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“Soon, there will be a time where our scholars & colleagues 
will not be satisfied with general comments on surgical quality 
outcomes—instead, they will call any physician charlatan who is 
incapable to quantify his results.”—Theodore Billroth 1860

Introduction

Surgeons’ efforts to audit post-operative patient outcomes, 
in order to measure quality of care systematically, have 

increased over recent years. National Audits, within 
the National Clinical Audit Patient Outcomes Program 
(NCAPOP) provide information on quality of surgical 
care. The annual reports produced by the National Audits 
produce are accessible to the public. Cardiothoracic 
surgeons led the modern era of national audit in a major 
response to the Bristol Royal Infirmary Inquiry into 
Paediatric Heart Surgery in the 1980’s and 1990’s (1). 
The Inquiry investigated increased mortality rate in 
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the Cardiothoracic unit at this hospital but had explicit 
implications for the entire NHS. The government response 
that followed, “Learning from Bristol” was a landmark 
paper and called for new standards of care, openness and 
monitoring (2). It highlighted a lack of published standards 
of care, lack of information made available to patients and 
relatives using the services, and lack of external ongoing 
scrutiny of performance. Over this time-period, in many 
areas of society, computational intensive techniques known 
as ‘machine-learning’ were developed and applied to 
complex problems to guide governance and aid decision-
making. The same is occurring in medical science, and in 
particular, surgeon-led audit.

Metric choice

It is argued that in order for the outcome or metric to 
be effective they must be usable (the information can be 
actioned and understood), feasible (the data can be collected 
and measured), reproducible, meaningful (the metrics are 
agreed on by stakeholders), promote quality improvement 
(metrics can be monitored), and possess face validity 
(expert consensus exists that there will be an association 
with improved outcomes). We argue metrics must also be 
selected that can be modelled in order that risk-adjustment, 

which takes account of variation in complexity of individual 
patients, is possible.

By way of example, the Society of Cardio-Thoracic 
Surgery has published 10 risk adjustment algorithms since 
the first models (Euro Score, Euro Score II) which were 
embedded in national (and international) audit (3). This 
trend is continuing in other surgical specialities as National 
Audits mature. The online library of medical algorithms, 
MedicalAl has 186 post-operative complication prediction 
algorithms that can be used for audit (4).

Decisions about pertinent metrics in the fields of Oral 
and Maxillofacial Surgery are being made in the UK and 
elsewhere where national quality improvement programmes 
exist,  such as the National Clinical Improvement 
Programme in the UK (NCIP), Quality and Outcomes 
in Oral & Maxillofacial Surgery programme in the UK 
(QOMS) and the American College of Surgeons National 
Surgical Quality Improvement Programme (ACS NSQIP) 
in the US. As of 2020, these three programmes have 
chosen the following metrics in the field of Head & Neck 
Oncology and Reconstruction (Table 1).

These metrics taken together represent a ‘care quality 
signature’ which should demonstrate to patients and peers 
the ongoing performance of a surgical unit. An early 
example of a proponent of ‘clinical care signature’ is from 

Table 1 Current national audit programmes and metrics

NCIP QOMS ACS NSQIP

H & N oncology Return to theatre within 30 days Serious complication Serious complication

Readmission with 30 days Lymph nodes in a neck dissection (>18) Any complication

Workload/year Positivity of surgical margins Pneumonia

Reconstruction Length of hospital stay Cardiac complication

Free-flap failure Surgical site infection

Delay to radiotherapy >42 days Urinary tract infection

Venous thromboembolism

Renal failure

Sepsis

Readmission

Return to theatre

Death

Discharge to rehab or nursing facility

NCIP, National Clinical Improvement Programme; QOMS, Quality Outcomes in Oral and Maxillofacial Surgery; ACS NSQIP, American 
College of Surgeons National Surgical Quality Improvement Programme.
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the US, which reported on 19 separate metrics and later 
correlated them with overall survival. The following metrics 
were associated with increased survival: lymph node count 
of 18 nodes or more in an elective neck dissection, no 
30-day non-elective readmissions, and referral for post-
operative radiotherapy for stage III or IV disease (5).

