pneumonectomy may be required. 
Anatomical resection is associated with a lower risk of 
locoregional recurrence and improved cancer-free survival 
but also inevitably involves the removal of healthy lung 
tissue (12). There is increasing evidence that minimising 
the amount of healthy lung tissue removed by performing 
sublobar anatomical resections is associated with acceptable 
oncological outcomes (13). The extent of resection required 
influences the risk of all three elements of the tripartite 
assessment and is therefore a principal component of the 
pre-operative risk assessment process.

Assessing post-operative dyspnoea

The assessment of lung function is a pre-requisite for 
all patients being considered for lung resection. The 
principal spirometry value traditionally used as part of 
the assessment for patients being considered for lung 
resection is forced expiratory volume in 1 second (FEV1). 
A further useful value is the percentage post-operative 
predicted FEV1, obtained by calculating the number of 
remaining bronchopulmonary segments after lung resection 
and multiplying this value (expressed as a fraction) by 
the percentage predicted FEV1. Studies have previously 
demonstrated that lower values of FEV1 and post-
operative predicted FEV1 are associated with worse overall 
outcomes (14-18). However, more recently, studies have 
suggested that the association between spirometry values 
and outcomes has become weaker over time, particularly 
in patients with chronic obstructive pulmonary disease 
(COPD) (19,20).

Another important metric in the assessment of the risk 
of post-operative dyspnoea is predicted and percentage 
post-operative predicted diffusion capacity of the lung for 
carbon monoxide (DLCO) values. A number of studies have 
identified DLCO as a predictor of peri-operative mortality 
and morbidity after lung resection (21-25). DLCO has 
also been shown to be associated with adverse outcomes in 
patients with COPD where the impact of FEV1 and other 
spirometry values diminished over time (26). Although 
guidelines differ, the overall consensus is that no patient 
should be declined surgery based solely on lung function 
tests. Instead, either percentage predicted, or percentage 
post-operative predicted values below a defined threshold 
(dependent upon whichever guideline is being followed) 
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necessitates the patient undergoing additional objective 
functional testing (27).

Objective functional testing

Comprehensive physiological assessment with objective 
functional testing is deemed necessary when lung function 
results are suboptimal. Again, various different tests are 
available, including the stair climb, the six-minute walk, 
the shuttle walk test (SWT) and the cardiopulmonary 
exercise test (CPEX). With the exception of the CPEX, 
these measures of functional testing require minimal 
technical expertise and equipment. Despite CPEX being 
recognised as the gold standard physiological investigation, 
the SWT is included in both European and American 
guidelines (28,29). Studies investigating the correlation 
between the SWT, and peri-operative outcomes have found 
that patients walking <250 m are at prohibitively high risk 
and those walking >400 m are at very low risk of adverse  
outcomes (30). A SWT of less than 400 m has also been 
shown to be associated with an increased risk of adverse 
outcomes (31).

Although perhaps not reflective of real-world practice, 
guidelines suggest that all patients walking <400 m should 
be considered for CPEX. There is evidence demonstrating 
good correlation between distance walked on the SWT 
and maximal oxygen consumption (VO2 max), one of the 
key variables measured as part of the CPEX test (32). 
Indeed, the study from Win et al. demonstrated that all 
patients who walked in excess of 400 m had a VO2 max of  
>15 mL/kg/min (32). Given that previous evidence has 
shown that VO2 max of ≥15 mL/kg/min is associated with 
a low rate of peri-operative morbidity and mortality (33), it 
is this study which underpins the guidelines where CPEX is 
deemed unnecessary for patients who have walked >400 m 
on the SWT.

