Appendix
STS Individual Surgeon Composite Measure for Adult Cardiac Surgery

S.4. - S.11. Measure Specifications

Due to the complex methodology used to construct the composite measure, it is impractical to separately
discuss the numerator and denominator. The following discussion describes in detail this multiprocedural,
multidimensional composite measure.

The STS Individual Surgeon Composite Measure for Adult Cardiac Surgery includes five major procedures, i.e.,
isolated coronary artery bypass grafting (CABG), isolated aortic valve replacement (AVR), AVR+CABG, isolated
mitral valve repair or replacement (MVRR), and MVRR+CABG, and comprises the following two domains:

Domain 1 — Risk-Adjusted Operative Mortality
Operative mortality is defined as death before hospital discharge or within 30 days of the operation.

Domain 2 — Risk-Adjusted Major Morbidity

Major morbidity is defined as the occurrence of any one or more of the following major complications:
1. Prolonged ventilation,

Deep sternal wound infection,

Permanent stroke,

Renal failure, and

Reoperations for bleeding, coronary graft occlusion, prosthetic or native valve dysfunction, and

other cardiac reasons, but not for other non-cardiac reasons.
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Individual surgeons with at least 100 eligible cases during the 3-year measurement window will receive a score
for each domain and an overall composite score. In addition to calculating composite score point estimates
with credible intervals, surgeons will be assigned rating categories designated by the following:

1 star — lower-than-expected performance

2 stars — as-expected performance

3 stars — higher-than-expected performance

Patient Population: The analysis population consists of patients aged 18 years or older who undergo isolated
CABG, isolated AVR, AVR+CABG, isolated MVRR, and MVRR+CABG.

Time Window: 3 years

By including composite performance scores for a portfolio of five procedures that account for nearly 80% of a
typical STS Adult Cardiac Surgery Database participant surgeon’s clinical activity, this metric provides a more
balanced and comprehensive perspective than focusing on just one procedure or one end point. Recognizing
that surgeons’ practices vary, each surgeon’s composite performance is implicitly “weighted” by the
proportion of each type of procedure he or she performs. For instance, the results of surgeons who primarily
perform mitral procedures are affected most by their mitral surgery results. This approach is especially
relevant for surgeons with highly specialized practices who may do relatively few isolated CABG procedures
and whose performance would thus be difficult to assess using a CABG measure only. Finally, performance on
each of these procedures is estimated using risk models specific to those procedures, in most cases the exact
or slightly modified versions of previously published models (references provided below).

Final Composite Score:

The overall composite score was calculated as a weighted sum of (1 minus risk-adjusted mortality rate) and (1
minus risk-adjusted major morbidity rate). Mortality and morbidity rates were weighted inversely by their
respective standard deviations across surgeons. This procedure is equivalent to first rescaling mortality and
morbidity rates by their respective standard deviations across surgeons and then assigning equal weighting to
the rescaled mortality rate and rescaled morbidity rate. Standard deviations derived from the data were used



to define the final composite measure as 0.81 x (1 minus risk-standardized mortality rate) + 0.19 x (1 minus
risk-standardized complication rate).

Details regarding the current STS adult cardiac surgery risk models can be found in the following manuscripts:

e Shahian DM, O'Brien SM, Filardo G, Ferraris VA, et al. The Society of Thoracic Surgeons 2008 cardiac
surgery risk models: part 1--coronary artery bypass grafting surgery. Ann Thorac Surg. 2009 Jul;88(1
Suppl):S2-22.

e (O’Brien SM, Shahian DM, Filardo G, et al. The Society of Thoracic Surgeons 2008 cardiac surgery risk
models: part 2—isolated valve surgery. Ann Thorac Surg 2009;88(1 Suppl):523—42.

e Shahian DM, O'Brien SM, Filardo G, Ferraris VA, et al. The Society of Thoracic Surgeons 2008 cardiac
surgery risk models: part 3--valve plus coronary artery bypass grafting surgery. Ann Thorac Surg 2009
Jul;88(1 Suppl):S43-62.

Additional details regarding the Individual Surgeon Composite Measure for Adult Cardiac Surgery are provided
in the attached manuscript:

Shahian DM, He X, Jacobs JP, Kurlansky PA, Badhwar V, Cleveland JC Jr, Fazzalari FL, Filardo G, Normand SL,
Furnary AP, Magee MJ, Rankin JS, Welke KF, Han J, O'Brien SM. The Society of Thoracic Surgeons Composite
Measure of Individual Surgeon Performance for Adult Cardiac Surgery: A Report of The Society of Thoracic
Surgeons Quality Measurement Task Force. Ann Thorac Surg. 2015;100:1315-25.



S.14. Identify the statistical risk model method and variables (Name the statistical method - e.g., logistic
regression and list all the risk factor variables. Note - risk model development and testing should be addressed
with measure testing under Scientific Acceptability)

Please see section 2b4.3 of the measure testing attachment.

The STS Adult Cardiac Surgery Database risk model manuscripts were published in 2009. Detailed information
is provided in these manuscripts, and the definitions of all the variables in the final 2008 CABG, valve, and
valve+CABG models are provided below. Note: not all were included in the final models.

CABG

Variable Definition

Intercept =1 for all patients

Atrial fibrillation =1 if patient has history of preoperative atrial fibrillation, = 0 otherwise
Ago = Patient age in years

Age function 1

Age function 2

Age by reop function

Age by status function
B5A function 1

BSA function 2

CHF but not NYHA IV
CHF and NYHA TV

CLD mild

CLD moderate

CLD severe

Creatinine function 1
Creatinine function 2
Creatinine function 3

CVD without prior CVA
CVD and prior CVA
DMabetes, noninsulin
Diabetes, insulin

Diialysis

Ejection fraction function
Female

Female by BSA function 1
Female by BSA function 2
Hypertension

IABF or inotropes
Immunosuppressive treatment
Insufficiency, aortic
Insufficiency, mitral
Insufficiency, tricuspid
Left main disease

MI 1 to 21 days

MI = 6 and = 24 hours
MI = & hours

No. diseased vessel function
PCI = 6 hours

Peripheral vascular disease
Race black

Race Hispanic

Race Asian

Reop, 1 previous operation
Reop, = 2 previous operations
Shock

Status urgent

Status emergent

Status salvage

Stenosis aortic

Unstable angina

= max (age-50, 0)

= max (age—60, 0)

= Age functon 1 if surgery is a reoperation, = 0 otherwise

= Age functon 1 if status is emergent or salvage, = 0 otherwise

= max (1.4, min [2.6, BSA]) - 1.8

= (B5SA function 1)

=1 if patient has CHF and is not NYHA class IV, = 0 otherwise

=1 if patient has CHF and is NYHA class IV, = 0 otherwise

=1 if patient has mild chronic lung disease, = 0 otherwise

=1 if patient has moderate chronic lung disease, = 0 otherwise

= 1 if patient has severe chronic lung disease, = 0 otherwise

= max (0.5, min [creatinine, 5.0]) if patient is not on dialysis, = 0 otherwise
= max ([creatinine function 1] - 1.0, 0)

= max ([creatinine function 1] - 1.5, 0)

=1 if patient has history of CVD and no prior CVA, = 0 otherwise

=1 if patient has history of CVD and a prior CVA, = 0 otherwise

=1 if patient has diabetes not treated with insulin, = 0 otherwise

=1 if patient has diabetes treated with insulin, = 0 otherwise

=1 if patient requires dialysis preoperatively, = 0 otherwise

= max (30 - ejection fraction, 0)

