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Methodologicai Issues in the Development and Application of Predieove Roles 

to Evaiuate Outcornes of Coronary Artery Bypass Graft Surgery. 

Doctor of Philosophy, 200 1 

Joan Ivanov 

Institute of Medical Sciences, University of Toronto 

ABSTRACT 

Drawing on data nom a well established dinical registry for tracking preoperative 

characteristics and postoperative outcomes of coronary artery bypass surgery (CABG), 

this thesis explores several methodological and practical issues arising fiom the 

derivation, validation and appiication of clinical prediction d e s .  

Among the uses of prediction d e s  for operative mortality following cardiac 

surgery is risk-adjusted outcomes profihg. We examined whether clinicians and 

managers should use an existing index without modification, recalibrate that index for 

their populations, or derive a new mode1 with additional risk factors. This study 

ilIustnttes that poorly calibrated ri& dgorithms can bias the calculation of risk-adjusted 

outcomes. 

We next demonstrated how a dinical prediction d e  could be used to assist in the 

assessrnent of temporal trends in patient severity and operative mortality. in addition to 

providing a long-tem perspective on outcorne trends, this shidy also showed how a 

clinicaI prediction d e  cm be combined with contingency table analysis to document 

temporal shats in risk profiles and outcomes. 

A fineher application ofclinical prediction d e s  is decision-support for pre- 

ri' 



operative patient counselling. The findings of this study highlight both the rationale for 

ushg predictive d e s  as a guide to decision-mstking, as weil as the continuing challenges 

in persuading clinicians to use such d e s .  

Two recurrent issues in the use of c h i c d  prediction d e s  are the short time 

horizon of many studies and the costs of collecting data for longer-terni follow-up 

studies. This study illustrates the feasibility of linking clinicd and administrative data in 

the development of more sophisticated clinical prediction rules. The findings highlight 

the need to evaluate long-tenn, as well as short-term outcomes to evaluate the benefit of 

surpicai revascularization and the utility of adding some measmernent of outcomes other 

than mortality. 

In conclusion, drawing on data for CABG surgery, this thesis adchesses several 

methodolopical and practical issues surroundhg the development and application of 

predictive des. We believe that these findings are generalizable to a wide range of 

medical diagnoses and sutpical procedures where prediction rules cari be used to enbance 

our insights mto prognosis, as well as the effectiveness and efficiency of clinical 

interventions. 
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Introduction 



11 Introduction 

Medical decision making affects the h d t h  of the nation and strongly influences 

the docation and consumptioa of liealth care resources. Therapeutic decision making 

requires an appreciation of the prognosis of disease and risk stratification, e.g., patients 

with the same disease can have difEerent outcomes. The development and application of 

predictive niles have become increasingiy important for use in clinicai and health s e ~ c e  

research and as tools to help guide clinicai decision making.' Examples of clinical 

prediction nilw include the Apgar score for n e ~ b o n i s , ~  the Glasgow Coma scale4 

which evaluates level of consciousness~ the Injury Severity Score which assesses trauma 

patients?6 the Ottawa AnHe ~ule '  which guides physicians' decisioas to order an X-ray 

for injured d e s ,  the Acute Physiology and Chronic Health Evaluation score 

(APACHE) which evaluates patients' probability of outcomes in the intensive care 

unit,89 and the Urgency Rating Scale developed for the Cardiac Care Network of Ontario 

to determine the suggested maximum time for patients waiting in the queue for cardiac 

surgery.lO'" Chical prediction d e s  estimate the probability of outcomes by combining 

information contained in a number of patient-specific characteristics in a way which best 

evaluates the patient's risk of either disease or adverse outcorne. Predictive d e s  can 

provide key contextual data for guiding medical decision making, evaluating 

technologies, estimaihg clinicai risk and benefit for an individual patient, and for the 

design of randomized controIIed trials, e.g, risk group stratification or sample sUe 

caIculations. More recently, predictive rules have been w d  to compare risk-adjusted 

outcomes across providers. 

The advent of large computerized c h c d  and administra 
. . tive databases has 



allowed for the evaluatiou ofnumerous risk factors and theH impact on outcomes, and 

the construction of statistically derived risk algorithms.'4*15 Spiegelhalter stated that the 

goal of statistically denved predictive d e s  is to provide an explicit probabilistic 

prediction to aid in a formai decision process.L6 However, bias can arise from multiple 

sources during the development and application of predictive rules (e.g., "up-codhg", 

outcome ascertainment and statistical over- or under-fitting). A more detailed discussion 

of methodological issues is presented in Chapter Two. 

The development and application of predictive d e s  to evaluate the outcomes of 

cardiac mgery are relatively new. The most comrnon use of predictive rules within the 

contexhial framework of cardiac surgery has been to provide a rnethod of risk 

adjustmeut for the cornparisou of hospital outcomes and quality of care across providers - 
- surgeons or institutions. The use of predictive des  in cadiac wgery was born out a 

need to evduate how structures and process effect outcomes as well as from institutional 

and surgical concems regarding the publication of cnide, uuadjusted operative mortdity 

rates in the United States. Since the late 198OVs, several groups in the United States, 

Canada and elsewhere have published extensively on this ~ubject."~'~ A brief review 

will be presented in Chapter Three of the major contniuton to the development of 

predictive d e s  used to evaluate outcomes of cardiac surgery. 

Drawing on data fiom a weIl-established clinical registry of patients tmdergoing 

coronary artery bypass surgery, this thesis explores several methodological and practical 

issues arismg fkom the derivation, vdidation and application of clinical prediction d e s  

for: (1) provider-specitic cornparisons of ri&-adjusted operative mortality (Chapter Four: 

Ivmrov 4 Tu JY, Ni lor  CD: Readyniade, recalibrated, remodelled? Issues in the use of 
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risR indices for assessing mortaliiy afer coronmy artery bypars gr@ nqpry. 

Circulation I999;99:2098-2lO#); (2) risk group stratification (Chapter Five: ivmov J. 

WeISeZ RD, David TE, NiayZor CD: Fïjieen-yem trends in *isk severiîy and opemtve 

mortality in eldedy patients undergohg coronmy uriery bypps gmfi s u m .  

CirctlIation 1998;97:673-680); and (3) patient counselling (Chapter Six: Ivanov J .  

Borger MA. David TE, Cohen G, Wukm N: Predictive Accuracy Stuày: Comparïng a 

statktical model to cliniciuns' estimates of outcomes a* coronaiy bypass surg.y. Ann 

Thorac Surg 2000;70:162-168). In Chapter Seven, lessons Ieamed in the previous three 

chapters will be employed to develop a new predictive d e  for the evaluation of long- 

term outcomes fouowhg coronary artery bypass surgery. Each of the key study chapters, 

four to seven, is presented as an independent study, containhg an abstract, introduction, 

methods, results and discussion sections. The contributions made in this thesis and 

suggestions for future research will be discussed in the &al summary chapter (Chapter 

Eight). 

1.2 Chapter Four: Evaiuation of Three Modehg  Strategies in the Use of 

Predictive Risk Indices for kwessing Mortaiity After Coronary Artery 

Bypass Gr& Surgery 

A perplexing issue facing administrators or clinicians who wish to use a 

predictive d e  is whether to use an existing, externai risk index or to develop an interna1 

modeL If an e x t d  model is used, shodd the regcession coefficients be recalibrated. 

In Chapter Four, we evduated three modelling strategies: using an extemal predictive 

d e ,  re&%rating the external mode1 in the dataset at hanci, or developmg a new, intenid 

4 



model. We used standard statistical methodology to evaluate the three strategies and 

their impact on ranking, by risk-adjusted operative mortality, for fourteen surgeons. 

Additionally we introduced a novel strategy to compare caliration curves between the 

modeis: whereas others have evaluated caiibration curves qditatively or only reported 

the coefficient of determination (R~) for observed versus expected probabilities of 

operative mortality, we performed an additional evduation and reported the slope and 

intercept of the Linear regcession to quantify the degree of over- or under-estimation of 

each model. We also introduced the use of anaiysis of covariance as a method of 

cornparhg cornpeting models in the same 

1.3 Chapter Five: Application of a Predictive Rule Used for Risk Stratifîcation - 
Evaluation of FUteen-year Trends in Risk Severity and Operative Mortality 

in Elderly Patients Undergohg Coronary Bypiss Surgery 

Within the context of cardiac surgery, the use of predictive d e s  for risk 

stratification has been employed more commonly as a method of cornparing observed to 

expected probabilities, either during the mode1 validation step or for provider-specifîc 

~ o r n ~ a r i s o n s . ' ~ ~ ~ ~ ~ ~ ~ ~  In Chapter Five we demonstrated the application of a predictive 

mle to stratify patients into relative risk groups for research purposes. We developed a 

predictive d e  for operative mortality in appruxhately 19,000 patients who undenvent 

coronary artery bypass surgery over a meen year period We then applied cutpohts of 

the model-derived risk scores to construct relative ri& groups (Iow, medium, high).. This 

chapter c I d e s  the issue of how risk groups, constructed fiom a predictive nile, can be 

used for temporal trend evduation of ri& factors and outcomes in combination with 

5 



simple contingency table anaLYsis? Additionally, we developed a new d e  for 

prediction of operative mortaiity in contemporary, elderly patients who undergo isolated 

coronary bypass singery. 

1.4 Chapter Sir: Predictive Accuracy Study: Cornparison of a Statisticai 

Mode1 to Chicians' Probabüity Estimates of Adverse Outcomes FoUowing 

Coronary Bypass Surgery 

In Chapter Six we wished to evaluate the application of a predictive d e  in 

clinicd practice as decision-support for pre-operative patient counselling. Surgeons, 

nsidents and a nurse clinician were randomized to receive a predictive d e  for either the 

fht or second set of 50 patient vignettes and asked to estimate the probability of each 

patient's risk of operative mortaliv and prolonged intensive care unit stay afler 

reviewing the vignettes. Clhicians' estirnates wen compared to probability estimates 

caiculated fkom the predictive d e ;  additiondy comparisons were made between the 

clinidans and the statistical mode1 for discrimination and precision?4 

1.5 Chapter Seven: The DeveIopmeot and Appiication of a Predictive Rule to 

Eviluate the Long-tem Outcomes of Coronary Artery Bypass Surgery 

Issues identined in the previom three chapters which were important to the 

development and appiication of a clinicd predictive d e  for hospital outcomes were 

addressed in the development of a novel predictive d e  to evahiate Iate outcomes 

following cardiac surgery. Data linkage between a large clinid database and 



administrative data dowed for identification of the rnultivariable, independent 

predictors of late SurYival and te-admission to hospital for cardiac events. AdditionalIy, 

ri& ratios from the Cox anaiysis of survivd were used to determine risk scores for each 

patient. Patients were stratified into relative risk groups and risk-adjusted sumival was 

compared between surgeons. 

This method of linking an institutional, clinical database to administrative data for 

the purpose of follow-up is unique in the cardiac surgery [item-. A large Canadia. 

study by Ghaii and ~ o l l e a ~ u e s ~ ~  used Canadiau institute of Heaith Idormation data to 

detennine risk factors and outcornes in over 50,000 patients undergohg coronary artery 

bypass surgery. However, their study was limited by the determination of comorbidity 

fiom ICD-9 codes and the Iack of cardiac-specific risk factors such as left ventricular 

ejection fraction and extent of coroaary artery disease. Two American studies which 

linked clinical data to administrative data were limited by the sole evaluation of mortality 

in Medicare patients only,'$' or in a relatively small cohort of patients following 

CABG." Thus we present a unique Canadian study which evaluates not only mrvival in 

a large population of CABG patients but also their fkeedom from re-admissions for 

cardiac events. Aiso, a predictive nile was developed to predict late survivai fo1Iowhg 

CABG. 



Chapter Two 

Methodological Issues 



Several authors have described rnethodological standards for the development 

and application of predictive des. 7*14-16*n-102 Some of the major issues surrounding 

model development, application and sources of potentiai bias will be reviewed briefly in 

this chapter. 

2.1 Propostic and Outcome Variables 

~ a w s o a l * ~  suggested that each variable contained in a prognostic scale can be 

treated as a '?est>' or "measurement? and as such, we must be aware of the potentiai 

biases and sources of imprecision that c m  arise fiom multiple sources of meamernent 

Definitions of outcomes and proguostic variables should be precise, diable, 

reproducible and fm of ascertainment wassod4 suggested that d e s  

predicting objective biological outcomes rather than sociological or behavioural 

outcomes are Iikely to be more robust when applied externdfy in different patient 

settings. The variables used to build the mode1 should be sensible, comprehensible and 

have a biological association with the outcorne. Feinstein referred to "content validity" 

as the judgementai appraisal of the underlying components of an index.'04 Therefore, 

subject knowledge should guide the selection of candidate variables submitted to 

multivariable analysis. The degree of bias present in modelling is directly proportional to 

the number of variables entered into the 1node1.~~ For example, a model which is 

internally valid but which inchdes idiosyncratic variables would be biased in favour of 

the original dataset from which it was derived. The eady deletion of mimiportant or 

tmreliable data will result in models with less over-fittmg and hcreased generalizability- 

Inaccuracks m mode1 devefopment can mise from prognostic variables which violate 

9 



assumptions of Iinearity *th the outcome variable, the omission of important predictors 

from the rnodel, and a high fkquency of missing data or ùnproper imputation m e t h o d ~ . ~  

Strict attention to the validity of data used to develop a predictive d e  will ensure 

minimal bias at this crucial, fimdamental step in model building. 

23 Thesis-Specific Issues Regarding the Data 

Data Source and Hlindling 

The Division of Cardiovascular Surgery at the Toronto General Hospital has 

maintained a database of al1 patients undergoing cardiac surgery since January 1st. I982. 

Monnation was collected prospective& on every patient at the time of their operation 

and entered into a dBASEIV database by a trained, experienced data abstractor. 

Consistent monitoring is undertaken to ensure accuracy, especially for variables such as 

the Canadian Cardiovascuiar Society angina class and descriptors of acuteness which are 

susceph%le to subjectivity and variability in coding. The surgical checust (Appendix 1), 

attached to the &ont of every chart, is filIed out by the surgeon at the time of surgery, 

pnor to any postoperative events. A daîabase manager is responsible for coilecting these 

checkiïsts fiom the chart after the patient is discharged, verifying risk factor information 

by reviewuig the chart and f i h g  out the information regarding postoperative rnorbiàity 

or rnortality. The database manager is bighly traiued and skilled at detecting miscoding 

of variables or 'irp-coding". Periodic data validation studks at the Toronto Generd 

Hospita1 conducted by the Cardiac Care Network of Ontario have demoIlStrated an error 

rate which is consistently less than 2% for all variables except for operative mortality, 

where the e m r  rate is less than lll0Oth of one percent and represents keystroke emrs 

10 



rather than ascertainment errors. 

The surgeons at the Toronto GeneraI Hospital are f d a r  and cornfortable with 

the layout and format of the data checklist. Therefore, we can argue that this check list 

has reasonable face vcllidity? Variables included on the form are a result of years of 

discussion and modification within the cardiac surgery group and therefore are 

considered sensible and comprehensive measurements of patient characteristics and 

outcornes. 

Data Ent*y and Coding 

There are no coding transformations required prier to data entry. The data entry 

program has been developed to provide range and Iogic checks for each variable entered. 

To minimize the uncertainty associated with blank data fields, missing data are coded as 

"-9". Typically, the missing data rate in the Toronto GeneraI Hospital cardiac database is 

less than 1%. 

Variable or coding transformations are done by the statistician during the 

d y s i s :  for example, arbitrary cutpoints in age could be used to defie "elderly" as 

above or below 70 years of age. Two or more variables codd be grouped to mate  

specinc cohorts of patients, e.g., patients who have had a myocardiai infarction within 

the month prior to surgery and who were st i l l  experiencing post-infarctional an* 

Variables such as ''timuig ofsurgery" could be collapsed fiom four ordinal variables to a 

dichotomous variable (elective, non-elective). The validity of these transformations 

wouId be checked by evduating their association with the outcome variable during the 

initiai steps of statisticd anaiysis. 



Candidate Van'ables 

Appendix 2 includes the code book for al1 variables contained in the Toronto 

Generai Hospital's Division of Cardiovasnilar Surgery Clinicd Database. For the 

purpose of this thesis, only those variables which are relevant to coronary artery bypass 

graft surgery are used. Variables specinc to vdvuIar, congenital or other non-coronary 

surgery were excluded. 

Briefly, information was collected which mcasured: 

(1) demographics (eg., age, sex, height, weight, previous cardiac surgery 

etc.); 

(2) cardiac pathology (e-g., extent and specifics of cardiac disease, 

namely which coronary artery vessels are signif~cantly stenotic, other 

cardiac pathology, Ieft ventricuiar ejection fraction); 

(3) symptom status (e.g., severity and pattern of angina or shortness of 

breath); 

(4) functional status (e-g., New York Heart Association classifkation) 

(5) other comorbidity (e.g., diabetes, rend failure, hypertension, 

pexipheral vascdar disease, chronic obstructive Itmg disease etc.); 

(6) operative mortality; 

(7) Iength of stay. 

Variables which measure intra-operative or postoperative events were excluded 

fiom the development of the predictive d e s  in this thesis since their purpose(s) was 

"pmgnosis" prior to surgery and/or cpdity of c m  comparisons. Each item measures 

only one elexnent of information. 



Data Limitations 

We were constrained by the characteristics of this existing database from which 

we developed and evaluated the predictive risk instruments in this thesis. This is a 

typicai problem faced by those who *sh to constnict predictive d e s  based on data 

which hss already been collected. There may be some important items which have been 

omitted or inadequately measured. For example, in the TGH database "'diabetes" was 

coded as either present or absent. There may have been a ciifference between the type of 

diabetes (non-Win versus insulin dependent) and the risk of operative mortality but we 

were unable to mess this relationship. However, the deficiencies in some items would 

most likely have contributed to %aise'* and biased results toward the nui1 hypothesis. 

In addition, some variables which were recorded in a "Notes" field in the 

database, may be clinically very important to outcome but because of their low 

prevdence in tht population of interest, fail to meet the statistical requirements for 

inclusion in a model (e.g., severe vasculopathy, allergy to heparin, etc.). 

23 Statisticd Modelling 

The choice of which statistical model to use to constmct a predictive nile depends 

on certain assumptions: 

1) The study subjects are random and rqresent independent observations. 

2) The distrt'bution of the response (outcome) vanable has certain properties: 

a) Logistic regession has no distributional assumptions: the 

predictor variable X is îinearly rdated to Iog odds of the outcome 

variable (log (Pl 1-P)), where Ppredicted probabw of the 



outcome; 

b) The Cox model assumes proportional hazards over the .  In Cox 

models for survival (S) to tirne== log(-log(S(t))) and log k(t) are 

Linearly related to X, where log A= the underlying hazard fimction; 

3) FdIy parametric tests (Le., WeibuiI or log-logistic) do have distniutional 

assumptions for specific shapes; 

4) Predictors act in an additive fashion unless interaction tenns are included 

Interactions must be explored, especially those associated with age and 

risk factors, temporal variables, q d i t y  and quantity of symptoms. 

Interactions should be pre-specified to reduce the number of parameters 

submitted to the model. A pooled test of al1 interactions is useful because 

if noue are significant, it may not be necessary to test any M e r .  77.8 1 

Logistic regression models generate probabilities (P) of an outcome from the 

formula: 

where Po = the constant and pi = the regression coefficient for each Ievel of a risk factor 

(X) in the model which characterizes the patient. 

Stepwise seIection ad& varïabIes to the mode1 mtil the residuai chi square is not 

sipnincant? The statistician must pay attention to mteraction, coheanty, and 



influential observations? The choice of which variables to submit for consideration to 

the model should not be based solely on bivarïate a ~ t a l ~ s i s . ~ ~  AU explanatory variables 

with a bivmCate P value 4)125, as weii as those found commoniy in other major risk 

indices but failing to meet the critical alpha level, can be submitted to logistic ngression 

analyses. 89, t O5 

Mathematical techniques to constmct predictive mies include equations where 

Sielihood can be assessed by summing weights assigned to predictors to fom a score8' 

Risk weights for each prognostic variable can be constnicted nom rounded regression 

coefficientp or odds ratios. 399'06 Coste and colleaguesgO verified that the Ioss due to 

rounding was minimal and that the resulting simplified scoring system was attractive to 

clinicians because it did not require complex computation. The usefulness of a predictive 

d e  in a clinical se thg  may depend on its simplicity and ease of application.'07 

Mode1 validity is evaluated by assessing both predictive accuracy and calfiration. 

2.4 Predictive Accuracy 

Disairnination measures a predictor's ability to separate patients with different 

outcomes. Ifa model has poor discrimination, then no amount of adjustment or 

calcbration can correct the model. If discrimination is good, re-calibration d l  not 

saciifice discrimination. n,78 

For Iogistic or Cox models, discrimination can be quantifled by the C index for 

ordinal asstssment which is equivalent to the area under the Receiver-Operator 

Characteristic cmve (ROC) for binomial outcomes. The area under the ROC curve is 

related to rank comlation between predicted and observed outcomes. The areas under 
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ROC curves are widely applicable and easily understood by c~inicians? The ROC curve 

area refi ects the percent of concordant pairs, is., the member of the pair who has the 

disease or outcome is the one with the higher disease/ootcome 

probability. i6*ns9293~i**io8,i09 The area under the ROC -e assesses resolution, not 

calibration, and is not afEected by the model's constant83 The area under the ROC c w e  

can be used to compare predictive ability of two models, 90*'08*109 however ROC curves 

are not sensitive for detecting maIl &Exences in discrimiaation between two rnode l~ .~  

2.5 Caübration 

Hosmer-Lemeshow Goodness-of-Fit 

For probabilistic prediction to be usefid for medical decision making, the mode1 

must be reliable or ~alibrated.'~ Cdibration refers to the extent of bias. Calibration for 

categoncal assessments can be evaluated by the Hosmer-Lemeshow goodness-of-fit 

statistic (HL). nv8s929697*io5 HL is d&ved fiom calculating the Pearson X2 for a 2 x g 

table of observed and expected fiequencies. This statistic has an asymptotic 9 (g-2) 

distn%ution. The nuü hypothesis for the HL statistic is that the model fits the data, 

therefore P vaIues less tban 0.05 indicate a signifïcantly imprecike model. 

Calibration Curves 

The precision of a predictive mode1 can aIso be assessed by constructirtg 

&%ration m e s  of observed versus predicted probabilities. 1737,89992 ~~b~~~ 

fonned based on composite risk scores, relative risk groups (e-g., low, medium, high 

risk), cutpoints of the predicted probability of outcome or cIinical deflnitions. The mean 

predicted probability of outcome for each subgmup is plotted against the mean observeci 

16 



outcome. The degree of departure fiom the 45" he, representing perfect caliiration, is an 

assessrnent of bias, or over- or under-Mg. The R~ fiom linear regession andysis 

estimates the strength of the linear relation between predicted and observed probabilities, 

or the amount of variation that is explained by the model. It is a method which can 

directly assess the amount of over- or under-fitting? 

Brier Scores 

The Brier score measures both accuracy and caiibration at the individuai patient 

level. The Brier score (BS) is a quadratic penalty score with values between O and 1; 

therefore, the lower the Brier score, the more accurate the judgement. The formula is as 

follows: 

BS = (P -dl2 

where P=predicted probability of outcome, d (event) û=event did not occur, l=event 

occurred. The Bner statistic as a rneasure is a combination of two sorts of error - 
caiiôration and discrimination. A statistic can be derived fiom the Brîer score to test for 

the calibration of the modeI. Under the nuil hypothesis of perfect caiibration, this 

statistic foiiows a standard nomai distriîution, and P-values can be derived fiom rhis 

distriiution. IS,l6Q3,llû-l 14 

Owr- under-$tti&power 

Goodness of fit does not imply good predictive ability. The fit of a model can be 

improved by mcreasing the number of variables in the model, but this strategy puts the 

mode1 at risk of over-fitting and therefore reduces the model's performance in 

subseqyent stuclies?* Diamond refm to over-fitting as a problem with ca~ibrabion.~ 

Inaccuracies due to ovcr-fitthg occur h m  fitting idiosyncrasies m smail datasets 



d h g  in too many parameters for too few outcornes. 77*"5 Models which contain 

prognostic variables associated with very broad confidence intervals about their 

regression estimates are red flags for statistical ~ver-f i t t in~?~ 

Under-fitting cm occur as a result of lower power, therefore some important 

vaxiables may be omitted because there are insufficient outcomes to M y  mode1 alt the 

important preciictors.86 

Parsimony refers to fittllig the smdest number of variables in a model which best 

describes the outcome. However, ~ ~ i e ~ e l h a l t e r ' ~  stated that if the purpose of the mode1 

is prediction, then fitting a parsimonious model should not be the specific goal of 

analysis. Issues of unbiasedness and identification of a small number of explanatory 

variables are irrelevant. Spiegeihalter believed that the aim of developing a predictive 

model is to allow for uncertainty about the estimated parameten, leading to iess extreme 

predictions or biased estimates and prediction. He concluded that variable selection 

should be governed more by the convenience and costs of measurement than by attempts 

to fit a parsimonious model. 

Statistical emrs cm be avoided by paying attention to power.  Hsieh and 

coileagues have studied the number of outcome events required per predictor variable in 

logistic regression and concluded that 10 events per outcome minimized bias. This 

convention has been supported by   th ers?^^^^*' ls PeduzP and coiieagues performed a 

simulation study for the number of outcome events required per prognostic variable and 

dernonstrated that as the event/variable ratio demeased, bias of regression coefficients 

increased? If the dataset is smd and there are nummus variables which codd be 

independently associated with the outcome, data reduction techniques which do not use 
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the outcome variable may be employed to reduce the number of parameters submitted to 

the model. Data reduction techniques include principle components ciustering, deriving 

clinical summary  score^,^ or combining risk factors which determine a specinc 

subgroup membership using propemïty  core es."^ 

However, even ifpredictive accuracy and calibration are optimal, a model 

developed in a training set £tom empuical variable selection can be so highly adapted to 

the denvation data that the utility of the model in extemal datasets is c ~ m ~ r o r n i s e c l ~ ~  

2.6 Vaüdation 

The purpose of vdidating a model is to provide nearly unbiased estunates of 

predictive accurecy which are of relatively low variance? The best methods for 

obtaining nearly unbiased interna1 assessrnents are data-splitting, cross-validation, or 

bootstrapping. 

Data-spltting: A model is developed in a proportion of the dataset and tested for 

accuracy and caltbration in the rernaining &ta. With this method, the indices of accuracy 

may Vary gmtly with different spiits. It is not an appropriate method if the mode1 is then 

re-formed in the entire dataset for extemal use? 

Cross-validation is repeated data-splitting. The benefit is that the training 

samples can be large (e-g., total dataset minus 50 patients). This method reduces 

variab- by not re1ying on a single split. However, others have shown that this method 

is relatively inefficient due to the high variation of a c m c y  estimates when the proces 

is repeated.n 

The jackkiife method is perfomed by excluhg one patient and then rederiving 
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the rule and applying it to the one excluded patient, reqeated many times. The frequency 

that the excluded patient is misc1assined is reported. 

Boo&trapping provides nearly unbiased h a t e s  of predictive accuracy that are 

of relatively low variance. Bootsirap methods measure two error rates. One is obtained 

by applying the original d e  to a randomiy chosen (with replacement) population. The 

second is obtained by using the new population to calculate a second rule and then 

applying it directly to that population, many times. The difference between the two error 

rates is averaged over ai1 populations. The size of this average is an estimate of the 

stability of the d e  as it might be applied externaily. This is a good rnethod when data 

are too precious to waste using a split-sample rnethod. 14,n 

Both jackknife and bootstrap methods use the variability of the original dataset to 

simulate perfomance of the predictive rule in an extemal population. These methods 

d l  not eliminate bias in patient selection or data collection. The most stringent 

validation rnethod is to apply the predictive rule in an extemal dataset and then evaiuate 

predictive accuracy and precision. 14*80*8La69s The most common reason for poor 

extemal validation is statistical over-fitting. 

2.7 Extemal Application 

To re-iterate: predictve d e s  developed in one population of patients often 

perform poorly when applied to extemal datasetS. 14,~0.&90,939596 ~h~ most Co-On 

probiem associated with poor fitting of an extemai mie d t s  fiom statisticaliy over- 

nttmg the original  mode^?*****^^^^ Even ifan extemai mode1 was well vaüdated 

mternaIIy, secdar changes in treatment or outcornes can reduce the applicability of the 
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model. The site and case-mix of the population fiom whence the nile was developed 

must be carefÙIly defined. Selection bias or diffefence in case-mix may distort the 

original d e  such that it is not representative of the population for which it is being 

applied. Additiondy, predictive models may perform l e s  welI in extemal datasets 

because of differences in surveillance strategies and diffetences in the definitions of 

predictors or out corne^.^^^^^^^ If an extemai model has good discrimination but poor 

precision, ~ e r e s ' ~  suggested recalibration as a method to improve predictive accuracy. 

2.8 Summary 

Major methodological issues surroundhg the developrnent and application of 

predictive d e s  inchde: 1) propostic variable selection, 2) statistical over- or under- 

fitting, 3) model discrimination and calibration, 4) mode1 selection (e.g., extemal or 

internai), and 5) model validation. These issues w i U  be evaiuated in this applied thesis 

within the context of coronary artery bypass surgery. 

In Chapter Four we evaluate a method to assess cdibration in a single mode1 

ushg linear regcession andytis and a novel method of c o m p a ~ g  two or more cornpethg 

models using aiidysis of covariance. We demonstrate the advantages of recalibratuig an 

existin& extermi index. Additionally, we demonstrate the irnprovement in both 

discrimination and preckion achieved by remodehg an extenial d e .  

In Chapter Five we demonstrate how a predictive d e  can be used to establish a 

temporai benchmark. Relative risk groups constnicted nom a predictive d e  can be used 

to evaluate temporal trends in ri& severity and outcornes ushg simple, contingency table 

analysis. 



Chapter Six represents a unique study in application. A predictive d e  was 

offered to clinicians as a tool to guide their estirnated probabüities of operative mortality 

and prolonged length of ICU stay. In this sttxdy we used a methood of prevafence 

adjustment of a deliberaîely skewed patient sample to compare discrimination between a 

statistical model's and dinicians' probability estimates of outcornes. This study 

highiights the ditnculties that may be encountered when trybg to introduce a predictive 

d e  into clinical practice. 

The major methodological lessons learned in the previous chapters were 

incorporated in the development of a novel predictive d e  to evaluate long-tem &val 

following coronary artery bypass surgery. In Chapter Seven we present a unique 

Canadian study in which we linked a clinical database to administrative databases to 

follow patients for long-tenn survivd and fieedom fiom re-admissions to hospital for 

cardiac events. 



Chapter Three 

Knowledge to Date 



A brief revkw of the experiences in Toronto, Ontario and the United States, and 

the forces which gave rise to the proHeration of predictive ri& indexes in the cardiac 

surgery liteniture will be presented in this chapter. The major contniutors to the 

evolution of cardiac surgery nsk aigorithm wiîl also be reviewed. 

3.1 Toronto Experience 

In 198 1, a project was initiated at the Toronto General Hospital to mate a clinical 

data registry for all adult patients undergoing cardiac surgery. The two other University 

of Toronto affiliated hospitals which had adult cardiac surgery programs (Toronto 

Western Hospital and St. Michael's Hospital) also expressed an interest in participating 

in the database. The purpose of this database was to prospectively collect patient- 

specific, procedure-specific and outcome information on every addt patient undergoing 

any cardiac surgery in the city of Toronto. The information was to be used for research 

into the impact of nsk factors on outcomes, the evaiuation of temporal trends in risk 

factors and outcomes, clinical research projects, and monitoring quaiity of care. 

It took one year to establish the list and coding of the variables to be collected, 

develop the computerized format, organize the iafr;istructure for data collection, and 

leam the necessary computer and statisticai skiUs requirrd to input and accas the data. 

The original dataset contained information on cardiac-specinc rkk factors but there was 

no information coIiected on comorbidity, ag., diabetes, peripheml vascdar disease, 

hypertension, rend faflure, etc. 