Statistical & machine learning techniques

Multivariable regression analyses are standard techniques 
to analyse outcome data in medical datasets by identifying 
independent relationships between patient characteristics 
and a dependent variable.

A simple linear regression model has a single continuous 
outcome and a single predictor, whereas a multiple or 
multivariable linear regression model has a single continuous 
outcome and multiple predictors (continuous or categorical). 
A simple linear regression model takes the form:

y α β ε= × + 	 [1]

A multivariable or multiple linear regression model takes 
the form:

( )y α 1β1 2β2 kβk ε= × + + + + 	 [2]

where y is a continuous dependent variable, x is a single 
predictor in the simple regression model, and x1, x2, …, xk 
are the predictors in the multi variable model. In a multi-
variable logistic regression model the dependent variable 
is dichotomous, or binary and the range of predicted 
probabilities form a sigmoidal curve. A multi-variable linear 
regression model would be suitable for length of hospital 
stay (number of days) whereas a multi variable logistic 
regression model would be suitable for ‘complication YES/
NO’ or free flap failure YES/NO models.

The weaknesses of these techniques are numerous 
and can be found in different sources (6). Dealing with 
‘missingness’ in the data is complex, as the equation will 
not produce an output prediction without all fields being 
present, and in clinical datasets this can lead to a loss of 
power at an early stage of analysis. Also, linear relationships 
will be readily identified, whereas non-linear relationships, 
which often exist in physiology and medicine, will not be 
identified by this technique.

An alternative statistical method that has regained 
interest in medical data-set analysis is Bayesian analysis 
based on the following probability equation, and developed 
into a method by the Reverend Thomas Bayes in 1790 (7). 

( ) ( ) ( )
( )

P y x P x
P x y

p y
×

= 	 [3]

Where ‘x’ is the variable of interest, conditional on ‘y’ 
the known variable, and P (x) represents prior probability, 
p (y) is new evidence, and P (y|x) is the likelihood ratio. In 
terms of making statements about probability of an event, 
if that event is non-repeatable then strictly probability 
based on known frequency is impossible to generate. This 
fundamental concept does not limit Bayesian analysis 
because (pY) or ‘prior knowledge’ can be subjective 
including ‘expert’ opinion, which provides a general 
intuition about the probability of a ‘one-off’ event and can 
be mathematically combined with other data (as shown) 
to generate a ‘the posterior probability,’ P (x|y). Strictly, 
the variables in a multivariate Bayesian analysis need to be 
independent with no interaction.

Decision tree analysis, artificial neural networks, random 
forests have also been applied to datasets which are similar 
to those being studied in this paper. There advantages and 
disadvantages are beyond the scope this paper but they 
seek the same aim; to correctly classify (predict) a chosen 
outcome dependent on patient risk-factors.

Classification performance can be reported in terms of 
discrimination, calibration and accuracy. Principle among 
these are: the ‘goodness of fit statistic’ (Hosmer-Lemeshow); 
the area under the curve; the accuracy, precision and recall 
and the Brier’s score. The definitions are in the Appendix 1. 
We use these methods to report predictive performance of 
our risk-adjustment algorithms.

Methods

A combined dataset of 1,316 patients from 6 NHS units 
was developed (Author 1). At the stage of writing this 
dataset has been combined with a further 2 NHS units, 
63 care episodes from the second cohort and 1,016 from a 
third cohort (Author 3). All patients received surgery with 
curative intent for head and neck squamous cell carcinoma 
(HNSCC) and had immediate free tissue transfer under 
general anaesthesia. The datasets include cases done 
by otolaryngology colleagues where free-tissue transfer 
was required. All audit datasets were registered with the 
respective hospital trust clinical audit departments. Ethical 
approval from was given from the author’s NHS Trust 
under the ‘Grey Area Project’ process as the published 
results of this multi-centre audit could be considered 
generalizable. Patient demographics, co-morbidity using 