= 1if patient is female, = 0 otherwise

= BSA function 1 if female, = 0 otherwise

= BSA function 2 if female, = 0 otherwise

=1 if patient has hypertension, = 0 otherwise

= 1 if patient requires IABF or inotropes preoperatively, = 0 otherwise
=1 if patient given immunosuppressive therapy within 30 days, = 0 otherwise
= 1if patient has at least moderate aortic insufficiency, = 0 otherwise
= 1if patient has at least moderate mitral insufficiency, = 0 otherwise
= 1if patient has at least moderate tricuspid insufficiency, = 0 otherwise
= 1if patient has left main disease, = 0 otherwise

= 1 if history of MI 1 to 21 days prior to surgery, = 0 otherwise

= 1 if history of MI =6 and <24 hours prior to surgery, = 0 otherwise
= 1 if history of MI = 6 hours prior to surgery, = 0 otherwise

= 2 if triple-vessel disease, = 1 if double-vessel disease, = 0 otherwise
= 1 if patient had PCI = 6 hours prior to surgery, = 0 otherwise

= 1 if patient has peripheral vascular disease, = 0 otherwise

= 1 if patient is black, = 0 otherwisa

= 1 if patient is nonblack Hispanic, = [ otherwise

= 1 if patient is nonblack, non-Hispanic, and is Asian, = 0 otherwise

= 1 if patient has had exactly 1 previous CV surgery, = 0 otherwise

= 1 if patient has had 2 or more previous CV surgeries, = 0 otherwise
= 1 if patient was in shock at time of procedure, = 0 otherwise

= 1 if status is urgent, = 0 otherwise

= 1 if status is emergent (but not resuscitation), = 0 otherwise

= 1 if status is salvage (or emergent plus resuscitation), = 0 otherwise
= 1 if patient has aortic stenosis, = 0 otherwise

= 1 if patient has unstable angina, no M1 within 7 days of surgery, = 0 otherwise




Valve

Variable

Definition

Intercept

Atrial fibrillation

Age function 1

Age function 3

Age by reoperation function
Age by status function

Age by MVR function

Age by MVRepair function
BSA function 1

BSA function 2

CHF but not NYHA IV
CHF and NYHA IV

CHF by MVR function

CHF by MVRepair function
CLD function

CLD by MVE function

CLD by MVRepair function
Creatinine function 1

CVD without prior CVA
CVD and prior CVA
Dabetes, noninsulin
Diabetes, insulin

Diabetes by MVR function
Dvabetes by MVRepair function
Dalysis

Dialysis by MVE function
Dialysis by MVRepair function
Ejection fraction function
Endocarditis, active

Female

Female by MVR function
Female by MVRepair function
Female by BSA function 1
Female by BSA function 2
Hypertension

IABP or inotropes

= 1 for all patients

1 if patient has history of preop atrial fibrillation, = 0 otherwise
max (age — 50, 0}

max {age — 75, 0}

Age function 1 if surgery is a reoperation, = 0 otherwise

= Age function 1 if status is emergent or salvage, = [ otherwise
= Age function 1 if operation is MVE, = 0 otherwise

= Age function 1 if operation is MVRepair, = 0 otherwise

max (1.4, min [2.6, BSA]) - 1.8

(BSA function 1)°

= 1 if patient has CHF and is not NYHA class IV, = 0 otherwise
= 1 if patient has CHF and i1s NYHA class [V, = 0 otherwise

= 1 if patient has CHF and operation 1s MVE, = 0 otherwise

= 1 if patient has CHF and operation is MVRepair, = 0 otherwise
= 0 1f no CLDY, = 1 if mild CLD, = 2 if moderate CLD, = 3 if severe CLD
= CLD function if operation is MVE, = 0 otherwise

= CLD function if operation is MVRepair, = 0 otherwise

max (0.5, min lcreatinine, 5.0]) if patient is not on dialysis, = 0 otherwise
= 1if patient has history of CVD and no pricr CVA, = 0 otherwise

= 1 if patient has history of CVD} and a prior CVA, = 0 otherwise

= 1 if patient has diabetes not treated with insulin, = 0 otherwise

= 1if patient has diabetes treated with insulin, = 0 otherwise

= 1 if patient has diabetes and operation is MVE, = 0 otherwise

= 1 if patient has diabetes and operation is MVRepair, = 0 otherwise

= 1 if patient requires dialysis preoperatively, = 0 otherwise

= 1 if patient has history of dialysis and operation is MVE, = 0 otherwise
1 if patient has history of dialysis and operation is MVRepair, = 0 otherwise
max {50—jection fraction, 0)

= 1 if patient has active endocarditis, = ! otherwise

= 1 if patient is female, = 0 otherwise

= 1 if female and operation is MVR, = 0 otherwise

= 1 if female and operation is MVRepair, = [ otherwise

= BSA function 1 if female, = 0 otherwise

= BSA function 2 if female, = [ otherwise

= 1 if patient has hypertension, = [ otherwise

= 1 if patient requires IABF or inotropes preoperatively, = [ otherwise

IABP by MVR function

IABP by MVRepair function
Immunosuppressive treatment
Insufficiency mitral

= 1 if patient requires preop JABP/inotropes and operation s MVE, = 0 otherwise

= 1 if patient requires preop IABP/inotropes and operation is MVRepair, = 0 otherwise
= 1 if patient received immunosuppressive therapy within 30 days, = 0 otherwise

= 1 if patient has at least moderate mitral insufficiency, = 0 otherwise

Insufficiency tricuspid = 1 if patient has at least moderate tricuspid insufficiency, = 0 otherwise

Left main disease = 1 if patient has left main disease, = 0 otherwise

MI = M days = 1 if patient has history of MI within 21 days of surgery, = 0 otherwise
MVR = 1 if valve operation is mitral valve replacement, = 0 otherwise
MVRepair = 1 if valve operation is mitral valve repair, = 0 otherwise

Mo. diseased vessel function = 2 if triple-vessel disease, = 1 if double-vessel disease, = 0 otherwise
Peripheral vascular disease = 1 if patient has peripheral vascular disease, = 0 otherwise

Race black = 1 if patient is black, = 0 otherwise

Race Hispanic = 1 if patient is nonblack Hispanic, = [ otherwise
Reop, 1 prior operation
Reop, = I prior operations
Reop by MVE function
Reop by MVERepair function

= 1 if patient has had exactly 1 previous CV surgery, = 0 otherwise

= 1 if patient has had 2 or more previous CV surgeries, = 0 otherwise

= 1 if surgery is a reoperation and operation is MVE, = 0 otherwise

= 1 if surgery is a reoperation and operation is MVRepair, = 0 otherwise

Shock = 1 if patient was in shock at time of procedure, = 0 otherwise

Shock by MVR function = 1 if shock and operation is MVE, = 0 otherwise

Shock by MVRepair function = 1 if shock and operation is MVRepair, = 0 otherwise

Status urgent = 1 if status is urgent, = 0 otherwise

Status emergent = 1 if status is emergent (but not resuscitation), = 0 otherwise

Status salvage = 1 if status is salvage (or emergent plus resuscitation), = 0 otherwise

Status by MVR function = 1 if status is emergent or salvage and operation is MVR, = 0 otherwise
Status by MVRepair function = 1 if status is emergent or salvage and operation is MVRepair, = 0 otherwise
Stenosis aortic = 1 if patient has aortic stenosis, = 0 otherwise

Stenosis mitral = 1 if patient has mitral stenosis, = 0 otherwise

Unstable angina = 1 if patient has unstable angina, no M1 within 7 days of surgery, = 0 otherwise




VALVE+CABG

Variable Definition

Intercept =1 for all patients

Preoperative AFib = 1if patient has history of preoperative atrial fibrillation, = 0 otherwise
Age function 1 = max (age - 50, 0)