The initial format invotved coding the information on 80 column computer cards 

and then p&g those cards through a card reader to the IBM mainname at the 



University of Toronto. The University mainframe was accessed by telephone modem 

fkom a remote dumb terminal. The statisticai program, SAS (SAS Institute, Cary, NC) 

was used to read the data and generate reports. 

in 1987, the data platfonn was changed to a personai cornputer-based dBASEIV 

format. At this tirne additional information which measured comorbidity (e.g., diabetes, 

hypertension, peripherai vascdar disease, renal failure etc.) was added to the variables 

coiIected. AIso, at this t h e ,  St. Michael's Hospital withdrew fiom the citywide 

database. Data collected fiom the previous five years were down Ioaded fkom the 

University maidhune and appended into the BASE files. Data were entered and 

managed in dBASE and then uploaded to the UniversiSr mainframe for andysis. This 

structure remained in place until1990 when dl data were managed and andyzed on a 

personai cornputer. In 1990, the Division of Cardiovascular Surgery at Sunnybrook 

Health Sciences Center used the dBASEIV structure to create thek own database. 

Since the inception of the cardiac surgery database, each participating hospital 

has received a confidentid annual @ty assurance report which was intemally 

distniuted. Additiondy, this database has provided a rich source of information for 

observational research. 72.+74,95,1 17-136 

3 3  Ontario Ehperience 

In 199 1, the Cardiac Care Network of Ontario was inaugurated under the 

direction of a committee of providets with input and financial support fiom the Mhktcy  

of Heaith. AIl patients who had a cardiac catheterization in the province were registered 

in the database. Surgical priority was recommended by a scoring algorithm based on 
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weights assigned to variables measuring symptom status, response to medical treatment 

and coronary a n a t o ~ n ~ . ' ~ ' ~  The nsk weights for recommended surgical priority were 

detemiined by a consensus panel of providers. Each panelist reviewed 438 case 

scenarios and was asked to independently rank each patient for the maximum acceptable 

waiting period fiom the time of coronary angiography to surgery. Seven levels of 

recommended wait times ranging nom 4'emergency" to "marked delay" were 

constructed. This urgency rating scale has been used to triage every patient undergohg 

coronary angiography in the Province of Ontario since April 199 1 in an effort to manage 

patients waiting in queue for coronary bypass surgery. 

Morgan and c o ~ l e a ~ u e s ' ~ ~  examined deaths in the queue waithg for cardiac 

surgery in -29,000 patients fiom 199 1 to 1995. The death rate for those waiting for 

isolated coronary artery bypass surgery was 0.48%. Naylor et al'38found that registered 

patients who survived six months following an acute myocardial infiaction and who were 

waiting for CABG were at a much higher risk of death than an age-gender matched 

population, however, they were at similar risk as those living with coronary artery 

disease. Morgan et ai suggested that additional reductions in the already low rate of 

deaths in the queue could be achieved by even shorter waiting thes,  better cornpliance 

with existing guidelines, and guidehe revisions to upgrade patients with Ieft ventricdar 

dysfùnction. Reports fiom the Cardiac Care Network via the Institute for Clinical 

EvaIuative Sciences to the Mùiistry of Heaith have directly influenced additional fimding 

for cardiac care in the Province of Ontario and prompted increases in the maximum 

allowed case load pet institution for coronary bypass surgery. These reports highlight the 

vital importance ofan inclusive regksûy to hedth senice management. 



The Cardiac Care Network has reguIarIy produced confidentid. ri&-adjusted, 

coronary artery bypass graf€ surgery outcome pronles by centre from 1993 to 1998. In 

1999, the Institute for Clinical Evaluative Sciences published CardiovasmIar Health and 

Services in Ontario: An ICES Atlas. This was the fkst public report of institution- 

specific, risk-adjusted operative mortality rates following coronary artery bypass srngery 

in the Province of ~ntario.'~' 

The Cardiac Care Network of Ontario has also provided valuable data for the 

development of a predictive nile. Tu and c ~ l l e a p e s ~ ~  pubIished a muiticenter predictive 

risk index to evaiuate a combined outcome of operative mortality and prolonged length 

of intensive care unit stay in 1995 based on data collected by the Cardiac Care Network. 

This model was derived and internally vaiidated in a heterogeneous population of 

coronary artery by-pass graR surgery and vaivular heart surgery. Six variables were 

rnodelled: age, gender. LV grade, previous coronary bypass surgery, surgical pnority, 

and valve surgery. AIthough statisticdly robust, the model was criticized for not 

completely characterizhg patients. AdditionalIy. the mixed nature of the model resulted 

in the diIution of the impact of some of the risk factors for the purpose of prediction of 

operative mortality in coronary artery bypass surgery patients only (e.g., previous 

surgery, poor ventricdar function and female gender). The extemal validity of this d e  

is evduated in Chapter Four dong with strategies designed to improve its performance h 

a population of patients undergoing isolated coronary artery bypass singery. 

3 3  American Experience 

Cardiac surgery became the first medicd discipline to be subjected to public 
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scruthy. The results of open heart surgery in Medicare patients were first made public in 

1986 and l987."*'* In 1986 there were 320,000 coronary artery bypass procedures 

performed in the USA coshg $7.5 billion for 1.5% of ail heaIth care expenditures? 

Rompted by an effort to achieve cost contaiment in cardiac Surgery, the Hedth Care 

Financing Administration disclosed survivai rates fouowing cardiac surgery with the 

clear intention equating operative mortaiity with quality of care?23SJ6 This was iater 

dubbed "score card surgery" by the press. 

In 1988, the New York Tùnes fiied a request under the Freedom of Idormation 

Act to obtain information nom Medicare for the operative mortality (OM) results 

following coronary bypass surgery. in 199 1, Newsweek sued the New York State 

Department of Health for their database of information not only regarding coronary 

bypass surgery but aiso surgeon-specific outcomes. The Supreme Court of New York 

agreed that the public had a right to know to eaable them to make infonned decisions. 

The State of Pemsylvania wes also sued under the Fmdom of Information act to 

reIease provider-specific data on outcomes of cardiac surgery. In 1989, a law was passed 

in Pennsylvania requiring hospitals to report mortality. In 1990, the Pemsylvania Health 

Care Cost Containment Council (Harrisburg, PA) published a "Consumers Guide to 

Coronmy Artery Bypass Graft Surgq". This report did not include surgeon-specific 

resuits, but the surgeons were ranked in order of their risk-adjusted outcomes. The risk 

algorithm used to cdcuiate risk-adjusted outcomes was proprietary and access to the 

foxmula was denied. The ri&-adjastment systern was Cnticised for bemg poorly 

designed, in that th= was no distinction made between preoperative conditions and 

postoperirtive c ~ r n ~ l i c a t i o n s ~ ~ ~  
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These first reports from New York and then Pennsylvania by the HeaIth Care 

Fhancing Administration contained either raw operative mortality rates or risk-adjusted 

rates derived fkom questionable data or methods, and therefore did not f k l y  reflect 

quality of  are.'^*'* The result was a firnry of public outcry fiom surgeons complaining 

about di t i r  comparisons, and a concerted effort by seveml groups to develop valid risk- 

adjustment dgotithms which would "level the playing field". 

The Pennsylvania report resulted in widespread gaming. A swey found that 

90% of surgeons made no use of the report and thought the report was mis-leading. The 

report had little influence on referral patterns but may have introduced a barrier to care 

for high risk patients.'40 Carey and c o l ~ e a ~ u e s ~ ~  stated that there is evidence that public 

releases in New York and Pennsylvania may have had a negative impact on the provision 

of care ta the most severely il1 patients. Green et alt4' found that there was an increase in 

prevdence in five risk factors in the New York State reporting system &er the release of 

the first public "score card". Vananations of some risk factors were greater each year than 

could be expected, therefore Green concluded that there was again concern that improved 

results reflected "gamuig" of comorbid variables rather than real ùnprovements in 

technical qudity of c m .  He suggested that perhaps the fault shouid not lie with the 

report cards per se but rather the method used for reporthg resdts. Both Cary and Green 

felt that disclosures must be accompanied by non-punitive, voluntary @ty 

impmvement to promote an integrated, rational and evidence-based approach to the care 

of patients with coronary attery disease. In response to criticism regatding out-migration 

of high ri& patients, Hannan and co~leagues?~ suggested that impmvements in @ty of 

care in New York State were not related to changes in case-mix but rather an exodus of 
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low-volume surgeons with high risk-adjusted operative mort&@ rates and better 

perfionnance ofnew surgeons?6 

In the state of Minnesota in 1992, major payers in the state asked for risk-adjusted 

outcomes so they could select "centers of excellence". In 1993, surgeons organized to 

coilect, andyze and report reliable, statistically valid data using the Society of Thoracic 

Surgeons voluntary database. Confidentid reports and ongoing quality improvements 

have resulted in a decrease in mortdity in both confidentid and public reporting 

systems. 140 

An example of confïdential, voluntary @ty improvement can be found in the 

experience of the Northern New England group. The Northern New England group, 

comprised of five hospitais in Maine, Vermont and New Hampshire, introduced a qua1ity 

assurance program in 1987. In 1990, risk-adjusted outcomes were distniuted internally, 

presenring the anonymity of institutions and surgeons. Tearns fkom each hospital visited 

each site to observe processes of care in 1990-1991. Needed changes to processes of care 

were identified and as a result, operative mortality decreased 24% in 19924993. This 

coilaboration was felt to be a key concept for qyaIity improvement The a u t h  

concluded that "cross-fertilization" (one institution visiting another) resulted in a 

synthesis of best practice.140 The resulting improvements in the process and structures of 

care were voluntary and not punitive.'8 Similar r d t s  were found in Ontano where 

annual risk-adjusted outcomes were also decüning. The Ontario r d t s  were 

confidentidy distriiuted to each centre but were not disseminated publicly.142 TU and 

c o ~ e a ~ u e s ' ~ ~  suggested that altemative approaches do exist for achieving Unprovements 

m morbûity rates following CABG other than public disclosure. 



The positive outcome of the initial public discIosures of institution and surgeon- 

specific outcornes was typined by a proposal by Hammermeister and others5033C7 for a 

new paradigm which would focus on monitoring quality of care through risk-adjusted 

outcomes. Hammermeister proposed a participatory continuous Unprovernent mode1 as a 

synthesis of three concepts: 1) continuous @ity imptovement, 2) intellectudly and 

altniistically motivated self-examination and seKknprovement, and 3) a modem medical 

information system. Hammermeister believed that participatory continuous improvement 

models could provide the Wework  to positively influence practice patterns which 

would then r d t  in improved access, quality and cost-effiectiveness of careo  

Many predictive models have been constructed for cardiac surgery patients to 

calculate expected operative rnortality or morbidity for the purpose of comparing ri&- 

adjusted outcomes across providem. Methodological sophistication has evolved over the 

past decade. The application of results from these models has either been extemal and 

public, or interna1 and confidentid. Both applications have been focused on improving 

the quality of care provided to patients uadergoing cardiac surgery. However, whether 

observed irnprovements in hospital outcomes can be directly attributed to provider 

profiling remains controversid. We present the major Amencan conhibutors to the 

development of predictive risk algorithm below. 

3.4 The Parsonnet Mode1 

Parsomet and cokguesL7 developed one of the earliest predictive d e s  to 

evaiuate operative moaality foIloWmg cardiac surgery. 

Parsomet devised a method to stratify patients by their predicted risk of operative 
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mottality by developing a simple s c o ~ g  system fiom data which was readily available 

fkom a d o m  reporting system in New Jersey. Parsonnet initially used a mixed model 

of comnary artery bypass * valve surgery. Sixteen L=MC factors were evaluated by 

logistic regression analysis to predict operative modi ty  in a test set of 3500 patients and 

validated in a set of 1332 patients. However, the predictive risk model presented in their 

Table 2 contained 18 variables: gender, morbid obesity, diabetes, ejection fraction, age, 

reoperation, preoperative intra-aortic balloon pump, lefi ventnnilar aneurymi, 

emergency surgery after failed PTCA, rend dialysis, "catastrophic" States, other "rare" 

circumstances, mitral valve surgery, increased pulmonary artery pressures, aortic valve 

surgery, high aortic valve gradient, and CABG combined with valve surgery. Parso~et  

stated that risk weights for each variable were derived fiom the logistic regression odds 

ratios and relative nsk groups determined by cutpoints of expected operative mortality: 

good 04%, fair 5-9%, poor 10- l4%, high 15-1 9% and extrerne 220%. 

An additive risk score was assigned to each patient in the test set by non-study 

personnel. The score was aiso extemally validated in four other state hospitals. The 95% 

confidence intervals for observed mortality were compared to predicted mortdi@ for 

each relative risk group. Linear regression analysis was used to compare the observed to 

the expected probabiIities of mortality for the risk scores. The coefficient of 

determination (R*) was cdculated for the cahîration cunres in both the derivation and 

validation sets, however, the intercepts and slopes were not reported. 

The authors excluded some nsk factors from the s c o ~ g  system because they did 

not sa* the criteria of behg &y quantifiable and mdily available. For example, 

chronic obstructive luag disease (COPD) may have bem an important predictor variable 
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but it was not available unless a pulmonary firnction test was done. ûther variables were 

too subjective or not universdly available, such as, the number of aortocoronary bypass 

grafts performed, whether or not an intemal thoracic artery was used as a conduit, or 

operative prionty. The inclusion of idiosyncratic variables or those which measured 

process of care may have threatened the extemal vdidity of this prognostic index. 

The authors stated that they used the odds ratios to form the risk scores but an 

examination of their Tables 1 and 2 r d t s  in some conhion. Some variables which 

comprise the additive risk score were not listed among the variables submitted to the 

logistic regression. The odds ratio for diabetes was 1 S8 (exponentiated regression 

coefficient of O . M ) ,  but the risk score for diabetes was 3. The regression coefficient for 

morbid obesity was -0.271 (odds ratio 0.76), suggesting that lower weight patients were 

at higher risk of operative rnortality. However, the risk score given to morbid obesity 

was 3. The variable, acute catastrophic states, measured several domains and was defined 

as acute structural valve failme, cardiogenic shock or acute rend failure. The odds ratio 

associated with this variable was 4.3. However, the risk score (10-50) assigned to "acute 

catastrophic states" seemed quite arbitrary. These issues may have contributed to the 

poor performance of the Parsonnet model in extemai & t a b a ~ e s . ~ * ~ ' ~ ~  Despite this, the 

Parsonnet d e  has been used in severd studies as a metric for risk-adjustment or 

assessment. 144- t46 

In 1996, Parsonnet and c ~ l l e a ~ ' ~  re-tooled their predictive d e  for isolated 

CABG patients by elirninating optional fields and reweighthg the variables. Patterned 

after the Society of Thoracic Surgery model, the number of variables increased fkom the 

origmalL8 to 20. They reported an improved fit between predicted and observeci 



probabüities for the highest risk patients. 

3.5 New York State Mode1 

Hannan and colleagues have written extensively on databases and processes used 

to develop and apply predictive d e s  to the outcomes of cardiac surgery in New York 

~tate.ZO-~~ 

In response to the Health Care Financing Administrations' 1987 report, the 

SubcomfTLittee on Statistics of Cardiac Surgery Advisory Cornmittee in New York State 

developed a patient-specific report card in 1988 to replace the aggregate hospitai forms 

previously submitted to the Department of Health. These reports were filled out on every 

patient uadergoing cardiac surgery in 30 hospitals in New York State. The new systern 

was narned the Cardiac Surgery Reporthg System (CSRS). The purpose of these reports 

was to: 1) evaluate the appropriateness of intervention with regard to long-tem bmefit, 

2) identify risk factors associated with hospitai mortality, 3) to calculate provider- 

specific, risk-adjusted rates, and 4) evaluate quality of care with regards to short term 

r i s k ~ ? ~ ~ '  In the k t  six rnonths of 1989,7,596 patients were registered in the database. 

Variables included in the report were those that were considered easily 

obtahable; they mcluded: age, gender, ejection hction, previous myocardiai iafarction, 

number of open heart operations m prwious admissions, diabetes requiring medication, 

dialysis dependence, disasters (acute structurai defect, rend failme, cardiogenic shock, 

gunshot), unstable angina, intractable congestive heart fatlure, Ieft main ûunk namwed 

more than 90%, and type of operation performed, Simüar to the Parsomet model, this 

mode1 also contained a variable, "disasters" which contamed more than one element of 
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information. The i n t e d  consistency of the data was checked. A PC based cornputer 

system was developed which contained intemal error and logic checks. 

In the initial report of their proposed predictive d e  to ri&-adjust operative 

rnortality:' logistic cegression aualysis was used with backward, stepwise variable 

selection. Age was collapsed into three categories and there were no significant fh t  

order interactions. The authors used a split-sample method to derive and test the model. 

However, they did not report 95% coufidence intervals or standard errors around the 

probability estimates. 

Low and high outlier hospitals were identified by the standardized mortality ratio 

(observed + expected probability of outcorne). The authors found more variation in 

mortality rates than could be expected by chance alone. 

This was the first snidy in which detailed clinical information fiom an entire state 

was used to identify risk factors and institutions with signüicantiy high risk-adjusted 

hospital moxtaiity for ail cardiac surgery patients. 

In 199 1, Hannan and colleaguesU evaluated the relationship between the vo1ume 

of cases and risk-adjusted operative rnortality in the 1989 CSRS database of 12,448 

CABG patients. Previous studies using claims or administrative data had fded  to show 

a relationship between low v o h e  and poor outcornes. However, the databases used in 

the prewious studies had lacked information on important caidiac risk factors. H m a n  et 

alz found that low volume singeons were a major contriitor to outlier status m four out 

offive hospitds. High volume surgeons had an operative mortality rate of 2.7% whereas 

low volume surgeons had an operative mortaIity rate of4.3%. 

The authors compared the Cardiac Surgery Reporthg System &ta which 



contained clinical information to the State-wide Planning and R e s m h  Cooperative 

System's (SPARCS) administrative data and evaluated the calculation of risk-adjusted 

operative mort&@ Eom each system.* Three important ri& factors, not available in the 

administrative &taset (ejection fhction, reoperation and left main disease), accounted for 

much of the difference in predictive power between the two systems. The authors 

conchded that SPARCS would improve if secondary diagnoses such as diabetes, 

urgency, left main disease etc. were included in the database. Hannan et al concluded 

that clinical data coding was unrestrained by ICD-9 codes and had the ability to 

distinguish between comorbidity and postoperaîive complications. The kappa statistic in 

this study for agreement between the clinical and administrative datasets for operative 

mortality was 0.97. 

Hannan wished to evaluate changes in risk-adjusted operative mortality during the 

k t  four years of the CSRS." Surgeons and hospitais were divided into three groups 

based upon theu performance in 1989. Al1 groups and providers demonstnited a decrease 

in ri&-adjusted operative mortality between 1989 and 1992, with the greatest decrease in 

the highest provider group. Expected operative mortality increased in al1 three groups 

over h * s  four year time period, f k m  art increase of 5 1% in the lowest group to 88% in 

the highest group. In fact, in the nrst year after the oripinai report, expected operative 

mortality incre;tsed 16% in group 1.28% in group 2, and 38% in group 3. These results 

suggested eîther a signincant increase in case-mix severity in one year or possible 

"gamhg'' or "up-coding" of risk factors. 

Some ofthe improvernents may have been a result of overall @ty 

Uaprovement. In the highest risk group. ri&-adjusted operative mortality feu h m  
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11.8% in 1989 to 4.8% in 1992, a decrease of59% suggesting that not all  the 

improvements in outcome were related to gaming. However, without any internai quality 

control of the data, the results rem* suspect. An imprecise intercept derived from the 

1989 model and applied to the 1992 data may have aiso accounted for the increase in 

expected operative mortaiity. The prevalence of risk factors in the 1992 dataset were not 

presented in this paper so case-& cornparisons could not be made with the original 

1989 dataset fiom which the model was derived. 

Hannan et al continued to evaluate the improvements in outcomes in New York 

 tat te? The 1989-1992 CSRS &taset of 57,187 patients was used to calculate risk- 

adjusted outcomes h m  the formula: observedexpected operative mortality times the 

overall average operative mortality. The model had a ROC = 0.787 and HL P value of 

0.16. Adjusted odds ratios and their 95% confiidence intervais were pnsented. Hannan 

identified problems with audits in one out of the 10 hospitals evaluated. The authors dso 

identified that there may have been some potentiai out-migration to centers in 0 t h  

States. 

Quaiity improvements were identified in the process of care for emergency 

patients. Refecral patterns were changed for high risk patients who were directed to 

centm with lower risk-adjusted rates. Some surgeons were denied practice and the 

heads of some divisions were either changed or program reorganized These factors 

may have conhlauted to an overall improvernent in the quaiity of tare? 

New York state anndy reports institution-specifïc and surgeon-specinc 

outcomes ofcardiac singey." In nsponse to criticisms that cIuaüty improvements in 

New York state resulted h m  a change in case-mix, H a ~ a n  and colleagues perfonned an 
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additionai evaluation of the relationship between operative mortality and surgical 

volume? They concluded that improvements were not related to changes in case-mk 

but rather an exodus of low volume surgeons with high risk-adjusted operative mortality, 

combined with better performance of new surgeons. 

In 1997, Hannan et al2* concluded that there was no bias against operating on 

high risk patients in New York State. High risk patients comprised 7.3% of the total 

population and had an expected operative mortality greater than 7.5%. However, their 

data showed that there was a 73% increase in the prevalence of high risk patients in ody 

two years. Gaming or "up-coding" in the CSRS remain suspect. 

3.6 Society of Thoracic Surgeons Mode1 

Clark and c ~ l l e a ~ u e s ~ ~  described the development of the b t  national database 

for cardiothoracic surgeons in the United States. The framework of this database was 

designed for smaller, community cardiothoracic surgeons rather than large tertiary 

centers. The impetus for the creation of the Society of Thoracic Surgeons (STS) database 

began with the Health Care Financing Administration's (HCFA) re1ease of raw mortality 

rates for CABG and the response of the public to the misinterpretation of the raw rates. 

There was no risk stratification in the HCFA reports. In 1986, the Standards and Ethics 

Cornmittee to the Council of the STS proposed the development of a nationwide, 

voluntary database, stating that "ri& stratification is the essence of responsible cardiac 

surgery". The STS solicited an outside contract with Summit Medical Systems Inc in 

1990 who offered a four &y educational course for data @ty- The Society of Thoracic 

Surgeons provided a tempIate for volmtary data gathering and continues to maintah 
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provider c~nfidentialit~.'~ In Juue, 1990 the first mailing was sent to members. By 

February 1991,330 members had contributed 70,000 patients. By Jatluary 1993, there 

was an 86% increase in the size of the database?' 

Edwards, Clark and schwad2 developed the first statistical mode1 to predict 

operative mortality on behalfof the STS in appmximately 80,900 patients undergohg 

CABG between 1980 and 1990. Some of the data pre-dated the STS database therefore 

-2000 records were excluded due to invalid data. Additiondy, data which pre-dated the 

STS database were subjected to varying methods of scrutiny and variable definition. 

Because of significant temporal trends in CABG outcomes and the relatively mialler 

amount of data prior to 1984, the authors agreed to develop the predictive model in the 

1984 to 1990 data only. Data were split into equal derivation/vaiidation sets. 

Logistic regression was used to identify the independent predicton of operative 

moaality. Bayes Theorem was used to calculate the conditional probabilities of 

individual patient outcomes. Bayes modelhg was chosen because the authors felt it was 

extremely flexible in accommodathtg temporal changes in the patient population. As the 

population changes over time, the conditional probability matrix will change to reflect 

the influence of current patient characteristics. As a result of using Bayes, continuous 

variables had to be coIIapsed into dichotomous variables, e.g., age<50 years (YesMo), 

age 50-70 years (Yes/No), and ageW0 years (Yes/No). There was no description of the 

validity of the chosen cutpoints, Le., sensitivity or specificity. 

Variables included in the Bayesian predictive model were: age, fernale gender, 

morbid obesity, currcnt smoking>100 pack years, diabetes, d fdure, hypertension, 

cerebrovasdar disease, COPD, valnilar huia disease, previous cardiac surgery, number 
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of disease coronary arteries, left main stenosis, ejection fraction, ventncuiar aneurysm, 

previous myocardial infarction, aagina stability, PTCA emergmcy, cardiogenïc shock, 

IV nitroglycerine use, and IV inotropic support. There were a total of prognostic 

elements included which increased to 33 input variables to the Bayes model. 

Patients in the validation set were ordered by their predicted probability of 

Operative mortality as caicdated by Bayes Theorem. Five risk groups were constructed 

to contain approximately the same number of deaths in each group. The authors 

compared the number of predicted to the number of observed deaths within each risk 

strata but did not perform any fornial statistical testing of differences. AdditionaUy, there 

were no confidence intervals reported for the evaluation of temporal trends and no mode1 

diagnostics (ROC, HL) nported for mode1 validation. 

In 1995, Shroyer and ~o l l e a~ues"~  updated the STS predictive mode1 in over 

143,700 isoIated CABG patients nom 374 practices in the USA. Approximately 5000 

records wexe eliminated because of poor data quality, resulting in a h a I  dataset of 

138,762 patients. 

The authors evahated competing strategies for mode1 building: allowing a large 

number of variables to compte in the model versus parshony with a few cIinical1y 

important variables. They dso employed some data reduction via &ta review to omit 

those variables show only to affect long-term outcornes but not operative mortality. 

Statistical methodology was impmved in this repofi It included checking for 

assumptions of each predictor variable with the outcome; collinearity and scaling 

chcdred; and some subjective variables (e.g., NYHA) were recoded (e-go, rest symptoms 

vemts no rest symptoms). They used clinical or statisticd imputation for misshg 



variabIes and incIuded a table of the variable and the d e  used for imputation. 

Logistic regression analysis was used as the sole method for the development of a 

predictive d e  in isolated CABG patients. The final model contained 33 variables. 

Shroyer et al reported the adjusted odds ratios but no confidence intervais or standard 

mors. The C statistic was good for both the test set (0.80) and the validation set (0.79) 

but the HL goodnesssf-tit P value was <0.001 for bot .  sets. 

The patient sample was divided into deciles based on theû observed operative 

mortality. The model significantly over-estimated risk of operative rnortaliv in the 

higher risk subsets. This is a classic example of a model that discriminates wel1 but is 

poorly calibrated, resulting in a lack of fit, especially at higher risk scores. 

3.7 Pennsylvania State 

Griffith et als6 compared the state government-imposed Health Care Cost 

Containment Council model with the STS model. The Council contracted MedisGroup 

of Mediqual Systems Inc of Westborough, Massachusetts for use of their "Severity of 

b e s s  System (now known as Atlas Outcornes). This system dortunately did not 

include some cardiac-specinc risk factors important for pndicting outcomes. The 1990 

Pennsylvania report on surgeon-specifïc outcomes following CABG was based p h d y  

on the MedisGroup program. The University of Pittsburgh sued the Council and in 1991 

moved to the STS model. ~ a t t l 8  constructed risk groups using the STS program 

cutpoints of expected operative mortality. The d t s  demonsûated a poor fit between 

expected and observed pmbabilities, especidy for higher risk groups. 

Griffith stated that public reportmg may have contniuted to an improvement 5 
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ri&-adjusted outcornes as hospitais and arlministrators addressed processes of care dong 

with poor performance. All risk groups improved with no obvious case shifh He felt that 

the STS database was flawed because it was voluntary and "gaming" was a risk. Data 

continue to be suspect because there is no mtemal audit. 

The author chalienged cardiovascular surgeons at the 1 15th Annual Meeting of 

the Arnerican Surgicd Association (Chicago, Ill) to learn the language and methods of 

these statistical models? 

3.8 Veterans Administration Models 

The Department of Veterans Anairs (VA) Continuous Improvement in Cardiac 

Surgery Study was initiated in 1987 to develop risk-adjustrnent rnode~s.'~ The database 

contained 12,712 patients f?om 43 VA hospitals. A one page information form with 34 

variables was filled out on each patient. Operative mortality was defined but not the 

explanatory variables. A risk group was defined by the presence or absence of a risk 

factor. Logistic regression models were developed for each risk subgroup. 

Data reduction by a series of univariate and muitivariable analyses was 

undertaken to define a rninirnum of patient-related risk factors containing the maximum 

predictive power for operative mortality Variables wae collected from non-mvasive 

testhg (i.e., history, physicd, lab) whîch reflected the "chronic" state of health. Non- 

invasive testing was used to evaIuate the "amteIr state of heaith preoperatively and 

invasive testing for cardiac disease severity. The authors used the non-invasive mode1 

ody to avoid losing 14% of their data. The data were reduced to 14 variables and 

separate logistic regression models were run to d u a t e  odds ratios with and without the 
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variable present. The purpose of the report by GrifYith et d3 was to idente important 

variables. There was no attempt at modehg  and there was no cornparison of predicted 

versus observed outcornes. 

Hammermeister and coileagues2 reported the resuits of their most recent year's 

data fiom the VA. In 1994, approximately 7000 patients underwent coronary artery 

bypass surgery. Patient-level risk factors and outcomes were collected prospectively and 

subjected to logistic regression analysis to caIcuIate the predicted probability of operative 

mortality. The authon noted a 14% reduction in observed to expected mortaIity ratios 

over a 4.5 year period and concluded that a large-scale, low-cost program of continuous 

qudity improvement using risk-adjusted outcomes is feasible. They M e r  concluded 

that the program of monitoring risk-adjusted outcomes was associateci with a demase in 

operative mortality. 

3.9 Northern New England Modek 

The Northem New England Group is comprised of five centers in Maine, New 

Hampshire and Vermont O'Connor and colleagues' 38 early report identified hospitala 

specific and surgeon-specific merences in ri&-adjusted operative mortality. A simple 

t a  variable mode1 was developed to predict operative mortaiity in CABG patients. 

Variables included age, gender, BSA, Chadson comorbidity index, redo surgery, ejection 

fiaction, LV end diastoIic pressure, number of diseased vessels, ieft main disease, and 

surgical priority. The mode1 could be criticized for including both gender and BSA as 

these variables oAen demonsûate high cohearity. In a subsepent paper, O'Connor et 

al3' demonstrated a correlation R~ of 0.99 between observed and predicted mortaIity m 
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an independent test set, however, there was no formai testing of the dope or intercept of 

the relatiomhip. 

O'Connor and col~ea~ues'~' commented that the on-going evduation of qudity 

improvement depends on a reliable and tnisted data-gathering hfhstructure combined 

with technical quantitative expertise. It should combine feedback of outcomes data with 

training in continuous qudity improvement techniques. The preservation of anonymity, 

site visits and an ongoing collaboration has r d t e d  in quality improvement in Northem 

New England resulting in a 24% decrease in risk-adjusted operative mortality. 

3.10 Cleveland Chic  Models 

Higgins and colleagues4' were concemed about the lack of standardkation for 

nsk-adjustment and a need for a predictive mode1 which d l  predict both mortality and 

morbidity. They developed a predictive severity score in a test set of 50% patients and 

vdidated it in 4069 patients undergoing CABG. Morbidity and criteria for diagnosis 

were explicitiy defined The patient sample was well docurnented. Logistic regression 

anaiysis was used to determine the independent predictors of outcorne. The risk weights, 

1-6, for each prognostic variable were assigned based on univariate resuits, odds ratios, 

degree of significance in the logistic regression anaiysis and cIinicaI judgements. 

Hosmer-Lemeshow goodness-of-fit statistics and the area under the Receiver-ûperator 

Characteristic curve were used to evaIuate model validity. The resulting model contained 

thirteen predictor variables: emergency priori@, hcreased creatinine, severe LV 

dysfimction, redo operation, operative mitrai îmuffîciency, age, previous vasnilar 

surgery, chronic obstructive Iung disease, anemh, operative aortic stenotis, weight <65 
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kg, diabetes and cerebmvasdar disease. Sensitivity and specincity analysis wcrr used 

to determine cutpoints of the severity score which would identify patients at high risk of 

operative mortality (scon~o) or morbidity (sco-4). Discrimination was good for both 

outcomes; however, precision was poorer for the morbidity mode[. 

The authors concluded that the severity system was easy to use becaw the items 

were routinely available without need for special tests, in contrast to the Parsonnet model 

where pulmonary fiinction tests were required for a diagnosis of COPD. The rnodel was 

most useful for predicting good outcomes in low risk patients. The mode1 did not 

identify those at risk for poor outcomes and does not in general, identiQ those at high 

ri&. 

In a later midy ernploying a sequential risk d y s i s ,  Higgins et al4' demonstrated 

that the fit between predicted and observed outcomes could be improved by including 

processes of care in the model. This method has limited use for a purely prognostic nsk 

index but allows for revision of prognosis and directed ICU m e ;  as observed by 

Christalris and colleagues in a substudy of a randomized controlIed hial.L48 Higgins et al 

dso concluded that cutpoints of the severity score used to classify patients into risk 

subgroups was useful for group analysis but had limited use for predicting outcome in 

individual patients. 