https://cdn.amegroups.cn/static/public/FOMM-2020-HNR-04-supplementary.pdf
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the ACE-27 index, indices of functional status namely the 
WHO (World Health Organisation) performance status; 
tumour stage (TNM status, AJCC v7) and operative and 
anaesthetic treatment were recorded. The ‘high-risk’ 
variable is a binary field derived from the OPCv4 (Operation 
Procedure Codes, Version 4) to include any procedure 
which required oral, pharyngeal or laryngeal mucosal 
suturing in association with a neck dissection that could 
lead to saliva escape. Data was pre-processed by the lead 
author in Microsoft Excel [2013] and analysed in MedCalc 
v19.1 and Waikato Learning Environment for Knowledge 
analysis (WEKA) v 3.8.3. Complications were classified 
using the Clavien-Dindo classification system (8), length of 
stay was defined as date of operation to date of discharge 
from hospital, and positivity of margins was classified as < 
1 mm, using the Royal College of Pathologists definition (9).

Initial exploratory experiments were done including 
univariate analyses of categorical variables with Chi squared 
tests and Analysis of Variance (ANOVA) for continuous 
variables choosing a significance level of P≤0.05). We tested 
many multi-variable methodologies in MedCalc and WEKA. 
The data was split into a training-set (70%) and test-set (30%) 
for development of the earliest published models, namely 
length of hospital stay model and 30 day complication 
models. We used 10-fold cross validation as a more robust, 
less optimistic method in the later publications reporting 
machine learning algorithms, which were developed on 
the WEKA platform. The C-statistic was used as a means 
of comparing model discrimination and to choose the best 
model. We summarise results by presenting the ‘champion 
models’ of four metrics: complications within 30 days; severe 

complications (Clavien-Dindo >3) within 30 days; length of 
hospital stay (days); and positivity of surgical margins (Table 2). 
Further details, including calibration test results, are included 
in their respective publications (10-12) and model outputs 
(Tables S1-S3, Figure S1). 

For a new phase in the analysis we attempted to include 
data from a two units (n=63) and (n=1,109). Using the 
combined dataset we attempted to develop a new pilot risk 
adjustment model on ‘complete flap failure’ as the primary 
outcome. Free flap failure was defined as post-anastomotic 
irreversible loss of flap viability due to ischaemia. We (again) 
investigated univariate relationships in MedCalc then tested 
machine-learning algorithms in WEKA, comparing their 
discrimination and calibration.

We present flap failure loss against time in cumulative 
sum charts (CuSUM), a form of statistical process control. 
We embed the risk-adjustment algorithm into the CuSUM 
methodology as done by Rasmussen et al. (13) but using free 
flap failure instead of 30-day mortality as the outcome measure.

Results

Of a total 1,593 care episodes there were 76 (4.7%) 
complete free flap failures in individual patients, and 34 
(2%) incidence of partial flap failure. There were significant 
differences in the prevalence of risk-factors between treating 
units underlining the importance of risk stratification (Table 
3). On univariate analysis there was no significant difference 
between free flap failure rates and treating hospitals (Group 
1, 6%; Group 2, 6%; Group 3, 5%; Group 4, 8%; Group 
5, 3%; Group 6, 3%; Group 7, 5%; Group 8, 5%; λ2 3.4, 

Table 2 Published algorithms for risk adjusted audit of outcome after surgery for HNSCC

Outcome Classifier Sensitivity Specificity Accuracy C statistic
Confusion matrix

Predicted 0 Predicted 1

Complication with 30 days Neural Net 0.82 0.75 0.78 0.85 105 39

23 118

Severe complication within 30 days Random Forest 0.85 0.73 0.85 0.79 1,110 3

191 8

Length of hospital stay <15 days Decision Tree 0.8 0.78 0.8 0.77 484 33

104 90

Positivity of surgical margins Bayes Classifier 0.58 0.77 0.75 0.7 66 230

50 768

HNSCC, head and neck squamous cell carcinoma.