Age function 3 = max (age - 73, 0)

Age by reop function

Age by status function

Age by MVR function

Age by MVRepair function
BSA function 1

BSA function 2

CHF but not NYHA IV

CHF and NYHA IV

CHF by MVR function

CHF by MVRepair function
CLD function

CLD by MVE function

CLD by MVREepair function
Creatinine function 1
Creatinine by MVE function
Creatinine by MVRepair function
CVD without prior CVA

CVD and prior CVA

Diabetes, noninsulin

Diabetes, insulin

Dhalysis

Malysis by MVR function
Malysis by MVRepair function
Ejection fraction function

EF by MVE function

EF by MVRepair function
Endocarditis, active
Endocarditis by MVR function
Endocarditis by MVRepair function
Female

Female by MVE function
Female by MVRepair function
Female by BSA function 1
Female by BSA function 2
Hypertension

IABP or inotropes

IABF by MVR function

IABP by MVRepair function
Immunosuppressive treatment
Insufficiency, mitral
Insufficiency, tricuspid

Left main disease

MI 1-21 days

MI = 21 days*

MI = 24 hours

MVR

MVRepair

Mo. diseased coronary vessel
function

Age function 1 if surgery is a reoperation, = [} otherwise

= Age function 1 if status is emergent or salvage, = 0 otherwise
= Age function 1 if operation is MVE, = 0 otherwise

= Age function 1 if operation is MVRepair, = 0 otherwise

max (1.4, min [2.6, BSA]) - 1.8

(BSA function 1)°

=1 if patient has CHF and is not NYHA class [V, = 0 otherwise
=1 if patient has CHF and is NYHA class IV, = 0 otherwise

= 1if patient has CHF and operation is MVR, = 0 otherwise

= 1if patient has CHF and operation is MVRepair, = 0 otherwise
= 0if no CLD, = 1 if mild CLD, = 2 if moderate CLD, = 3 if severe CLD
= CLD function if operation is MVRE, = 0 otherwise

= CLD function if operation is MVRepair, = [ otherwise

= max (0.5, min [creatinine, 5.0]) if patient is not on dialysis, = 0 otherwise

= Creatinine function 1 if valve operation 1s MVR, = [ otherwise

= Creatinine function 1 if valve operation is MVRepair, = 0 otherwise

= 1 if patient has history of CVD and no prior CVA, = 0 otherwise

= 1 if patient has history of CVD and a prior CVA, = [ otherwise

= 1if patient has diabetes not treated with insulin, = 0 otherwise

= 1if patient has diabetes treated with insulin, = 0 otherwise

= 1 if patient requires dialysis preoperatively, = 0 otherwise

= 1 if patient has history of dialysis and operation is MVE, = 0 otherwise

1 if patient has history of dialysis and operation is MVRepair, = 0 otherwise

max (30 — ejection fraction, 0)

Ejection fraction function if valve operation 1s MVR, = [ otherwise

= Ejection fraction function if valve operation is MVRepair, = 0 otherwise

= 1if patient has active endocarditis, = 0 otherwise

=1 if patient has active endocarditis and valve operation is MVR, = 0 otherwise

= 1if patient has active endocarditis and valve operation is MVRepair, = 0 otherwise
= 1 if patient is female, = 0 otherwise

= 1 if female and operation is MVR, = 0 otherwise

= 1if female and operation is MVRepair, = 0 otherwise

= BSA function 1 if female, = 0 otherwise

= BSA function 2 if female, = [ otherwise

=1 if patient has hypertension, = [ otherwise

=1 if patient requires IABP or inotropes preoperatively, = 0 otherwise

= 1 if patient requires preop IABP or inotropes and operation is MVE, = 0 otherwise
=1 if patient requires preop IABP or inotropes and operation 1s MYRepair, = 0 otherwise
= 11f patient has received immunosuppressive therapy within 30 days, = [ otherwise
=1 1if patient has at least moderate mitral insufficiency, = [ otherwise

=1 if patient has at least moderate tricuspid insufficiency, = 0 otherwise

=1 if patient has left main disease, = 0 otherwise

= 1 if history of MI 1 to 21 days prior to surgery, = [ otherwise

= 1if patient has history of Ml within 21 days prior to surgery, = 0 otherwise (for CVA
and PLOS; coded as < 24 hours and 1-21 days for others)

=1 if history of MI = 24 hours prior to surgery, = 0 otherwise

=1 if valve operation is mitral valve replacement, = 0 otherwise

=1 if valve operation is mitral valve repair, = 0l otherwise

= 2 if triple-vessel disease, = 1 if double-vessel disease, = [ otherwise




Peripheral vascular disease
Race black

Race Hispanic

Reop, 1 previous operation
Reop, = 2 previous operations
Reop by MVE function

Reop by MVRepair function
Shock

Shock by MVR function
Shock by MVRepair function
Status urgent

Status emergent

Status salvage

Status by MVR function
Status by MVRepair function
Stenosis, mitral

Unstable angina

= 1 if patient has peripheral vascular disease, = 0 otherwise

= 1 if patient is black, = 0 otherwise

= 1 if patient is nonblack Hispanic, = 0 otherwise

= 1 if patient has had exactly 1 previous CV surgery, = 0 otherwise

= 1 if patient has had 2 or more previous CV surgeries, = 0 otherwise

= 1 if surgery is a reoperation and operation is MVR, = 0 otherwise

= 1 if surgery is a reoperation and operation is MVRepair, = 0 otherwise

= 1 if patient was in shock at time of procedure, = 0 otherwise

= 1 if shock and operation is MVR, = 0 otherwise

= 1 if shock and operation is MVRepair, = 0 otherwise

= 1 if status is urgent, = 0 otherwise

1 if status is emergent (but not rescuscitation), = 0 otherwise

1 if status is salvage (or emergent plus resuscitation), = 0 otherwise

1 if status is emergent or salvage and operation is MVRE, = 0 otherwise

= 1 if status is emergent or salvage and operation is MVEepair, = 0 otherwise
= 1if patient has mitral stenosis, = 0 otherwise

=1 if patient has unstable angina and no MI within 7 days of surgery, = 0 otherwise




S.15. Detailed risk model specifications

STS Risk Model Variables — STS Adult Cardiac Surgery Database Version 2.73

Operative i Prolonged Deep Stern Reop Mortality! Length of Length of
Mortality Stroke Renal Failure Ventilation Infx Morbidity Stay>14 Stay<6

B. Demographics

Age (140) x x x x x X X x x

Gender (150) x X x x x x x x x

RaceBlack (300) X X x x x x x x

RaceAsian (310) X k] X X Ed X x X

Ethnicity (350) X x x x x x x x
D. Risk Factors

WeightKg (630) x X x x x x x x x

HeightCm (640) x X * x X x x x x

Diabetes (780) x X x x X x x x x

DiabCtrl (790) x X * x X x x x x

Creatlst (750) x x x x X x x X x

Dialysis (810) x X MA x X x x x x

Hypertn (B20) x x x x x »

InfEndTy (840)

ChrLungD (860) X X x x x x x x

ImmSupp (970} x b3 x b3 x X »

"D (980) x X » x x x x x x

CVD (1010) * x S x k] X x x

CVA (1020) x X » x x x x x
E. Previous Interventions

PrCAB (1215) x x x x x x x x x

Pralve (1216) x X x x x ES x x x

POCPCIIn (1520) x x x x x x x
F. Preoperative Cardiac Status

MIWhen (1550) x x x x x x x

CHFF (1580) x * x X x x x x

ClassNYH (1585) x S x x x X X »