3.11 Cornparhg Predictive Models 

Daly and colleagues' 69 cornparison of five models showed that the New York 

and Parsomet models mcluded variables which were related to processes of care, which 

would impmve their predictive ability but which would not be appropriate for a p d y  
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preoperative prognostic ri& index. 

Orr et da e v h t e d  four e x t e d  models in a sample of 866 patients; the 

Parsonnet, Northern New England, Cleveland Clinic and New York models. Although 

the models were generally accurate with ROC cmes ranghg fkom 0.7 to 0.74, only two 

models were reasonably precise (Northem New England and Cleveland Clinic). Orr felt 

that the problem was related to statistical over-fitting to the shidy population. The 

inclusion of processes of care may have contnbuted to the lack of precision of the 

Parsomet and New York modeIs. 

The 1995 report by Jones et al on behalf of the Working Panel Group for 

Coopemtive CABG Database ~roject~~com~ared seven extemal risk models used to 

predict operative mortality following CABG. The models compared were from the 

Society of Thoracic Surgeons, New York, Vetenuis Mairs, Duke University, Northem 

New England, Minnesota, and New Jersey. The purpose of this evaiuation was to 

determine how many variables were naded to produce valid predictive operative 

mortality probabilities. 

Seven core variables were identified by the panel; age, gender, previous surgery, 

LV ejection fiaction, left main disease, the number of diseased coronary arteries and 

surgical priority. Important Level 1 and Level2 variables were identified by the percent 

of the totd mode1 chi s c p m  contnbuted by each predictor. Level 1 variables included 

height, weight, PTCA on current admission, recent hiII, agha, serious ventricuIar 

dysrbythmisr, congestive heart fdure, mitrd regurgitation, diabetes, cerebrovasdar 

disease, peripherd vasdar disease, COPD, and high creatinine. 

The C mdex did not improve sipnincantly when level 1 variables were added to 
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the seven core variables. A similar study was performed by Tu and coIIeagues6' who 

concluded that there was relatively Little benefit in mode1 discrimination attained by 

adding additional variables into a model which contained the most important half dozen 

predictors. Jones and coUeagues cded for standardkation of databases and predictive 

des used in cardiac surgery. 

Weightman et al" compared four extemal risk scores in a database of 927 CABG 

patients. The models compared included those by Parsonnet, Higgins, Trembly and Tu 

models. Weightman calculated the sensitivity and specificity of each model. The 

authors concluded that the Parsomet model had moderate complexity and si@cant 

observer discretion for defiaition of risk factors. By contrast, Tu's model was easy to 

calculate corn commonly available variables. They recommended the use of the Tu 

model. Weightman and colleagues noted that al1 the models lacked the ability to predict 

risk in individual patients; however, theu database was perhaps too srna11 to support 

tigorous comparisons. 

3.12 Summary 

As this o v d e w  ofmethodological issues and knowledge to date suggests, 

kding the right model for local use in provider pmfiling or patient counseihg is not 

straightforward. Local providers recurrdy face the challenge of deciding whether to 

use a well-validated "off-the-shelf" index that may not be idedy suited to the local 

set- or to reshape such a mode1 for local use, or to derive a new interna1 mode1 

exclusively for local use. This issue is expIored fiirther in Chapter Four. 

Redictive models developed for use in comnary artery bypass surgery may v w  
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greatly in size, h m  a reIativeIy mail model of fÏve prognostic variables such as the 

CCN model, to a much larger 33 variable modei such as that developed fkom the STS 

database. The balance between parsimooy and more complete patient characterization 

remains an unnsolved issue in the literature. In Chapter Four we evduate the 

advantages of rnodestly increasing the size of a model fiom five, to nine, easily 

obtainable prognostic variables. 

Mode1 discrimination is inarguably the most important criterion for a vaiid model. 

However, model calibration is equally important, especially if the purpose of the model 

is to compare risk-adjusted outcomes across providers or to counsel patients regardhg 

the risks and benefits of a procedure. Reviously, some authors have calculated the 

coefficient of determination (R~) between predicted and observed outcomes. However, 

they have not reported either the slope or htercept of the relationship. One could argue 

that a linear relationship whose intercept is signüicantly different fiom zero indicates a 

model which either over- or under-estimates the observcd values. In Chapter Four we 

present a novel method for evaluating model cdibration as well as for comparing two or 

more cornpethg models. We aiso demonstrate the effect of model imprecision on the 

ranking of surgeons by their rîsk-adjusted operative mortality. 

Many reports of predictive d e s  designed to identify ri& factors for operative 

mortdity fo1Iowing CABG have been limited either by not providing a long-term 

perspective on outcorne trends or by not hcorporating risk-adjustment dgorithms that 

take into account the temporal shifts in rîsk profiles among patients receiving CABG. In 

Chapter Five we demonstrate that improvements m risk-adjusted outcomes were 

assmCated with an overd temporal trend towards miproved outcornes which pre-dated 
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the public disclosure of risk-adjusted outcomes in the United States. In Chapter Five we 

dso ZuSfrate a simple method for temporal trend andysis of risk severity and outcomes 

using relative risk groups constructed fkorn a predictive nile followed by contingency 

table analysis. 

Although the focus of predictive algorithm in cardiac surgery has been directed 

more recently towards provider-profiIing, the most generic use of clinicd predictive d e s  

has been to aid medical decision making and patient counseliing. No mode1 can predict 

the exact individual who will experience an event, however, statistical models do have 

the advantage of being able to integrate a Iarge amount of information and making 

reasonably accurate estimates of event rates in subgroups of patients. Some authors have 

advocated for the inclusion of explicit probabilities of outcomes in the informed consent. 

The issue of interest in Chapter Six is the update of a predictive rule into practice by 

dinicians. We evaluate whether or not a predictive d e  would aid clhicians in their 

probability estimates of operative mortality and prolonged length of intensive care unit 

-Y* 

The development and application of predictive d e s  in cardiac surgery has been 

b o s t  exclusively directed towards hospital outcomes. However, the net benefit of 

coronary a r t q  by-pass must be evduated by examining long-term outcomes as well as 

the shortiemi risks of srugery. In Chapter Seven we examine long-tm survivd and 

freedom fiom re-admission to hospital for cardiac events in a unique study which Iinks a 

large chicai database to administrative data. Specifically, we examine whether a 

predictive d e  designed for operative mortality can be expanded to evaiuate long-tenn 

siwival and &dom fhm cardiac events requiring hospitaIization. AdditionaIIy, we 

49 



deveIop a novel p~dictive d e  to estimate Sunrival probabiIities over the fkt £ive years 

foIIowing surgery and explore a method by which this d e  could be used to evaluate risk- 

adjusted, long-term sudval. 



Chapter Four 

Evaiuation of Three Modeilhg Strategies 

in the Use of Predictive Risk Indices for Assessing Mortaiîty 

Mer Coronary Artery Bypass Graft Surgery * 

* Adapted eom: 

Ivanov J, Tu IV, NayIor CD: Ready-made, recaiibrated, remodelIed? Issues in the use of 

ri& mdices for assessing rnortdity after coronary artery bypass graft surgay. Circuiation 

N99;99:2098-2 104 



4.1 ABSTRACT 

Background: Ri& indices for operative rnortabty following cardiac surgery are used for 

comparative profiling o f  surgeons or centres. We examined whether chicians and 

managers shodd use an existing index without modifîcation, recalibrate that index for 

their populations, or derive a new model altogether. 

Methods: Drawing on 7,491 consecutive patients who underwent isolated coronary 

artery bypass graf't surgery (CABG) at two Toronto teaching hospitals between 1993 and 

1996, we compared three strategies: 1) using a "ready-made", extemai model that had 

originally been derived and vaiidated in our jurisdiction; 2) recalibrating the "ready- 

made" model to better fit the population; and 3) deriving a new, interna1 mode1 with 

additionai, or different risk factors. The three strategies were compared for: statistical 

accuracy, Le. area under a Receiver-ûperator Characteristic c w e  ( ROC); statisticai 

precision, measured as Homer-Lemeshow @IL,) goodness-of-fit; and achial impact on 

bot -  risk-adjusted operative mortaiities (RAûM) and performance rankings for 14 

surgeons. The newly derived index was externally validated in the 1998 set of 1793 

CABG patients at the Toronto Generai Hospital. 

Resdts: The new mode1 was slightiy more accurate than the existing index (ROC 0.78 

venus 0.76 , P<O.OS), albeit not different than the recalibrated model (ROC = 0.77). HL 

was significant (P<0.001) for the original model indicating a poor fit between predicted 

and observed results whereas the recalrcbrated and remodeIled indices demonstrated 

excellent cdi'bration (HL = 0248,0383 respectiveIy). The statistical imprecision of the 

"ready-made" model resuited m a significant underestimation of RAOM (1.6 M2%) 

cornparrd to the recalibrated and remodelIed mdices (2.W.2%, P = 0.048). ReIative 



rankuig for 7 surgeons with the Iowest RAOM was identicai across alI three models. 

However, remodelling resulted in re-rankiag of surgeons with higher RAOM and a loss 

of correlation between the models for rank of surgeon (Spearmatr r5.857, W.07). 

External validation of the remodeiled index d t e d  in a ROC of 0.802 and HL P value 

of0.42 suggesting continued good accuracy and cabration. 

Conclastons: Poorly calibrated risk algorithms biased the caiculation of ri&-adjusted 

operative mortality. Any existing index used for ri& assessment in cardiac surgery 

should be episodically recalibrated or compared to a new mode1 to ensure that its 

performance remains optimal. 



4.2 INTRODUCTION 

Along with the proWeration of public "report cards" on cardiac surgery in the 

United States, researchers have pubIished many predictive niles or risk-adjutment 

aigorithm for mortafity, morbidity and length of hospital stay after 

=gery- l7Z~U3U7-39~4lSv6s~rsSLlS*149,tSO TheSe nsk indices at identifyuig and 

weighting the patient characteristics that affect the probability of specific adverse 

outcomes. Indices are then used retrospectively to adjust for case-mix differences among 

surgeons and centres when performance pro* are compiled. They are ais0 used 

prospectively for patient counselling and for the identification of high-risk patient 

subgroups for special care or research. 

Patient populations - and the risk factors associated with adverse outcomes - 

do change over time and also M e r  between centres. Thus, nsk models denved and 

vaiidated in one locale usually perfom less well when applied in other settings or even to 

more co~temporary patients in the same setting. t7.40.4192149 clinicians and managers 

considering the use of a risk index accordingly have three basic options: 

1. They c m  use an existing, extemai index, knowing that the identified risk 

factors or at least the weights assigned to them may not be ideai for theV 

patient populations ('ready-made'). 

2. They can accept the risk factors in a published index, but adjust the 

precision of the index to their own patient population by 'ncaliratmg' 

the weights assigned to a pubüshed model. 

3. They can derive an m t d  index h m  thei. own data ('remodel'). 



In this chapter, we explore the implications of these options for assessment of 

operative mortality using a detailed dataset with mfomation on consecutive patients 

undergohg isolated coronary artery bypass graft surgery [CABG] at two Toronto 

teaching hospitals. Specincally, we have compared the analytical strategies of 

'recaliirating' and 'remodelling' against a 'ready-made' d e  developed by the authors 

for the Ontario Cardiac Care Network (ccN)?~ 

4.3 METHODS 

43.1 Data Sources 

We examined clinical risk factors and operative rnortality (OM) for al1 7491 

patients undergohg isolated CABG under the care of fourteen surgeons at The Toronto 

Hospital (n = 5343) and Sunnybrook Health Science Centre (n = 2148) between Apnl 1, 

1993 and December 3 1, 1996. DetaiIs of this database have been previously 

publishedi28 Data from earlier yean were deliberately excluded as they were included 

in the multi-centre dataset used tu derive and validate the CCN index. Twenty patients 

were misshg one or more data elements used in the analyses. 

4.3.2 Analysis 

GeneruZ issues 

Data were colIected and managed in dBASW datasets. The SAS 6.12 for 

~ i n d o w s ~ ~ '  and BMDPDW LR'" programs were used for statisticd anaiysis. We 

were not seekhg to recalibmte or nderive an index for externat and g e u d  application. 

Thus, we forewent spIit-sample methods (i.e. separate derivation and validation steps) 
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with both the 'recalibrating' and 'remodelhg' strate- descriied below. 

Generaîing the models 

'Ready-made': We used a six-variable risk index developed for the Ontario 

Cardiac Care Network (CCN). drawing on all patients undergohg cardiac singery in the 

province between April1991 to March 1993. Since CABG semed as the reference level 

for type of singery ia the original model, one variable - type of surgery - was set to its 

null value, leavhg only five variables and their associated risk scores. The original 

regression coefficients for each variable were used to calculate patient-specific predicted 

probability (P) of OM tiom the formula: 

where Po = the constant and p = the regression coefficient for each level of a risk factor 

in the model that characterizes the patient, 

'Recaliirated': The five explanatory variables fiom the CCN index were included 

in logistic regression analyses of the 19934996 dataset to re-estimate rnortality-specific 

regression coefficients and related ri& scores. The predicted probability of OM as well 

as the total risk score for each patient was calculated as for the CCN model. 39,106 

'Remodelled': The University of Toronto cardiac surgery registry covers a wide 

e e t y  ofpotentid Nk factors!28 Ali explmatory varÏables with a univariate P value 

~ 0 . 2 5 ~  as weU as those fomd commody in other major risk indices but famg to meet 



the critical alpha Ievel, were submitted to Iogistic regression adyses usiug forward 

selection combined with backwarâs elimination. 89vi05 The best logistic tegression model 

was determined by two diagnostic criteria: the Homer-Lemeshow goodness-of-fit 

statistic (EL)''* and the area under the Receiver-Operator Characteristic curve 

(~()c)?f'08*1o9 A~ in th e CCN index, odds ratios were rounded to the nearest integer, 

and an additive ri& index ~reated.~'~' Because of smdl numbers, risk scores greater 

than 18 were collapsed, (Le. score 218 for OM). 

Statiktical ccmparisons of inder pe$onnance 

Statisticd accuracy, or model discrimination, was assessed with the area under 

the ROC curve io89i09 for each model, with cornparisons between models as desmied by 

Haniey and ~ c ~ e i l . ' O ~  

Statisticaf preckion, or model cdibration, was evaiuated by the Hosmer- 

Lemeshow goodness-of-fit statistic.lo5 We also plotted the mean predicted probability 

for OM against observed OM for each total risk score:99 and carried out a weighted 

linear regression to evduate whether the relationship was over- or under- 

e ~ t i r n a t e d ' ~ ~ ' ~  A slope of 1 and intercept of O muid indicate a perfect fit of predicted 

to observed out~ornes?~ Differences in slopes and htercepts between the three 

regressions were evaluated by anaiysis of covariance with pairwise comparisons as 

appropriate. 

Accuracy and precision at the individual patient IeveI were evaiuated by the 

caldation of Brîer Scores. The Brier score (BS) is a guadratic penalty score with values 

between O and 1; therefore, the Iower the Brier score, the more accurate the judgement 



The formuia is as foltows: 

ss= @-a2 
where P'predicted probability of outcome, d (event) O=event did not occur, l=event 

occul~ed The precision of a set of probabilities is evaluated by cdculating the associated 

Z statistic. Z statistics >11.961 indicate a set of judgements which is significandy 

imprecise. 15,16,93,1 t e l  14 

Clinicaliy-sulient ccornpurisons of index p@onnance 

Expected mortality for each surgeon for each model was calculated as the 

weighted mean predicted probability of OM based on the observed risk factors in hidher 

case load. Risk-adjusted operative rnortality (RAOM) was calculated by dividing the 

observed mortality by the expected mortality and then mdtiplying that ratio by the 

overall mortality rate in the study population (0.0226). This r e d t  cm be interpreted as 

the mortality rate a surgeon would have if his./her case-mix was similar to the average 

case-mix in the study? 

Within each model, the difference between the rnean observed mortality minus 

the mean expected mortdity was evaluated by paired t test for the null hypothesis (Hd 

that the difference equalled zero? The diffrrences in RAOM across 14 surgeons and 

three models were evaluated by analysis of variance. 

For each model, the surgeons were ranked h m  1 (iowest RAOM) to 14 (highest 

RAûM) based on how they ranked m the original CCN model. We examined 

mtat ive ly  whether the rankmg of surgeons changed and ais0 calcdated Spearman rank 

codation coefficients (IV across models. 



Extenta1 Validation 

The regression coefficients and intercept from the newly derived index were 

applied to the 1998 dataset of 1793 patients undergoing isolated CABG at the Toronto 

General Hospital. Mode1 validity was evaluated by the area under the ROC curve and the 

HL goodness-of-fit statistic as well as regression analysis of the mean weighted predicted 

versus observed values for each risk score. This exercise was repeated for the original 

CCN index. 

Testing an external model 

For cornplementary insights, we used a model developed and validated by 

Parsomet and co11ea~ues'~in a database of over 4800 patients undergoing cardiac surgery 

in New Jersey to calculate predicted probability of OM for each patient. The variables 

included in the Parsomet model and the regession coefficients are as follows: age 

(0.054). aortic valve disease (0.235). bypass only (-0.588), bypass pius other procedures 

(0.647), elevated cholestero1(0.083), diabetes (0.456). "catastrophic" statcs (1.459, 

fiunily history (-0.065). female gender (0.509), hypertension (0.263). Ieft ventncular 

aneurysm (-0.533), left ventricular ejection fraction (0.27 21, mitrd valve dkase (0.83 5). 

obesity (-0.27 1). preoperative intra-aortic bailoon pump ( 1.473), reoperation (0.893), 

smoking (0.089); the constaut was -7.032. Fuaher definitions of these variables are 

found in the repod7 We evaluated ROC and the HL statistic. 



4.4 RESULTS 

4.4.1 Risk factors and risk groups for the three models 

There were 169 operative deaths (226%) in the 1993-1996 patients. The 

prevalence of risk factors and their univariate association with operative mortality (OM) 

are shown in Table 4.1. 

The independent predictors of operative mortality for the new intemal model 

were: LV grade, age group, previous bypass surgery, the timing of surgery, sex, triple 

vesse1 disease, left main coronary ariery disease, peripheral vascular disease, recent 

myocardial inf'ction, acute coronary insufnciency, and a history of hypertension. Given 

its recunence as a risk factor in other published indices, we forced preoperative rend 

insufficiency into the model but its inclusion unfavoinably affected both model 

discrimination and precision, possibly because of its low prevalence in our database or 

collinearity with other important predictors. 

Table 4.2 contains the original odds ratios for OM and risk weights for the 

"ready-made" CCN model as well as the odds ratios, their 95% confidence intervals and 

rîsk weights fkom the recalibrated and rernodelled indices. Comparing the CCN and 

remodelIed mdices, ail five onginal risk factors do mur, but there are Merences in 

weights, most notably for repeat operation and grade IV vmtricular fimction. 

Table 4.3 shows the number of patients defked by each risk score for each model 

and the observed operative rnortdity for that model's score. The addition of four 

explanatory variables to the remodelled index redefhed "nsk" in 87% of patients who 

bore at least one of the four conditions and resulted in a lower prevalence of both patients 



and OM at the Iower risk scores. 

4.4.2 Statistical parameters of index performance 

As shown in Table 4.4, the longer, remodeiled index showed a smali inmement in 

accuracy over the original CCN index (ROC 0.78 vs. 0.76, P <O.OS), with the recaiiited 

index between them (ROC = 0.77). The 'ready-made' CCN model showed signifïcantiy 

poor fit between predicted and obsenred results (P <0.001) at both the group (HL) and 

individual patient levels (BS), while the other models had acceptable caiiiration. 

Another method of assessing mode1 fit is shown in Figure 4.1, depicting the mean 

pndicted probability of operative mortality versus observed operative mortality for each 

cumulative risk score. The onginal CCN model over-estimated predicted OM (top 

panel). In contrast, for the recalibrated and new models, dopes were closer to 1, and 

intercepts were not significantly different from zero. Analysis of covariance confïrmed 

that there was a signifiicant difference in intercepts between models. Pauwise 

cornparisons showed that, as with the ROC cuve area, the significant diierence arose 

onIy in comparing the original CCN rnodel and the newly remodelled index (P0.044). 

4.43 Operative Mortai&: Observed, Expected, and Adjusted 

We cornpared obsemed and expected mortality for each model. The obsened 

mÏnus expected (GE) mortality rates for each surgeon were compared and fotxnd to be 

sipnincmtly different ficm zero for the CCN model (-1 .O4 h 0.4%. M . 0  1 1) but not with 

d i r a t i o n  (0.17 * 0.3%. W.62) or remodeilhg (0.21 k 03%, M.55). Inter-mode1 



cornparisons by anaIysis of v h c e  c o b e d  that the CCN model had a significantly 

greater disparity between observed and predicted results as compared to both the 

recalibrated (W.017 vernis CCN) and remodelled indices (P-0.0 14 versus CCN). 

As shown in Figure 4.2, this higher qec ted  OM in the "ready-made," CCN 

model resuIted in an under-estimation of ri&-adjusted operative mortality 0.047 as 

compared to the remodelled index). RAOM was similar to unadjusted OM for the 

recaiibrated and remodelled indices. 

4.4.4 Surgeon-specik rankings 

Table 4.5 depicts the relative ranking of surgeons for each of the three models 

nom lowest RAOM ( h l )  to highest (ranbl4). Recalibration resulted only in 

surgeons #8 and #9 exchanging positions. Remodelling, however, resulted in surgeon 

#13 shifting up by three positions and surgeons #10 and #11 each moving down two 

ranks. Despite these latter shifts, the overall Spearman correlation coefficient (FtJ 

showed a significant association between ranks for the CCN and new models (R, = 0.982, 

P=û.012) because the positions of the nrst seven surgeons were stable across models. 

However, examining the seven higher tanking surgeons reveded a diminished correlation 

(rs = 0.857, W.07). 

4 . 4  Extemai Validation 

The externa1 validation exercise conducted in the 1998 dataset of 1793 patients 

undergohg isdated CABG at the Toronto GeneraI Hospital (OM=1.3%) resulted În  a 



ROC of 0.802 and HL P d u e  of 0.42 for the remodeIied index. The regression analysis 

results comparing predicted to observed mortality for the remodeUed index as appiied to 

the 1998 data were as follows: intercept = 0.006 (W.045),  dope = 1 .O9 (P<O.OO 1), and 

R' = 0.93 (PcO.001). 

The original CCN index also demonstrated good discrimination (ROC = 0.794). 

however, it remahed significantiy imprecise (IIL P value <0.00 1). Regression anaiysis 

results for the CCN index as applied to the 1998 data were as fouows: intercept = 0.057 

(P=û.04), dope = 0.439 m.0i6), and R' = 0.54 (W.016). 

4.4.6 Extemal mode1 performance 

The Parsomet mode1 perfomed poorly in our 1993- 1996 dataset of isolated 

bypass surgery. The area under the ROC curve was only 0.45 and the HL was c0.00 1. 

4.5 DISCUSSION 

We have cornpared three possible strategies for assessing risic-adjusted outcornes 

of cardiac surgery - 'off-the-shelf use of a simple, multipurpose risk index, 

recalibrating that published index to ensure a better fit to the available data, and derivitig 

a new, internai mode1 with additional risk factors. The cornparisons were effected in a 

clinical database of aII isolated coronary artery bypass surgery patients undergomg 

opexation between April 1 1993 and December 31,1996 at two large teaching hospitds 

m Toronto, Canada, The newly derived mode1 was vaiidated in an extemai dataset 

according to rnethods suggested by ~ a r 1 e 1 1 ~  and others, L4*8690 and demonstrated 



continued good accuracy and precision. The extemal model developed by Parsonnet and 

co~eagues" pcrformed very poorly in our 19934996 dataset. The original CCN model 

continued to have good discrimination in the 1998 dataset but remained significantly 

imprecise. 

Om rationale was to offer some guidance to providers who must respond to the 

burgeoning üterature on risk indices. We accordingly discuss the implications of our 

findings under three subheadings below. 

4.5.1 Implications for benchmarking improvements over time 

The original CCN model was derived and validated for earlier yem. As such, it 

tended to overestimate the chances of post-operative death for high risk patients, with the 

result that ri&-adjusted outcomes improved. Expenence with the Society of Thoracic 

Surgeons 32J5 risk adjustment algorithm has been similar. Their onginal 23-variable 

model was derived using Bayesian methods fiom &ta on tens of thousands of subjects 

and scores of centres. Nonetheless, in recent years the mode1 has predicted a rising 

probability of operative rnortality owing to an incteasing prevalence of high-risk patients, 

even as observed operative mortality has decreased 

If the goal of an outcomes andysis is to determine trends in mortality over thne, 

then arguab1y a risk mode1 derived and validated fiom an earlier period can be use4 

because it anchors practice historicdy and controls for the evolution of case-mix. Che 

Limitation is that improved reportage of ri& factors Cirpcoding") in contemporary groups 

of patients may Iead to a sprnious impression that ri&-adjusted outcornes are improvhg. 



For example, critics have charged that this phenornenon, rather than the impact of pubIic 

report cards, explains the Unproved outcomes of cardiac surgery in New York stateDL4' 

4.52 Implications for contemporaneous quality management or patient 

counselling 

Setting aside temporal benchmarking, the d goals of an outcomes analysis are 

contemporary qudity management or risk prediction by, respectively, comparing the 

risk-adjusted outcomes of surgeons or centres, or identifjkng patients in high-risk 

subgroups. For this purpose, our hdings suggest that practitioners and managers should 

consider recalibraîing an existing index or developing a new mode1 with the data at hand. 

Recall t'it that our "ready-made" CCN index was originally derived and 

vaüdated in Ontario, using data fiom nine centres, including the two hospitals that 

contniuted subsequent patients to the curent study. Thus, it is perhaps not surprising 

that the CCN index still showed good discrimination in this study, with a ROC area of 

0.76. However, the CCN index showed poor calibration associated with over-estunation 

of expected operative mortality - a feature of mode1 performance that is undesirable for 

both prospective risk prediction and post-hoc risk adjustment. Poor cdibration 

preslmiably occumd not only because of temporal shifts in case-mut, but also because 

the CCN index was developed in a dataset that combined ischemic and vaivuIar heart 

disease, and we were applyhg it to an isolated CABG series. Variables such as redo 

surgery and poor ventrîcular fhction would have diffaent associated ri& for isolated 

CABG vernis a mixed population of valve and bypass surgery. ~arsonnet," for 



example, observed a deterioration in mode1 performance when his pndictive d e ,  

developed in a dataset that combined CABG with valve surgery, was subsequdy tested 

for CABG and valve procedures separately. Additionally, the Parsonnet model containeci 

variables such as "catastrophic states" which m e a m d  severai domains such as acute 

structural valve failure, cardiogenic shock or acute rend failure. The inclusion of 

variables which occur with siWcant ïnûequency combined with a weighting strategy 

which was somewhat arbitrary senously threatened the validity of the Parso~et model in 

our database. The CCN index was aiso derived to cover both OM and lengthsf-stay 

outcomes, and the recaiibration here was outcorne-specific. 

Recalibration was thetefore a promising strategy in this context. More generally, 

it allows a goup of practitioners to remain efficient in data collection, restricting their 

efforts to careful documentation of a limited number of pre-specified variables. By 

reweighting these vanables and fine-hming the risk index, analysts may sometimes 

mitigate shifts in case-mix and outcomes that occur either over time or as the index is 

applied to centres other than those from whence it was denved. 

Indeed, recalibration did lead to some improvernents in mode1 performance in this 

test case. Whereas the original CCN index demonstrated significantiy poor fit with data 

from this new series of ahost 7500 patients, the recaiibrated index fit the data weii and 

we avoided over-estimating operative ri&. The recalibrated model ais0 showed sbni1a.r 

discrimination to a new and more complex model, and yielded simifa reIative ranks for 

most surgeons. Howeva, for the higher RAOM surgeons, the new model did lead to 

some dterations in surgeon outcome raakings - an observation that underscores the 



potential practical importance ofeven smali marginal improvements in model accuracy 

fkom a statistical standpoint, 

In sum, for clinicians and managers who have developed their own index in the 

past, or found an index that shows acceptable pe~orrnance in their patient populations, 

episodic recdibration of that index may sufice. However, in those instances where there 

are profound differences in case-rnix or event rates, it wilI be prudent to derive a new 

model with the data at hand. 

4.5.3 How many risk factors are enough? 

Recentiy the Society of Thoracic Surgeons published its updated risk model for 

1995,"' developed fiom a database of over 138,000 patients operated on at 374 hospitals 

throughout the United States and Canada. The model shows excellent accuracy, but now 

requires 33 predictor variables. Apart fiom increased costs of data collection, and 

increased risks of data 'gaming' or random mon,  the large nurnbers of explanatory 

variables aiso increase the chances of statistical over-fitting and mode1 instability when 

applied to specific centres. 

In contrast, the orig.ial CCN model was designed to be parsimonious and robust 

for multi-centre ~orn~arisons?~ The new model ad& only four variables, bringing the 

total to nine for isolated CABG. These factors are similar to those reported previously 

by OU group 12' and others, ~7~~22,32,37-3%4~53.659S. 149, 150 hclude those KgMighted in 

ment guidelines nom the Working Group Panel on the Co-operative CABG Database 

Pmject 'O Despite minor diffefences in surgeon rankings, this new mode1 had similar 



performance characteristics to the recaliirated CCN mode1 with only five variables. This 

latter &t is consistent with our earlier findings on the timited marginal improvements 

in mode1 performance with increasing numbers of predictor Accurate and 

complete data collection on a constramed set of important variables appears to be a 

prudent strategy. 

Surnmary 

Our findings illustrate that temporal and inter-centre differences in case-mix 

make it difficdt to achieve optimal predictive performance with "ready-made" risk 

indexes. This observation argues agaiust the proliferation of published risk indices in the 

clhical literature that either affirm well-known prognostic factors or add new variables 

with minimal marginal impact. We have also demonstrated that recaliration of existing 

indices may sometimes be d c i e n t  to ensure adequate Bsk prediction even when 

models are parsimonious. As a precaution, however, we suggest that centres collect data 

fastidiously on a modest-sized set of key variables such as those suggested by the 

Workmg Gmup Panel, 70 continue to evaiuate the model's validity, and undertake 

intermittent nrnodelling to ensure that emerging risk factors are not inadvertently 

overlooked. 



Table 4.1 Prev- O w * v e  

tors 

X Risk Factor 

Sex: Male 
Female 

r Age: <65 
65-74 

r 75 

LV Grade: 1 
2 
3 
4 

Timing: EIective 
Semi-Urgent 

Emergency 

CABG Redo: No 
Yes 

Left Main Disease: Na 
Yes 

Y Triple Vesse1 Disease: Na 
Yes 

Il 
- - 

Peripheral Vascuiar Disease: Nc 
Yez 

Hypertension: Nc 
Ye! 

Recent ML NC 
Ye! 

Acute Coromuy Insuffi:ciency= Nc 
Ye! 

Prevalence OM le Unadjusted 
N (%) N (%) Pvaiue OddsRatto 

5932 (79) 113 (1.9) 
1559 (21) 56 (3.6) <0.001 1 -89 

4066 (54) 56 (1.4) 
2653 (35) 73 (2.8) 1.99 
772 (10) 40 (5.2) cO.001 3 -75 



TIA=transient ischemic attack 

Risk Factor 

1 

Diabetes: No 
Yes 

Rend Faiim: No 
Yes 

frevaience 
N (%) 

5662 (76) 
1824 (24) 

7227 (96) 
260 (3.5) 

OM 
N (%) 

L 17 (2.1) 
51 (2.8) 

149 (2.1) 
19 (7.3) 

2 
Pvahe 

0.067 

<O.OOO 

Unadjusted 
OddsRatio 

1 

1.33 

3 -48 



Table 4.2 

Variable 

LV Grade: 2 
3 
4 

Age: 65-74 
r 75 

CABG Redo 
1 

Timing: Semi-Urg 
Emergency 

Fernale 

TVD 

Hypertension 

Left Main Disease 

PVD 

Constant 

HL 
ROC 

C C N ~ o d e l ~ '  Risk Recaiibrated Rfsk 
Wgt* OR (95% CI) Wgt 

1.29 1 1.84 (1.1.3.0) 2 
1.95 2 3.75 (2.3,6.2) 4 
3.64 3 13.4 (7.3,25) 13 

Remodelied ( Wis 
OR (95% CI) 

1.81 (1.1,3.0) 
3.63 (22,6.0) 

Ris4 wgt = rîsk weighî, OR = odds ratio, 95% CI = 95% 

confidence intend, HL = Hosmer-Lemeshow goodnesssf4t statistic, ROC = area 

under the Receiver-Operator Characteristic m e ,  x = variable was not submitted to the 

mode1 

The referent values are (in order) LV Grade 1, age 65 years, primary CABG, elective 

timing, male sex, single or double vesse1 disease, no history of hypertension, no Ieft main 

7 1 



disease, no peripheml vascular disease. 