https://cdn.amegroups.cn/static/public/FOMM-2020-HNR-04-supplementary.pdf
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P=0.8) or demographic; alcohol or smoking history; past 
medical history of arteriosclerosis related diseases including 
diabetes, ACE-27, WHO performance status; or use of 
tracheostomy. There were significant association found 
between primary tumour site (λ2 33.9, P=0.001), use of 
double flaps (λ2 9.9, P=0.001), use of radial free forearm 
flaps (λ2 6.3, P=0.01), use of latissimus dorsi (λ2 7.8, P=0.005) 
and subscapular system flaps (λ2 4.8, P=0.03), previous 
radiotherapy to the operative site (λ2 5.7, P=0.05), previous 
surgery (λ2 6.3, P=0.04) and T classification of the tumour 
(λ2 13.4, P=0.02) and free flap failure. The N classification 
(λ2 11.1, P=0.08) had a non-significant association. Finally, 
an unexpected finding was that ‘high-risk’ status had a 
significantly lower chance of being associated with free flap 
failure (λ2 7.4, P=0.006) and further scrutiny suggests that 
midface skin, sinus and skull base pathology are significantly 
associated with flap failure on univariate analysis (https://
cdn.amegroups.cn/static/public/FOMM-2020-HNR-04-1.
xls). Notable absence of several independent factors needed 
for further modelling meant data from Hospital 7 was 
excluded from further stages of the analysis.

These variables were studied in WEKA platform 
undertaking exploratory analyses using the following 
algorithms; logistic regression, naïve Bayes, J48 decision 
tree, random forests and an artificial neural network. The 
outcome was binary, namely failure versus no failure, by 
excluding cases with partial failure. The models showed 
weak discrimination (C statistic <0.7) suggesting free flap 
failure, which is a relatively rare event (<5%) will need 
more data to model effectively. The best model was a 
simple BayesNetwork, ROC (C-statistic 0.66) on 10-fold 

cross validation. The specificity was low (0.11) and this was 
improved with reducing the cut-off from 0.5 to 0.1 with a 
reduction in sensitivity (0.83) but an improved specificity 
(0.47) and overall accuracy of (0.81). The model predicted 
nearly 50% of free flap failures. The predicted probabilities 
were tested within the logistic regression analyses in 
MedCalc, and the ROC C-statistic for the entire cohort was 
(0.71) which is over-optimistic (Table S4). The calibration 
plot is shown (Figure 1) demonstrating acceptable 
performance (Hosmer-Lemeshow Goodness of fit λ2 6.9, 
P=0.53). 

The entire dataset was divided into the respective 
hospitals and raw flap failure data was used to develop 
CuSUM against time (Figure 2A,B,C,D,E,F). The predicted 
probabilities were used to give patient-specific risks to 
modify the CuSUM chart. The risk-adjusted CUSUM 
chart plots the function:

( )t t-1X max 0,X W , t 1,2,3,t= + =  	 [4]

where Wt is a weight assigned to each value of t. In our 
study, the risk-adjusted CuSUM charts were updated 
for every patient thus each value of t corresponds to a 
subsequent patient care episode. Consequently, the weights 
Wt are given by

( ) ( )t t t tW Y log RA log 1 p RAp= − − + 	 [5]
Here, Yt is the outcome of a patient care episode, t 

(free flap failure within 30 days of operation date yes/
no) and pt is the expected probability of the free flap 
failure estimated from a prediction model based on 

Observed
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Figure 1 Calibration plot of model for predicting free flap failure.