CardPres (1610) x x x

CarShock (1620) x X ES x x x x x

Resusc (1630) x x x x x x X x B

ArmrhyAfib (1700) x X x x x x x x
G. Preoperative Medications

Medlnaotr (17%0) X X x x x x x
H. Hemodynamics and Cath

NumDis\ (1930) X X X x x x x x x

LMainDis (1940) x X

HDEF (1960) x X x x x x x x x

VDStenA (2152) 4 e x =

WDStenM (2240)

WDInsufa (2155) X

WDInsufM (2270) » x X x x x

WDInsufT {2320) x x x
I. Operative

Incidenc {2380) x x x x X x x x x

Status (2390) x X ES x x x x x x
L. Mechanical Cardiac Assist Devices

IABP-Timing {4620) x x x ES x x x




Valve (AVRepl, MV Repl, MVRe

B. Demographics

Operative
Mortality

Stroke

Renal Failure

Prolonged
Ventilation

Deep Stern
Infx

Reop

Mortality!
Morbidity

Length of
Stay=14

Length of
Stay<6

Age (140)

x

Gender (150)

X
X

x| x

x

RaceBlack (300)

LAk

x| x|

X

K| K|

FARIES

LIRS

K| M| M

RaceAsian (310)

Ethnicity (350)

X

X

X

x

*

X

D. Risk Factors

Weightkag (30)

HeightCm (640}

M|

Diabetes (780)

DiabCtr (790}

EARAEIR

CreatlLsat (750)

[ ) 2| [ )

Dialysis (B10)

*

EAREAE SRR

Hypertn (820)

InfEndTy (840)

EARAEA RS

ChrlLungD (860)

L R R I I B I

XM

|| (] ) [ ] M| M

ImmSupp (970)

3¢ 3¢ | 2| 3¢ |52 | ¢ (3¢ | 3¢ | 3¢ ¢

PYVD (980)

B ) D] | ) | )

CVD (1010}

CVA (1020)

LR

x| X

H| K|

B B R BRI R R R R B I A R

[ ) 2| M| )

x| x|

E. Previous Interventions

PrCAB (1215)

Prialve (1216)

XX

XX [x]|x

F A

FAES

(%

x| ¥

POCPCIIn (1520)

F. Preoperative Cardiac Status

MIWhen (1550)

CHFF {1580}

ClassMYH (1585)

X[

EAEAR

EAEAR

EAEIE

EAEAR

||

CardPres (1610)

CarShock (1620)

Resusc (1630)

LR

ArhyAfib (1700)

L LR R LA

x| x|

K| K|

LIS

EALAR

G. Preoperative Medications

Medlnatr {1790)

b4

H. Hemodynamics and Cath

MumDis'/ (1930)

LMainDis (1540)

HDEF (1960)

AR

VDStenA (2153)

WVDStenM (2240)

DinsufA (2155)

VDInsufM (2270)

WVDInsufT (2320)

. Operative

Incidenc (2380)

Status (2390)

L. Mechanical Cardiac Assist Devices

|4BP_Timing (4620)




Valve:CABG (AVRephCABG, MVRephCABG,
MVRepr+CABG)

Operative
Mortality

Stroke

Renal Failure

Prolonged
Ventilation

Deep Stern
Infx

Reop

Mortality!
Morbidity

Length of
Stay=14

Length of
Stay<G

B. Demographics

Age (140)

x

Gender (150)

X
x

([

x

RaceBlack (300)

E RS

X
x
x

E R RS

LRI

EARAES

) x| X

RaceAsian (310)

Ethnicity (350)

b

x

x

*

x

D. Risk Factors

WeightKg (630)

HeightCm (640

Diabetes (780)

LR RS

DiabCtrl (790)

Creatlst (750)

Dialysis (810)

LRI IR

»

E S

Hypertn (820)

»

InfEndTy (840)

() M| ) M| [ M| X

ChrlLungD (860)

AR AR AR AR

ImmSupp (970)

WD (980)

€D (1010)

LR RIRI RIS

LRI

o) | [ x| | [ | S| | e e[ 2| ¢

A A B B e I R

X[ [ K] R K] X

R R B R B I B A R

R A R R B R

x| X

CWVA (1020)

E. Previous Interventions

PrCAB (1215)

x

*

Prvalve (1216)

|

|

XK

x

XX

XX

*

FOCPClIn (1320)

F. Preoperative Cardiac Status

MIWhen {1550)

CHF (1580)

ClassMNYH (1585)

XK X

M| X

AR

x| X

CardPres (1610}

CarShock (1620)

Resusc (1630)

o

Ay Afib (1700)

| M| | ) M| M) M

M| M| | ) | M) X

K| K| K| X | K| ®

LA R )

K| K|

LIRS

G. Preoperative Medications

Medinotr (1790)

x

]

H. Hemodynamics and Cath

MNumDis' (1930)

¥

LMainDis (13940)

HDEF {1960)

LIEIR

x| x| X

WDStenA (2152)

VDStenM (2240)

WDInsufa (2155)

WDInsufM (2270)

WDInsufT (2320}

. Operative

Incidenc (2380)

Status (2390)

X[

L. Mechanical Cardiac Assist Devices

IABP-Timing {4620)

Please see section 2b4.4 of the measure testing attachment for additional information.




1b.2. Provide performance scores on the measure as specified (current and over time) at the specified
level of analysis. (This is required for endorsement maintenance. Include mean, std dev, min, max,
interquartile range, scores by decile. Describe the data source including number of measured entities;
number of patients; dates of data; if a sample, characteristics of the entities include). This information
also will be used to address the subcriterion on improvement (4b.1) under Usability and Use.

The measure was calculated using STS data for patients undergoing cardiac surgery during January 2017
- December 2019. Five major procedures were included: isolated CABG, isolated AVR, AVR + CABG,
isolated mitral valve repair or replacement procedures, and mitral valve repair or replacement + CABG
procedures. Initially, 2919 surgeons were identified using their National Provider Identifiers. Surgeons
without a National Provider Identifier (e.g., from a foreign country) or with invalid National Provider
Identifiers were excluded (49). Surgeons were also required to have reported at least one of any type of
cardiac procedure during each of the three 12month periods (i.e., January-December 2017, 2018 and
2019). This was to ensure that the included surgeons had not just finished training or, conversely, had
retired, and that they had actively participated in the most recent STS harvest. This requirement
excluded 495 surgeons. From the remaining 2,375 surgeons, we included 2098 surgeons who met the
annual completeness threshold of 98% of the operative mortality fields to assure accuracy of the
operative mortality endpoint and had performed at least 10 major procedures during the 3-year period,
both to facilitate statistical computations and because results would not be calculated or reported for
surgeons with lower volumes than this. In the table below, we provide the number of measured entities
(# surgeons), the number of eligible patient records (# operations), and the distribution of composite
score estimates by percentiles. Surgeons with at least 10 eligible records during the study period were
included in the hierarchical model for estimating composite scores. While surgeons with 10 eligible
cases are included in the hierarchical model procedure, composite scores will typically only be reported
by the STS for surgeons with at least 100 cases during a 3-year time period. Thus, we tabulate results for
all eligible surgeons and the subset with at least 100 eligible cases. The distribution of scores across
surgeons is also summarized in a histogram below.