* The risk weights for the 'cready-dy-de'' CCN model were derived from averaging odds 

ratios across three separate outcornes, operative mortality, prolonged ICU length of stay 

and prolonged hospital length of stay. Odds ratios are presented here just for the 

operative mortality model, 



O 1 11703 (0.14) 1 11703 (0.14) 1 01150 (O) 

Score 

1 1 1011312 (0.76) 1 11340 (0.29) 1 01161 (O) 

43: The addition of four variables to the rwiodeued index and the re- 

weightkg of key pmgnostic factors resulted in fewer patients at lower risk scores in the 

remodened index and substantidly lower observed OM as compared to the other two 

modeIs, 

N (Yo) N (O/ )  N (Yo) 



Table 4.4 of Pre-ed v e r m e d  

Table 4.4: ROC = area under the receiver-operator characteristic c w e  i the 

standard error. * Different fkom the CCN model, F0.045 

HL = Hosmer-Lemeshow goodness-of-fit P value, BS = Brier Score (* standard enor); a 

P value ~0 .05  indicates poor calibration. 

ROC 

HL 
I 

BS (x 100) 

P value 

Remodeïied 

0.780 * 0.02 1 * 
0.383 

2.08 * O, 15 

0.44 

CCN Mode1 

0.760 * 0.022 

<O.OO 1 

2.14 I O. 18 

<O.OO 1 

Recalibrated 

0.770 0-02 1 

0.248 

2.10 * 0.15 

0.47 



11 Surgeon rank 

le The nurnber for each surgeon was assigned according to hisher 

rankmg position for risk-adjusted operative mortality (RAOM) rate as caiculated by the 

origind CCN model. The modelling strategy did not affect the relative ranking for the 

seven surgeons with the lowest RAOM (Spearman correlation coefficient = 1 .O, 

P4l.0001). The type of model did however affect the rankmg of singeons with higher 

RAOM (Spearman correlation coefficient = 0.857, P4.069). Surgeon #13 moved up 3 

places; surgeons #10 and #11 shifted d o m  2 places with remodelhg. 
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4. L The top panel depicts the results for the mean predicted probability of operative 
mortality (OM) as calcuiated by the original CCN model's ~gtession coefficients versus observed 
mortaIity at each cumdative risk score (closed sqyres). The parameter estimates for the weighted 
Iinear regression d y s i s  are givea (intercept and dope) as weli as  the R square. In the micide panel, 
regression coefficients and ri& weights were re-tstimated for those five variables in the CCN model. 
The bottom panel depicts d t s  for the more comp1ex, nine variable modeL The dashed diagonal h e  
represents a perfect fit between predicted and observed values. The CCN mode1 was different h m  the 
Remodeiled index by ANCOVA, W.044. 
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Chapter Five 

Application of a Predictive Rule Used for Risk Stratification: 

Evaluation of FiReen-year Trends in Risk Severity 

and Operative Mortaüty in Elderly Patients 

Undergohg Coronary Bypass Surgery * 

* Adapted hm: 

Ivanov J, Weisel RD, David TE, Naylor CD: Fifteen-year trends in rïsk severity and 

operative moaality in elderly patients undergoing coronary artery bypass graft surgery. 

Circulation lW8;97:673-680 



Background: Trends in risk-severity and operative mortaiity (OM) were 

examined in 3330 consecutive patients aged 70 years and older who undenivent isoiated 

coronary artery bypass graft surgery (CABG) between 1982 and 1996. 

Methods and Resuits: The proportion of elderiy patients rose significantly ovet 

time (P<0.00 1). Cnide OM among the elderty was 7.2% in 1982-86, fell to 4.4% in 

19874991. but did not improve thereafter. Logistic regression analysis of OM was used 

to construct relative risk groups (low, medium, high). The prevaience of high-risk 

elderly patients rose signincantiy over time (P = 0.001) fiom 16.2% in 1982-86 to 19.5% 

in 1987-9 1 and 26.9% in 1 992-96. OM in high-risk patients fell significantly (P = 0.044) 

nom 17.2% in 1982-86 to 9.1% in 19874991, and was 8.9% in 1992-1996. 

Conternporary independent predictors of OM among elderly patients were: poor 

ventricuiar fùnction (LV Grade 2-3, odds ratio [OR] 2.6,95% confidence intervai [CI] 

1.3-5.2; LV Grade 4, OR 10.7, CI 4.4-26); p~vious CABG (OR 3.7, CI 2.0-7.0); femaie 

sex (OR 1.8, CI 1.1-2.8); peripherai vascular disease (OR 1 -8, CI 1. 1-2.8); and diabetes 

(OR 1.7, CI 1.1-2.7). Revious angîoplasty was protective (OR 0.3, CI O. 1-0.9). 

Coaclusions: Previous reports of hospitai outcornes in the elderiy have been 

Limited either by not providing a longtean perspective on outcome trends or by not 

incorporating ri&-adjustment aigorithms that take into account the temporal shifts in risk 

profiles among patients receiving CABG, This study highlights the methodoIogicai 

advantages of using a predictive d e  to estabiish a temporal benchmark and stratifying 

patients into relative risk groups, and then using simple contingency table d y s i s  to 

evaIuate temporal trends in Wk severity and outcornes. We observed that OM m eIderIy 



patients has declined signincantly in recent years despite an Uicrease in the prevaknce 

and severity oftheir risk factors. A carefid weighing ofrisk, rather than advanced age 

aione, should determine who is offered surgicd revascularization. In this regard, poor 

ventncular fiction and redo CABG surgery continue to have the greatest impact on OM 

in elderly patients. 



5.2 INTRODUCTION 

Within the context of cardiac mgery, the use of predictive d e s  for ri& 

stratification has more commonly been employed as a method of comparing observed to 

expected probabilities, either during the model validation step or during provider-specinc 

comparisons.17*18p4154 In this chapter, we demonstrate and evaluate the use of a 

predictive d e  as a research tool used for risk stratification in elderly patients undergohg 

coronary artery bypass surgery (CABG). 

The elderly comprise the fastest growing segment of North American society and 

the greatest increases in numbers are in the oldest group, Le., persons 285 years. 153-156 

Increasing numbers of elderly patients now undergo Indeed, over the 

past 20 years, the dennition of "elderly" in the literature on cardiac surgical outcornes has 

gradually increased fiom persons r 65 to those t 80. 1 18. 136,  hi^ sbfi refleca 

reductions in the nsks of surgery k s h g  fiom improvements in technology, skills and 

patient selection. t53,156~157,160-162,I65~~~.174 

In ûntario, Canada's most populous province, the popdation-based utilization of 

CABG since 1985 has doubled among persons aged 65-74 years and population-based 

semice rates more than tnpled among persons aged 75 years and over."' Despite these 

trends, the 1993 CABG service rate in Ontario was about halfthat of New York State for 

patients aged 65-74 and only one-third the New York rate for those r 75 years of age? 

New York, in hini, is at the Iow end of the Amencan range for population-based CABG 

rates. 

Although there have been no randomized trials cornparhg the efficacy of surgery 

to medicai therapy for ischemic heart disease m a targeted group of elderly patients, the 



Iower rates of semce among elderly Ontan*ans do taise questions about whether some 

patients are being denied procedures that may improve their quality of He. stasodn 

has suggested that the elderly tend to value improved quality of life more highly than 

proloaged longevity. Furthmore, several shidies have reported improved quality of life 

in elderly patients who underwent CABG. ia4*i67J78-i80 However, if the vital risk of 

surgery is large, then the risk-benefit ratio may be tipped toward medical therapy for the 

elderly . 

We have accordingly examined the trends in postoperative mortality among 

elderly Ontarians undergoing CABG at Canada's largest teaching hospital. We have 

used multivariable methods and a predictive d e  to calculate risk-adjusted outcomes, 

thereby creating a "level playing field" for temporal cornparisons of outcomes. More 

specifkally, we report on: a) the temporal changes in the prevalence of elderly patients 

(270 years of age) undergoing CABG over a 15-year penod in Toronto, b) the risk- 

adjusted temporal changes in clinical severity and in-hospital operative mortality among 

these subjects, and c) the coatemporary predictors of postoperative mortality in a 1991- 

96 cohort of elderly patients undergoing CABG. 

5.3 METHODS 

S A  Data Source 

Clinical, operative and outcome data were cdected prospectiveIy in a 

computerwd database for 19,009 consecutive patients undergohg isolated CABG 

between January 1,1982 and Decembet 3 1,1996 at The Toronto Hospital (formerly the 

Toronto Western and Toronto G e n d  Hospitds prior to 1990). Patients undergomg 



valve, congenitd, aortic mot, ventridm aneurysm repair, ûansplantation, ventridar 

mapping etc. were excluded fiom this study. 

53.2 Outcome and Explanatory Variables 

The outcome of interest for this study is operative mortality (OM), defked as any 

postoperative, in-hospital death. 

Core baseline explanatory variables collected since the inception of the database 

in 1982 inchdeci: age, sex, LV Grade (1=EF>60%, 2=EF 4060%, 3=EF 20-39%, 

4=EFa0%), previous bypass surgery, urgency of surgery (elective, semi-urgent = 

surgery during the same admission as a cardiac catheterization or cardiac event, 

emergency = surgery within 12 hours of a cardiac catheterization or cardiac event), 

number of diseased coronary arteries, presence of a significant stenosis 050% by visuai 

evduation of the cineangiogram) of the leR main coronary artery, severity of angina, and 

New York Heart Association firnctional clws. 

In 1990, the database was expanded to more fully characterize our patients by 

adding inforniaton such as recent myocardial infarction, diabetes, perïpherai vasnilar 

disease, previous angiopIasty or dent, history of hypertension, rend failure (diaiysis), 

preoperative stroke or transient ischemic attack, body size, and chronic obstructive lung 

disease, to name a few. Details of this database have been pubüshed e1~ewhere.l~~ 

53.3 AQalysis 

Data were collected and managed in dBASE IV datasets. The SAS for PC"' and 

BMDPDYN L R ' ~  pmgrams were used for statistical analyses. Chi square or Fisher's 



exact tests were used to evaluate categoncal data univariately. Multivariable logistic 

regression methods were used to calculate risk-adjusted rnortality and to calculate factor- 

adjusted odds ratios. Mode1 discrunination was evduated by the area under the 

Receiver-ûperator Characteristic cuve (ROC) 108*109 and caliiration was assessed by the 

Hosmer-Lemeshow goodness-of& statistic.lo5 For goodnesssf-nt, the nuIl hypothesis 

is that the model fits the data. Therefore, a non-signincant P value is desired since a P 

value <O.OS would indicate a poor fit between predicted and observed results. 

EvaIuation of temporal trends 

Rather than build a complex mode1 to assess the temporal trends in incidence, 

risk-profiles, and outcomes of elderly versus non-elderly patients, we used a simpler 

approach based on risk stratification and contingency tables, as outhed below. 

The data prior to 1990 lacked the full range of potential predictors of 

postoperative rnortality. Thus, any tempord comparative analysis required a simple 

predictive d e  that included oniy key predictors. To this end we started fiom the 

previously-vaiidated predictive algorithm developed by Tu and ~ollea~ues '~ as a 

template. That algorithm was designed for both valve surgery and CABG, and therefore 

hcluded type of surgery (isolated CABG, isolated valve, or valve + CABG) as a variable. 

Other validated models for predicthg isolated CABG outcomes have included lefi 

mainstem disease as a prognostic variable; hence this item was added to the model 

instead of type of surgery. 

To recdîbrate the d t i n g  sot-mriable algorithm for this one-centre temporal 

andysis, we performed a logistic regression analysis in the entire 1982-1996 cohort of 

patients. The redting adjusteci odds ratios for six explanatory variables: age ( ~ 6 5 ~ 6 5 -  



74,279, sex, prwious CABG, urgency ofsurgery, LV dyshction (LV Grade 2-3, LV 

Grade 4) and left main coronary artery disease, were rounded as in the aigonthm of Tu et 

al. These rounded, adjusted odds ratios served as risk weights for each level of tht 

predictor variables. A risk score for each patient was calculated by summing the risk 

weights for the variables that desmied the patient's baseline characteristics. Logical 

cutpoints of the observed mortaiity, determined by fiequency analysis, for each risk score 

was used to constnict relative nsk groups (e-g., low, medium, high). 

Next, data fiom 15 years were divided into three, five-year time cohorts based on 

date of operation: 1982- 1986,1987- 199 1, and 1992- 1996. Patients were M e r  divided 

into a younger cohort ((10 years) and an elderly cohort (270 years). This allowed us to 

use contingency table analysis to evaluate changes in the prevalence of elderly patients, 

their risk factors and operative mortaiity over time and between the three risk groups. 

As a complementary method, logistic regression analyas for operative mortality 

was perfonned solely for the elderly cohort (1982-1996). This aiiowed us to generate 

elderly-specüic odds ratios for the six explanatory variables, as weU as the risk reduction 

in operative rnortality associated with time &et adjuthg for those variables. 

Contemporary Predicfos of Operative Mortality 

In the £inai step of the d y s i s ,  we focused on the cohort of elderly patients 

undergohg CABG between 1991 and 1996, a group that was better characterized with 

additional data as outlined above. This enabled us to determine the contemporary 

predictors of operative mortaIity as contrasted to the six core explanatory variables used 

for the temporal trend anaiysis. The foIIowing variables were tested by Chi-square 

andysis for theu mivariate association with operative mortality: diabetes, peripherd 



vascular disease, history of hypertension, previous angioplasty/stent, rend fdure, New 

York Heart Association class, recent preoperative myocardid uifmtion, preopexative 

stroke/transient ischemic attack, number of diseased vessels, severity of angina, and body 

sue. We included al1 variables with a P value ~0.20, as well as those found to be 

clinically important in other models" regardles of whether they met the Cntical alpha 

level for inclusion. These variables were submitted for consideration to a stepwise 

logistic regression analysis using forward selection combined with backward elhination. 

The best model was determined by two criteria: the area under the ROC cwe,  and the 

Hosmer-Lemeshow statistic. Because of the limited number of events, we did not 

undertake split-sarnple methods to vdidate the model. Such validation would in any case 

connrni the model's applicability in our setting, but not prove generaiizability to other 

centres. Thus, we simply present this set of predictoa for information, and as a 

hypothesis for consideration and validation by othea. 

5-4 RESULTS 

5-4.1 Knowtedge to Date 

Table 5.1 lays out 18 papers retrieved h m  a Medline search that demonstrate the 

changing dennition of "efderly" and also the range of operative mortality (5020%) 

reported for isolated CABG over the past 20 years. 

5.43 Generaiizability 

Ali 19,009 consecutive patients undergohg isolated coronary artery bypass 

smgery at The Toronto Hospital between Jamiary 1,1982 and December 3 1,1996 were 



e m e d  As noted, the core variables for this study were: age, sex, LV Grade, previous 

CABG, urgency of surgery and lefi main disease. There were 346 patients with one or 

more of these data elements missing, making the database 98.2% complete for core 

information. 

5.43 Increasing Prevalence of Elderly CABG Patients 

There were 15,679 (OM=2.2%) patients under the age of 70 years who underwent 

CABG between 1982 and 1996. "Elderly" was defined as those patients r 70 years of 

age at the t h e  of operation (n=3,330,OM=4.95%). Figure 5.1 dernonstrates the yearly 

increase in the prevalence of those patients aged 70-74 (top panel) and those 275 (bottom 

panel) over the 15 years of this study. Both groups increased significantly over tirne 

(Pc0.00 1). The absolute nurnbers for patients under 70 remained fairly stable for each 

five-year t h e  cohort (-5,300) but the number of elderly patients almost tripled nom 593 

in the 1982-86 cohort to 1,726 in the 1992-96 group. 

5.4.4 Changing Risk Severity and Operative Mortality 

There was a 34% overd relative ri& reduction in the operative mortality rate (dl 

patients) nom 1982-86 (OM=3.52%) to the following t h e  cohorts (OM=2.34% for both 

19874991 a d  1992-1996 cohorts). 

The predictive d e ,  recalibrated in the 1982-1996 dataset of 19,009 patients, had 

a ROC area of 0.70 and a Hosmer-Lemeshow P value of 0.53. Table 5.2 shows the risk 

weights for each levei ofthe prognostîc varîables derived fiom the rounded, adjusted 

odds ratios and the cutpoints of the total ri& score used to define the relative ri& groups. 



Table 5.3 shows the prevaIeace of mdividual risk factors as well as the changhg 

distribution of overall risk markers. Combined prevalence of medium- and high-risk 

patients increased significantly (W0.001) over time for those patients over and under 70 

years of age (Figure 5.2). 

Overail mortality and risk-groupspecinc mortality data are presented in Table 5.4 

and Figure 52 .  Signifïcantly positive trends are seen for medium and high risk patients, 

and for most, albeit not d l ,  risk factor subgrops in the non-elderly and elderly. Age- 

specinc rnortality improved signifîcantly for persons rM) years of age. Even larger 

absolute improvements were seen among persons aged 70-74 and 275 years. However, 

these did not reach significance owing to srnaller sarnple sues. We accordingly m e d  to 

the overall logistic regression mode1 for the elderly, as this would allow us to factor in 

the temporal increases in severity. 

For the overall logistic regression, we set aside the risk scores based on rounded 

odds ratios and used the beta-coefficients, cdculating exact adjusted odds ratios and 

related confidence intervals for al1 explanatory factors. Among 3,330 elderly patients 

operated on between 1982 and 1996, there were 165 deaths. Compared to 1982-1986, 

operations in l986l99 1 and 1992-1996 were each associated with a siguificant -50% 

reduction in relative odds of death (Table 5.5). Adjusted odds d o s  and their 95% 

confidence intervals for aU core risk factors are also shown in Table 5.5. Predictive 

accuracy measured by the area under the ROC m e  was 0.69 and precision, measured 

by the Hosmer-Lemeshow goodness-of-fit statistic was 0.232. 



5.4.5 Contemporuy Predfctors of Operative Mortaiity in the Elderly 

There were 2,002 elderly patients (270) who underwent isolated CABG between 

1991 and 1996. Operative mortality was 4.6% in this group (n=92). The six core 

variables, age (7&74,275), sex, previous CABG, LV Grade (1,2-3,4), timing of surgery 

(elective, semi-urgent, emexgency) and left main disease (~50% stenosis) were submitted 

to a logistic regression andysis almg with the foliowing additional variables: diabetes, 

peripherd vascular disease, history of hypertension, previous angioplastylstent, rend 

failure, New York Heart Association class, ment preoperative rnyocardial infarction, 

preoperative stroke/traasient ischemic attack, number of diseased vessels, severity of 

angioa, and body sue. The contemporary, independent, multivariable predictors of 

operative mortality are contained in Table 5.6. Particularly interesting is a nsk reduction 

associated 6 t h  previous angioplastylstent. The Hosmer-Lemeshow goodness-of-fit P 

value was 0.932 and area under the ROC curve was 0.713. 

5.5 DISCUSSION 

While advmcing age remains a consistent predictor of operative mortality 

following isolated CABG, a variety of reports in the literature have demonstrated that 

elderly patients previously thought to be at very high risk for adverse events can now 

tmdergo this beneficial procedure with acceptable post-operative 

mowty. 15Xl569Ifl9 1*16% 16591739174 Mmy of he have been E t e &  however, 

either by not providing a long-term pempective on outcome trends among the elderly, or 

by not mcorporating risk-adjustment algorithms that take into account the temporal shifts 

in ri& profles among patients receivmg CABG. In the latter respect statistical power 



bas been a problem for many published reports of CABG in the elderly with the obvious 

exception of the study by H a ~ a a  et Given the nnrent convention that there should 

be at les t  10 outcome eveuts for every explanatory variable in an outcomes-prediction 

m0de1:~ many studies have sample sizes that permit only two or three variables to be 

considered adepuately for risk-adjustment purposes. 

Our analysis has provided a 15-year perspective on 19,009 consecutive isolated 

CABG procedures at Canada's largest hospital, and iacludes over 3,300 patients aged 70 

and over. We used a previously validated predictive de3 '  as a template for risk 

adjustment, added an additionai explanatory variable (left main disease) and recalibrated 

the rule across the entire 15-year dataset to create a more level playing field for temporal 

cornparisons of risk factor profiles and outcomes. Our hdings confimi that there has not 

only been a tirne-related increase in the prevalence of older patients undergohg isolated 

CABG at our centre, but also an increase in the severity of the preoperative risk profile of 

those patients. However, rkk-adjusted operative mortaiity has decreased significantly for 

eiderly patients. The current ovedl  mortality rate for elderly patients is less than 5% 

and ody 3% for low- and medium-risk patients. 

Given the enthusiasm for outcomes "score-cards", it is also noteworthy that an 

improvement U1 outcomes was aiready evident in the 1987-1991 period for both older 

and younger patients. This occurred weil before Ontano embarked on its cturent 

program of systematic outcomes monitoring as descriied e1sewhere.18' 

Because patients' characteristics were not as exhaustively documented in eariier 

as in later years, we cannot absolutely d e  out the possibüity that the recent 

iinprovements in outcomes are p d y  an epiphenomenon oftmmeasured changes in case 



selection. However, the mode1 for mortality of elderly patients between 1982 and 1996 

had a ROC curve area s M a r  (0.69 versus 0.71) to that for elderly patients in the 1991- 

1996 model which dnw on additional risk fkctor data, and the trends to inclusion of 

higher risk elderly patients are temporally consistent. Therefore, it is exceedingiy 

unlikely that our findings are explained by unmeasured changes in patient characteristics 

working in the opposite direction, i.e. towards lower-nsk case selection. Another 

hypothetical confounder is declinhg length of stay. Since patients in recent years would 

be discharged earlier, some who might otherwise have died in hospital wodd die at home 

and not be counted. However, this is also an implausible explanation for the observed 

trends. The mortdity decrement was already evident for the 1987-9 1 penod, which 

antedates the contemporary move to much shorter lengths of stay after CABG. Second, 

post-operative stays among the elderly undergoing CABG remain relatively long; for our 

1992-96 cohort, the mean was 11.3 days (95% CI: 10.8,11.8). Thirci, we have tracked 

patients after discharge in a major randomized Deaths occurring between 

discharge and 30 days from the date of surgery were uncornmon; over 95% of deaths 

occurred on the index admission. Thus, any minor decrements in Iengths of stay 

occurring h m  1982-86 to 1987-9 1 are most unlikely to account for the dramatic decline 

in poat-operative mortality observed in the same period. 

The reasons for the improved outcornes aonetheless rernain speculative. Possible 

factors include better myocardial protection durllig surgery (e.g. by use of blood rather 

than crystailoid cardioplegia or warm/tepid rather than cold cardioplegia temperaimes), 

greater use of Ieft interna1 thoracic artery conduits, and improved cardiovasdar 

anaesthetic techniques. For that matter, most centres reporthg temporal trends in overall 



CABG outcomes have noted improvements over the past decade. We found no evidence 

for m e r  signincaut changes in outcomes for 1992-1996. However, ongoing 

improvements may be masked by the incrwising prevdence of high-risk patients who are 

incompletely characterized by the simplified risk-adjusûnent algorithm used for the 15- 

year trend analysis. 

Analysis of the 1982-1996 dataset was obviously not ideal for delineating 

predictors in current practice for two reasons. First, a richer set of variables did not 

become availabh until1990; and second, as noted above, outcomes have been improving 

over tirne. Thus, tu determine the contemporary predictors of operative mortality in the 

elderly, a logistic regression analysis was performed on a database of 2,002 weU- 

characterized elderiy patients undergoing CABG between 199 1 and 1996. Strong risk 

factors were presence of a grade 4 ventricle (odds ratio: 10.7,95% CI: 4.4 - 26) or 

previous CABG (odds ratio: 3.73,95% CI: 2.0-7.0). Some expected predictors - such 

as age 275 years, urgent/emergency surgery, rend failure, number of diseased vessels, 

presence of left mainstem disease, or ment preoperative myocardiai infarction - fell out 

of the bal  mode[. This is partly a fimction of statistical power, but it is instructive that 

other predictors - such as diabetes and peripheral vascuiar disease - took precedence in 

the nsk adjustment aigorithm. 

The protective effect of previous aagioplasty/stenting in the algorithm is 

strikingIy large. This hding is almost cornter-intuitive, as one would expect indmduals 

at higher risk h m  CABG to be more likely to undergo angioplasty as a temporizhg 

measurr, rather than proceeding h c t l y  to open hart q e r y .  There are two plausible 

explanatiom for the effect, which are not mutually exciusive. The first is that previous 



angiopIastylstenting is directly protective by reducing one or more of the critical 

coronary arteriai stenoses prior to CABG. The second is that the prior occurrence of 

angioplastylstenting is actualIy a proxy for less extensive or severe coroaary 

atherosclerosis, independent of the number of diseased vessels. In the latter scenario, 

patients with a limited number of dismte lesions would be more likely to undergo a prior 

angioplasty than those with d i f h e  atherorna and distai vesse1 involvement. 

Limitations of this analysis are those that apply in any observationai outcomes 

analysis. Fint, miscoding of key risk factors is aiways a concem. The database in 

question is very well-established, and subject to systematic logic and range checks. 

Dest ions for risk factors have remained unchanged since 1982 in some cases, and since 

1990 for those factors added later. Fwrthennore, the data are subject to randorn audits 

which have consistently shown raw inter-abstractor agreement on major variables to be 

p a t e r  than 98%. The dataset is also acceptably complete in tenns of core variable 

information with ody 1.8% of patients missing one or more key data elements. 

Second, we have dernonstrated the improving outcomes of isolated CABG in the 

presence of growing nimibers of procedures on hi&-risk elderly patients; but, in contrast 

to the accumulated trial data on younger persons, the risk-beaefit ratios of surgery for the 

elderly are not precisely dehed. '73*'" The elderly are a very divene group in tenns of 

th& physical and mental heaIth, work capacity and economic status.'" h d e n t  case 

selection must obviously take bto account the basehe functionai capacities and 

preferences of eldesly patients. Furthermore, our redts do show that high-nsk elderly 

patients have a signincantiy increased operative mortality rate (8.9%); those with 

poor ventridar hct ion or previous CABG are at parhdarly high risk of post- 

operative mortality. These latter £Ladmgs may help clinicians in counseIling elderly 



patients about the nsks of isolated CABG surgery. 

Third, as noted in the Methuds section, the predictive algorithm for the most 

recent @od is based on consecutive patients fiom a single centrt, without independent 

validation. With only 92 deaths among the 2,002 elderly patients undergohg isolated 

CABG at our centre between 1991 and 1996, it was aot feasible to split the cohort into 

derivation and validation samples. That said, most risk-adjustment aigorithrns in the 

literature have been vaiidated ody in the centres fiom which they were denved Other 

centres should idedly use theu own outcornes data to vaiidate and recalibrate the risk 

factors identified here. 

Fourth, we have focused exclusively on mortaiity as a post-operative 

complication* Additional work is needed to delineate trends in post-operative morbidity, 

not the least of which is stroke, an outcome particulady feared by the elderly. 

Furthemore, we do not have data on long-term life expectancy gains or @ty of 

life enhancement. Linkage to provincial statistics is planned to address Me-expectancy 

gains, but in the absence of prospective data collection, quality of life improvements 

cannot be quantifïed. 

In conclusion, previous reports of hospital outcomes in the elderly have been 

lunitcd either by not providing a long-term perspective on outcome trends or by not 

hcorporating risk-adjustment algorithm that take into accoimt the temporal shifts in risk 

profiles among patients receiving CABG. This study highlights the value of using a 

predictive nile for research pirrposes. The predictive nile was used to stratify patients 

into relative risk groups dowing us to use simple contmgency table analysis to evaiuate 

temporal shifts in nsk profiles and outcomes. The results of this simpler analfic format 



were corroborated by logistic regression anaiysis which include temporal predictors in 

the final mode1 for operative mortality in elderiy patients (Table 5.5). 

Coronary artery bypass smgery may somethes be the best of the unattractive 

options for elderly patients who have a progression of disease and symptoms. Operative 

mortality after isolated coronary bypass surgery in the elderly declined significantly 

starting in the late 1980's for this important and growing group of patients, despite an 

increase in the prevalence and severity of their risk factors; and has been stable since the 

early 1990's at under 5% ovedl for patients aged 270. A carefbl weighing of risk, rather 

than advanced age alone, should determine who is offered surgical revasculariiation. In 

this regard, poor ventncular fimction and redo CABG surgery continue to have the most 

impact on operative mortality in elderly patients in our centre. These and other nsk 

factors noted here can senre as a starting point for cardiologists and surgeons who wish 

either to counsel elderly patients about the vital risks of isolated coronary bypass surgery, 

or to delineate risk factors for adverse events in their own practices. in Chapter Six we 

wilI evaiuate the use of a predictive rule as a clinical tool for estimating the probability of 

adverse outcornes following CABG. 
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OM = operative mortality 



Table 5.2 

VariabIe 

Female 

LV Grade: 2 
3 
4 

Left M a i .  Stenosis 1 1.6 (1.3,2.0) 1 2 

OR (CL) 

1.8 (1.5.2.2) 

12 (1 .O, 1.6) 
2 3  (1.8,2.9) 
6-2 (4-4.8.6) 

Timing of Surgery Semi-Urgent 
Emergency 

M o u s  CABG 

Age: 70-74 1.6 (1.4.2.0) 
275 1 2.5 (1.9.3-4) 

Risk Weight 

2 

1.2 (1 .O, 1.5) 
3.4 (2.6,4.4) 

3.0 (2.3,3.9) 

~ i g h  ~ i s k  1 I 27 

1 
3 

3 

Total Possible Score 

Risk Score Cutpoints: 
Low Risk 

Medium Eüsk 

OR (0 = odd ratio and the 95% confidence interval. 

Reference categories in order are; male, LV Grade 1, elective singery, no previous 

CABG, no left main stenosis, agecl0 years. 

- 
- 

O -  19 

0 - 3  
4 - 6 
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Table 5.4 

Variable 

Risk-Stratified OM 
Low Rhk 

Medium Risk 
High Risk 

Sex: Male 
Female 

Age: 4 5  
65-69 
70-74 

r 75 

LV Grade: 1 
2 
3 
4 

Previous CABG: No 
Yes 

Timing of surgery: Elective 
Semi-Urgent 

Emergency 

Left Main Disease: No 
Yes 

- - - 

LCOS 

Perio~erative Stroke 

-for4 5zQ vahues are percentages with the exception of the fnst mw 0. 

OM = operative mortality, MI = myocardial idarcfion, LCOS = low cardiac output syndrome. 

Different over TIME, * P4).05, **P4.01, m o t  signincant 



II Variable 

1 Age 275 yean 

Il Previous CABG 
LV Grade: 2-3 

4 

II Timing of Surgery: Semi-Urgent 
Ernergency 

II Lefi Main Disease 

The refemce categories in order are as follows: 198201986; 70-74 

years; Male; No M o u s  CABG; LV Grade 1; Elective Surgery; and No Left Main 

Disease. The ROC curve area for the mode1 is 0.69; the Hosmer-Lemeshow goodness- 

of-fit P vaIue is 0.232, 



Table 5.6 f c c 9 1  a D99 

Il Variable 

LV Grade: 2-3 
4 

IIr -- Previous CABG 

II Diabetes 

lr - - -  constant 

Regression Odds 95%CI 
Coefficient Ratio 

0.97 1 
2.37 1 

Hosmer-Lemeshow goodness-of-fit P value = 0.932, ROC area = 

0.713. 

Note the risk reduction associated with previous angioplasty/stent. 



Age 70-74 year 

Age > 75 years 

Year 
m d  5.1 The figure shows the signiscant increase in the prevalence of 

elderly patients undergohg isolated CABG at The Toronto Hospital 

between 1982 and 1996. The temporal change was signincant (P4.001) 

for both those aged 70-74 years and those aged 75 years and older. 



60 1 Prevalence 

Low Risk Medium Risk High Risk 

1 Operative Mortality 

Low Risk Medium Risk High Risk 

m d  5.2 The prevalence (top panel) of high risk elderly patients increased 

signincantly (P<O.OOI) over tirne. Operative mortality (bottom) panel 

decreased sipnincantry (l?<0.05) over time for both medium and high 

ri& eIderIy patientr. 