https://cdn.amegroups.cn/static/public/FOMM-2020-HNR-04-1.xls
https://cdn.amegroups.cn/static/public/FOMM-2020-HNR-04-1.xls
https://cdn.amegroups.cn/static/public/FOMM-2020-HNR-04-1.xls
https://cdn.amegroups.cn/static/public/FOMM-2020-HNR-04-supplementary.pdf
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the audit data from each hospital. Finally, RA >1 is a 
specified odds ratio (OR) increase in the outcome rate, as 
compared to the reference period, that the risk-adjusted 
CuSUM chart is set to detect, and we set it at 2 (or twice 
the expected rate). We set the weight Wt as positive if 
the patient did not have the outcome, and negative if 
they did. The absolute value of the weight was large if 
the outcome is unexpected. Thus, in our study, if more 
patients had free tissue failure than predicted, the CuSUM 
function would decrease. The risk-adjusted CuSUM 
for the largest cohort (Hospital 8) is shown (Figure 3). 

Discussion

Metric selection is key to effective monitoring of surgical 
units performance. Whilst face-validity is a component of 
good metric selection, it is subjective and the implication 
is the metrics hold face-validity for the surgical members 
of the team. We argue a critical aspect of metric choice is 
underplayed, namely the ability to risk-adjust a metric to 
account for complexity of care. 

We are aware of risk adjusted CuSUM charts in routine 
use now in the National Emergency Laparotomy Audit (13) 
where clinical teams can enter information on an online 

dashboard seeing recent mortality in the context of live 
unit level data and national (aggregated) data. We judge 
such live feedback, whilst carrying a novelty value initially, 
essentially serves to strengthen the link between treating 
teams and their surgical speciality in a way that (hopefully) 
improves engagement sustainably. We suspect charting 
free flap success vs. failure in this way may be achievable. 
Highlighting the risk adjusted CuSUM chart (Figure 2F)  
suggests unusual deterioration in performance in November 
2018 which, though not breaching the 3sd alarm limit, 
comes close to meriting departmental scrutiny of surgeon, 
patient and ward factors. As this model is in its development, 
we have not explored alternative alarm limits beyond 2nd or 
3rd standard deviation (SD), such as bootstrapping methods 
discussed by Rasmussen (13). Automatic resets to baseline 
can be implemented after 3rd SD alarm level breach, and we 
suggest that this could be done every 6 months, or every  
50 flap successes, which ever occurs sooner. This is a clinical 
decision and seeks to avoid the pitfall of cumulative good 
performance obscuring a significant deterioration, as seen 
(Figure 2F and Figure 3). 

Free tissue transfer failure rates varied between hospitals, 
though not to a significant degree (3–8%, mean 4.7%). 
The implication of this non-significant difference is 
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however profound in terms of risk to the patient of further 
complications, patient experience and hospital resource 
allocation. Regarding hospital resource allocation, in the UK 
health system these charges are born by the taxpayer and 
financial matters do not frame the clinical decisions relating to 
patient care at the patient level. The same is not seen in the US 
and many other modern health care systems where academic 
studies explicitly relate cost of care to post-operative events 
secondary to free tissue transfer (14). In the UK, if cost of care 
is to be understood, it is at the level of health commissioners 
seeking data on which to base judgements about where to 
focus purchase of care at a regional level, based on evidence 
of good outcomes and engagement in quality improvement 
initiatives and national audit.

We are aware of a more detailed classification of free-
tissue transfer that can report more effectively on issues of 
resource allocation and patient-pertinent factors (15) but 
a decision was made at an early stage, as partial flap failure 
was a rare event (2%), modelling the sub-category outcomes 
of this group was untenable. 