Assessing cardiac risk

The assessment of cardiac risk is a key component of 
almost all non-cardiac surgery risk stratification pathways. 
A Revised Cardiac Risk Index score was devised in 1999 
by Lee et al. (34) and subsequently revised in 2010 by 
Brunelli et al. (35), who published the Thoracic Revised 
Cardiac Risk Index (ThRCRI), to be used solely for 
patients being considered for lung resection. The four 
variables included in the model are serum creatinine  
>2 g/dL (1 point), undergoing pneumonectomy (1.5 points), 

presence of cerebrovascular disease (1.5 points) and history 
of coronary artery disease (1.5 points). The patient cohort 
from which this revised score was developed consisted of  
1,696 patients, stratified into four different groups based on 
cardiac morbidity. Risk of cardiac morbidity ranged from 
1.5% (group A, 0 points) to 5.8% (group B, 1.0–1.5 points) to 
19% (group C, 2.0–2.5 points) to 23% (group D, >2.5 points).  
Two additional studies have externally validated these 
results, both of which demonstrated that a score of >2.5 was 
associated with significantly higher post-operative cardiac 
morbidity (36,37).

Assessing peri-operative mortality risk

Whilst the previous studies and scores cited have attempted 
to risk stratify according to the degree of cardiorespiratory 
comorbidity burden and the likelihood of experiencing 
post-operative cardiopulmonary complications, the 
principal component of any risk assessment process is 
accurate prediction of mortality directly attributable to 
the index surgical procedure. In order to ensure all peri-
operative deaths are captured and to minimise the number 
of deaths included which are not related to surgery, the 
outcome metric for measuring peri-operative mortality 
has traditionally been either in-hospital mortality,  
30-day mortality or a composite endpoint combining both. 
Although extensive research has been conducted regarding 
the influence of individual variables on peri-operative 
mortality, in order to produce a useful estimate of risk for 
each patient, a clinical risk prediction model is required. 
Both the BTS guidelines and the National Institute for 
Clinical Excellence (NICE) guidelines (38) advocate the use 
of a specific clinical prediction model (39).

What is a clinical prediction model?

In mathematical terms, a risk model is an equation which 
utilises patient risk factor information to provide an estimate 
of the probability of an individual patient experiencing a 
healthcare outcome. Whilst risk prediction models can be 
useful adjuncts to support clinical decision making, if they 
are used incorrectly or developed inaccurately, their use 
can lead to patients being inappropriately accepted for or 
denied surgery. Clinicians should be aware of how models 
are developed and validated in order to determine whether 
individual models can be applied to their own patient 
cohorts. Whilst statistical analysis may demonstrate that a 
model performs well overall, no information is provided as 
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to the reliability of the estimated mortality when applied to 
each individual within the cohort. Consequently, no patient 
should be denied surgery solely as a result of the estimated 
risk produced by a clinical risk prediction model.

How are clinical prediction models developed?

Developing a risk prediction model is both an art and a 
science. The overall aim is to produce an accurate model 
which can be readily used in clinical practice. Model 
accuracy must be balanced against model parsimony. A 
model containing a large number of variables, many of 
which are not routinely collected, may be highly accurate, 
but is unlikely to be regularly used in clinical practice if it 
cannot be easily calculated. Conversely, a model with fewer 
variables, all of which are routinely collected, may be less 
accurate but has a greater chance of being incorporated 
into routine clinical practice. Although a simple model may 
be easy to calculate, if it does not include key risk factors 
widely known to influence outcomes then the clinical 
validity of the model is questionable.

Clinical prediction models can be developed from clinical 
trials, observational studies or clinical registries. Most are 
developed using logistic regression although other methods 
are available. It is important that the objective of the model 
is clearly defined and that this is considered throughout the 
development process. Data used for development needs 
to be good quality, contemporary and representative of 
the population in which the model is intended to be used. 
The sample needs to be adequately powered for model 
development (40). Both predictors and outcome should be 
objectively measured, easily available, clearly defined and 
have minimal measurement error. The outcome should 
be important for both patients and clinicians. All of these 
model development features should be carefully considered 
with the aim of producing a clinically valid model with good 
statistical performance.

How are clinical prediction models assessed?

Clinical prediction model performance is assessed using 
measures of discrimination and calibration. Discrimination 
refers to the ability of the model to differentiate between 
those patients who experience the event and those who 
do not and is commonly measured using the area under 
the curve (AUC). An AUC of 1 represents perfect 
discrimination, whilst a value of 0.5 signifies that the model 
is no better than chance (i.e., flipping a coin) at predicting 

who will experience the outcome. An AUC of 0.7 is felt to 
represent acceptable model performance, and an AUC ≥0.8 
represents excellent discriminatory ability.