Chapter Six 

Predictive Accuracy Stady: Comparing a Statistical Mode1 

To Cihicians' Estimates of Outcornes After 

Coronary Bypass Surgery * 

* Adapted nom: 

Ivanov J, Borger MA, David TE, Cohen G, Walton N: Predictive Accmcy Study: 

Comparing a statistical mode1 to chicians' estimates of outcornes &er coronary bypass 

sutgery. AM Thorac Surg 2OOO;7O: 162- t 68. 



The purpose of this shidy was to compare clhicians' prior probability estimates of 

operative mortality (OM) and prolonged ICU length of stay >48 hr (ICD48h) following 

coronary artery bypass graft surgery (CABG) to estimates denved fiom statistical models 

alone. 

Methods: Nine clinicians estimated the predicted probability of OM and ICU>48h from 

an abstnict of information for each of 100 patients selected fkom the 1996-97 database of 

1904 patients who underwent isolated CABG.. Logistic regression models were used to 

calculate the predicted probability of OM and ICU>48h for each patient The study 

sample was split into two parts; clinicians were randomly given access to a predictive 

d e  to guide their judgements for one part of the study. 

Results: Clinicians' estimates were similar with or without access to the de, and both 

parts of the study were therefore pooled. Clhicians significantly over-estimated the 

probability of OM (Mode163 * 1%, Chicians 7.6 k 3%' W.OOO1) and ICU>48h 

(Mode1 25 * 2%, Ctinicians 28 * 1%, W.00 12). Clinicians' estimates of OM were not 

significandy higher than the model's for non-swivors (0.8s0.7%, P=0.2), but were 

significantly higher for survivors (1.4I0.3%, W.039). Areas under the ROC curves did 

not differ for either outcome between the mode1 or the clinicians. However, after 

adjustmg for the deliberately skewed prevdence of the outcomes m the sample, the 

statistical modeis dernonstrated superior discrimination compared to the clinicians: OM 

at 2% prevaience: (Mode1 ROC 0.974 0.026, Cünicians ROC 0.720 * 0.069, 

Pc0.001); ICXH8h at 16% prwalence: (Mode1 ROC 0.942 * 0.014, Clinicians ROC 



0.760 * 0.025, P<O.OO 1). 

Conclwions: CIinicians tnisted their own empinc estimates rather than a predictive d e  

and over-estimated the probabüity of OM and ICD48h. These fidings highlight both 

the rationale for using predictive d e s  in practice and the remaining challenges in 

persuading clinicians to use such d e s .  



6.2 INTRODUCTION 

As noted in preceding chapters, many clinicai predictive d e s  have been 

developed for cardiac surgery to characterize case-mix and estimate the probability of 

outcomes. The primary purpose of these predictive d e s  has been to calculate risk- 

adjusted outcomes for provider profiling.'4211usJ9*41*65*67*72QS*149*1so Mer applications 

for statisticd models include: assishg administrators in determinhg resource allocation, 

helping providers assess quality of care, and i d e n m g  high-risk subgroups for research 

purposes. Uf6fU8*41*n96*t49 As well, patients may ask for probabilistic information 

regarding diagnosis, prognosis and response to treatment. isw.l In this chapter we 

evaluate the use of a predictive d e  as a tool to guide clficians' estimates of the 

probability of hospital outcomes. 

Statistical models can be used to facilitate discussions between surgeons and their 

patients regarding the risks and benefits of a particular procedure. However, chicians 

sometimes claim that their intuition and experience gives them advantages over any 

statistical model in predicting adverse outcomes, and that the variables included in 

models reflect averages, rather than patient-specific clinicai features that may put patients 

at rkk, We accordingly undertook a study to 1) compare the judgements made by a 

statistical model to those made by clinicians, and 2) evaluate the use of a predictive d e  

as an aid to clinicians in making estimates of the probability of operative mortality and 

prolonged ICU length of stay greater than 48 hours. To give maximum advantages to 

cIinical judgement, we compared predictive performance for a group of patients 

assembled prnposively to cap- a cross-section of both hi&- and Iower-risk hdividuals 

who had SUffeted adverse events, and provided clhicians with additional clinical 



infiormation not incorporated into the statistical model. 

6.3 METEODS 

6.3.1 Sampting frame and Case preparntion 

We drew 100 cases (study sample) fiom the 1904 patients who tmderwent 

isolated CABG at the Toronto General Hospital between Jmuary 1996 and April 1997 

(hereafter, the study population). We deliberately over-sampled for 70% of deaths, 

drawing 29 of 41 post-operative fataiities nom the general patient population, covering a 

range of higher- and lower-risk patients who died after surgery. The remaining 71 

patients were sampled from survivon. The 100 study patients were then randomly 

divided into two 50 patient groups, Parts I and II. 

A half-page abstract was prepared for each patient. Again, to support clinical 

judgements, the abstract contained a table of information covering many more variables 

than the statistical models which were derived and validated by our group. 3 9 n o  The 

variables drawn fiom our clinical cardiac surgery database included: age, sex, LV 

ejection fraction, New York Heart Association functional class, anginai syrnptoms (i.e., 

stable, unstable, acute coronary insuffïciency), previous CABG, timmg of surgery (Le., 

elective, same-hospitalization, urgent, emergemy), left main disease, positive exercise 

stress test, rrcent myocardial mfarction within the month prior to ~t t rge ry ,  diabetes, 

peripheral vascdar disease (including carotid stenoses), history of hypertension, rend 

insufflcïency, height and weight. ResuIts of coronary angiography were also shown in 

detail as a diagram dong with information regardhg the @ty of the vessels, Le., 

degree ofstenosis, and vesse1 size, qyaiity of distd vessels, and coilaterd flow, when 



available. A brief narrative was prepared which descnied each patient's relevant history, 

presenting scenario and other comorbidity. Table 6.1 contains an example of additional, 

relevant information which was not contained in the database but was added to the 

narrative. 

63.2 Preàîctive Rule 

A predictive nile, developed fiom the combined CABG database of two Toronto 

hospitals for the years 1993 to 1996, was used as the format for the contemporary, site- 

specinc guidelines. Risk weights for this d e  were re-calibrated in the 1993 to 1997 

database for the Toronto Generd Hospital only. Risk weights and cutpoints of the total 

risk score which defined relative risk groups (Iow, medium, high) can be found in Table 

6.2. Details regardhg the development of this d e  have been published.* By presenting 

a simple and additive s c o ~ g  system, we hoped to maximize the system's acceptance by 

chicians. 

63.3 Chician SampIe 

Ail nine cardiac surgeons who performed CABG srrrgery at the Toronto General 

Hospital in 1997-1998, as welI as two cardiac surgery residents and a specidty nurse- 

clinician were invited to participate. Two senior clinicians declined the invitation to 

participate and one senior clinician had difficulty with the format and dso decided not to 

participate. Senior cardiac singeons are designated in the figures as clhicians #1-#5, #6 

is ajunior cardiac surgeon, the two speciality residents are #7 and #8 and the speciality 

nurse is chician #9, 



CIinicians were randomued to receive the predictive d e  as an aid for Part I or 

Part II of the shidy. M e r  a four month 'wash-out' period, clhicians who nceived the 

predictive d e  for Part 1, did not receive it for Part II of the shidy, and vice versa 

6.3.4 Outcornes 

Clinicians were asked to estimate, for each patient, the probability of 1) operative 

mortality (OM), defhed as any postoperative, in-hospital death, aud 2) prolonged ICU 

length of stay defmed as an ICU length of stay greater than 48 hours (M=U>48h), which 

conesponded to the 83rd percentile of ICU length of stay for 19954997. 

63.5 Statistical Mode1 

The mode1 was essentidy similar to the original predictive d e  used to assist 

dinicians. Risk factors from the original d e ,  in addition to other important prognostic 

variables, were submitted to a logistic regression analysis to recaiibrate regression 

coefficients and optimize precision? 

In 1995, the pattern of practice changed regarding discharge fiom the ICU: 

patients were extubated earlia and discharged sooner than previous patients because of 

186*187 Because ofthis changing pattern, the logistic regression mode1 for 'Tm-trachg . 
the prolonged ICU stay outcome was re-deriveci for ody the 19954997 database of 

isolated CABG patients. An ICU stay of >48 h o m  corresponded to the 83rd percentile 

of total ICU lengîh of stay- 

Regression coefficients fiom the newIy derived models were used to calculate the 

patient-specific predicted probability of each outcome using methods pteviously 



63.6 StPtisticPl Analysis 

Data were mmaged in dBASEIV datasets and analyzed using SAS for Windows 

Version 6.12.'~' Results are presented as means k standard mors. A two-tailed P value 

c0.05 indicates statistical significance uniess otherwise noted. 

The estimates of probability for OM and ICU>48h with and without access to a 

predictive nile were evaluated by unpaired t test. The merence between the chician's 

estimate of the probability of OM and ICU>48h and the rnodel's estimate was calculated 

for each patient (clinician minus model) and evaluated by paired t test. The nul1 

hypothesis for this andysis was that the difference in the predicted probability of an 

event equded zero. 

Caiiibration, or precision at the group level, was e v h t e d  by the Hosmer- 

Lemeshow goodness-of-ft chi square statistic (HL).'OS Hosmer-Lerneshow goodness-of- 

fit P values ~0.05 indicate a significantly imprecise model (i.e. the mode1 did not fit the 

data). Cdibration is dso important because, in contrast to the match between 

probabilities and categorical evcnts reflected in the ROC c w e  area, it captures the 

ability of the model (or clinicians) to predict the absolute event rates on average. 

The Brier score (BS) is a quadratic penalty score with values between O and 1. 

The Brier scores measures both accuracy and precision at the individud patient level. 

The lower the BrÏer score, the more accurate the judgement. The formula is as follows: 

BS- @-a2 
where Ppredicted probability of outcorne, d (event) O=event did not occur, l=event 



ocCULTed, 

The precision of a set of probabüities are evaluated by calcdahing the associated 

Z statistic and P value. A P value 4.05 indicates a mode1 which is significantly 

imprecise. ' i"-1L4*185*188-192 The difference between clinicians' and the models estimates 

of Brier scores was evaluated by non-parametric d y s i s  of variance, the KNskal-Wallis 

non-parametric rank anaiysis as well as by pafametric ANOVA and t tests. 

Discrimination (or predictive accuracy) was assessed by calculation of the area 

under the Receiver-Operator Characteristic c w e  (ROC) for each set of estimates. 108,109 

The area under the ROC c w e  reflects the proportion of randomiy paired sets of patients 

for which the patient experiencing the event has a higher predicted probability of having 

the event, compared to the patient who does not expenence the event. An area under the 

ROC cuve of 50% indicates no discriminatory ability; ROC areas above 70% represent 

fiiir discriminatory ability and ROC areas above 80% represent good discriminatory 

ability. The area under the ROC c w e  is independent of the prevalence of the outcome 

in the &tabase. However, shce the study sample was delibenitely skewed towards 

patients who had events, we adjusted the prevalence of each outcome by the following 

strategy: 1) patients who died were ranked in order of their predicted probability of OM 

(Iowest to highest), 2) patients with the lowest predicted OM were hcrementaily 

changed fkom "died" to "mwived", thereby reducing the overall prevalence of OM in the 

dataset, 3) ROC and HL GOF were recalcdated for each step, 4) this strategy was 

repeated for the outcome, ICU>48h. The theocy behind this exercise was that, as the 

prevalmce of each outcome was decmed in favour of those having a lower predicted 

probability of having an event, the abiiity of the mode1 (or cihicians) to discriminate 



patients at hi* rïsk shodd have approached 100%. The cornparisons ofROC curves 

for chicians versus the statistical model were performed using methods desmiid by 

Hanley and McNeil. 108,109 

6.4 RESULTS 

6.41 Statisticai Models 

There were 73 13 patients who underwent isolated CABG at the Toronto General 

Hospital between 1993 and 1997. Operative mortality (OM) in this group was 2.3% 

(n=169). In the 1995 to 1997 database of 4572 patients undergohg isolated CABG, the 

prevalence of ICU>48h was 17% (n=778). 

Logistic regression coefficients for both the OM model and the prolonged ICU 

stay model are found in Table 6.3. Both models demonstrated excellent discrimination 

and precision. 

6.4.2 Study Population 

For the study population of 1904 consecutive patients undergohg isolated CABG 

between January 1996 and March 1997, OM was 2.3% and ICU>48h was 15.6%. 

Regression coefficients from the newly derived models for OM and ICU>48h were 

appiied to these data to calcdate the predicted pmbability of each event The statisticd 

models demonstrated good discrimination and p~cision in the study population: for OM, 

ROC was 0.76 and HL W.104. For ICU>48h the ROC was 0.71, with HL W . 5  1. 



6.43 Sample characteristics 

Table 6.4 depicts the demogtaphics of the study population and the 100 patient 

study sample. The deliberate skew of the study sample is evident in both the prognostic 

variables and the prevalence of outcornes. There was no group Ievel difference between 

Part 1 and Part II for any prognostic or outcome variable - on average, the two groups 

looked the sarne with regard to risk factors and outcomes. 

6.4.4 Impact of access to a Predictive Rule 

Access to a predictive d e  did not significaatly alter overall predictive 

performance for the group for either outcorne (Table 6.5). With the exception of one 

cardiac surgery resident, there were no statistical dserences in clhicians' predicted 

probabilities of OM made with or without access to the d e .  Access to the predictive 

nile was associated with significantiy higher estimates of the probability of ICU>48h for 

two clinicians and signXcantly lower estimates for two other clhiciam (Figure 6.1) 

Moreover, when clhicians were sweyed after the study, only one junior staff surgeon 

and the nurse clinician consistently referred to the predictive d e  as a guideline for 

making their probability estimates. Both parts of the study were therefore combined for 

cornparisons between clinidans' prior probability estirnates of outcomes versus those 

made by a statistid modef. 

6.4.5 DifEerence Between CIinicians and the Mode1 

Predicted Probabilities of Outeornes 

Figure 6.2 shows the Werence by paired t test between each clhician's predicted 



probability and the model's calcdations for OM (top panel) and ICU>48h (bottom 

panel). The differences for OM wcre significant for the experienced clinicians (#1, #2, 

#3, #5, #6) whereas the more mexperienced clinicians (#7 - #9) demonstrated no 

signiscant difference nom the model's predictiom. The junior clinicians (#7#9) 

estimates were significantly different from the senior clininans (#1- #5) by analysis of 

variance (Pc0.05). 

F i g m  6.2 (bottom panel) shows the results of the paired t tests evaluating the 

diffierences between the clinicians and model for predicted probability of ICU<48h. In 

this instance, there was no relationship between clinical experience in either direction or 

magnitude of discrepancies. 

Table 6.6 shows the redts of the pooled clinician sample compared to the 

statistical model. The clinicians significantly over-estimated both total OM and 

ICU>48h. However, when we evaluated those having events v e m  those not having the 

event, the differences for predictions of OM were signiftcant only for survivors 

(Clinicians 7.W%, Model 5.&7%, W.OOO1); there was no signincant diffennce in 

OM predictions for the non-wmivors (Clinicians 9.&LO%, Model 8. kg%, P=0.23). 

Clhicians estimates of prolonged ICU t h e  were significantly higher than the Model's 

for both those not experiencing the event (Clinicians 22I22%, Model 20I15%, EW.03) 

and those who did have an ICU length of stay >48 hr (Clinicians 3=8%, Model 

34&23%, M . 0  1). 

Accuracy 

With the exception of one surgeon, predictive accuracy (or discrimination) as 

measured by the area under the ROC c m e  was poor for all sets of judgements for OM 



(Figure 6.3). Discrimination was higher, in general for ICD48h compared to OM. 

There was no difference in ROC cwes  between the pooled chician sample vernis the 

statistical mode1 for either OM or ICU>48h (Table 6.6). However, for OM, six of nine 

clinician had ROC curves with lower values than the statistical model's ROC. 

The prevalence of OM in the Parent database was 2.3%. The prevalence of 

ICU>48h in the Parent database was 15.3%. By cornparison, the prevalence of each 

outcome in the 100 patient sample was extremely skewed by design: OM 29%, ICU>48h 

36%. The prevalence of each outcome was demased by incrementaily revening the 

outcome for patients with the lowest probability of expenencing the event. Table 6.7 and 

Table 6.8 display the resuits of this strategy for OM and ICUs48h respectively. ROC 

c w e s  for the statistical models approached 100% as was expected in this manoeuvre. 

However, ROC curves for the clinicians estimates did not increase as expected and were 

significantiy Iower than ROC cwes  for the statistical models. 

There were no sipifkant ciifferences in Brïer scores for OM (Figure 6.4, top 

panel). AI1 Brier scores were associated with Z statistics > L  9 6  indicathg s imcant  

imprecision of the judgements. Brier scores for ICU>48h were signifîcantly Merent 

between clinicians by M A  and the KniskaI-Wallis rank test (P<O.OO 1). Although 

overail precision was poor, two cünicians had judgements associated with Z statistics 

(1 S5 and 0.44) indicating excellent precision (Figure 6.3, bottom panel). 

6.5 DISCUSSION 

The ability of physicians to make probabilistic judgements may be W e d  to the 

@ty of care they provide as weii as to the allocation and coasumption of 



mouftes. 114t185*191v193 As a dt, predictive d e s  have been developed in many areas 

of medicine to aid clinicians in making probabilistic j ~ d ~ e r n e n t s ? ~ ~ ~ ~ ~  In cardiac 

surgery, predictive d e s  have been developed primarily for coronary artery bypass 

surgery, focushg on post-operative mortality and length of hospital 

-Y- i4311U829*41*65*6795v149*150 It has been suggested that these models may be helpful 

variously for patient counselling regarding the risks and benefits of a procedure, 

identification of high risk subgroups for research pqoses, Ut61UWl,4196,149 ,d 

calculation of surgeon-specific, ri&-adjusted outcomes of coronary bypass s ~ r ~ e r y ~ ~  

In this study we examined the comparative performance of clinicians and a 

statistical model in predicting adverse outcomes after CABG. We presented a group of 

clinicians with case abstracts for 100 patients, and deliberately skewed the sample by 

includhg 29 patients who died post-operatively. The additional uiformation contained in 

the narrative section of the patient histories, coupled with the skew towards higher risk 

patients who experienced adverse events, was designed to give clinicians an advantage 

over the statistical model's estimates of probability. We postulated that clinicians' 

concephial fiexiibüity and intuition might allow them to identa patients at special risk 

more accurately than a statistical model. To maximize the pedormance of the statistical 

mode1 we drew the study sample of 100 patients from the population of patients in which 

the d e  was recalibrated 

Mor to the start of the shidy, the study protocol was circuiated to each cIinician 

and followed by two emails ashg  for comments or questions. The purpose and details 

of this study were then presented at divisionai rounds on two sepârate occasions. The 

predictive d e  as depicted in Table 6 1  was pmvided to each clinician for one phase of 



the study. The four month 'kwashut" period between the two parts of the study was 

designed to prevent contamination. We were not particularly surprised that the majority 

of clinicians elected not to use the d e  consistently to caldate patient-specinc 

probabilities of each outcorne. Indeed, we fond no merences in p~dictive accuracy 

whether chicians were exposed to the d e  or not, and whether they claimed to use it 

consistently or aot. We were surpriseci that two very senior surgeons would not 

participate in the study despite npeated requests from the primary investigator. These 

findhgs highiight the tendency of clinicians to nly on their own intuitive judgements 

rather than a statistical model. 

Given the Iack of impact of access to the predictive d e ,  we analyzed the resuits 

for both phases of the study together. Unlike previous studies which have show that 

clinicians outperformed quantitative models, 99*'89*'9' a robust analysis of the paired 

difference of each clinician's estimates of probability vernis those made by the statisticd 

model revealed that senior surgeons significmtly over-estunated the probability of 

operative mortality. One possible explmation for these resuits is that senior surgeons 

make typically broad predictions based on their recent experienceg6 whereas the junior 

cliniciaris, lacking in experience, May rely morr closely on published results. However, 

in a review of 100 studies comparing statistical to clinicai judgments, Dawes and 

coIIeaguesL" concluded that statistical estimates equded or surpassed the clinical 

method even when clinicians were given an information edge. 

The relatively poor performance of the statisticd model in the 100 patient study 

sampIe was understandable given the deliberateIy skewed prevdence of outcornes m the 

study sample. Indeed, as noted, we expected that the approach towards a study samp1e 



with an increased prevdence of high risk patients having outcornes would give clinicians 

an advantage. It did not Dawes et aftg5 noted that a unique ab%@ to observe is not the 

same as a unique ability to predict based upon the integration of observed information. 

They stated that research has shown that individtiais have dïfEcuity discerning between 

valid and invalid variables and commonly develop false beliefs in associations between 

variabies. Others have highlighted the importance of disease prevalence when 

transportïng clinicd prediction d e s .  To evaluate underlying discriminatory ability, we 

explored a strategy to test the predictive accuracy of both the mode1 and the chicians by 

incrementally reducing the prevalence of each outcome in the study sample by changing 

patients with the lowest predicted probability of an outcome fiom having the event, to not 

having the event. The redts demonstrated that after this adjustment, the statisticd 

models had si@cantly improved discrimination compared to the clinicians. These 

resuits were similar to those found in a study by Poses and colleaguesg9 who found that 

discriminatory power was diminished when thtee predictive rules were tested in a 

population whose disease prevalence was significantiy Iower thari the population fiom 

whence the mies were derived. M e r  adjusting for disease prevaience by using the actuai 

disease prevaience in their population as the pre-test estimate of disease probability, these 

investigators fomd that estimates made by al1 three d e s  were significantly more 

accurate compared to those made by the clinicians. The authors concluded that 

predictive des  might aid clinicians' decision-making provided the des are accurate and 

pmperly calibrated. 

One limitation of this study was that the clinicians were making estimates of 

mortality and pdonged ICU stay fiom a written synopsis of patient information rather 



tban direct examination. However, clinicians were given the advantage by being 

provided with additional relevant clinical information in the narrative portion of each 

patient abstract. Also, the diagram of the cardiac catheterization resuits included distal 

vesse1 quality if it was noted to be poor. Despite these advantages, the clinicians did not 

outpeiform the statistical models which relied solely on a Iunited number of variables. 

We doubt, therefore, that our findings wodd have been different if the study had taken 

place prospectively in practice as opposed to relying on writim case abstracts. 

As noted, the limited impact of access to a predictive d e  was not surprising. 

Clinicians are trained to rely heavüy on their own experience and intuitive judgements. 

Moreover, the literature on chanping physician behaviour amply illustrates that ciinical 

decision-making is not readily influenced d e s  there is acceptance of a new practice 

nocm by 'opinion leaders' and a concerted local effort to address barriers to change, e.g. 

by automating decision support systems. '96*'97 However, surgeons and aaaesthetists at 

our centre are already using an implied form of prior probability estimates to fast-ûack 

Iow nsk cardiac surgical patients through the ICU. 186*i87 III this regard, resources have 

been stteamüned for those patients deemed to be at a low nsk of poor outcome and 

conversely, there is a greater concentration of resources for higher risk patients. We 

believe that with appropriate implementation strategies, chicians wiIl use statistical 

tooIs that enable them to rnake more accurate judgements of patients' nsks of adverse 

outcomes after CABG. 



s-=Y 

Redictive d e s  have the advantage of being able to integrate more information 

by relating bot.  continuous and categoncai variables to an outcome of interest. An 

accurate and precise mode1 can be used as a concise summary of the relationships 

between prognostic variables and the outc~rne?**~ 

Cardiac surgesy clinicians, when given the option, preferred not to use a 

predictive nile but rather tmted their own judgements to estimate the probability of 

operative mortality or prolonged ICU length of stay after coronary bypass surgery. 

Experienced surgeons significantly over-estimated the risk of operative mortality 

compared to their junior coiîeagues and compared to the statistical model. Clinicians' 

predictive accmcy was only fair for operative mortality, and only slightly better for 

estimates of prolonged ICU length of stay. Aithough no model cm predict the specific 

individual who will have an adverse event, statistical models do permit reasonably 

accurate estimates of event rates for subgroups of patients. if methods were devised to 

ensure that clinicians can and do rnake use of predictive d e s ,  they would be able to 

rnake more accurate judgements of the probability of adverse outcocomes following 

coronary artery bypass gmft surgery. 



Table 6.1 a& 

Patient previously denied surgay because of hi@ risk 

Patient previously refused mgery 

Recent MI with continued post-infit aagina 

Patient required resuscitation preop due to cardiac arrest 

Patient admitted with transmml MI leading to pulmonary edema and 

shock requiring intubation and resuscitation 

Patient required N heparin andor NTG due to severe, unstable angina 

Patient allergic to heparin 

Severe vasculopath 

Angina interfering with quality of life ("afiaid to do things") 

SOB on exertion. Resently off work because of angina, four kids at home 

Patient States that he "knows he is going to die" 

6.6.1 Information hcluded in the patient narrative was designed to give 

ciinïcians an advantage by mon W y  characterizhg the patient. 



TabIe 6.2 sed &s a TQDP to 0 D m *  C 

o ~ o f ~ v e B i s k o f ~ e ~  . . 

Variable 

LV Grade: 2 
3 
4 

Age: 65-74 
r 75 

II CABG Redo 
- - 

Timing: Semi-Urgenwrgent 
Emergency 

11 Diabetes 

II Left main stenosis 

II Hypertension 
11 Totd Possible Eüsk Score 

Ris k 

Weight 

2 
3 
10 

Risk weights which characterize each patient are summed for a 

3otaf risk score". Cutpoints of the total risk score desmie each patient's relative risk. 

The percentages for operative mortality (OM) were detennined fiom the original 

database." 

Low risk: Score 0-3 (OM: range O - 0.7%; average 0.4%) 

Medium ri& Score 4-9 (OM: range 0.7% - 3.0%; average 2.0%) 

High ri& Score 2 10 (OAk range >3.0%; average 9.0%) 



II Varia bIe 

Age: 65-74 
275 

11 Femaie 

LV Grade: 2 
3 
4 

Timing: Semi-Urgenübgent 
Emerpency 

Il Previous CABG 

1 -  
- - 

Left Maia Disease 

Il 
- 

Peripheral Vascular Disease 

II Hypertension 
11 Renal Failure 

11 Diabetes 

11 Recent MI 

II Preop htra-Aortic BalIoon Pump 

11 Congestive Heart FPilure 

11 Triple Vesse1 Disease 
1 Chronic Obstructive Lung Dhease 

1 Preop A M  Ftb/F1utter 

Constant 
ROC 

HL GOF 

Legend To 6 . 3 e  performance, the statistical models were re-derived 

in the Toronto GeneraI Hospital database- OM = Operative Mortaiity- The OM mode1 

was derived fkom the 1993-1997 database ofisolated CABG patients. ICU>48h = 



prolonged ICU stay >48 hours. The ICW48h mode1 was derived fiom the 1995-1997 

database. 

ROC = area under the Receiver-Operator Characteristic curve, HL GOF=Hosrner- 

Lemeshow goodness-of-fit mtistic, ns = variable was submitted to the mode1 for 

consideration but was not a significmt predictor of the outcorne. 



Study 
Ssimple 

Timing: Elective 
Semi-UrgentNrgent 

Emergency 

37 
40 
23 

Age: 4 5  
65-74 

275 

- -- - - -- - 

LV Grade: 1 
2 
3 
4 

.- ... . .. 

# Left Main Disease 1 18 1 21 

I 

- -  
51 
37 
12 

26 
49 
22 

3 

22 
38 
26 
14 

-- 

Hypertension 

Peripheral Vascdar Disease 

Rend Faiiure 

1 ICV Stay >48 hn 1 16 1 36 

55 

Operative Mortaiity 

L~gmdB~fmTable The study population was comprked of al1 patients undergomg 

isolated CABG between Jan 0 1,1996 and March 3 1, 1997. R d t s  are presented as 

proportions. 

68 

14 

1.3 

24 

2-0 

1 

2.2 29 



Table 6.5 for Usiiignn.edirbve Role to Pre- - 
m 

11 1 RULE 1 NORULE 

OM: Predicted Robability (%) 
ROC (%) 
BS (%) 

ROC = Area under the Receiver-Operator Characteristic curve, 

BS = Brier Score, OM = Operative Mortality, ICU>48h = prolonged ICU stay greater 

than 48 hours. 

Redts are presented as the mean standard error. Al1 BS were associated with Z 

statistics >1.96 and therefore, significantiy imprecise. There were no statistically 

significant differences for clinicians between using a Rule or not ushg a Rule. 

ICD48h: Predicted Probability (96) 
ROC (%) 
BS (%) 

7.6 1 
62 * 2  
25 *2 

7.6 * 1 
60*2 
25*2 

28* 1 
71 *2 
22* I 

28* 1 
73*2 
23 * 1  



OM: Predicted Probability (%) 7.6 * 3* 

HL GOF p <O,OO 1 <O.OO 1 
SS (%) 25*2 25*2 

- 

LenmdforTable6.6 OM = Operative Mortdity, ICW>48h = prolonged ICU stay 

ICU>48h: Predicted Robability (%) 
ROC 

HL GOF p 
BS (%l 

pater  than 48 hours, ROC = Area under the Receiver-Operator Characteristic curve, HL 

GOF = Homer-Lemeshow goodness-ofXt statistic. Results are presented as the mean k 

standard error. 

Clinicians different nom Model, *P==0.000 1, **P1).0012. AU Brier Scores (ES) were 

associated with P vatues ~0.05 irîdicating significantiy inrprecise calibration. 

25*2 
0,682 * 0,020 

<O.OO 1 
22*2 

28 I** 
0.689 * 0,020 

<O,OO 1 
22* I 



Table 6.7 * * D  evplenre of O-ve &hrt&y ui 

0 * D  . . ct* 

Probabiiïty 
Cutpoint 

none 

Observed OM Estimates I ROC l m  
1 Mode1 

Clinicians 

Model 
Clinicians 

I Mode1 
1 Clinicians 

Model 
Clinicians 

Model 
Clinicians 

Model 
CIinicians 

Model 
Clhicians 

Mode1 
Clinicians 

~ 1% 1 Mode1 
Chicians 

Patients were ranked in order of theu predicted probability of 

operative mortality (OM) as caldated by the statisticai model. Patients with 

probabüities Iower than the "cutpouit" were changed fiom "died" to "surviveci" m the 

database. Receiver-Operator Characteristic m e s  (ROC) and Hosmer-Lemeshow 

goodness-ofXit (HL) were recalculated for each step. The Mode1 had statisticdy higher 

ROC areas compared to the Ciinicians (* P<O.OI). As the prevaIence of OM decreased, 



model discrimination did as expected, and improved to ahost 100% The chicians' 

estimates improved only to a maximum ROC area of 0.783. HL GOF for the clinicians 

rernained signincantiy imprecise 



Table 6.8 Pr- of Pr- ZCTJ Stpv >48 Ar in thel(U1 

ROC 1 HL 

36% Model 
Ctinicians 

34% I Model 
Clinicians 

29K l Model 
Clinicians 

26% I Model 
Clinicians 

18% Mode1 
Clinicians 

1 Model 
Clinicians 

Model 
Clinicians 

1 10% 1 Model 
CIinicians 

Lgmd& TTable The same strategy was employed as is desm'bed in Table 6.7. 

The Model had statisticdy higher ROC areas compared to the Clinicians (* PQ).O 1). As 

the prevalence of ICU>48h decreased, mode1 discrimination did as expected, and 

improved to almost 100% The clinicians' estimates improved only to a maximum ROC 

ana of0.783. HL for the cliniciaus remained signifïcantiy imprecise 



1 I No Rule Rule 1 

m d  6.1 Redicted probabilities of operative mort* (OM) made by cLinicims with access 

to the predictnre d e  @de) and without access to the predicthe d e  (No Rule) are depicted in 

the top panel. Oniy clincians #6 and #9 reported that they used the d e  when it was made 

adable. Ptobability esthates for prolonged ICU stay greater than 48 hr @CU>48h) are depicted 

in the bottom paneI. 
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Clinician 

1 2 3 4 5 6 7 8 9 

Clinician 
The delta of the clinicians minus the statisticd model's estimates 

of the predicted probabüity of operative mortaLty (OM, top panel) and prolonged ICU 

lemgth ofstay greater than 48 houn (ICU>48h, bottom panel) is depicted. The senior 

cIinicians (#Io 5) sipnincantly over-estimated the probabüity of OM compared to the 

statistical model. The jimior cIinicians' (#7-9) estimates were sipnincandy different w0.05) 

h m  the seniors' estimates. There was no discerniiIe pattern for ICüM8h ~Iating to seniority. 
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Clinician 

-6.3 The area under the Receiver-Operator Chamcteristic curve (ROC) 

for operative mortality (OM, top panel) and prolonged ICU length of stay greater 

than 48 hours (ICU>48h, bottom panel). With the exception of one senior surgeon, 

discrimmation was poor for OM. Discrimmation was siightly better for estimates 



Modet 1 

-d 6.4 Brier Scores (BS) for operative mortaIîty (OM, top panel) and prolonged 

ICU length ofstay greater than 48 hours (ICU>48h, bottom panel) are depicted. AU 

Brier Scores for OM were associated with P values <0.001, indicating signincaatly 

imprecise judgements. With the exception of Clinicians # and #6, aIl Brier Scores for 

ICD48h were aiscl associated with P d u e s  4l.001. 