This paper has summarised the performance of 
different algorithms for predicting outcomes, using pre-
operative data alone, including 30-day complications, 
30-day severe complications, length of hospital stay >14 
days and positivity of surgical margins. We presented a 
new risk-adjustment algorithm for predicting free tissue 
transfer failure and embedded that into a CuSUM control 
chart to demonstrate its potential utility as a live-audit 
tool for the purpose of contemporaneous assessment of 
surgical performance within a Head & Neck unit offering 
microvascular reconstructive treatments. Together 
these form the basis of a growing system of metrics 

that provide a ‘clinical-care signature’ that informs 
the treating teams to allow learning and development 
within a robust clinical governance framework. It also, 
if presented transparently, assures commissioners and 
public about quality of care.
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Supplementary

Table S1 – Neural  Network Outputs

Predicted scores

T 0 Scale 1 High risk 0 0.0073

T 0 Scale 1 High risk 1 0.7745

T 1 Scale 1 High risk 0 0.1163

T 1 Scale 1 High risk 1 0.2592

T 2 Scale 1 High risk 0 0.1717

T 2 Scale 1 High risk 1 0.4648

T 3 Scale 1 High risk 0 0.2301

T 3 Scale 1 High risk 1 0.9653

T 4 Scale 1 High risk 0 0.1112

T 4 Scale 1 High risk 1 0.8739

T 0 Scale 2 High risk 0 0.3323

T 0 Scale 1 High risk 1 0.6453

T 1 Scale 2 High risk 0 0.2497

T 1 Scale 2 High risk 1 0.3489

T 2 Scale 2 High risk 0 0.3848

T 2 Scale 2 High risk 1 0.4623

T 3 Scale 2 High risk 0 0.6101

T 3 Scale 2 High risk 1 0.8974

T 4 Scale 2 High risk 0 0.4644

T 4 Scale 2 High risk 1 0.1951

T 0 Scale 3 High risk 0 0.5945

T 0 Scale 3 High risk 1 0.4578

T 1 Scale 3 High risk 0 0.5242

T 1 Scale 3 High risk 1 0.4286

T 2 Scale 3 High risk 0 0.531

T 2 Scale 3 High risk 1 0.609

T 3 Scale 3 High risk 0 0.4783

T 3 Scale 3 High risk 1 0.5757

T 4 Scale 3 High risk 0 0.4613

T4 Scale 3 High risk 1 0.6844
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Table S2 Positivity of surgical margins Bayes Probability Table

Lip
Oral 
Cavity

Pharynx 
(inc tonsil)

Nasopharynx Hypopharynx Supraglottis Larynx Subglottis
Para-nasal 
sinuses

Neck 
only

Salivary 
gland

Other

0.00 0.05 0.74 0.07 0.01 0.00 0.00 0.07 0.01 0.03 0.02 0.01

0.00 0.03 0.58 0.07 0.01 0.01 0.00 0.10 0.01 0.15 0.01 0.02

T = 0 T=1 T=2 T=3 T=4

0.05 0.36 0.27 0.09 0.23

0.11 0.17 0.22 0.10 0.41

No Extracapsular 
spread

 Extracapsular 
spread

0.83 0.17

0.63 0.37

Figure S1 Decision tree output.
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Table S3 Length of Hospital Stay Linear Regression model (when expected length of stay <15 days)

Call:

lm(formula = dave.formula, data = ls.train)

Residuals:

Min 1Q Median 3Q Max

-13.576 -4.348 -1.301 1.891 39.385

Coefficients:

Estimate Std. Error t Pr(>|t|)

(Intercept) -6.9888 2.82555 -2.473 0.01395 0.05

Age 0.10962 0.03654 3 0.00293 0.01

t.group3/4 0.09353 1.10087 0.085 0.93235

Perf_S1 1.08614 1.06775 1.017 0.30989

Perf_S2 2.24747 1.38265 1.625 0.10514

Perf_S3 1.6625 2.0878 0.796 0.42651

Tracheostomy1 6.0708 1.42193 4.269 2.65E-005 0.001

High_risk1 3.21311 1.23278 2.606 0.00962 0.01

ScaleofSurgery2 3.79137 1.32831 2.854 0.00462 0.01

ScaleofSurgery3 8.85271 1.56941 5.641 3.99E-008 0.001

Alcohol2 -0.89413 1.12228 -0.797 0.42627

Alcohol3 2.3253 1.47868 1.573 0.1169

Alcohol4 2.20704 1.37171 1.609 0.1087

Alcohol5 3.23868 1.9429 1.667 0.0966
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Table S4 ROC curve analysis