Calibration is an assessment of how closely predicted 
outcomes match observed outcomes. The simplest measure 
of calibration is the observed to expected (O:E) ratio, which 
is calculated by dividing the mean observed and expected 
outcome rates. The drawback with an overall O:E ratio is 
that an under-estimation in one part of the data may be 
cancelled out by over-estimation in another, producing a 
ratio close to 1. A calibration plot is a more detailed measure 
and is produced by dividing the dataset into ten centiles, 
and plotting the mean observed and expected outcomes 
onto a graph, which is overlaid with a line representing 
perfect calibration. The Hosmer-Lemeshow (H-L) test is 
frequently used in isolation but provides no information 
as to either the extent or direction of the miscalibration 
and as such is no longer considered by statisticians to be an 
acceptable method of assessing calibration (41).

Clinical prediction model validation

Model performance should be assessed in two settings. 
Internal validation refers to assessment of model 
performance in the same cohort from which the model was 
developed. In this setting, model performance is likely to 
be overly optimistic. Although statistical approaches such as 
bootstrapping provide a degree of adjustment for optimism, 
internal validation in isolation is generally considered 
inadequate before a model is utilised in clinical practice. 
The strongest test of the performance of a model is external 
validation, which is performed on a different patient cohort, 
separated from the development cohort by either time or 
geographical location. A model which has been developed 
in accordance with statistical principles and has performed 
well on external validation is likely to be suitable for use in 
practice.

Mortality outcomes after thoracic surgery

The low and declining rates of in-hospital mortality after 
thoracic surgery in contemporary practice means that 
large multi-centre datasets are generally required for 
model development and validation. It is also thought that 
traditional measures of peri-operative mortality, such as 
in-hospital or 30-day mortality, do not adequately reflect 
the period of increased peri-operative mortality risk. 
Patients transferred outside of the centre in which they 
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were operated or who experience a particularly protracted 
post-operative course may not be identified using more 
traditional metrics. These measures would also fail to 
identify patients discharged from hospital who subsequently 
die at home shortly afterwards.

Several large-scale studies from across North America 
(42,43), Europe (44) and the UK (45) have shown that  

90-day mortality after lung resection is twice the rate of  
30-day mortality. This essentially demonstrates that the 
number of people dying between post-operative days 31 
and 90 is the same as the number of patients dying within 
the first thirty days. Whilst the counter-argument is that 
selecting a longer time-period as an endpoint for measuring 
procedure-related mortality will unavoidably include 
patients whose deaths were not related to surgery, it is 
difficult to label an operation for lung cancer undertaken 
with curative intent a success if the patient survived 
longer than 30 days but died within 90 days of surgery. 
Consequently, as a result of these findings 90-day mortality 
is now advocated as a more appropriate measure of peri-
operative mortality (46,47).

Clinical prediction models in thoracic surgery

The most commonly used clinical risk prediction model 
in the UK and across Europe is the Thoracoscore  
model (39). Indeed, the model is specifically referred to 
in both the NICE and BTS guidelines. Given its singular 
recognition by national and international guidelines, 
multiple validation studies have been undertaking, allowing 
for a detailed overview of the model’s performance to be 
presented.

The Thoracoscore

The Thoracoscore was designed to predict in-hospital 
mortality and was developed from 15,183 patients 
undergoing all thoracic surgery procedures for both benign 
and malignant disease between 2002 and 2005 in multiple 
hospitals across France. The variables included in the final 
model are listed in Table 1 (39).

The model was internally validated using a split sample 
approach and demonstrated excellent performance. The 
AUC was 0.85 for the training set (n=10,122) and 0.86 for 
the test set (n=5,061). Calibration, assessed using the H-L 
test, was also acceptable in both the training and testing 
sets. Based on these results, which were published in 2007, 
the Thoracoscore became well established in routine 
thoracic surgical practice.