Surgeons with

>=10 Eligible | Surgeons with
Stat Cases >=100 Eligible Cases
# Participant 2098 1841
# Operations 600207 584571
Mean 0.951 0.952
STD 0.01547 0.01508
IQR 0.0198 0.0193
0% 0.869 0.886
10% 0.931 0.932
20% 0.939 0.940
30% 0.945 0.946
40% 0.949 0.950
50% 0.953 0.954
60% 0.957 0.958
70% 0.960 0.961
80% 0.964 0.965
90% 0.969 0.969
100% 0.984 0.984




Composite Scores

Median = 95.3%
IQR: 94 2% to 96 2% -

Frequency

| | | | | |
88 90 92 94 96 98

Estimated Composite Score

1b.4. Provide disparities data from the measure as specified (current and over time) by population
group, e.g., by race/ethnicity, gender, age, insurance status, socioeconomic status, and/or disability.
(This is required for endorsement maintenance. Describe the data source including number of measured
entities; number of patients; dates of data; if a sample, characteristics of the entities include.) This
information also will be used to address the subcriterion on improvement (4b.1) under Usability and
Use.

This composite measure gauges the performance of STS surgeons and is not a patient or operation level
measure. We do not have a simple way to generate data stratified by patient characteristics at the
composite level.



3030 - STS Individual Surgeon Composite Measure for Adult Cardiac Surgery
Improvement - 4b1.

Performance data for the Individual Surgeon Composite (3030) were first distributed to consenting
surgeons in January 2020; overall performance trends for this measure are therefore not yet
available. As noted elsewhere in these submission materials, measure 3030 aggregates individual
surgeon performance on five surgical procedures (isolated CABG, isolated AVR, AVR+CABG, MVRR,
MVRR+CABG) and provides each surgeon with mortality and morbidity domain scores and an overall
composite score and star rating, based on their own case mix. Therefore, in the absence of multi-year
performance trends for measure 3030, we are providing (below) the star rating trends for the five
procedures aggregated within it.

The data demonstrate that the general trend since the introduction of each measure has been a
decrease in the percentage of surgical programs with 1-star and 3-star ratings and a corresponding
increase in 2-star programs. This trend is consistent with the performance improvement goals of the
STS star rating program, which seek to reduce variation in performance and to drive all participants in
the STS Adult Cardiac Surgery Database toward the 2-star (or "as expected") category.

Stars | 2019 | 2018 | 2017 | 2016 | 2015 | 2014 | 2013 | 2012 | 2011 | 2010

* 3.77 4.37 4.55 5.29 5.82 4.59 9.19 9 9.6 11

CABG *x 88.57 | 88.27 | 89.21 | 84.65 | 84.4 | 86.64 | 75.86 76 76.5 | 75.5

Ak 7.66 7.36 6.24 10 9.74 8.77 | 14.95 15 14 13.5

* 1.67 1.96 2.62 2.17 3.11 4.22 3.35 3 3.5 N/A

AVR ** 92.26 | 92.84 | 92.70 | 90.3 | 88.75 | 87.89 | 88.98 91 90.6 N/A

xRk 6.07 5.20 4.68 7.53 8.15 7.89 7.67 6 5.9 N/A

AVR + * 1.84 2.16 2.73 2.06 2.49 2.51 3.14 N/A N/A N/A
CABG *x 93.5 | 93.03 | 92.76 | 92.26 | 90.72 | 90.42 | 90.7 N/A N/A N/A

kxk 4.66 4.81 4.51 5.68 6.79 7.07 6.17 N/A N/A N/A

* 1.85 241 3.64 N/A N/A N/A N/A N/A N/A N/A

MVRR *ok 91.81 | 87.06 | 85.65 N/A N/A N/A N/A N/A N/A N/A

Ak 6.34 | 10.53 | 10.71 N/A N/A N/A N/A N/A N/A N/A

MVRR * 2.55 2.08 2.74 N/A N/A N/A N/A N/A N/A N/A

+ *ok 88.0 | 89.97 | 91.78 N/A N/A N/A N/A N/A N/A N/A

CABG *Ex 9.45 7.96 5.48 N/A N/A N/A N/A N/A N/A N/A
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Background. Previous composite performance mea-
sures of The Society of Thoracic Surgeons (STS) were
estimated at the STS participant level, typically a hospital
or group practice. The STS Quality Measurement Task
Force has now developed a multiprocedural, multidi-
mensional composite measure suitable for estimating the
performance of individual surgeons.

Methods. The development sample from the STS Na-
tional Database included 621,489 isolated coronary artery
bypass grafting procedures, isolated aortic valve
replacement, aortic valve replacement plus coronary ar-
tery bypass grafting, mitral, or mitral plus coronary artery
bypass grafting procedures performed by 2,286 surgeons
between July 1, 2011, and June 30, 2014. Each surgeon’s
composite score combined their aggregate risk-adjusted
mortality and major morbidity rates (each weighted
inversely by their standard deviations) and reflected the
proportion of case types they performed. Model param-
eters were estimated in a Bayesian framework. Compos-
ite star ratings were examined using 90%, 95%, or 98%
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Bayesian credible intervals. Measure reliability was
estimated using various 3-year case thresholds.

Results. The final composite measure was defined as
0.81 X (1 minus risk-standardized mortality rate) + 0.19 x
(1 minus risk-standardized complication rate). Risk-
adjusted mortality (median, 2.3%; interquartile range,
1.7% to 3.0%), morbidity (median, 13.7%; interquartile
range, 10.8% to 17.1%), and composite scores (median,
95.4%; interquartile range, 94.4% to 96.3%) varied sub-
stantially across surgeons. Using 98% Bayesian credible
intervals, there were 207 1-star (lower performance) sur-
geons (9.1%), 1,701 2-star (as-expected performance) sur-
geons (74.4%), and 378 3-star (higher performance)
surgeons (16.5%). With an eligibility threshold of 100 cases
over 3 years, measure reliability was 0.81.

Conclusions. The STS has developed a multi-
procedural composite measure suitable for evaluating
performance at the individual surgeon level.

(Ann Thorac Surg 2015;100:1315-25)
© 2015 by The Society of Thoracic Surgeons

he past quarter century has witnessed many changes
in the measurement of cardiac surgical quality. As the
relative proportion of coronary artery bypass grafting
(CABG) operations has declined, detailed data regarding
other types of procedures are now being collected, and
corresponding risk models have been developed [1-3].

The Appendix can be viewed in the online version of
this article [http://dx.doi.org/10.1016/j.athoracsur.2015.
06.122] on http://www.annalsthoracicsurgery.org.

0003-4975/$36.00
http://dx.doi.org/10.1016/j.athoracsur.2015.06.122
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Because of progressively decreasing mortality rates and
because survival is only one measure of the quality of
care, The Society of Thoracic Surgeons (STS) Quality
Measurement Task Force (QMTEF) first developed a
multidimensional composite performance measure for
CABG in 2007 [4, 5] and subsequently for aortic valve
replacement (AVR) [6] and AVR + CABG [7]. Additional
composite measures for mitral repair or replacement,
with or without concomitant CABG, will be released in
2015. The composite score for each of these five
commonly performed adult cardiac surgical procedures is
estimated at the STS participant (usually hospital or
practice group) level. These composite measures effec-
tively provide more end points while also affording a
much more comprehensive perspective on quality of care,
because they include both risk-adjusted mortality and
morbidity (and for isolated CABG, two additional process
measures).

In 2010 STS began voluntary public reporting of cardiac
surgical outcomes for hospitals and surgical groups [8-10].
As of early 2015, approximately 44% of these database
participants agreed to publish their STS composite mea-
sure results for CABG, AVR, or AVR + CABG on the
Consumer Reports or STS Web sites.