135 



Chapter Seven 

The Development and Application of a Predictive Rule 

to Evduate the Long-Term Outcornes of 

Coronary Artery Bypass Surgery * 

* Adapted (in part) nom: 

Ivanov J, RaIph-Edwards A, David TE, Yau TM and Naylor. The evduation of long- 

term outcornes in patients following coronary artery bypass surgery using a cünicai 

database linked to administrative data. Submitted to J Thorac Cardiovasc Surg; May 

2000. Revision requested September 2000. 



7.1 ABSTRACT 

Purpose: To identify the contemporary, independent predictors of late &va1 and re- 

admissions for cardiac events following coronary bypass surgery (CABG); and to 

develop a predictive risk index for long-term sirMvaL 

Methods: A chical database of 7022 patients undergohg isolated CABG between 

January 1/92 and Decernber 31/96 was Linked to the Canadian Institute of Health 

Information (CIHI) database and the Registered Persons Data Base to detemine 

operative deaths (n=164), and Iate deaths: in-hospital (n=270) and out-of-hospitat 

(n= 137). Discharge diagnostic codes and procedure codes nom the C W database were 

used to determine fkeedom from re-admissions for cardiac events which included 

recurrent angina, acute MI, congestive heart failure and repeat revascularization (PTCA 

or CABG). Risk ratios fiom the Cox regression analysis for swivaI were rounded to 

their nearest integer to provide a risk weight for each independent predictor of survivai. 

Risk weights were summed to create a total risk score for each patient. Total risk scores 

were dinded into quartiles to form relative risk groups. The predicted probability of 

Survival to each t h e  interval for each patient was calculated by a log-logistic, risk- 

adjusted model. Cornparisons of predicted versus observed probabilities were made by 

h e a r  regressioa 

Results: Data were 99.5% complete for al1 prognostic risk factors. Mean follow-up 

was 42 19 months (range 0-78). O v d  five year survivai was 89I1%. The 

independent predictoa of late &val were (ri& ratio in parentheses): age group, 

def?ned as <65 years, 65-74 years and a75 yean (1.7), female (1 4, LV grade (1 S), 

previous CABG (1 .8), surgicd priority (1.3), congestive heart faïiure (1 -7). diabetes 

(los), penpherai vascular disease (1 S), hypertension (1 3)  and mal failure (1 -5). The 

overail five yeat fieedom h m  re-admission for cardiac events was 79 * 1%. The 

independent predictors of cardiac re-admission were: age group (1. l), fernale (l.4), LV 



Grade (1.4). previous CABG (1.6). surpical priority (1.6). congestive hart failure (1.8). 

diabetes (1.3), pe r iphd  vascular disease (1.3), hypertension (1 2), and rend fail- 

( 4  The cornparisons of observed to predicted five year SUfVival for each risk group 

and the R2 for predicted vernis observed suMvai probability for each patient at the time 

of death or censor are as folIows: Low RisR (N=I854) OBS=96rtl%, PRED--97*1%, 

~Q.52. Medium Rkk (N=239 1) OBS=9%1%, PRED=94*1%. ~ 1 0 . 6  1. High RisR 

( ' 4 7 8 8 )  OBS=8&1%, PRED=8W%, ~Q.58. Exfreme Ri& (N=954) OBS=71e%, 

PRED--7&10%, RL0.28. Ali R~ P values were <0.001. 

Conclusions: The linkage of a clinical database with administrative data ailowed for the 

efficient follow-up of a large contemporary cohort of CABG patients and the 

identification of multivariable predictors of survival and re-admission to hospital for 

cardiac events. Patient-related risk factors which were predictive of mortality also 

predicted re-admission to hospital for cardiac events. A predictive nile developed nom 

the Cox regression risk ratios of suMva1 permitted the characterization of patients into 

relative risk groups. Predicted long-tenn survivai showed moderate precision with 

observed results for ai i  but the extremely high risk group. This predictive aigorithm may 

provide a valuable tool for medicd decision making, intemal benchmarking, trial design 

and patient cornselhg for the follow-up interval between one and five years. 

Prospective external validation is still recpired and should be the focus of fiiture research. 

This study demonstrates the need to consider long-term as well as short-term outcornes to 

evaluate the benefit of CABG. AdditionaIIy, the tme benefit of CABG cannot be 

evaluated by the examination of moaality done, but shodd also hclude fkedom from 

recurrent cardiac events, 



7.2 INTRODUCTION 

Since its inception in 1969,Ig8 coronary artery bypass graft surgery (CABG) has 

become the most intensely studied surgical procedure in the world Over the past two 

decades we, and others, have documented a signincant temporal uicrease in the 

prevaIence of risk factors in patients presenting to CABG which has been accompanied 

by a paradoxical decrease in hospital m ~ r t d i t y ? ~ ~ ~ ~ ~ ~ ' "  As a remlt of improved 

hospital processes of can and outcomes, there has also been a significant shift in the 

postoperative management of CABG patients, spec5cally in regards to shorter intensive 

care Unit and hospital lengths of stay. t 86.187 

The previous thtee chapters demonstrated that the surgicd literature is replete 

with studies exarnining the association between various risk factors and hospital 

rnortaliv following CABG. However, the effectiveness of CABG cannot be 

characterized solely by evaluations of hospital outcomes which reflect short-term nsks of 

surgery. The net benefit of surgical therapy for ischemic heart disease must be evaluated 

by examlliing long-term survival and freedom fiom r r d g  syrnptoms. 

There are many studies which have idnitüied important multivariable risk factors 

r 199-210 and their impact on long-term outcomes in patients recnllted as eariy as the 1970 S. 

Fewer snidies have included more contemporary patients operated on after 1985. 21 1-216 

There are no large observationai studies which examine postoperative suMval and 

fkedom h m  cardiac events in CABG patients in Canada. Recent medical audits 

(institutionai or surgeon-specifïc) which evaiuate the safety and effectiveness of surgicd 

therapy do not include evaluations of the contemporary, Iong-term outcomes of therapy 

for individual patients or those with specific combinations of risk factorsS2" Guidelines 

developed for the Arnerican Heart Association and Amencan CoIlege of Cardiology 

recommended the use of tirne-related, patient-specinc calCUIations of predicted SurYival 

derived h m  multivariable risk equations of long-term uutcomes as a tool to counse1 



patients regarding the risks and benefits of various therapies for the treatment of 

coronary artery disease?* Additionally, mdtivariabie risk eqyations developed for long- 

term d v a i  may provide a valuable adjunct to the evaiuation of quality of care through 

the caldation of provider-specinc, risk-adjusted survivai. Predictive risk algorithms 

rnay aiso be valuable tools for the identification of high risk subgroups of patients who 

may benetit fiom specific therapies designed to reduce their risk of poor outcornes. Such 

algonthms may be useful both in practice and in the design of efficient randomized 

controlled trials. 

Postoperative follow-up in large groups of patients by traditional methods is a 

slow, resource intensive and cody endeavor. In Ontario, Canada's largest province, al1 

patients have a unique Health Card number which becomes part of every medical record. 

The Canadian Institute of HeaIth Information (CMI) contains the discharge International 

Classification of Disease 9th revision (ICD-9) codes on every patient admitted to a 

Canadia. hospital. Since 1982, the Division of Cardiovascular Surgery at the Toronto 

General Hospital has rnaintained a prospective database on every patient undergoing 

cardiac surgery at our in~t i tu t ion .~ '~~* '~* We have Iinked our clinical database with 

administrative data to follow all patients undergoing isolated CABG between Jan 1, 

1992 and Dec 3 1,1996 for survival and readmission to hospital for cadiac events. 

Therefore, the putpose of this study was: 

1) To determine the contemporary, independent predictors of long-term 

survivai and re-admissions for cardiac events; 

2) To compare risk factors for operative mortaiity with those for long-tem 

sumiva1 and re-admissions for cardiac events; 

3) To deveiop a predictive risk index for long-term SurYival based on a 

simple set of key propostic variables available to most cardiac surgeons 

at the t h e  of initial patient coaSuItation; 



4) To use the predictive risk index as a tool to characterize patients into 

relative risk groups based on long-term outcomes for greater case of 

clinical and research applicability. 

7.3 METEODS 

73.1 Data Sources 

Clinical, operative and hospital outcorne information for al1 7022 consecutive 

patients undergohg isolated coronary artery by-pass gr& surgery (CABG) at the Toronto 

Generai Hospital (TGH) between Jan 1, 1992 and Dec 3 1,1996 were entered 

prospectively into a cornputerizcd cardiovascular surgery clinical database. Permission 

was obtained îkom the Ontario Minisûy of Health to use patient identifie=, the medical 

record number, the Ontano health card number and date of operation to link the clinical 

database to administrative databases: the Canadian Institute of Health Information 

(CIHI) database and Registered Persom Database (RPDB) of registered deaths. Data 

linkage and analysis were perforrned on-site at the Institute for C h i c d  Evduative 

Sciences where the s e c e  and confidentiaiity of the data is protected. The date of entry 

into the study was defined as the date of operation. The closing date for administrative 

data was March 3 1, 1998. 

73.2 Outcomes 

Outcomes for this study were time to mortality fkom any cause and time to re- 

admission to hospital for cardiac related events following discharge for the index CABG 

operation. 

Deaths were determined fiom three sources: 

a) operative mortality, defÏned as any in-hospital death in the cLinicd 

regïstry dinmg the index admission for CABG, 



b) in-hospital deaths nom the C W  database were determined from the 

discharge exit code 

c) out-oGhospitaI deaths were determined fkom the RPDB 

Re-admissions to hospitai for cardiac events occurring after the entty date of 

operation were deterrnined h m  the ICD-9 codes for the rnost responsible diagnosis 

(DXCODEI) and the revised Canadian Classincation of Diagnostic Rocedure codes 

(CCP) for the first and second procedures (PRCODE1, PRCODE2). Cardiac events 

included acute myocardial uifarction (DXCODE = 410), angina (DXCODE = 41 1,413), 

congestive heart failure (DXCODE = 428.0 to 428.9), atriai fibrillation or flutter 

(DXCODES = 4273), supravenhicular tachyarrhyhnia (DXCODE = 427.0 to 427.2), 

percutaneous translumind augioplasty or stenting (PRCODE = 48.02 to 48 .O4) and 

repeat CABG (PRCODE = 48. 1 1 to 48.90)?'~~' The first admission for each cardiac 

event was captured and used in the analysis, therefore, any one patient may have had 

more than one type of cardiac event anaiyzed. The faiIure t h e  for freedom from any 

cardiac event was defined as the earliest admission date for any cardiac event. 

The RPDB captured 95% of the operative deaths nom the clhical registry (which 

is coasidered the "gold standard") for a kappa statistic for agreement above chance of 

0.95 * 0.0 1. Deaths of out-of-province patients would not have been captured by the 

RPDB. Approximately two dozen foreign patients pet year undergo CABG at the 

Toronto General Hospital. Outsf-country or out-of-province deaths or hospital 

admissions would not have been captwed by either the CW or RPDB databases. 

The number offollow-up months was calcdated by subtracting the date of 

operation h m  the closing date of the CW database. For patients who diecl, survival 

time was calculated by subûacting the date of operation fiom the death date. The 

nirmber of months for Enedom h m  readrnission to hospital for a cardiac event was 

caldated by subtracting the enûy date of operation b m  the closhg date for 



administrative data For patients who experienced a cardiac event, the time to the d e s t  

admission for any one event was determined by calnilating the interval between the re- 

admission date and the entry date of operation. 

7.33 Analysis 

General issues 

SAS 6.12 for Windows was used for statisticd analysis. Data are presented 

as the means standard deviations in text and tables, and as means standard errors in 

figures, d e s s  otherwise noted. Statistical significance was defined as a two-tailed P 

value <O.OS. 

Predictos of Operative Mortdity 

Using previously described methods, the independent predictors of operative 

mortality (OM) were determined by a stepwise logistic regression analysis." AI1 

explanatory variables available in the database were submitted to logistic regression 

analyses using stepwise seiection. 89*ios The variables submitted to ail rnultivariable 

models included: age, gender, left v d c u l a r  (LV) grade based upon the 

ventnculographic ejection fiaction (l=EFs60%, 2=EF 40-59%, 3=EF 20-39%, 4=EF 

<20%), New York Heart Association functiond classification (NYHA), surgical prïority 

(elective, same-hospitakation as a cardiac catheterization or cardiac event, emergency 

dehed as cl2 hours from catheterization or a cardiac event), acute coronary 

indciency defined as prolonged chest pain lasting greater than 15 min, recent 

myocardial infarction withia the month prior to srirgery, previous bypass surgery, 

congestive hart faiiure, diabetes, peripheral vascular disease which included carotid 

disease, a history of hypertension, rend fdure dehed as requiring either peritoneal or 

h e m ~ d i d ~ s ,  hyperlipidemia, history of stroke or transient ischemic attacks, the extent 



of coronary artery disease and a signincant Ieft main stenosis. 

Age was entered as a categoricd vm-able (l=age <65 yr, 2=age 65-74 yr, 3=age 

275 yr) so that odds ratios for operative mortality for age could be compared to the ri& 

ratios for long-term suMval for the pndictive model. Age was aiso evaiuated as a 

continuous variable in a separate model to determine to what extent the odds ratios for 

other predictor variables changed between the two modets. 

Two way interactions were tested in all models for combinations of age or LV 

Grade or redo CABG with al1 other prognostic variables. Because of high collinearity 

(Pearson correlation coefficients MA) the variables "surgical pnority", "acute coronary 

insuniciency" and 'lecent myocardial infarction" were uitimately tested individually in 

the mode1 for swival. Incomplete revascularization was not tested in any model 

because there were only 16 patients who received fewer gr& than they had diseased 

vessels. 

The best Iogistic regression model was determined by two diagnostic criteria: the 

Hosmer-Lemeshow goodnesssfXt statistic ( H L ) ' O S  which evaluated the precision 

between predicted and observed probabilities, and the area under the Receiver-Operator 

Characteristic (ROC) curve which evaiuated model discrimination. 9% 1 O8,IOg 

Univariate ResuIts for Simival and Cardiac Related Re-admissions 

The cimiulative probabüity of remaining fkee of an event for longer than tirne=-t 

was calculated by KaplamMeier andysis for all prognostic variables. The univariate 

association between siwival curves for each prognostic variable (Le., male vs fernale, 

primary vs redo CABG etc.) was evaluated by the log-rank statistic. 

Multnmàbie Cux Regrasion Models 

AU prognostic variables were submitted to Cox regression d y s e s  using 



stepwise selection to determine the independenf muitivariable predictors of each long- 

term outcome. Because of criticisms fiom statistical reviewers regarding the potentid 

l o s  of information when continuous variables are categorized, we used age group, LV 

grade, NYHA etc as continuous variables and denved one regression parameter for each 

variable. The regression coefficient would then be muItiplied by each value of the 

prognostic variable and exponentiated to obtain the risk ratio. Model validity was 

evaiuated by the chi square P-value for the Iast variable retained in the model. 

Three different models of swival were constnicted: (a) suMval to one year, in 

which d l  patients were censored at one year if they mMved past one year, @) sinvival in 

aII patients for the total follow-up period, and (c) survival in just those patients who 

m i v e d  their index hospita1 admission. 

Relative Risk Group Construction 

Risk weights for each Ievel of an independent predictor variable were derived by 

rounding the risk ratios fiom the Con regression analysis for suMvai to the nearest 

integer. A total nsk score was caldated by summing the relevant nsk weights which 

characterized each patient. 39*72*n Because of small numbers, risk scores >14 were 

collapsed into a single score of 14. Relative risk groups were constructed based on 

-es of the total risk score: Iow risk (LR=totaI risk score 0-2), medium risk 

(MR=total risk score 3-9, high risk (HR=total risk score 6-8) and extmnely high risk 

(ER=totaI risk score 29). 

As a comparative method, the regression coefficients were also used to construct 

relative risk groups. Regession coefficients which characterized each patient were 

summed Quaaiies of this risk score were also used to define each relative ri& group: 

LR total score 0-0.63 (N=I682,24%), MR=total score 0.64-1.09 (N=1827,26%), 

HR=totd score 1.10-1 -59 (N=1673,24%), and ER-0ta.I score r L -6 (N=1805,26%). 



Predicted v e r w  Obsmed Suntiyal 

A W y  parametric, accelerated friilure the  model was used so that estimated 

survivor functious could be directiy produced from the model and therefore goodness-of- 

fit codd be checked more thoroughiy. The Litercept, scde parameter and regression 

coefficients fiom the log-logistic anaiysis were used to calnilate the predicted probability 

of sunrival to tune--t fiom the formula: 

S ( t l x ) =  I / ~ + [ - ~ ( ~ o + x ) ] *  t g  

where S = survivai probability, g = I/scaIe parameter, Po = regression intercept, 

X = regression coefficients for covariates which desmie each patient, t = follow- 

up time t mon th^).'^' 

Accuracy and PrecLrion of the Su&d Model 

A single siwival estimate for each patient was calculated fiom the log-logistic 

model and converted to a cumulative hazard (-log of predicted SUI"Yivd). The number of 

predicted deaths was determined by sumrning the cumulative ha~ards.~" The percent of 

accurately predicted deaths was calculated by dividing the predicted nimiber of deaths by 

the observed number of deaths within each risk group. Modei precision was evaluated 

k t  by graphically superimposing the predicted probability (* 1 standard error) of 

suMvai as calculated by the log-logistic rnodel over a graph of observed smiîvai as 

calculated by the Kaplan-~eier a ~ I ~ s i s ! ~ ~ ~ ~  A weighted linear regression was 

performed cornparhg the predicted probability of suMval versus observed probability 

of survival grouped by total ri& score.n521 In addition, the merence (residual) 

between the mean predicted minus observed probabilities of &val was plotted to 

e v h t e  tirne-related departures fiom a residuai that e@ed zero. 

A firrther evduation of model fit was pediormed by a weighted linear regression 

comparing the muai mean predicted versus observed cumulative probability of Suntivd 



for each total risk score to evaluate to what degree the relationship was over- or under- 

estimated. A dope of 1 and intercept of O wodd hdicate a perfect fit of predicted to 

observed outc~mes?~ Mode1 fit was also evaluated by the residual chi square cornparhg 

expected (sum of cumulative hazards) to observed deaths within each rîsk group nom the 

formula= 

k = (O-E)~ / (E(1-WN)) 

where X* = chi square. mbserved number of deaths, E=expected number of 

deaths, N=total number in each group. 

Cakdation of Provider-Spectcifc RRk-AGusted SuMval 

We explored the possibility of using the predicted probabilities of survival 

derived from the multivariable mode1 in an equation to calculate provider-specific, risk- 

adjusted outcomes. A predicted survival cuve was generated for each patient. The mean 

predicted survival of each surgeon's patients was divided by the observed cumulative 

survivai and then rnultiplied by the o v d l  observed suMval for al1 providers for the 

three year t h e  interval. This calculation of risk-adjusted survival is interpreted as the 

d v a l  for any one provider based upon the results he/she could anticipate if hidher 

case-rnix was identical to everyone else's, 67,n 

7.4 RESULTS 

7.4.1 Patient Sample 

Between January 1,1992 and December 3 1,1996,7022 consecutive patients 

undenvent isolated coronary artery bypass graft surgery (CABG) at the Toronto GeneraI 

Hospital. Data were complete for ail  but 35 patients who were missing one or more 

important eIements ofprognostic information (99.5% complete). Operative rnortality 

was 23% @=164). Patient demographics, risk factors and outcomes are presented in 



Table 7.1. 

Linking the clinical database with the CIHI database resulted in a total of 18,074 

records, of which L 1,156 records represented pre-CABG admissions. nie remaining 

6,g 18 records ~presented post-CABG admissions in 3,629 patients. Non-cardiac 

admissions in this group accounted for 5,026 records. Total post-CABG events therefore 

accounted for 1,892 total admissions in 1,036 patients. 

7.4.2 Predlc tors of Ope rative Mo rtality by Logistic Regression 

The independent, multivan*able predictors of operative mort* are contained in 

Table 7.2. The area under the ROC curve was 0.772 and the Hosmer-temeshow 

goodness-of-fit P value was 0.16. When age was tested in a separate mode1 as a 

continuous variable, the odds ratios for the remaining predictor variables did not change 

more than * 10%. In addition, neither model accuracy nor precision was affected by the 

use of age as either a categorical or continuous variable. 

7.43 Survival and Freedom From Re-admission for Cardiac Events 

SurYntaI 

Mean foIlow up was 42 * 19 months (range O to 78 months). The minimum 

follow-up for survivoa was 15 months. There was a total of 407 Iate deaths following 

discharge from the index operation: 270 in-hospital deaths were deterrnined fkom CW 

data while 137 out-of-hospital deaths were identified from the RPDB data. Overall 

SucYival to one and five years was 96 0.4% and 89 * 1% (Figure 7.1). The ri& ratios 

(RR) and the 95% confidence intenmls (CI) for the independent, multivariable predictors 

of SurYival to one year, total d v a i ,  and survivai for the hospital swivors only are 

found in Table 7.2. Univariate resuîts h m  Kaplan-Meier anaIyses for survivd are 

presented in Table 7.3. 



Re-crdmiSsim for Cardiac Events 

There were 1036 (15%) re-admissions for cardiac events over the complete 

follow-up period, Overd actuand fieedom from re-admission for any cardiac event at 

one and five years was 94 0.3% and 79 * 1%. The independent, multivariable 

predictors of re-admission for cardiac events are contained in Table 7.4. The Kaplan- 

Meier estimates are contained in Table 7.5. AU univariate comp~sons for fieedom fiorn 

re-admissions for cardiac events were signifïcant by the log-rank test, PQ).001. 

One and five year fkedom fiorn re-admission for recurrent chest pain, which 

included acute myocardial infarction or angina was 97 &02% and 87 * 1% (n=608, 

8.7%). 

Freedom fiom re-admission at one and five y e m  for congestive heart failure 

(n=3 14,4.5%) was 98 * 0.2% and 94 02%. 

There were 27 repeat CABG procedures and 108 percutaneous angioplasty/stents 

over the follow-up period. The one and five year freedom fiom revascularization, which 

included both PTCA andlor CABG (n=135,1.9%), was 99 0.1% and 97 0.2%. 

The one and five year event-fiee SUCVival (n=1460,21%) was, 92 0.3% and 72 

1% respectiveiy. The mdependent, multivariable predictors of event-fkee survival were 

(risk ratios (RR) and 95% confidence intervals (CI) in parentheses): age group (RR 

1 Z 2 ,  CI 1.16 - 1.35). fernale gender (RR 1.3 16, CI 1.17 - 1 .48), LV Grade (RR 1.374, 

CI 1.28 - 1.47), NYHA (RR 1.227, CI 1.12 - 1.39, previous CABG (RR 1 .60g7 CI 1-36 - 
1-91), preoperative congestive hem failure (RR 1 .Ml, CI 1 .48 - 2-06). singicd prionty 

(RR 1.35, CI 120 - 1 Sî), diabetes (RR 1.262, CI 1-13, I .42), hypertension (RR 1.205, CI 

1 .O8 - 1 34), peripherai vascular disease (RR 1.340, CI 1.17 - 1-53}, rend fdu re  (RR 

1.453, CI 1.19 - 1 -77) and myocardid i n f d o n  in the month prior to surgery (RR 0.837, 

CI 0.73 - 0.96). The P value for the last variable included m the mode1 was 0.013. 



7.4.4 Relative Risk Group Constniction 

The risk ratios for each predictor variable fiom the Cox regression analysis for 

survivd were rounded to their nearest integer to form a risk weight. (Table 7.6). The 

total risk score was cdcdated by summing the risk weights which characterized each 

patient. Univariate as well as frequency analysis were used to establish the cutpoints of 

total risk score which defiaed the relative risk groups: Iow (LR, score 0-2, N=l854, 

27%), medium (MR, score 3-5, N=2391,34%), high (HR, score 6-8, N=1788,26%) and 

extremely high (ER, score 29, N=954, 14%). Patient characteristics and outcomes for 

the relative risk groups are presented in Table 7.7. 

A cornparison of patients in each risk group constnicted from the rounded risk 

ratios versus the Cox regression coefficients showed agreement above chance was 0.88 * 
0.0 1. We determined that it would be easier for dinicians to use a simple predictive rule 

which sums rounded risk ratios to form a total risk score rather than summing regression 

coefficients and have therefore relied upon the former method. 

7.4.5 Predicted versus Observed Survival 

Regression coefficients for the log-logistic accelerated failure time mode1 are 

descriied in Table 7.8. The yearly predicted probabilities of s ~ v d  for each nsk score 

are folmd in Table 7.9. The mean predicted probability of survivd was graphically 

superimposed over observed Survival for the total sample of patients Vigure 7.1) and for 

each relative ri& group (Figure 7.2). 

Both observed five year survival fiom the KaplamMeier andysis and nsk- 

adjusted predicted SUfVnfaI Eorn the log-logistic accelerated time failure mode1 are 

shown in Table 7.10. The R~ fkom the h e a t  regression analysis of predicted versus 

observed &al probabilities for the total dataset of ail patients was ody 0.04, 

however, due to the large sample size, this regession was statistically sigdïcatlt 



(P<0.001). The R'% for each risk subgroup were aIi signincant at the Pa).OO 1 Ievel. The 

R~ for the ER group was only haifthat of the other three groups. However, the R' for the 

ER gmup which was conmcted h m  cutpoints of the sum of regression coefficients 

was only 0.14, suggesting that the use of rounded risk ratios was a more valid approach. 

The depamire between predicted and observed &val seen at five and six years 

in the ER group may have been a hc t ion  of reduced sample size at those the intmals 

or, more probably, the omet of saphenous vein gmft fsUlure which has serious 

consequences in higher risk patients who are m e r  compromised by poor ventricular 

function. Figure 7.3 depicts the residual merence between predicted minus observed 

results for the overdl patient sample and for each risk subgroup. There is a clear over- 

estimation of actual survival for the operative and latter t h e  intervals. Figure 7.4 depicts 

the calibration cunre of the mean predicted versus observed estimates of suMval for each 

risk score at each yearly interval. The weighted Iinear regression R* of 0.86 

dernonstrated that there was an excellent fit between the model's estimates and actilal 

outcomes when averaged for each risk score. 

The predicted numba of deatbs within each risk group was cdcdated by 

summing the cumulative hazard ratios fiom the log-logistic model. Chi square P values 

for each risk subgroup indicated no statistical difference between observed and predicted 

results (Table 7.10). When the sample of patients was evduated in total, summhg the 

cumulative hazard ratios resulted in 508 predicted deaths for 89% accuracy. However, 

due to the larger sample size* there was a siflcant difference betsveen observed and 

predicted deaths for the whole p u p  (WO.00 1). 

To f.urther vaIidate the appropriateness of ri& group stratification, we examined 

the w a r i a t e  association between risk groups and sudval (Kaplan-Meier andysis, log- 

rank W-0001) as weU as fieedom h m  admissions for chest pain, congestive heart 

fdttre, aay cardiac event and overall event-he SurYival (Figure 7.5). Then was no 



signScant, mivariate difference between nsk groups for revascdarization. At six years 

the fieedom fiom ~vascularization was (95% confidence intervals): LR 97% (96,98%); 

MR 97% (96,98%)); HR 97% (96,98%); ER (98% (97,99%), P0.8.  

7.4.6 ProviderSpec~c, Risk-Adjusted Survivd 

The results depicted in Figure 7.6 are a preliminary evaluation of the use of a 

multivariable model of Survival in the calculation of risk-adjusted, provider-specific 

mwival. We suggest a cautious interpretation of these results since the providers in this 

context are surgeons and in ail faimess, have limited impact on the long-term 

management of these patients. However, Figure 7.6 does suggest that it is possible to 

separate out provider effects. Note the very different results between the upper most and 

lowest dashed lines. These two providers had identical predicted probabilities of three 

year survivd based on their case-mix but dinerent observed and risk-adjusted outcornes. 

7.5 DISCUSSION 

The dinical database of 7022 consecutive patients undergokg CABG between 

1992 and 1996 at the Toronto General Hospital was linked to provincial and national 

hospitd administrative data as weIl as to a national data register of deceased persons. 

This data ünkage permitted us to follow our patients for survivd and re-admissions to 

hospital following their index operation. Two other studies by ~ a r t z ~ '  and   os cari no'^ 
also used 1Eiked clinicai and administrative data to evaluate swival data following 

CABG. The study by Hartz and colIeagues was conducted in a large population of 

Medicare patients for the sole evduation of late SurYival. Boscarho et al evduated late 

survival in a relatively srnail cohort of771 patients following CABG. Thus we present a 

unique Canadian stady which evaluates not oniy survival m a large population of CABG 

patients but also their fkedom h m  te-admissions for cardiac events. Also, a predictive 



rule was developed to p~d ic t  late SurYival following CABG. 

The richiy characterized chical &ta in this study were used for the development 

ofa multivariable statistical mode1 to characterize sunrival up to six years following 

surgery. To achieve clinical applicabiIity and rdevance to decision making in and 

around the time of surgery, the variables in the models were those usually available to 

cardiac surgeons at the t h e  of initial surgical referral?' Additionally, the independent, 

multivariable rïsk factors for re-admission to hospital for cardiac events were also 

identif'ied by Cox regression analysis. The resuits demonstrated that a predictive Bile cm 

be used to construct valid relative risk groups for long-tenn outcomes &er CABG and 

suggest that outcomes can be predicted reliably for up to five years postoperatively in al1 

but the most extrernely high risk patients. However, extemal validation is still required. 

7.5.1 Study Strengths 

This observational study was conducted in a large cohort of consecutive patients 

tmdergoing isolated CABG at one institution over a relatively short recruitment period of 

five years. The t.esults of this study are therefore generaiizable to institutions with 

similar case-& and outcomes as the Toronto General Hospital. 

The diversity of patient characteristics and data linkage with administrative data 

extended our ability to capture a wide range of important clinical risk factors as wetl as 

outcomes. The fhmework of this study therefore integrates both classical principles of 

measurement with statisticd methods to mode1 the impact of those nsk factors on 

SurYival and cardiac-related re-admissions to hospital. Follow-up data were coiiected by 

the same method for dl patients and therefore reduced outcome ascertainment bis .  This 

study highlights the value of ushg complementary data sources for clinicd research?' 



7.5.2 Limitations 

The most important limitation of this study is the lack of information on long 

term interventions such as risk factor modification, use of anti-platelet drugs, lipid 

lowering medications, beta blockers etc. Variations in these long term factors might be 

important confounders that, if included in a model, would alter the risk weights of certain 

variables or eliminate theu impact altogether. The most optimistic theory would be that 

the results in this study are mbiased by these factors if they are similar across surgeons 

and risk groups. 

Mis-classification of clinical and outcome variables could bias outcornes. Coding 

of a&ssions for myocardial infition has been addressed in previous studies conducted 

by the Institute for Clhical Evaluative  cie en ces?'^ Coding accuracy in previous studies 

demonstrated a sensitivity of 95% and specificity of 88% for the most responsible 

diagnosis of acute MI. To mitigate potential enoa (e.g. unstable angina diagnosed as an 

acute MI), we choose to mate a composite outcome of recumnt ischemic pain which 

included both acute MI or angina. Mis-classification in this study would most likely 

contnaute to noise and bias the results towards the nul1 hypothesis for subgroup 

comparisons. 

We did not capture out-of-country deaths or re-admissions to hospital. There are 

approximately two dozen foreign patients each year who undergo CABG at the Toronto 

General Hospital. Additiondy, Ontario residents may be admined to hospital for cardiac 

events whiie on vacation in other provinces or countries. These factors may have 

contrîibuted to a sIight under-estimation of outcomes but in genefal, should not have 

biased the subgroup comparisons. 