Multiple validation studies of Thoracoscore have 
subsequently been undertaken and published. A UK-based 
single centre & single surgeon validation incorporating 290 
patients undergoing lung resection between 2008 and 2011 
was published in 2012 (48). In-hospital mortality was 3.1% 
(n=9). The AUC was 0.60, indicating poor discrimination. 

Table 1 Variables included in the Thoracoscore model

Variables Categories

Age <55

55–65

>65

Gender Male

Female

ASA score <3

≥3

PS score <3

≥3

NYHA dyspnoea score <3

>3

Priority of surgery Elective

Urgent/emergency

Procedure class Pneumonectomy

Non-pneumonectomy

Diagnosis Benign

Malignant

Comorbidity score Smoking

History of cancer

COPD

Hypertension

Heart disease

Diabetes

Peripheral vascular disease

Obesity

Alcoholism

Hypercholesterolaemia

ASA, American Society of Anesthesiologists; PS, performance 
status; NYHA, New York Heart Association; COPD, chronic 
obstructive pulmonary disease.
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No assessment of calibration was undertaken. Another 
UK-based single-centre analysis (49), which assessed 703 
patients who underwent open lung resection between 2007 
and 2010 had an in-hospital mortality rate of 2.0% (n=16). 
Model discrimination was poor (AUC 0.68), and model 
calibration was adequate when assessed using the H-L test 
(P=0.18) but demonstrated poor predictive ability when 
assessed using the R2 method (P=0.028). Poullis et al. (50) 
also validated the model, in an additional single-centre UK-
based study. In total, 2,574 patients underwent open lung 
resection for NSCLC between 2001 and 2011. In-hospital 
mortality was 2.3% (n=59). Model discrimination was poor 
(AUC 0.69), and model calibration was adequate (P=0.46). 
Qadri et al. (51) validated the model in a population of 243 
patients who underwent pneumonectomy between 1998 
and 2008 in a single UK centre. In-hospital mortality was 
4.5% (n=11). Discrimination of the model in this cohort 
of patients was extremely poor, with an AUC of 0.44. 
Calibration of the model was not assessed.

Two multi-centre validation assessments of Thoracoscore 
have been undertaken. The study by Sharkey et al. (52) 
comprised 2,245 patients who underwent lung resection 
in six centres in the UK between 2011 and 2012. In-
hospital mortality was 1.38% (n=31). Model discrimination 
was found to be acceptable (AUC 0.71) although model 
calibration was not assessed. O’Dowd et al. (53) also 
undertook a multi-centre validation of Thoracoscore. A 
total of 3,222 patients were included from the National 
Lung Cancer Audit (NLCA) database (lung resection for 
NSCLC between 2004 and 2012 in multiple UK centres). 
The AUC was 0.60, indicating poor discriminatory ability 
of the model for this cohort. Calibration was not assessed.

More recently, Die Loucou et al. (54) undertook an 
external validation of the Thoracoscore model and went 
on to develop an updated model, using the same predictors 
but altering the coefficients to reflect a difference in 
the distribution of contemporary patient characteristics 
in comparison to the characteristics of the cohort used 
for development of the baseline model. The cohort was 
comprised of 56,279 patients undergoing surgery for 
mediastinal, chest wall, pleural or lung disease across 
several European centres between 2016 and 2017. External 
validation of the original Thoracoscore model in this 
population of patients demonstrated excellent discrimination 
(AUC 0.80) but poor calibration. Performance of the 
updated Thoracoscore model when internally validated 
against the same cohort of patients was also excellent, with 
an AUC of 0.83 and acceptable calibration. This model has 

not yet been externally validated.

Additional thoracic surgery risk prediction 
models

A recent systematic review of models specifically developed 
to predict short-term mortality after thoracic surgery has 
been performed and identified 20 such models (55) of 
which 11 were designed specifically to predict mortality 
after lung resection for lung cancer. Overall, flaws in model 
development (assessed using the PROBAST risk of bias 
tool) (56) were identified in 17 of the 20 models. These 
drawbacks included inappropriate handling of missing 
data, conversion of continuous variables to categorical 
(thereby weakening the statistical power of the variable), 
an insufficient number of events relative to the number of 
variables, insufficient/inappropriate analysis of performance 
and lack of external validation.