This report describes the next major step in the 25-year
evolution of cardiac surgery quality measurement. The
STS QMTF has now developed a composite performance
measure for individual adult cardiac surgeons, based on
aggregate risk-adjusted morbidity and mortality for five
common procedures. With the development of this
composite measure, QMTF addresses a number of major
concerns that have previously been raised regarding
surgeon-level metrics. It combines results from five of the
most frequently performed cardiac surgical procedures,
encompassing most of a typical surgeon’s practice, as
opposed to basing performance on just one or a few
separate procedures. Furthermore, it includes not just
risk-adjusted mortality but also the risk-adjusted occur-
rence of any of five major complications, thus providing
more comprehensive quality assessment and additional
end points. This measure will be useful to surgeons in
identifying potential areas for improvement, and it has
numerous advantages compared with existing surgeon
metrics if used for accountability purposes.

Patients and Methods

Study Sample

Data were obtained from the STS Adult Cardiac Surgery
Database, version 2.73, for the 3-year period July 1, 2011,
to June 30, 2014. Five major procedures were included:
isolated CABG, isolated AVR, AVR + CABG, isolated
mitral valve repair or replacement procedures, and mitral
valve repair or replacement + CABG procedures.

A total of 2,757 surgeons in the STS Adult Cardiac
Surgery Database were identified using their National
Provider Identifiers. Surgeons without a National Pro-
vider Identifier (eg, from a foreign country) or with
invalid National Provider Identifiers were excluded.

Ann Thorac Surg
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Surgeons were also required to have reported at least one
of any type of cardiac procedure during each of the three
12-month periods (ie, July 2011 to June 2012, July 2012 to
June 2013, and July 2013 to June 2014). This was to ensure
that the included surgeons had not just finished training
or, conversely, had retired, and that they had actively
participated in the most recent STS harvest. This
requirement excluded 428 surgeons. From the remaining
2,329 surgeons, we included only the 2,286 who had
performed at least 10 major procedures during the 3-year
period, both to facilitate statistical computations and
because results would not be calculated or reported for
surgeons with lower volumes than this.

End Points

The STS surgeon composite is based on two outcomes
domains, risk-adjusted operative mortality and risk-
adjusted morbidity. Operative mortality was defined as
death before hospital discharge or within 30 days of the
operation. Consistent with previous STS composite
measures, morbidity was defined as the occurrence of any
one or more of the following major complications: pro-
longed ventilation, deep sternal infection, permanent
stroke, renal failure, and reoperations for bleeding, cor-
onary graft occlusion, prosthetic or native valve
dysfunction, and other cardiac reasons, but not for other
noncardiac reasons.

This composite measure does not include the addi-
tional two process domains (internal mammary artery use
and perioperative medications) from the original STS
CABG composite measure for hospitals and practice
groups. This approach was necessary for computational
reasons to efficiently combine the results from five pro-
cedures, most of which did not have comparable process
measures available. It is also consistent with an evolving
trend favoring the use of outcomes measures in assessing
health care quality.

Risk Adjustment

Surgeon-specific risk-adjusted operative mortality and
major complication rates were estimated using a bivariate
random-effects logistic regression model [11]. To adjust
for case mix, each patient’s risk score for operative mor-
tality and his or her corresponding risk score for major
complications were first calculated, using existing and
modified STS risk models as described below. The goal of
calculating a risk score was to reduce the number of
covariates in the hierarchical model by summarizing the
predictive information from a large number of baseline
covariates into a single number. Adjustment for each
covariate individually in the hierarchical model would be
theoretically preferable but is impractical due to the large
number of records and covariates and the computation-
ally intensive nature of Bayesian hierarchical model
estimation.

To study the consequences of using an overall risk
score for each patient instead of individual covariates in
our models, sensitivity analyses were performed in which
each surgeon’s risk-adjusted mortality and complication
rates were estimated in models that adjusted for 41 and
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47 individual patient covariates, respectively. These esti-
mates were compared with those derived from models
adjusting for a single composite risk score. To make this
analysis computationally manageable, model variables
were estimated by maximum likelihood (ie, empirical
Bayes) instead of performing a fully Bayesian analysis. To
further simplify this sensitivity analysis, mortality and
complication rates were estimated in separate models,
not simultaneously in a single model, and the cohort was
restricted to isolated CABG. For each end point (operative
mortality and major complications) we calculated each
surgeon’s risk-standardized rate of the end point using
each model and compared the results.

After sensitivity analyses demonstrated the validity of
this risk score approach (see Results), the operative
mortality risk score (predicted risk of death) was then
used as a covariate in the hierarchical model for operative
mortality, and the major complication risk score (pre-
dicted risk of major morbidity) was used as a covariate in
the hierarchical model for major complications. To reduce
potential bias, the hierarchical model included both in-
dividual patient-level risk scores and the average value of
these patient-level risk scores calculated separately for
each surgeon (see the Appendix [11]) [12-14].

For patients undergoing isolated CABG, isolated AVR,
or AVR + CABG;, risk scores were calculated according to
the published STS 2008 mortality and major complica-
tions models for isolated CABG, isolated valve, or valve +
CABG [1-3]. To ensure high calibration for the current
study cohort, coefficients of each model were reestimated
using the current 3-year study sample and current end
point definitions. Risk scores for patients undergoing a
mitral operation without CABG were calculated using a
modified version of the published STS 2008 mortality and
major complications models for isolated valve procedures
[2]. These modifications allowed inclusion of patients
undergoing tricuspid repair, an increasingly common
adjunct, urgent and emergency procedures, all ar-
rhythmia ablation procedures for atrial fibrillation, atrial
septal defect and patent foramen ovale closures, and
active and treated endocarditis. Also included are more
granular classifications and adjustment for the degree of
tricuspid regurgitation (less than moderate, moderate,
and severe).

Coefficients of the modified models were estimated
using the current 3-year study cohort and end point
definitions. Risk scores for patients undergoing a mitral
operation with concomitant CABG were calculated using
a similarly modified version of the published STS 2008
mortality and major complications models for valve
+ CABG operations [3], also with reestimated coefficients.

Final Composite Score

The overall composite score was calculated as a weighted
sum of (1 minus risk-adjusted mortality rate) and (1
minus risk-adjusted major morbidity rate). Mortality and
morbidity rates were weighted inversely by their
respective standard deviations across surgeons. This
procedure is equivalent to first rescaling mortality and
morbidity rates by their respective standard deviations
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across surgeons and then assigning equal weighting to
the rescaled mortality rate and rescaled morbidity rate.
Standard deviations derived from the data were used to
define the final composite measure as 0.81 x (1 minus
risk-standardized mortality rate) + 0.19 x (1 minus risk-
standardized complication rate).

Model Estimation

Model parameters were estimated in a Bayesian frame-
work (Appendix [11]). Posterior means and credible in-
tervals (Crls) were calculated using Markov chain Monte
Carlo (MCMC) simulations, as implemented in Open-
BUGS 3.2.2 software. Posterior summaries were calcu-
lated by generating 20,000 sets of simulated parameter
values after a burn-in period to ensure convergence.

Bayesian Crls

A variety of Bayesian Crls were determined from the
simulated values. For example, 98% Bayesian Crls were
obtained by calculating the 200th lowest and 200th high-
est values of a surgeon’s composite score across the 20,000
simulated values. These Crls were examined to select the
one best suited to accurately identify a reasonable per-
centage of above-average and below-average performing
surgeons.

Reliability
Model reliability was estimated as described in the
Appendix [11].

Star Ratings

In addition to calculating composite score point estimates
with Crls, star ratings were also assigned to all surgeons.
These star ratings mirror the approach used in STS
hospital-level and program-level composite scores. They
facilitate better understanding of surgeon performance by
patients and families, who are often unable to accurately
interpret numeric scores and confidence intervals [15].