The predictive d e  appeared to be interndy valid However, extemal validation 

is d l  req@red. The standard methods of index development d y  mvolve creating a 

derivation and validation dataset using some method of sample splitting, e-g., 



bootstapping. The creation of derivation-validation sub-sets of patients is a valid 

exercise for much larger datasets but in the case of onIy 7000 patients it would have 

resuited ni mder-powered observations for the highest risk group. Therefore, our 

strategy was to use our entire dataset to identify all the potential predictors and their 

associated risk weights, vaiidate the nile intemaily, using methods previously 

desmied.3" and plan for prospective, e x t d  validation. 

The nrst re-admission to hospital for a cardiac event was evaiuated and not the 

fht  occurrence of symptoms which did not require hospitalization. To this end, due to 

the nature of our follow-up methods, we may have under-estimated the actual remence 

of symptoms related to ischemic heart disease, although our report shows similar 

recurrence rates to other studies ushg more traditional methods of following patients. 

7.53 S u ~ v a l  

The observed five year sumival of 89 * 1% for dl patients was similar to severai 

other published reports despite the fact that patients in those studies were recruited as 

' i99-2iot16Ji8 There has been a nation wide increase in the prevdence early as the 1970 S. 

of risk factors in patients presentmg to CABG which has, paradoxically, been 

accompanied by a significant reduction in hospitd mortatity. The fact that our obsetved 

five year swival is sirnilar ta earlier reports suggests that overall ri&-adjusted, long- 

terrn survivai has aiso improved in parallel with hospitai outcomes, possibly due to 

continued refhements in operative and anaesthetic techniques as weli as postoperative 

management o c c h g  during the interval of foIIo~-up.'~~ The predictors of moaality in 

those patients who sinvived the immediate postoperative period were different nom the 

predictors in the total patient sample (T'able 72)- These redts suggest that the impact 

of gender and redo bypass on SUNiVaI occins in the early postoperative period only. 

SunmraI is the most unbiased event and therefore the risk ratios fiom the Cox 



r e m o n  for d v a l  were used to detemine the risk weights for the predictive de. 

The purpose of using ri& ratios was simply to separate patients iuto clinically relevant 

ri& gmups and not to calculate the actual probability of events. Risk group stratification 

by quaailes of the total regression coefficient score had excellent agreement with the 

method used based upon the risk scores. However, the risk scores derived fiom summing 

regression coefficients resuited in a more complex computational method which wodd 

not havt been as useful for chicians. Coste and colleaguesgO suggested that every effort 

be made to simpli@ scoring systems and present them in an attractive format to ensure 

theu appiicability in diverse settings. 

A prognostic d e  based sirnply on coronary anatomy developed at Duke 

University '" showed a clear relationship between survivd and the extent of coronary 

artery dwase. They found that adjusthg Survival in cohort studies by baseline 

characteristics resuited in estimates simila. to those found in randomized controlled 

trials. AIthough the extent of coronary artery disease was not a significant predictor of 

survivai in this study, the weighting of other clinical characteristics to construct relative 

risk groups was significantly associated with long-tenn SurYival. 

CaIBand colleagues concluded that five year Suntival rates were a hct ion  of 

operative risk? Our findings are similar. in this study, the risk factors and indeed most 

of the risk weights for the predictive d e  developed fiom the Cox mode1 for long-term 

survïvai were very similar to the logistic regression-based predictive d e  developed for 

operative mortality in Chapter Four. It is possible that the original d e  developed for 

operative mortaüty may have been equally effective at stratifying patients into low-high 

risk groups for long-term outcornes, 

But, are five year SUCViVaI rates primarily a bc t ion  of operative risk or are other, 

rrnmeasured forces exerthg their influence over late &val folIowhg CABG? The 

shape of the obsewed survivai m e s  in our high and extremely high nsk patients 



showed a "shoulder" of decreasing SurYival begllining at approximateiy four years 

postoperatively. The shape of our sumival curves was very similar to those seen in the 

study h m  ~ u k e * ~ *  in patients with poor LV ejection hction (their Figure 3). In the 

M e  study's lower risk, surgical cohort there is a similar "shouidei' seen in observed 

sunrival at seven years (their Figure 5). The VA randomized study in low ri& patients 

also reported a graduaI loss of vein graft patency between five and 10 years?'O In our 

study, it is possible that we are seeing at four years, the onset of vein graft fai1ure in the 

higher risk groups: a harbinget of events that are delayed in lower risk patients with 

good LV function, but having senous consequences in patients with poor ventncular 

fhction and Iittle reserve. 

Sergeant and ~lackstone~'' also evaluated the use of a predictive risk algorithm 

developed fimm the ACClAHA guidelines to predict the probability of survival &er 

CABG.~'~ The d e  was recalibrated in the Belgium dataset and modified slightly by the 

addition of other variables. They concluded that the poorer precision between predicted 

and observed survival seen in higher risk patients was due to unmeasured risk factors 

which, because oftheir low prevalence in the database, were not included in the 

predictive de. That may be a valid conclusion to some extent, but one cannot ignore the 

postoperative course in compromised patients, specifically in regards to gmft filllure, Ieft 

ventricular reserve, the modification of risk-factors (e-g., cessation of smoking, 

hypertension control, diabetic control), and cornpliance with medical therapy (e.g., 

aspirin and lipid l o w e ~ g  medication). 

7.5.4 Re-admissions for Cardiac Events 

The recimence of symptoms ofischemia and congestive heart fdure not 

requiring admission to hospital may have d t e d  in an tmder-estimation of the r e m  of 

symptoms related to ischemic kart disease. However, our five year freedom h m  



-a was 87 * l%, which was very similar to the ACC/AHA Task Force Report five 

year rate of83%.''* A myocardid infarcfion in the month prïor to surgery and lefi main 

disease were associated with a ri& reduction for postoperative chest pain recurrence, 

possibly because the area at risk was already infarcted pnor to surgery. 

Our five year revascularization rate was identical to that reported by 

others. 205J092i6 These previous studies also found that older age, poor ventricdar 

fimction and triple vesse1 disease were associated with a lower risk of revasdarization. 

These results higblight a need to revise the concept of increased risk of revascdarization 

compared to repeat cardiac events when considering these nsk factors since the results go 

in the opposite direction. sergean?16 identified a very short early hazard phase for 

revascdarization followed by a longer, Iate phase of increasing hazard. They note that 

revascularization is an event which captures the practice of reintervention and not the 

actuai need. It is likely that our results reflect the fact that patients with poorer LV 

fiinction, more comorbidity or increased age are not offered repeat procedures because 

they are deemed to be at extraordinady high operative ri&. 

Our event-fiee five year survivd rate of 72% was close to the 78% reported by 

sergeantZo9 despite the difference in follow-up methods between the two studies. Higher 

risk patients had significantly decreased event-fiee sumival compared to the other 

cohoris. However, Caiiffet d 2 O '  and have suggested that high risk patients 

have more of a suMval benefît fiom CABG than Iow risk patients. Calae t  al were 

spedicaIly concerned that pressure fkorn providers to select low ri& patients wodd lead 

to a significant misallocation of fun& and result in lower CABG rates in the patients who 

would benefit most, those at higher risk of poor outromes. They suggested that patient 

selection for CABG should be contingent on long-term bene* as well as operative ris.. 

The use of a predictive d e  may help to identify high risk patients who would bene& 

most h m  smpical therapy as welI as helping providers plan for the appropriate 



allocation ofresomes and postoperative patient-management strategies. 

75.5 Mode1 Development 

Our plan was to develop a predictive nile which would encornpass the entire 

follow-up period h m  the date of operation to the end of the follow-up interval, in this 

case, 78 months. To maintain simplicity of use, the predictive d e  wodd therefore be 

required to model hospital outcornes as we11 as later events. There have been at least 

twoU? and perhaps three 2'72'8 distinct h-d phases identified for survivd folIowing 

CABG. The early phase was defined as the early postoperative period (up to one year) 

which was associated with an increased hazard of dying. In the following phase there 

was a decreased, but sustained bazard of dying. M e r  five years, there is a gradual 

increase in the hamd of dying as well as an hcreased hazard of experiencing cardiac 

events? The Cox mode1 was used to calculate an adjusted risk ratio for each variable 

and was therefore used to determine the relative risk weights for each independent 

predictor variable. The Cox model is semi-parametric and does not have an intercept or 

shaping parameter. Therefore, the log-logistic model, which is £ÛIIy parametric with a 

calculated intercept and shaping parameter, was used to caldate risic-adjusted, expected 

srnvival. The log-logistic shape parameter is specifically designed to capture the early 

postoperative phase of încreased hazard and the subsequent constant hazard phase. 

However, it is apparent Erom our r d t s  that the very late hazard phase is not precisely 

captrned by this equation (Figure 7.3) and there is good argument for a similar lack of 

precision for the earliest hazard phase in the extremely high risk group. This equation is 

therefore an appropriate statistical tool to model expected sitrvivd fo110wing CABG for 

one to four yean or until the late hazard begins to increase. Because of the early onset 

of incrrased hazard in the high and extremely high risk groups, chicians who are 

coumeIlhg high risk patients may wish to tailor their estimates of &val probability 



towards the lower confidence intemals in Table 7.9. 

This model contained most of the risk factors identified by the Working Panel 

Group on the Cooperative CABG Database Project as being important in the 

development and utifkation of a predictive rule?' Over-estimation of suMval in our 

highest risk groups was similar to results seen by sergeant?09 It is likely that some risk 

factors have a major impact on outcomes but their tow prevalence in the database does 

not permit them to be statisticafly rnode~ed .~~~ Excess mortality may be related to 

unmeasured comorbidity, the omet of early graft failure, or ciifferences in surgeon- 

specific, risk-adjusted outcornes that were not accounted for in the model. Sergeant 

noted that the changing pattern of risk factors rnay result in the absence of strong 

predictors in the model. In a recent study fiom Australia in which patients were recnllted 

between 1985 and 1995)'~ many of the same tisk factors associated with decreased 

survival were identified; however, notable by their absence were the extent of coronary 

artery disease, surgical pnority, hypertension and femaie gender. We have observed that 

previously important risk factors such as left main disease and the numbcr of diseased 

coronary vessels are no longer contemporary independent predictors of mortality. n t 2 8  

Perhaps the previous identification of these important conditions or the increasing wide- 

spread use of artend conduits has led to a reduction in the mortaiity associated with these 

variables. Indeed, the odds ratios for operative mortality for female gender and previous 

CABG were greater than the upper 95% confîdence intervals for the rlsk ratios for long- 

term survivai and re-admissions for cardia events. These results suggest that the 

influence of these two variables on long-term outcomes may well be concentrated in the 

early postoperative period with a reduced hazard afkr the fkst year. The advent of new 

surgical techn010gies such as multiple arteriai conduits, off-pump bypass and robotic 

surgay, combined with improved postoperative management of patients following 

CABG, will ~ Q l n i e  that we rethmk the impact of traditional risk factors in the next 



dennium,  

Other reasons for a lack ofmodel membership could be due to high cobearity 

between clinicai variables which measure similar domains, such as anpinal severity, 

ment MI, coronary anatomy and surgical priority. In our database, there was a 

sigaificantly high correlation (Pearson correlation coefficient in parentheses) between 

surgical prionS, and recent MI (OS), NYHA (O.@, and anginal severity (0.6) In Ontario, 

patients waiting for nirgery are managed by a triage system which assigns priority based 

on several factors, with the greatest weight given to coronary anatomy and anginal 

i n ~ t a b i l i t ~ . ' ~ ' ~ ~  Since the inception of this system in April 199 1, we have found that 

"surgical priority" has become a more robust predictor of hospital outcomes and, because 

of the triage system, is less susceptible to "upcoding". In our models, the inclusion of 

"surgicd priority" was associated with improved accuracy and precision as compared to 

its component variables. Another explanation for lack of mode1 membership is that a 

variable which has a significant univariate association with the outcorne, may not 

contribute additionai predictive value to the model over and above the variables already 

m the ecpation. 

Chtr predicted versus obsmed survivd R~ of 0.M for the entire dataset 

demonstrated a rather weak relationship despite being statistically significant When 

regressions were examined for the risk subgroups, there was a much improved fit 

between observed and predicted values as evidenced by the R* in each panel of Figure 

7.2. It is possible that evaluating d patients in one rnodel violated an assumption of 

hearity which resulted in poorer fit. Using linear regression for the risk subgroups 

would have, in effect, examined shorter segments of the total caliration m e  and 

thertfore &ted in an improved fit. Tdormation of the values on the y-ais did not 

miprove precision. 



7.5.6 Implications for Patient Counselling 

C m  outcomes be predicted reIiab1y past four or five years postoperatively? 

Several mearchers have felt that there is an important relatiouship between preoperative 

risk factors and long-term ~ ~ v a I ? ~  However, worsening disease States combined with 

the onset of graf? failure are not included in prognostic models developed fiom 

preoperative risk factors. n ie  confidence intervals around estimates of predicted 

survivai wexe quite broad for those patients having higher risk scores (Table 7.9). 

Weintraub and c o l ~ e a ~ u ~ ~  were partîcularly concemed that the changing pattern of 

CABG surgery, specifically in regards to the use of mammary artery grafts, aspirin 

treatment, risk factor modification and the increasing prevalence of high risk patients, 

would make it dinicult to predict very late outcomes. Therefore, when counselling 

patients regarding risks and net benefits, surgeons must consider not only temporal 

changes in the prevaience of nsk factors and improvements in outcomes but also the 

patients' contribution to their own well-being. Risk factor modification, (e.g., cessation 

of smoking, control of hypertension, diabetic control and cornpliance with anti-platelet 

and Lipid lowering medicatiors) is not captured by a predictive risk index; however, this 

domain probably has significant impact on long-terni swivd. 

7.5.7 QuPlity Improvernent 

Clinical outcome is influenced by patient characteristics but also institutional and 

provider effects?' If we u n d e m d  the forces, we can identify specifk ~hamcterktics 

which may be arnenabIe to strategies which will reduce a patient's risk ofpoor outcomes. 

We present this preIiminary anaifis ofrisk-adjusted three year survival as one potentid 

tool for the evaluation ofprovider-specinc outcomes and @ty of care on a different 

îime-horizon tban is the case for most existing models. However, the validity of 

caldatmg risk-adjusted, long-term swival requires more intensive evaiuation than 



given in this report. 

7.5.8 Conclusions 

The linkage of a clinical database with administrative data allowed for the 

efficient follow-up ofa large contemporary cohort of consecutive CABG patients and the 

identification of multivariable predictors of siwival and re-admission to hospital for 

cardiac events. Patient-related risk factors which were predictive of mortality also 

predicted re-admission to hospitai for cardiac events. Actuarial estimates fbm registry 

and administrative data were similar to estimates made nom more traditional follow-up 

methods in previousiy published studies. 

Sumival estimates in this contemporary sample of patients suggest that there rnay 

have been a similar shift in the irnprovement of long-term outcomes which parallels 

temporal improvements seen with hospital survivd. However, statistical models based 

on preoperative rkk factors do not capture information on long term factors which may 

have acted as important confounders of outcomes. 

Patients were characterized by relative risk groups based on Cox regression risk 

ratios for important prognostic variables. An accelerated tirne failure mode1 using the 

log-logistic distribution was used to generate a predicted survivai curve for each patient. 

Mer stratifying by nsk group, the mode1 predicting long-term survival demonstrated a 

good correlation between predicted and observed outcomes for the majority of patients. 

However, the redts in higher risk patients suggested that the predictive rule was not as 

precise for estimates made after four to five years. Future research will be directed 

towards improvhg the precision of the predictive mode1 by adding in variables which 

d e s m i  process of care or early outcomes. 

This predictive dgonthm may provide a valuable tool for medical decision 

makmg, h t d  benchmarking, trial design and patient comsehg.  Prospective extefnal 

validation is stili reqpïred and shodd be the focus of f h r e  research. 



Table 7.1 

Ir variable Totd for 
AM Patients 
N (%) 

7022 

Age: Mean* SD 
<65 year 
65-74 yï 

275 yr 

1 Previous CABG 

II h o p  CHF 

II TVD 

11 Diabetes 

11 Hypertension 3563 (SI) 



Variable Total for 
AH Patients 
N (./O) 

I 

Operative Mortality 164 (2.3) 

ûperative LOS 546 (7.8) 

11 ûperative Stroke 1 90 (1.3) 

II AMI 1 16 1 (2.3) 

1 PTCA 1 112 (1.6) 

IrpP--- CABG 1 25 (0.4) 

7.1=conge&e heart fdure, -=New York Heart Classification, 

ACI=acute coronary Uisufficiency, Mlaiyocardiai infarcton, WD==triple vesse1 disease, 

PVD-peripheral vascular disease, TIA--transient ischemic attack. Semi-urgent priority was 

defined as surgery occurring during the same admission as a cardiac catheterization or cardiac 

event. Emergency priority was surgery occurring within 12 hours of a cardiac catheterization or 

acute cardiac event. LOS=Low cardiac output syndrome, AMI=acute myocardial infarction, 

CHF=congestive heart failure, UA=unstable angina, ETCA=percutaneous transluminal coronary 

angiopiasty* 



Table 7.2 

Variab le SLR 1 Year TotaI Hospital 
OM SurvivaI Survival Sutvivors 

OR (95% CI) RR (95% CI)  RR (95% C I )  RR (95% CI) 

LV Grade 1 1.846 (1.5,2.3) 1 1.697(1.4,2.0) 1 1.473 (1.3, 1.6) 1 1.368(12, 1.6) 

CHF 1 1.823 (1.2.2.8) 1 1.674(13,2.3) 1 1.697 (1.3,22) 1 1.590 (1.2,22) 

Diabetes 1 1.453 (1.0,2.0) ( 1.394(1.1, 1.8) 1 1.340 (1.1, 1.6) 1 1.313 (1.1, 1.6) 

PVD 1 1.572 (1.1, 2.3) 1 1.469 (1.1,2.0) 1 1.530 (1.2, 1.9) 1 1.446 (1.1, 1.9) 

Hypertension 1 ... 1 1.333 (1.0, 1.7) 1 1.271 (1.1, 1.5) 1 1.241 (1.0,1.5) 

L Main disease 1 ..* 1 1.378 (1.0, 1.8) 1 ... 

Recent MI 1 ... 1 ... 1 ... 1 ... 

... 

Reop CVA/TIA 

NYHA 

SLR7.2epwise logistic regression, OM=operative mortality, OR+& ratio, NGrÎsk 

ratio, 9S%CI=conndence interval, Age group: l=age <65,2=age 65-74,3=age 275; LV Grade: 1-4, 

S @ d  rio rit^^ O=ElectiVe, ltsame hospitabation, 2=Emergency, -aiable was not si@bnt in the 

166 

... 
0.. 

TVD 

P vaIue for Iast 
variabIe in the 
mode1 

..* 

.. . 

... 
0.032 

... 

0.. 

- 

... 
0.032 

1.422 (1.1, 19) 

... 

..* 

0.004 

01. 

0.039 



model. CHF=congestive heart failure, DM=diabetes, PVD=per@heral vascuiar disease, BPhhypeension, 

RF=renal failtue. Variables submitted but not significant in the models: NYHA, left main disease, triple 

vesse1 disease, history of strokelIlA, recent preoperative MI (highly correlated with surgical priority). 



Table 7.3 

Variable 1 1Month 1 1 Year 1 5years 

Sex: Male 1 982 * 0.2 97.0 * 0.2 90.0 * 0.5 
Female 96.0 * 0.5 1 94.0 A0.6 1 86.2iL.2 

Age: <65 
65-74 

275 

Previous CABG: N 98.1 0.2 96.8 i 0.2 89.7 * 0.5 
Y 1 932* 1.1 1 91.1 1 3  1 84.4 * 2.0 

98.6 * 0.2 
972 * 0.3 
94.6 0.9 

LV Grade: t 
2 
3 
4 

1 Congestive Heart Failure: N 98.2 10.2 97.0 * 0.2 
Y 1 92.6*1.2 1 88.2kL.4 

- 

97.8 =t 0.2 
95.1 * 0.4 
91.9 1.0 

99.0 * 0.2 
98.1 * 0.2 
96.4 * 0.5 
91.4* 1.9 

Surgical Priority : Elec tive 
Same Hospitaiization 

Emergency 

Hypertension: N 98.3 * 0,2 97.3 * 0.3 91.4 * 0.7 
Y 1 95.5 * 0.3 1 87.4k0.7 

93 -4 * 0.5 
85.4 1.0 
77.3 * 3,O 

Rend Failure: N 97.9 * 0.2 96.7 * 0.2 90.1 * 0.5 
Y &  95.5 * 1.2 89.4 * 1.8 69.2 * 4.0 

98.3 * 0.3 
96.8 * 0.3 
94,6 * 0.6 
85.0 * 2.4 

98,3 * 0.2 
97.4 * 0.3 
91.4k 1.9 

7.3 Ail cornparisons across risk factors are sigdicant by Kaplan-Meier analysis, log- 

rank P<O*OOl. 

92.7 0,8 
90.7 0.7 
84.6 12 
69.5 4.2 

97.6 0.3 
95.5 & 0.4 
87.3 =t 2.2 

91.5 k0.6 
87.5 0.8 
74,O 4.0 



Variable Congestive 
Heart Failure 

PTCA or 
CABG 

LV Grade 1 .. 
Redo CABG 1 1.536 (1.2,2.0) 

Surgical Priority 1 1-39 1 (1.2, 1.7) 

Diabetes 1 ... 
-- 

Hypertension 1 ... 

o.. I - ..O 

Recent MI 1 0.757 (0.6,09) 

P value for Iast 0.029 
variable in the 

7.7.4 Cox regression risk ratios and 95% confidence intervals m parenthesa. Age group: 

l=age c65, 2=age 65-74, 3=age 275; LV Grade: 1-4, Surgical Priority: û=EIective, I=Same 

hospitakition, 2=Emergency, mariable was not signifïcant in the model. CHF=congestive hem f d a ,  

DM=diabetes, PVD=peripheral vascular disease, BP=hyperteusion, failure, ==New York 

Heart Association c ldcat ion ,  left main disease, TVI)=tnpIe vesse1 disease, Preop CVA/TIA=history 

ofstrokdtransient ischemic attack, Recent MI=preoperative MI withm a month @or to surgery. 



TabIe 7.5 of F r e e w  F r o m  to for C m  . - 0 

-- -- 

Sex: Male 1 99.0 I 0.1 Pl 953 i 0.3 80.5 * 0.8 
F e d e  98.1 * 0.4 91.6 k0.7 72.91.6 

Variabie 

Age: ~ 6 5  
65-74 
275 

-- - - 

Surgical Priori@: Elective 99.5 * O. 1 96.8 =t 0.3 83.8 * 0.8 
Same Hospitaiization 98.3 * 0.2 92.3 * 0.5 73.2 * 1.2 

Emergency 92.6 * 1.8 84.7 * 2.5 68.1 * 4.0 

1 Month 

99.1 0.2 
98.5 * 0.2 
97.9 + 0.6 

LV Grade: L 
2 
3 
4 

- -  

Congestive Heart Failure: N 80.7 i 0.7 
Y 1 48.214.8 

Diabetes: N 1 98.8 i 0.2 94.8 * 0.3 80.9 * 0.7 
Y 98.8 * 03? 1 93.6k0.6 ( 72.3k1.6 

1 Year 

95.6 0.3 
93.9 * 0.5 
90.2* 1.2 

99.4 * 0.2 
98.8 * 0.2 
97.8 * 0.4 
97.1 1.2 

Hypertension: N 99.0 * 0.2 95.5 0.4 81.7 * 0.9 
Y 1 98.6 I0.2 1 93.6i0.4 1 76.411.0 

5 Years 

80.5 0.9 
77.7 * 1.2 
71.9 * 2.4 

96.4 * 0.4 
95.2 0.4 
92.2 * 0.7 
81.2 2.8 

w f o r - I g h l e 7 . 5 .  AU cornparisons across rïsk factors are signincant by Kaplan-Meier andysis, log- 

rank P<O.OO 1. 

83.8 1.0 
81.6 * 1.0 
70.0 * 1.8 
53.8 * 4.9 

Peripheral Vascuiar Disease: N 
Y 

Rend Failure: N 

98.9 i 0.1 
97.8 * 0.5 
98.9 * 0-1 

95.0 k 0.3 
91.7 0.9 

94.7 * 0.3 
80.6 i 0.7 
68.0 * 2.2 
79.8 0.7 



Table 7.6 

LV Grade: 2 
3 
4 

va%ble 

Age: 65-74 
275 

Fernale 

II Redo CABG 1 2 

Ris k 
Weights 

2 
3 

1 

IP~I Pnonfy: Same  osp p. 
Emergency 

Congestive heart failure 

PeripheraI vascular disease 

Rend failure 
-- 

I r ~ i s t o r y  of hypertension 1 1 

kgmdlbr Table 7.6 The referent values (risk weighH) are: age<65 years, male, LV Grade 1, 

primary CABG, elective priority, no congestive heart failure, no diabetes, no peripherd vascular 

discase, no hypertension, and no rend failme. Eüsk weights which characterize each patient were 

summed to create a total "risk score". The total ri& score was divided into quaftiIes to constnict 

four relative risk groups: Low Risk (LR=score 0-2), M e h  Risk (MR=score 3-9, High Risk 

(EE=score 6-8), and Extrerne Risk (ER=scores 29). 



VariabIe 

N 

Pnority: Elective 1351 (73) 1403 (59) 786 (44) 237 (25) 
Semi-Urgent 503 (39) 922 (39) 948 (53) 625 (66) 

Emergency O 66 (2.8) 54 (3) 92 (9.6) 

Age: Mean * SD 
<65year 
65-74 

275 yr 

I m o u s  CABG 1 6 (0.3) 1 143 (6) 1 187 (10) 1 146 (15) 

-- 

Low 
Risk 

N (%) 

1854 (27) 

55 7 
1854(100) 

O 
O 

II ACI 1 340 (18) 1 651 (27) [ 71 8 (40) 1 491 (52) 

High 
Risk 
N (Yo) 

1788 (26) 

- 

Medium 
Ris k 
N (Yo) 

2391 (34) 

Reop CHF 

Extreme 
Risk 
N (%) 

954 (14) 

60*9 
1517(63) 
850 (36) 

24 (1) 

O 

1. 

67 * 8 
416 (23) 
1093 (61) 
279(16) 

-' 

71 *7 
115 (12) 
496 (52) 
343(36) 

30 (1.2) 

Hypertension 626 (34) 1 1174 (49) 1 1086 (61) 1 670 (70) 

Rend Failme 

Reop StmkeRU 

Opaative Mortakity 

130 (7.3) 359 (38) 

O 

44 (2.4) 

6 (03) 

36 (1.5) 

147 (6.2) 

33 (1.4) 

77 (4.3) 

197 (1 1) 

177 (19) 

197 (21) 

52 (2 9) 1 71 (7.4) 



-- 

VariabIe Low Medium 
Ris k Ris k 

Bgh 
Risk 

N (%) N (./a) N (%) 

Operative LOS 46 (25) 133 (5.6) 182 (10) 

1 Total Deaths (6 yrs) 42 (23) 1 141 (5.9) 183 (10) 

II 
- 

AMI 1 37 (2.0) 1 46 (19) 1 42 (2.4) 

II PTCA 1 33 (1.8) 1 46 (1.9) 1 22 (1.2) 

1 -  CABG 10 (0.5) 3 (0.1) 8 (0.4) 

Extreme 
Risk 
N (%) 

L e g m U x f o r  CHF=congestive heart failun, ==New York Heart Classification, 

ACI=acute coronary insuffciency, MI=myoccardial infarction, TVD=tnple vesse1 disease, 

PVD=peripherai vascdar disease, TIA=tcansieat ischemic attack. Sd-urgent priority was 

defined as surgery ocnimng during the sarne admission as a cardiac catheterization or cardiac 

event. Emergency priority was surgery occurring within 12 hours of a cardiac catheterization or 

acute cardiac event. LOS=Low cardiac output syndrome, AMI=acute myocardial infaction, 

CHF=congestive heart failure, UA=unstable anpina, PTCA--percutaneous tmnsIuminaI coronary 

angioplasty. 



Table 7.8 

Variable l Regression Coefneient 

* Std Err 

II LV Grade 1 -0.573 0.096 

Il Hypertension 1 -0.362k0.149 

1 Scale parameter 1 1.505 =t 0.063 

-fore 7.8 Age group: 1= ag665 years, 2=age 65-74 yrs, 3=age 275 years. LV 

Grade: 1=EF>60%, 2=W 40-59%, 3=EF 20-39%, 4=EF G O % .  CHF=congestive heart failure. 

Surgical priori@: O=Elective, 1=me hospitdization as the cardiac catheterization, 

2=emergency (cl2 hr) surgery. For al1 other binomial variables the values are O if the risk factor 

is not present and 1 if the risk factor is present. 

The intercept, scde parameter and regression coefficients fkom the log-logistic andysis 

were w d  to calculate the predicted probability of Suvival to time=t from the formula: 

S ( t l x ) =  l / l + [ - g ( p ~ + x ) ]  * tg  

where S = SUITYivaI probabüity, g = llscale parameter, Po = regression intercept, X = regression 

coefficients for cordates which describe each patient, t = follow-up t h e  (months). 



Table 73 

7.9 7.9Predicted swival(%) and the 95% confidence intervals (CI) in 

parentheses as caicuiated by the mu1tivarÏable log-logistic model. 

Score 0 
0 (275) 

% (95% CI) 

99.2 (100, 96) 

% (95% CI) 

98.8 (LW. 96) 

% (95% CI)  

98.4 (iOû.96) 

% (95% CI) 

98.1 (iûû, 96) 

% (95% CI) 

97.8 (1 00.96) 



TabIe 7.10 O O of Practed venus Observed Sumval Pr- 

kgad&r T & e  O=low risk, MR=medium risk, HR=high risk, ER=extremely high risk. 

Observed (OBS) and predicted (PRED) survival probabilities are reported as the mean * 
standard error. Ail P values associated with the R~ results werc significant at the PQ).001 level. 

%PRED = ##PRED/#ûBS. Chi square (%' ) P values W.05 indicate no statisticd difference 

between predicted and observed number of events. 

Risk 
Group 
( Score) 

OBS 
S V  

Survival 
(%) 

PRED 
5 F 

Survivai 
(%) 

LR (O - 2) 

MR(3-5) 

HR (6 - 8) 

ER (29) 

97 0.02 

94 * 0.02 

89 * 0.05 

76*0.31 

96* 1 

92*1 

86* 1 

71 * 2  

R' 

0.52 

0.61 

0.58 

0.28 

# 
OBS 

Deaths 

49 

141 

183 

198 

# 
PRED 
Deaths 

52 

1 16 

158 

% 
PRED 

2 
P 

106 

82 

86 

0.92 

0.06 

0.11 

182 92 0.42 



Patients @ risk 

Years Postoperatively 

ROC 0.77 0.74 0.73 0.71 0.71 0.71 

7.1 The obsemed cumdative sumival probability as calculated by the 

Kaplan-Meier 0 andysis for dl patients is depicted by the solid, heavy iine. 

The average predicted probabiIity as caIdated by the multivariable statistical model 

is depicted by the heavy dashed h e  * 1 standard error (light, dotted iines). The area 

under the Receiver-Opcrator Characteristic (ROC) m e  for model estimates is given 

at each year1y intend 





O 1 2 3 4 5 6 
Years Postoperatively 

m d  7J The average diffcrence between predicted minus observed 

suMvaï is depicted for each relative risk group at each thne intenml. The 

statisticd mode1 over-estimated survival after 4 postoperative yem. This 

l o s  of precision was most dramatic in the high ri& (IR) and extnmely 

high tisk (ER) groups. There was aiso a sipnincaat ~ve~estimatiou of 

sumival in the ER group in the early postoperative period The stipled area 

represents 2% fkom a zero difference between observed and predicted 

probabilities. 



Predicted Survival (%) 

50 60 70 80 90 100 

Observed SuMval (%) 

m d  7.4 The average predicted pmbabüity of Survival as caldated 

by the mnltivariable statistical mode1 is plotîed against the mean observed Sunnval 

for each yearly intemal and each totd risk score (represented by each symbol). 