Eight models had undergone external validation in ten 
different studies. Only one model reported acceptable 
measures of both discrimination and calibration. However, 
this was a single-centre study comprising only 155 patients 
with just eight deaths (57). An external validation study 
of six models identified from the systematic review has 
been performed in a cohort of 6,600 patients undergoing 
lung resection in two large UK centres between 2012 and  
2018 (58). This validation study found that model 
performance was inadequate in five of the six models. The 
sixth model, the modified Eurolung model, lacked key 
clinically relevant variables. As a result, the study concluded 
that none of the models validated could be recommended 
for use in contemporary UK thoracic surgical practice.

Two risk prediction models identified in the systematic 
review were developed to predict 90-day mortality after 
lung resection. The NLCA model was developed from 
10,991 patients who underwent lung resection for stage 
I–IIIA NSCLC between 2004 and 2010 in multiple UK 
centres (59). The 90-day mortality rate was 5.9% (n=647). 
No measures of discrimination or calibration were reported. 
In 2016, O’Dowd et al. (53) undertook internal and external 
validations of this model, both of which demonstrated 
inadequate discrimination with calibration not assessed. 
The video assisted thoracoscopic surgery (VATS) model was 
developed from 733 patients who underwent anatomical 
lung resection (lobectomy or segmentectomy) for stage  
I-II NSCLC via a VATS approach in a single UK centre 
between 2012 and 2016 with a 90-day mortality rate of 2.5% 
(n=18) (60). Discrimination was excellent (AUC 0.85) and 
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calibration was adequate (H-L test, P=0.99).

RESECT-90

The NLCA model  demonstrated poor s tat i s t ica l 
performance on external validation and the VATS model is 
both not applicable to other patient cohorts and statistically 
underpowered (only 18 deaths within 90 days of surgery). 
Additional models externally validated for their ability 
to predict 90-day mortality also failed to demonstrate 
acceptable model performance (58). However, this is not a 
particularly surprising finding, as this was not the endpoint 
for which these models were originally developed to predict. 
In order to address this shortcoming, the RESECT-90 
model has been developed (61).

Derived from a contemporary population of 6,600 

patients undergoing lung resection in two UK centres 
between 2012 and 2018, the 90-day mortality rate was 
3.1% (n=204). The model was sufficiently powered and was 
developed using multivariable logistic regression. Twelve 
variables were included in the final model, as listed in  
Table 2 (61).

Following internal validation with adjustment for 
optimism, the model performed well, with an AUC of 
0.74 and acceptable measures of calibration (assessed using 
flexible calibration plots, calibration-in-the-large and 
calibration slope). Whilst these results are encouraging, 
external validation is required prior to recommending the 
model for use in routine clinical practice. A pan-UK project 
to externally validate the model is currently underway.

Conclusions

In the modern era, whilst surgery for lung cancer remains 
the best treatment modality for those patients who are 
suitable, the increasing number of effective non-surgical 
treatments means that risk prediction for lung cancer 
surgery has become increasingly important. Individual 
variables, such as lung function, comorbidity burden and 
functional status have all been demonstrated to be predictive 
of adverse outcomes after lung resection, and hence are 
well-represented in many models developed to predict peri-
operative mortality.

Ninety-day mortality is emerging as a superior outcome 
metric for capturing peri-operative deaths and should be 
considered instead of traditional measures such as 30-day or 
in-hospital mortality. Of the many risk models developed to 
predict short-term mortality after lung resection, none can 
currently be recommended for use in clinical practice. This 
represents a major weakness in the pre-operative assessment 
of thoracic surgery patients.

Encouragingly, the recently published RESECT-90 
model has been developed with appropriate statistical rigour 
and has demonstrated acceptable performance in predicting 
90-day mortality after lung resection. If the current pan-UK 
external validation of the model upholds these encouraging 
preliminary results, the RESECT-90 model may emerge as 
a useful tool for risk prediction in patients undergoing lung 
cancer surgery in the UK.
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