ROC Curve analysis

Dependent Y Flap failure

Method Enter

Sample size 1593

Positive cases a 75 (4.71%)

Negative cases b 1518 (95.29%)

a fLAP_FAILURE = 1
b fLAP_FAILURE = 0

Overall Model Fit

Null model -2 Log Likelihood 604.795

Full model -2 Log Likelihood 559.712

Chi-squared 45.084

DF 1

Significance level P < 0.0001

Cox & Snell R2 0.0279

Nagelkerke R2 0.08833

Coefficients and Standard Errors

Variable Coefficient Std. Error Wald P

p 6.01799 0.83259 52.2441 <0.0001

Constant -3.54525 0.15781 504.7088 <0.0001

Odds Ratios and 95% Confidence Intervals 

Variable Odds ratio 95% CI

p 410.7502 80.3268 to 2100.3663

Hosmer & Lemeshow test

Chi-squared 6.996

DF 8

Significance level P = 0.5371

Group Y=0 Y=1 Total

Observed Expected Observed Expected

1 171 168.047 2 4.953 173

2 109 106.784 1 3.216 110

3 155 156.228 6 4.772 161

4 170 167.695 3 5.305 173

5 157 157.797 6 5.203 163

6 151 150.713 5 5.287 156

7 148 149.357 7 5.643 155

8 155 153.43 5 6.57 160

9 148 150.647 11 8.353 159

10 154 157.301 29 25.699 183

Classification table (cut-off value p=0.1)

Actual group Predicted group Percent correct

0 1

Y = 0 1456 62 95.92%

Y = 1 56 19 25.33%

Percent of cases correctly classified 92.59%

ROC curve analysis

Area under the ROC curve (AUC) 0.719

Standard Error 0.0319

95% Confidence interval 0.696 to 0.741

Brier’s Score 0.44
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Appendix 1

A confusion matrix or contingency table. The different types of errors can be summarized in a matrix as (where n is the 
number of observations).

				       positive label | negative label
	 predicted positive 		  TP/n  |  FP/n
	 predicted negative		  FN/n  |  TN/n

TP = # true positives, FP = # false positives, TN = # true negatives, FN = # false negatives
Sensitivity (also known as recall) = TP/(TP + FN) = (number of true positive assessment) /(Number of all positive 

assessment)
Specificity = TN/(TN + FP) = (number of true negative assessment)/(number of all negative assessment)
Accuracy = (TN + TP)/(TN+TP+FN+FP) = (number of correct assessments)/number of all assessments)
Positive predictive value (also known as precision) =   TP / TP + FP
Negative predictive value = TN (TN + FN)
F1 score = TP/TP × ½(FP + FN)

A plot of the true positive rate (TPR) versus the false positive rate (FPR) is called a receiver operating characteristic (ROC) 
curve:

True positive rate = TP # positives; false positive rate =FP # negatives

Error types in a two-class problem
• False positives (type I error): True label is −1, predicted label is +1.
• False negative (type II error): True label is +1, predicted label is −1.

Error rate ER = # wrong predictions = FP + FN
		  # observations FP + FN + TP + TN 
Does not distinguish errors between classes.

Relevance
Distinction between error types is crucial, e.g., if:
• Classes differ significantly in size;
• One type of error has worse consequences than other.

Hosmer-Lemeshow Goodness of Fit Test
This is a statistical test for ‘goodness of fit’ for logistic regression models. It is used frequently in risk prediction models. 

It measures the concordance of the observed event rates and the expected event rates in subgroups of the model population. 
When the expected rates and observed event rates in subgroups are similar (P>0.05) the model is described as well calibrated. 

Brier’s Score 

in which ft is the predicted probability, ot the actual outcome of the event at instance t (0 if it does not occur, 1 if it does 
occur) and N is the number of patient care episodes.  It is, in effect, the mean squared error of the forecast.