Redts are aven for the weighted hear  regession (solid diagonal line). The 

dashed diagonal h e  represents a perfêct fit between predicted and observed 



Years Postoperatively 

LR: 84% (81,86) 

Years Pos toperatively 

' O 30= 

a Io: 

HR: 68% (64,73) 
ER: 44% (33,54) 
P=O. O1 (LopRank) 1 l I 

* At 6 yrs: -0 

* 
LR: 81 % (79,84) - 

\ 

MR: 74% (71,77) * 

,O 

4 60 

[;1 
4o 
j0 e 

o.' 
O 1 2 3 4 5 6 

"O~,HR: 5:L";l) 
* *O ER: 32% (23,40) 

Io P = 0.0001 (Lo -Rank) 
O 

I 1 1 

O 1 2 3 4 5 6 
Years Postoperatively 

- 
At6yrs: 
LR: 99% (99,100) 
MR: 96% (95,97) 
HR: 90% (87,92) 

-5 Kaplan-Meier estimates o f  the cumulative probability of freedom from re-admissions for chest pain (CP), 

congestive heart failure (CHF), any cardiac event (Cardiac) and event-free survival are depicted for each relative risk group. The 
)-r 

Z 6 year estimates are given in the text with their 95% confidence intervals. 

2 2o 

ff Io 
ER: 68% (59,76) 
P = 0.0001 (LOF-Rank) 

0:' 
1 I I 

O 1 2 3 4 5 6 
Years Postoperatively 



3 Yr Sumval (%) 

Obsewed Expected Risk-Adjusted 

m d  7.6 Cornparison of observed, expected and ri&-adjusted three 

year &al for each provider. Note how the two providers represented by dashed 

Imes have the same expected &al based on th& case-mix, but diftierent observed 

and riskadjusted SUrYjval estimates. 



Chapter Eight 

Summary 



8.1 Overview 

Methodological issues which surround the development of predictive d e s  within 

the contextual framework of coroaary artery bypass surgery include, but are not limited 

to: 1) prognostic variable selection; 2) statistical under- or over-fitting; 3) mode1 

discrimination and calibration; 4) selection of an extemal or internd model; and 5) 

model validation. Among the applications for predictive des for operative mortality 

followiag CABG are: 1) nsk-adjusted outcomes profilmg for surgeons or centres, 2) risk 

group stratification, and 3) decision-support for presperative patient counselling. These 

methodological issues have been evaluated in this applied thesis. 

8.2 Chapter Four: Evaluation of Three Modeliing Strategies in the Use of 

Predictive Risk Indices for Assessing Mortatity After Coronary Artery 

Bypass Graft Surgery 

In Chapter Four we demonstrated that temporal and inter-centre ciifferences in 

case-& make it difficuit to achieve optimal predictive performance with "ready-made", 

externa1 risk indexes used for provider profihg through evaiuations of riskadjusted 

outcomes. This observation argues against the proliferation of published nsk indices in 

the clinical fiterature that either af£ïrrn well-known prognostic factors or add new 

variables with minimai marginal impact. We have aiso dernoostrated that recalibration of 

existing indices may sometimes be sufncient to ensure adequate risk prediction even 

when models are parsimonious. As a precaution, however, we suggested that centres 

collect data fastidiously on a modes-sized set of key variables such as those suggested 

by the Working Group panel," continue to evaiuate the model's validity, and undertake 

intermittent remodehg to ensure that emerging risk factors are not inadvertenty 

overlooked, 

In addition to these conceptuai contn%utiom, this chapter also mtroduced a 



rehement in the quantitative evduation of model calrcbration. Several authors have 

previously used linear regcession analysis to calculate the coefficient of determination 

m2) of predicted versus observed results for subgroups of patients. We showed that the 

intercept and dope of the tegression h e  should dso be evaiuated because they give 

direct assessments of the amount of over- or under-estimation of the model. 

Additionally. we introduced analysis of covariance as an effective method to compare 

competing models in the same dataset. This study iliustrated that poorly cdibrated risk 

algorithrns can bias the calculation of risk-adjusted operative mortality. 

8.3 Chapter Five: Apptication of a Predictive Rule Used for Risk Stratification: 

Evaluation of Fiteen-year Trends in Risk Severity and Operative Mortaiity 

in Elderiy Patients Undergoing Coronary Bypass Surgery 

In Chapter Five we demonstrated the application of a p~dictive d e  used for risk 

stratification. The construction of relative risk groups from cutpoints of the total risk 

score pennitted the evduation of temporai trends in risk factors and outcomes using 

simple contingency table andysis. To the average reader. this format is clearer 

cornpared to the relative complexity of interprehg adjusted odds ratios fiom logistic 

tegression analyses. 

In this chapter we dso demonstrated that the indusion of additionai variables to 

smd,  robust models did not signincantly improve discrimination: the model for 

mortaiity in elderly patients between 1982 and 1996 had a ROC m e  area similar (0.69 

versus 0.71) to that for elderly patients in the 199 1 - 1996 model which drew on additional 

risk factor data 

The importance of statisticai power for the evaluation of outcomes in relativeiy 

low prevdence patient groups such as the eIderIy was an important element of this 

study. Most previous reports have had insuffi:cient sample Sues to adequateIy explore 



the muitivariable impact of risk factors on operative mortality. Additiondy, they have 

been Iimited by not providing a long-term perspective on outcome trends among the 

elderly, and by not incorporating nsk-adjustment algorithm that take into account the 

temporal shifts in risk profiles among patients xceiving CABG. Our Iogistic regrasion 

analysis of operative mortality in 3,330 patients fiom 1982 to 1986 included a temporal 

rnarker and reveded that most elderly patients have an acceptable risk of singery, 

however. poor ventricular ftinction and previous CABG remain the most important risk 

factors in this group. 

In addition to providing a long-term perspective on outcome trends. this snidy 

also showed how a clinical prediction rule can be combined with simple contingency 

table anaiysis to document temporal shifts in risk profiles and outcomes. 

8.4 Chapter Six: Predictive Accuracy Study: Cornparison of a Statistical Mode1 

to Clhicians' Probabüity Estimates of Adverse Outcornes Foiiowing 

Coronary Bypass Surgery 

The potentid application of clinicd prediction d e s  for decision-support for pre- 

operative patient counselling was evaluated in Chapter Six. This study was flawed fkom 

two important perspectives. Füst, the study sample of 100 patients was not randomly 

selected fiom the database. This was deliberate but severely comprornised the abüity of 

both the statisticai mode1 and the chicians to discriminate between those having, and 

those not having events. However, the evaluation of discrimination through a unique 

prevaience adjutment exercise demonstrated that the mode1 dtimately did out-perform 

the clinicisuzs. 

Secondly, the ciinicians did not make use of the predictive d e  for the part of the 

study in which they were randomized to have access to i t  This was despite at Ieast three 

discussions of the shidy during rounds and several written cornmimications regarding the 



purpose and methods of the study. When given the option, neither the surgeons nor the 

midents preferred to use a predictive d e  but rather trusted their own judgements to 

estimate the probability of operative mortality or prolonged ICU length of stay after 

coronary bypass surgery. Reasons for not using the predictive d e  may have included: 

1) the d e  was too t h e  consuming, 2) too cornplex, or 3) clinicians preference to use 

their own empinc eshates. The hdings of this study highlight both the rationaie for 

using predictive d e s  as a guide to decision-rnaking in practice, as well as the continuing 

challenges in persuading clinicians to use such d e s .  

8.5 Chapter Seven: The Development and Application of a Predictive Rule to 

Evaiuate the Long-Term Outcomes of Coronary Artery Bypass Surgery 

Two recurrent issues in the use of clinicai prediction rules are the short-time 

horizon of many studies and the costs of collecting data for longer-term studies. Chapter 

Seven presents the methods and findings for a unique Canadian study. The linkage of a 

clinical database with administrative data ailowed for the efficient foIIow-up of a large 

contemporary cohort of CABG patients and the identification of muitivariable predictoa 

of stnvival and re-admission to hospital for cardiac events. This study highlights the 

advantage of a universal health care system which aiiows researchen to build population- 

based inclusive linked datasets of this nature. Acharid esthates h m  registry and 

administrative data were similar to estimates made from more traditionai follow-up 

methods in previously publisbed studies. 

Additioually, an accelerated failure time model was used to generate a predicted 

sumival curve for each patient. After stramg by risk group, the model predicting 

long-term nnvival demonstrated a good correlation between predicted and observed 

outcornes for the major@ of patients. However, the resuits in higher risk patients 

suggested that the predictive nile was not as precise for estimates made after four to f i e  



years. Future studies will evaluate whether the addition of postoperative events improves 

predictive accuracy of the survival model. We also explorcd a method of cornparhg 

provider-specinc long-term risk-adjusted survival. 

This predictive algorithm rnay provide a valuable tool for medical decision 

making, interna1 benchmarking, ûial design and patient counselhg. Prospective extemal 

validation is stiil required and will be the focus of future research. 

This study illustrates the feasicbility of linkllig clinical and administrative &ta in 

the development of more sophisticated clinicd prediction d e s .  The hdings highlight 

the need to evaluate long-term, as well as short-term outcomes to assess the benefit of 

surgical revascularization and the utility of adding some measmement of outcomes other 

than mortality. 

8.6 Conclusions 

Patients with the same disease can have very different outcornes. Redictive d e s  

which adjust for differences in patient characteristics cm offer valuable insights for 

clhicians, administrators and researchers. However, Parsonnet's cautionary note is well 

founded: the validity of the model can greatly innuence the calculation of risk-adjusted 

outcomes. ~ n i m h o @ ~  suggested in a recent editorial, that the proposed application of a 

predictive d e  should dictate the necessity of evaluating calibration. He stated that 

relative cornparisans between providers did not require the recaliiration of a previously 

validated extemai predictive model. We disagree with this phiiosophy. Models used for 

provider profilkg should be weU-calited across the full range of estllnated outcomes. 

Models that over-estimate probabilities at the Iower range of outcomes and under- 

estimate probabilities for higher ri& patients may obscure the differences betwecn 

providers with differeat case mixes. A precise model wül tnily "IeveI the playing fieId" 

and result in a faira cornparison of ri&-adjused outcomes. 



Previously weU-validated models do not need to be recali'brated if the application 

is benchmarkhg temporal trends (e.g., the study presented in Chapter Five). If the 

application of the model is for the purpose of patient counsehg, recalibration of an 

e x t d  model is essential to provide valid, contemponiry estimates of outcornes. 

Regardles of the application, aii predictive d e s  must discriminate welL Good 

discrimination is the most fiuidamental element of a valid predictive nile and is directly 

influenced by the number of variables in the mode1 and the quality of the data. The issue 

regarding the basic building block of any predictive rule-the prognostic variable-has not 

been weil addressed. As with any predictive d e  developed fkom an existing database, 

we are constrained by the data at hand. Many measurement issues su~ound the 

collection of data, not the least of which are outcome ascertainment, prognostic variable 

seiection and using continuous vernis categorical variables to describe disease states or 

nsk factors (e.g. age). In the ciinicai database at the Toronto General Hospital we 

generally categorize most of the risk factor information. Statisticians argue that the 

practice of categorizing continuous variables results in a loss of information. It may ais0 

negatively impact model discrimination. However, clinicians argue that this practice 

enhances "usability". 

Another major issue surmunding variable selection is the lack of information in 

most databases regarding the quality of the distd coronary arteries. This piece of 

information may be one of the most important predictors of outcome. However, no 

exkithg predictive nile for OM foIIowing CABG includes a m e a m  of distal vesse1 

quality. The inclusion of some measure of distal vesse1 @ty could possibly improve 

the discrimination of moa models to wel1 above the apparent ceiling of -80%. 

Additionally, in none of our models have we included the surgeon as a potentid 

independent predictor of outcome. The mc1usion of surgeon or other markers ofprocess 

of care may improve model disahination, d e s  the purpose is to benchmark surgeons, 



in which case, surgeon could not be bcluded in the model. 

We have Uustrated that: 1) the potemtiai bias in the caldation of ri&-adjusted 

operative mortality from poorly caiiibrated models can affect provider-profiling; 2) ri& 

stratification via predictive niles can be cornbined with simpler analyses for tesearch and 

administrative purposes; 3) there are contuiuing challenges for using predictive d e s  as 

guides for decision-making in practice and in persuading clinicians to use such d e s ;  and 

4) a predictive rule designed for long-term outcomes provides a novel method to 

evaluate risk-adjusted survival following surgical revascularization. 

8.7 Future Directions 

We wish to develop similar predictive d e s  for outcomes following valve 

surgery. Edmunds and colleaguesm explicitly defined the variables which should be 

included in evaluations of mortality and morbidity following valvular heart surgery. This 

paper was printed simultaneously in the J m a l  of Thoracic and CardiovascuIar Surgery 

and in the Annals of Thomcic Surgery and sewes as a ternplate for d l  authors who are 

considering submission of a vaive-telated mitllus&pt to any major cardiac surgery 

journal. As a direct r e d t  of this effort, it has been possible for us to link our clinical 

database with data fiom Vancouver General Hospital and Stanford University Medical 

Centre to facilitate multicentre evaluations of valve surgery. These studies (still in the 

analytic phase) represent large patient sampIes with sufficient events to produce valid 

multivariable models of outcomes. AdditionalIy, the generaüzability of the results is 

greatly enhanced by this collaborative effort. 

Future studies are planned to prospectively evaluate surgeons' risk assessrnent 

and to determine whether the use of a predictive d e  at the time of patient assesment 

improves their precüctive accuracy and precision. We have developed a user-niendly, 

Windows-base4 VisuaI Basic program (writtcn by Matthew Weisel), which incorporates 



the regression parameters fiom the rnodels to caldate the predicted probabüities and 

95% confidence intemals of operative mortality and prolonged ICW length of stay for 

patients undergohg isolated coronary artery bypass gmft mgery. The program dows 

cliiciaaus to check off patient risk factors on a computer screen during the pre-admission 

clinic visit. Each surgeon at the Toronto General Hospital has been given this program as 

an aid to counset patients at the t h e  of obtaining informed consent. We have 

demonstrated its use at one meeting and plan for several more demonstrations. The 

importance of these studies is to determine whether or not the assumption of risk 

provides a barrier to the care of high risk patients, and to evaluate a strategy of streaming 

high risk patients towards surgeons with better outcomes in an effort to reduce overail 

moaality and morbidity. 

The evaluation of long-tem outcornes is important to establish the effectiveness 

and efficiency of surgical revascularization. We plan to link the Province of Ontario 

Cardiac Care Network database to administrative databases (C W and RPDB) to evaluate 

long-tenn outcomes for coronary artery bypass surgery. Although we have used purely 

prognostic variables in al1 of our predictive rnodels, we will evaiuate whether the 

inclusion of some measures of process of care will improve precision and discrimination 

of long-term outcomes of surgery. The identification of non-cardiac morbidity will 

present the biggest challenge in this study. This study will allow us to examine regional 

differences in processes and outcomes of care. 

la coaclusion, drawing on data for coronary artery bypass grafk surgery, this 

thesis addresses severai methodological and practical issues surroundmg the development 

and application of predictive rules. We believe that these fhdings are generalizable to a 

wide range of medical diagnoses and surgical procedures where prediction d e s  cm be 

used to enhance our insights into prognosis, as weIl as the effectiveness and efficiency of 

cIinid interventions. 
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( )O=Nont 
( ) t = Angioplasty Datc: 1 1 
( ) 2=vaivotomy Date 1 1 
( ) 3 =ThromboIysis Date: 1 1 



VALVE PATIENT DATA 

VALVULAR USIONS: REASON FOR URGENT SURGERY: 

( )O=No 
( )I=R#note 
( ) 2 =Active 
( ) 3 = Active absccss 

( ) O = Not Urgent 
( ) 1 = Acatc endocarditis 
( )2=AcutepumpEriluft 
( ) 3 = Acute pmsthctic fhiiurc 
( ) 4 = FaiIed baIloon vaivuioplasty 
( ) 5 = Lifc thrcatcning arrhythmia 
( ) 6 = Ischcmic mitrat tegurgitation 
( ) 7 = Dissection 

( )O=None 
( 
( ) 2 = Rcplacmmt 
( ) 3 = Rcpau ofan in-situ prosthetic valve 

( ) Di = rcimplantation ( ) l = !SîJ 
( ) D2 = nmodclling ( ) 2=lSinus 

( ) 3=2Sinuscs 
( ) 4=3Sinuscs 

AV PROSTHESIS: 

AV PATHOLOGY: Check U tbat apply 

AV ANNULUS ENLARGED 

MV PATHOLOGY: Check a that apply 

CHORDAE PmVEll 
( )O=No 
{ ) 1 = Yes, -or only 
( ) 2 = Ycs, postaior and anterios 



( )O=None 
( H-Rcpai 
( ) 2 =Rcpfacancat 
( ) 3 = Rqtkof an h4tu ptosthcric valve 

TYPE 
SIZE: (mm) 

W PATEIOLm Check d that apply 

( )O=No 
( ) 1 = Abdominal Aortic Surgay 
( ) 2 = Carotid Eadarrercctomy 
( )3=ûther: 

L V A  Patch: ( ) YES ( ) NO 

OTBER CARDIAC OPERATIONS 

CONGENITAL HEART DISEASE: 

ASC. AORTA REPLACED: 

( )O=No 
( ) t =Ues,separate 
( ) 2 = Yes, composite 

( )O=No 
( ) 1 = k h d c  VSD - Patch 
( )2=Myxom 
( ) 3  = Myectomy 
( ) 4 = Mapping / Arrh-a 
( )S=H~TranspIant  
( )9=MaztA.occduce 
( ) 8 = û t h c  

NOTES 



CORONARY $TENOSIS 2 a%: 
ACB PATIENT DATA 

ARTERIES GmmxD: 

Endiutmctomy : ( ) YES: ( 1 

Coromuy Veiu: ( ) YES: ( 1 

Patch Angioplasty 

Other conduit: 

GENERAL OPERATIVE DATA 

PUMPCAsE ( ) YES ( ) NO ( ) S'ïANDBY 

MINIMAUY INVASNESURGERY ( ) E S  ( )NO 

OR TIME: min, 

BYPASSIIME: min. 

X-CLAMP TIME: min, 

CRARRESTTIME: min. 

B.SA: n-8 

HEIGrn cm 

W E I m  kg 

MYOCARDW PROTECTION: 

Ptimary forrn of myocardiai protection: 

( ) O = None, coronary perfiision 
( ) 1 = Wann btood cardioplcgia (35-38OC) 
( ) 2 = Tcpid blood carâioplcgia (20-3S°C) 
( ) 3 = Cold bIood cardioptegia ( e 20°C) 
( ) 4 = Crystaltoid cardioplegia 

TECBNIQüE Method of Cardioplegia: 

( ) O = Normothcrmia 
( ) 1 = MiId (30-3S°C) 
( ) 2 = Mod (20-2g0C) 
( ) 3 = Profouad (S 20°C) 

OFF C.P.B.: # 1 

COMPLICATIONS 

POSTOP E.C.G.: 

( )O=Nochange 
( ) 1 =NcwST/Twavcs 
( )2=NewQwaves 
( ) 3 = CompIte LBBB 
( )4=Lossof R m e s  

Pcrioperative ML: 

fnompes: 

LOS: 

R d  Failurc: 

Pacemakw- 

vcnt Dysrtryth: 

A Fib* 

D.V.T.: 

PuhL Comptic's: 

s-* 

TLA: 

Rb: 



NOTE: Fil1 out fonns on ail PUMP AND NON-PUMP cases. 

The Toronto General Hospital 
Division of Cardiovascdar Surgery 
CODE BOOK TGH (MS Access) 

Printed on: March 6,2001 

Patient identification. Fkst thret Ietters of Iast name, f i t  Ietter of k t  name, 
and date of birth (LLLFMMDDYY) 
(NOTE: See Iast page for conventions) 

CaART Hospital chart number 

LNAME Last name of patient 

FNAME First name of patient 
(> 12/3 1/97) 

AGE Age on date of surgery (yrs) 

Sex of patient: 
1 - Male 
2 - Femaie 

AREA Resident focation of patient 
(> 1 2/3 t /93) O - Ontario 

1 - Out of province 
2 - Out of country 

TRIAGE Non-elective admission (excluding heart transplants) (YESMO) 
(>12/3 1/96) 

SDA Patient seen in same-day admit clinic and admitteci to hospital the day of 
=gew 
(>t 2/3 1/96) (YEsmo) 

ADDATE Admission to 6ospitd (MM/DD/YY) 

DATEOR Date of o p t i o n  (MMfDDNY) 
DISDATE Date ofdischarge h m  hospitaI (MM/DD/YY) 



DAYSPOST Post-op chys in hospital (excluding OR day) 

ICUNUM Number of admissions to ICU 
(%!/3 1/98) 

ICU Total number of days in ICU (excluding OR day) 

IcuTIME Total number of minutes in ICU (from mival in ICU till departure to floor) 
(>06/05/94) 

VENT Days on vmtiiator (exclucihg OR &y) 
(<O710 1/93) 

VENTTIME Mmutes on veatilator (hm arriva1 in ICU tir1 extubation time) 
(>06/30/93) 

SURG Surgeon's initials 

ASSIST Fit assistant (senior resident or other) 

FDOC Patient's family doctor 

CDOC Outside cardiologist following patient post-op 

TIMING Timing of sufgery - approximate Iength of t h e  betwaa tbe event resuIting in 
hospitalization and surgery 

t - Eiective 
2 - Same hospitaiization: cannot go home because of urgency or 
anatomy (semi-urgent) 
3 - Urgent c 72 hrs h m  event 
4 - Emergency: < t 2 hrs h m  event 

FROM PrPop location of non-ektive patients 
t - Floor 
2-cm 
3 - Cath Lab 
4 - Emergency (<O I/O t /98) 
5-O* 



ACBREDO Previous ACB (YESINO) 

AVREDO Previous aortic valve surgery 
O-NO 
t - Repair 
2 - Replacement 
3 - Repair of an in-situ prosthetic valve 

MVREDO Previous mitraI valve surgery 
O-NO 
1 - Repair 
2 - Replacement 
3 - Repair of an in-situ prosthetic valve 

Previous ûicuspid valve surgery 
O-NO 
1 - Repair 
2 - Replacement 
3 - Repair of an in-situ prosthetic valve 

OTBREDO Any other previous cardiac surgery (YESMO) 

PRECARD M o u s  non--cal intervention 
1 - Angioplasty 
2 - BatIoon valvotomy 

PIDATE Date of previous intervention (MM/DD/YY) 

PmFIROMB Previous thrombolysis (YESMO) 

PKDATE Date of prcvious thromboIysis (MM/DD/YY) 

CATH Hospital where patient was cathetetized 
TGH - The Toronto Hospital, G e n d  Division- (<O 110 1/96) 
TWH - The Toronto Hospital, Western Division. (<01101196) 
ï"I'FI - The Toronto Hospita1 (SI 2t3 1/95) 
SMC - Sunnybroot H d t h  Science Centre 
SMH - Stc Michaet's Hospi@ 
SCH - Scaùorough Centenary Hospital 



MSH - Mount SW Hospital 
OTH - Other 

CATHDATE Date of catheterization (MM/DDP(Y) 

ANGINA Most severe angha pectoris witbia one month prior to surgery 
O - None 
1 - Stable: predictable exertional angina 
2 - Crescendo: inmashg fiequency or severity of symptoms 
3 - Acute coronary insuaciency: prdonged episodes of unprovoked 

pain (>15 mins) despite medical therapy 

Most reccnt myocardiat i n f i o n  within 30 &ys of OR date 
O - None 
t - Non-Q wave infmtion 
2 - Transmurai Uifarction 

Date of most cecent MI (MM/DD/YY) 

NYHA classincation (cardiac disabiIity) 
1 - No fesfnfeSfnctious 
2 - Symptoms provoked by exertion beyond daily activity 
3 - Syrnptorns provoked by normal daiiy activïty 
4 - Unprovoked symptoms 

LV grade based on LV ejection fiaction 
1 ->0r=6O% 
2 - 4049% 
3 - 2049% 
4 - <20% 

STRESS Stress test 
O - Not doue 
1 - Negative 
2 - Positive 

DIABETES Diabetes Meiiitus (insulin or non-insulin depeudent) (YESMO) 



EiYPER 

CHLSTRL 

FHX 

SMOKE 

2 - W medication 
3-Iasulia 
4 - None (patient cecently diagnosed) 

Medically treated hypertension (YESINO) 

Diet or medicdy treated hyperlipidemia (YESMO) 

Famiiy history of heart disease including stroke, PVD, MI, angina, or heart 
Surgery WSNO) 
Smoking history 

O - Never smoked 
1 - Stopped smoking 
2 - Stii smoking 

COPD Chronic obstructive pulmonary disease (YES/NO) 
(<O 110 1/96) 

COPDS Cbronic obstructive pulrnonary discase - severe (YESMO) 
(XU3 1/95) (Patient must be receivùlg daily inhdationd or oral medication to improve 

breathing) 

THROMB Prcvious stroke or T J A  (YESMO) 

PVD Peripherai vascular disease (YESMO) 

RF Significant rend fatlute 
(<O 110 1/95) O-NO 

1 - Not on dialysis pre-op 
2 - Chronic peritoneai or hemodidysis 

NEWRF Sigdicant tenal failure 
(> lm 1/94) O-No 
(<O 110 1/97) L - Yes (as defineci by the surgeon or patient is on didysis) 

DIAL Pre-op dialysis 
(>lm 1/97) O-No 

1 - Yes 

MARFAN Patient has bcen diagnosed with Marfh syndrome 
(>06/20/9 1) O-No 

i -Yes 

Preop electrocardiogram (rhythm) 
O - Normal sinus rhythm 



L - Atn'ai f idat ion or flutter 
2 - Complete heart blocid pacemaker 

CHF Congestive H m  Failure (YESMO) 

Shoc k (YESMO) 
NOTE: If ShockYES, NYHA=4 

SYNCOPE Fainting spells (YESNO) 

ASP Aspiria stopped c7 days pnor to surgery (YESMO) 
(>lm 1/94) 

AM[ Taking amiodarone at time of admission C(ESM0) 
(>lu3 1/94 and <O 110 1/96) 

DISLAD Sténosis > or = 50% in the Lefk Antenor Descdng artenal system (YESMO) 
(LAD, DIA-1, DIA-2, PER) 

DISCX Stenosis > or = 50% in the Circumflex arterid system (YESMO) 
(CX, INT, OM-1,OM-2) 

DISRCA Stenosis > or = 50% in the Right Coronary Arterial system (YESMO) 
@CA? p w  P L  AM) 

LMAIN Stenosis > or = 50% m îhe Left Main A r t q  (YESMO) 



LIMA W g r a f t d  
1 -LAD 
2 -OC 
3 - RCA 

RIMA graft used 
1 -LAD 
2 -CX 
3 -RCA 

Radial artety graft used 
L -LAD 
2 -CX 
3 - RCA 

Number of  to the Left Antecior Descendhg region 
Number of grafts to the Circumflex region 

Number of grafts to the Right Coronary Artery region 

Endarterectomy 
1 -LAD 
2 -CX 
3 - RCA 

Coronary vein patch angioplasty 
1 -LAD 
2 -CX 
3 - RCA 

OTBGFT Other conduit used 
1 - Gasîm-epipIoic artery 
2 - Artificial 
3 - Cryolpreserved 

ACBNUM Total number of distai graAs 

PUMPCASE Patient went on pump. 
O-NO 
I -Yes 
2 - Standby only 



ORTIME Swgeon tirne in OR (minutes) 

P U M P  Cardiopuimonary bypass time (minutes) 

CLAMP Cross-clamp t h e  (minutes) 

CIRARR Circulatory arrest (minutes) 

BSA Body S d c e  Area (m2) 

En' Height (cm) 

MYOPRO Primary fonn of myocardial protection 
O - None, coronary perfiision 
1 - Warrn blood cardioplegia (3538°C) 
2 - Tepid blood cardioplegia (2&3S°C) 
3 - Cold blood cardioplegia (<20°C) 
4 - Crystailoid cardioplegia 

TECHNIQUE Method of cardioplegia 
t - intermittent 
2 - Continuous 
3 - Both 

DIRECTION Direction of cardioplegia 
L - Antegrade 
2 - Retrograde 
3 - Both 

BYPOTHER Lowest level of systemic hypothermia 
O - Normothermia 
1 - Miid (30-35°C) 
2 - Moderate (20-29°C) 
3 - Profound (e0"C) 

OFFPUMP Patient came off pump 
O - Weil 
t - With motropes/ballaon 
2 - Died m OR 



IABP 

LOS 

insertion of intra-aortic bdloon pump 
O - None 
1-Pteopinccu 
2-ReopmOR 
3 - Intra-op in OR 
4 - Post-op in ICU 

NOTE: if M P = 3  or 4, LOS=YES 

Nurnber of times patient r e m  to the OR on this admission 

Reopening a f k  surgery 
1 - Blteding 
2 - Tamponade 
3 - ShocWarre~t 
4 - WcctiCon 
5 - Dehiscence 
6 - Redo Surgery 
7 - Other 

Reopening a f k  surgery (same as for REOP) 
Patient is reoperated on twice post-op This field contains the second most 
important muon for mpeuing regardes of date. 

Postoperative electrocafdiogram - ischemic changes while in hospital 
O - No changes 
I - New ST and T wave changes 
2-NewQwaves 
3 - CompIete Ieft bundle branch block 
4 - L o s  of R waves 

NOTE: If ECG=2, MI=YES 

Highest postop CKMB IeveI (units) 

Highest comsponding CK kvel (units) 

Perioperative myocardial infiirctioa (YESMO) 
NOTE: This inchdes ail patients with new Q waves post-op 

Use of dopamine (>3 mg/kg) or dobutamine in [CU for more than 30 minutes to 
maiDtoia a blood prasure p a t e r  than 90 d g  &ex adequate ceIoad and afkr 
Ioad tectuction (YES/NO) 

Low output syndrome (use of motrope or mechanical devices for more than 30 



PACE 

OCPULMC 

POSTHB 
(>05/3 1/94) 

STROKE 

min. to maintain a blood pressure greater than 90 mmHg with a CL < 2.2 
Vmlm2) (YESNO) 
NOTE: This includes ali patients with iABP inserted intrasp in OR or postop in 
ICU 

Rem1 failure post-op 
O -NO 
1 - Yes, re- dialysis 
2 - Yes, no dialysis but patient died in rend fmiure 

insertion of permanent pacemaker (YESMO) 

Presence of atrial fibrillation post-operatively (YESMO) 

Deep vein thrombosis (YESMO) 

Pulmonary complications (YESMO) 

Seizures post-op (YESMO) 

Tmnsient ischemic attack as diagnosed by cardiologist (YESMO) 

Hemoglobin pre-op 

Hemoglobin at t h e  of discharge 

N u m k  of uni& of red ce11 concentrate used for transfiision. 

Evidence of a persistent neurological deficit 
O-NO 
I - Yes, htraoptive 
2 - Yes, postopexative 

Leg infection 
O - None 
1 - S@ciai - baseci on the pmaice ofpurulent discharge, invoIviog 
skm & ht (cl cm deep) 
2 - Deep - beIow the superticid fàscia (>I cm deep) 



S t m d  infection 
O - Noue 
I - Superficial (based on the prepence of punilent discharge, invo1vi.g 
skin & subcutanmus tissue only) 
2 - Deep (requiring surgical debridement) 

INF'ARM Arm infection - baseci on the preseuce of pudent discharge, involving skin & 
fat 4 cm deep) (YESMO) >12/31/98 

INFSEP Sepsis - based on positive blood culture (YESMO)  

SURVIVAL Patient IeA hospital and survived thirty days post DATEOR (YESNO) 

DCTO Patient discharged to: 
(> t 2/3 1/96) O - Patient died 

1 - Home 
2 - Convalescence 
3 -mer 

Surgery category: to be completed &er review of surgicd procedure 
I - ACB: isolated bypass surgery (without VALVE or OTHER 
procedures) 
2 - VALVE: any valve replacement or repair (with VALVE procedure 
as a primary procedure 
3 - OTHER: other cardiac surgcry Uiciudiag CHD, LVA, MISC and 
AAS (with VALVE pmcedure as a sccondary procedure) 

NOTES Fiffy character space for extra notes 



O - Negative entry (NO) 
1 - Positive entry (YES) 

MM/DD/YYYY Date format 

PTïD: 
lflast Dame contains an apostrophe, it should be included in the PTID, 
L f k  name is hyphcnated, hyphen shouid be deleted b m  the PTID. 
ifthe last name contains onIy two Ietters, an underscore (-) should bc used in place of the third letter in the 
PTID. 
If the 1st name contains a space (eg: Le Baron), the space shodd be deleted h m  the PTID. 
if the patient bas a first initial or first name but goes by their middle name, the fourth letter of the PTID 

shouid corne fiom their middle name (Le: the name commonly used). 

For TEXT (chatacter fietd): BLANK 
For Numbers (numenc fieId): 9 or -9 
For Dates (date field): BLANK 

If partially complete, use niidpoint 
eg.: Jan, 1989 = (0 1/ t 5/ 1989) 
1978 = (O6/3O/t 978) 