Results

In this study cohort, the five procedures included in the
STS surgeon composite measure encompass, on average,
78% of a surgeon’s total cardiac surgical procedure vol-
ume (median, 83.2%; range, 6.4% to 100%). For approxi-
mately 5% of these surgeons, these index procedures
represented less than 50% of their total procedural
volume.

In sensitivity analyses, the Pearson correlation co-
efficients between surgeon performance estimates
adjusted for individual patient covariates vs patient risk
scores were 0.9999 for risk-adjusted operative mortality
and 0.9988 for risk-adjusted major complications. This
provides assurance that the use of an overall patient risk
score in the hierarchical models does not substantially
affect estimates of the surgeon composite score.

Overall results for all procedures (n = 621,489) and all
surgeons in the study sample are provided in Table 1, and
the summary results by procedure type are reported in
Table 2. Substantial variation exists in the numbers of
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Table 1. Overall Results for All Procedures and Surgeons in
the Study Cohort—July 1, 2011, to June 30, 2014

Variable No. (%)
Surgeons 2,286
Operations 621,489

Mortality
Any major morbidity

14,463 (2.3)
85,217 (13.7)
63,658 (10.2)
1,706 (0.3)
8,900 (1.4)
15,405 (2.5)
18,598 (3.0)

Prolonged ventilation
Deep sternal infection
Permanent stroke
Renal failure
Reoperations

specific procedures and mortality and morbidity rates by
procedure; including all of them in a methodologically
appropriate manner should provide a more complete and
balanced perspective than focusing on single procedures.

Figure 1 depicts the Bayesian-estimated distributions of
risk-adjusted mortality (median, 2.3%; interquartile range,
1.7% to 3.0%) and morbidity (median, 13.7%; interquartile
range, 10.8% to 17.1%). The distributions show substantial
variation across surgeons, confirming that these end points
are useful for discriminating performance. Figure 2 shows
the distribution of calculated composite scores (point es-
timates) based on 3 years of data.

Table 3 reports the star rating for the overall composite
and its mortality and morbidity components using three
different Bayesian Crls. As these intervals increase from
90% to 98%, the total number of surgeons classified as
above or below average decreases, but the Bayesian
probability that the surgeon is truly a high or low
performer increases (ie, the likelihood of being mis-
classified decreases). A 98% Crl was selected, which
produces approximately the same total proportion
(~25%) of low and high performers as the original STS
isolated CABG composite estimated at the hospital or
practice group level.

The 98% Bayesian Crl shows the range in which the
surgeon’s true risk-adjusted score is likely to lie. If the

Table 2. Characteristics by Procedure Group

Total Mortality Morbidity

Rate, Rate,
0,

Procedure Group No. (%) No. %o No. %

Isolated CABG 417,261 (67.1) 8,295 2.0 51,281 123

Isolated AVR 84,751 (13.6) 2,059 24 11,458 135

Isolated MVR 14,948 (2.4) 539 3.6 2905 194

AVR + CABG 53,081 (8.5) 2,124 4.0 10,801 20.3

MVR + CABG 6,547 (1.1) 474 72 2125 325

Isolated MV 30,347 (4.9) 339 11 2953 9.7
repair

MV repair + 14,554 (2.3) 635 44 3,694 254
CABG

Total 621,489 (100.0) 14,465 2.3 85217 13.7

CABG = coronary artery bypass
MVR = mitral valve replacement.

AVR = aortic valve replacement;
grafting; MV = mitral valve;
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Fig 1. Bayesian-estimated distribution of risk-adjusted (top)
mortality and (bottom) morbidity rates. (IQR = interquartile range.)

lower limit of the 98% Bayesian Crl exceeds the STS
average value, then it is at least 99% probable (98% CrlI
plus the 1% upper tail) that the surgeon’s true perfor-
mance is better than the STS average value and that
surgeon is assigned a 3-star rating. Conversely, if the
upper limit of the 98% Bayesian Crl is less than the STS
average value, then it is at least 99% probable (98% CrI
plus 1% lower tail) that the surgeon’s true performance is
worse than the STS average value; that surgeon is
assigned a 1-star rating. Surgeons not meeting either of
these criteria were assigned 2-star ratings (average, or as
expected).

Table 4 provides the observed and risk-adjusted
morbidity and mortality rates for each star rating cate-
gory and Bayesian Crl studied. In each case, a monotonic
decrease occurs in the observed or risk-adjusted mortality
and morbidity rates as the star ratings increase, which
provides internal validation that the overall composite
scores and star ratings accurately reflect the constructs
they were designed to measure.
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Composite Scores

Median = 95.4%
IQR: 94.4% to 96.3% e

Frequency
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Estimated Composite Score

Fig 2. Distribution of calculated composite scores (point estimates)
based on 3 years of data. (IQR = interquartile range.)

Table 5 summarizes the estimated reliability (signal-to-
noise ratio) of the STS surgeon composite measure at
various thresholds of total index procedure volume over
3 years. These data address the question of whether there
is a lower limit of total index procedure volume, and
associated composite measure reliability, that should
make a surgeon ineligible to receive a composite score
and star rating. Overall reliability of the surgeon com-
posite is quite high, approximately 80%, at all volume
thresholds, although the reliability for a specific surgeon
with very low volumes may still be problematic. For
context, the reliability of the most recent isolated CABG

Table 3. Star Ratings for Various Bayesian Credible Intervals

1 Star 2 Stars 3 Stars

Variable No. (%) No. (%) No. (%)
Composite

90% Crl 362 (15.8) 1,351(59.1) 573 (25.1)

95% Crl 293 (12.8) 1,521 (66.5) 472 (20.6)

98% Crl 207 (9.1) 1,701 (74.4) 378 (16.5)
Mortality

90% Crl 113 (4.9) 1,942 (84.9) 231 (10.1)

95% Crl 70 (3.1) 2079 (90.9) 137 (6.0)

98% Crl 37 (1.6) 2,179 (95.3) 70 (3.1)
Morbidity

90% Crl 411 (18.0) 1,264 (55.3) 611 (26.7)

95% Crl 343 (15) 1,451 (63.5) 492 (21.5)

98% Crl 262 (11.5) 1,623 (71) 401 (17.5)

Crl = credible interval.
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Table 4. Observed and Adjusted Event Rates by Star Rating
(All 2,286 Surgeons Included)

Mortality, % Morbidity, %

Star Rating 1 Star 2 Stars 3 Stars 1 Star 2 Stars 3 Stars

Observed
90% Crl 4.1 24 14 21.6 14.3 9.5
95% Crl 4.2 24 14 22.2 14.2 9.2
98% CrlI 4.2 2.4 1.3 23.1 14.2 9.0
Risk-adjusted
90% Crl 4.1 25 13 21.1 14.3 9.3
95% Crl 4.1 25 1.3 21.7 14.3 9.0
98% CrlI 4.2 25 1.2 22.6 14.2 8.8

CrI = credible interval.

composite measure for hospitals, based on 1 year of data,
was 0.77 (0.74, 0.80), and reliability of the most recent
isolated AVR composite measure for hospitals, based on
3 years of data, was 0.52 (0.47, 0.57).

Reliability increases slightly at higher volume thresh-
olds, but this comes at the cost of progressively fewer
surgeons who are eligible to receive a score. There is no
one correct answer for the optimal threshold, but 100 total
index cases over 3 years seems a reasonable compromise
that retains a high proportion of surgeons and patients
but excludes very low-volume surgeons from receiving
a score.

Finally, Figure 3 shows composite scores and star rat-
ings plotted against total aggregate volume of the five
index procedures over 3 years. Median volumes were
highest for 3-star surgeons, although some low-volume
surgeons achieved a 3-star rating. There were no 1-star
high-volume surgeons.

Comment

What Is the Appropriate Level of Attribution for Cardiac
Surgical Performance Measurement?

Although several states (eg, New York [16-19], Pennsyl-
vania, Massachusetts) have implemented individual sur-
geon report cards for cardiac operations, a number of
considerations have historically led the STS to focus on
hospitals or practice groups. Methodologic concerns have
included small sample size and low measure reliability. In
addition, from a health policy perspective, many argue that
attributing the health care outcome of a patient to 1 indi-
vidual, the responsible physician or surgeon, is inconsis-
tent with the increasingly team-based nature of modern
health care, especially for more complex diagnoses and
procedures such as those in cardiac surgery. Cardiac sur-
gical outcomes are influenced by many factors, including
the appropriate referral and optimal preoperative stabili-
zation of patients by cardiologists, cardiac anesthesia
management, cardiopulmonary perfusion, operating
room scrub technicians and nurses, resident or staff as-
sistant surgeons, physician assistants and nurse practi-
tioners, postoperative intensive care unit management,
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Table 5. Composite Measure Reliability at Various Eligibility
Thresholds of Surgeon Volume for Index Procedures (3-Years)"

Threshold Number  Surgeons Patients

of Index Cases Included  Included Reliability
Over 3 Years (No.) (No.) ﬁ2(95% Prl)
10 2,286 621,489 0.77 (0.75, 0.79)
25 2,234 620,586 0.78 (0.76, 0.80)
36 2,205 619,691 0.79 (0.77, 0.80)
50 2,165 617,976 0.79 (0.78, 0.81)
100 1,976 603,594 0.81 (0.79, 0.82)
150 1,737 573,491 0.81 (0.80, 0.83)
200 1,432 520,724 0.82 (0.81, 0.84)

? Number of surgeons and patients included for each threshold.

ﬁzis the estimated squared correlation between the set of surgeon-specific
estimates of composite performance measure values and their corre-
sponding unknown true values (used as the measure of reliability in this
study).

Prl = probability interval.

hospital support services, postdischarge extended care
facilities, and rehabilitation. Having cardiac surgeons and
their teams working together consistently in the operating
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room seems to be particularly important to achieving
optimal results [20].

Notwithstanding the complex, team-based nature of
cardiac surgical care, surgeons still have primary overall
responsibility for their patients, and they directly affect
patient outcomes from many perspectives, including
diagnosis, operative planning, technical conduct of the
procedure, supervision of perioperative management,
and follow-up. If other components of the team or hos-
pital are contributing to adverse patient outcomes (eg,
anesthetic technique leading to prolonged ventilation),
surgeons should be leaders in addressing such problems.
Accurate characterization of a surgeon’s performance
based on a broad sample of common procedures is the
first step in identifying opportunities for improvement.

In addition, the federal government, some states, and
commercial payers are increasingly requesting data on
individual physician and surgeon performance for
various accountability and reimbursement programs, and
this trend will continue to accelerate. In the absence of
well-designed gold standard metrics, examples abound of
health care performance measures based on suboptimal
data sources (eg, claims or billing data) and opaque,
proprietary analytic methodologies, sometimes leading
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Fig 3. Composite scores and (left) 1-star star, (middle) 2-star, and (right) 3-star ratings plotted against total aggregate volume of the five index

procedures over 3 years.
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to completely discrepant results for the same provider
[21-23]. Because physician-level performance data are
increasingly requested by various governmental, com-
mercial, and regulatory entities, it is essential that they be
derived from the best data and analytics and that they are
nationally benchmarked.

Based on 7 years of experience producing nationally
endorsed performance measures at the hospital or group
level, and nearly 5 years of experience with public
reporting, the STS QMTF believes it is now better posi-
tioned to address the methodologic issues that had pre-
viously discouraged the development of surgeon-level
measures.

Multiprocedural, Multidimensional, Performance
Measurement

Assessing the quality of cardiac surgeons based on their
isolated CABG mortalities provides insight into only one
outcome, albeit the most important one, and one proce-
dure. Regarding the latter, the number and proportion of
isolated CABG procedures has been steadily declining for
the past decade due to improved medical therapy and
advances in interventional cardiology (eg, drug-eluting
stents). Consequently, isolated CABG is a much less
dominant component of most cardiac surgeon’s practices
than it was a decade ago. Also, compared with hospital
cardiac surgical units or practice groups, greater vari-
ability exists among individual surgeons in the types and
relative frequencies of procedures they perform. Some
may do few isolated CABG procedures but rather focus
on mitral or aortic valve procedures, and their quality
ratings should reflect this. Several state report cards
(eg, New York and Pennsylvania) now include separate
ratings for isolated CABG, isolated valve, and valve plus
CABG. However, in contrast to the current STS surgeon
composite, many of these measures do not use separate
risk models for the various valve procedures (eg, aortic vs
mitral), and the sample sizes for these various procedures
remain small because they are analyzed separately.

Our goal in the development of the STS surgeon
composite was to combine, in a scientifically rigorous
manner, risk-adjusted mortality and morbidity domains
across a broad portfolio of procedures. The final com-
posite score reflects the proportion of each type of case
performed by each specific surgeon. Because results are
combined across five procedures, this approach also
provides larger sample sizes and more end points to
analyze, which helps to address reliability concerns (see
below). Finally, procedure-specific STS risk models are
used, which are generally preferred compared with
generic models.

Sample Size and Reliability

Measurement of health care performance requires
attention to many details, including data source and
quality, treatment of missing data, selection of appro-
priate measures and target populations, time frame
for collection of patient and provider data, level of attri-
bution, statistical methodology, and the criteria for clas-
sifying performance categories. Arguably, one of the most
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vexing and nearly universal problems is sample size, and
this is particularly problematic at the individual physician
or surgeon level.

For most publicly reported condition-specific and
procedure-specific outcomes, the number of observations
available in a typical reporting period is small, rarely
more than several hundred, and usually less for individ-
ual providers. The resulting performance estimates have
an associated uncertainty, represented by frequentist
confidence intervals or Bayesian Crls. The smaller the
event rate and sample sizes, the wider the corresponding
confidence intervals around the point estimate and the
less certainty there is regarding the true underlying value
[24]. Because of substantial random variation or “noise,”
the reliability of performance measures is often low, rat-
ings and rankings vary substantially over time [25], and
differentiating provider performance and identifying
high and low performers is difficult. In one study of major
surgical procedures, Dimick and colleagues [26] demon-
strated that only CABG was typically performed with
sufficient volume to allow reliable detection of a doubling
of the mortality rate, and these data were taken from an
era when isolated CABG was performed much more
frequently. Krell and colleagues [27] studied general and
vascular surgical outcomes measures derived from data
from the American College of Surgeons National Surgical
Quality Improvement Program registry and found that
most measures had low reliability to detect performance
differences for common procedures. Even more chal-
lenging issues have been observed with common medical
diagnoses [28, 29].

Compared with other surgical specialties, adult cardiac
surgeons perform a relatively larger number of a smaller
ensemble of major cases. Despite this, the numbers of
procedures of a given type performed by most cardiac
surgeons in a typical data analysis period remains small,
and confidence intervals are correspondingly wide.

Addressing Sample Size Concerns

A variety of approaches are available to deal with small
sample sizes and low reliability at the individual cardiac
surgeon level, and several of these were incorporated into
the current STS measure. The first involves the time
period over which surgeon data are collected and
analyzed. Historically, this has been 1 year, but individual
physician metrics are now increasingly collected over
rolling 3-year intervals, as in the current measure. Longer
time frames (eg, 5 years) would provide even greater
sample sizes and reliability but at the cost of potentially
lower relevance for some of the data. Other aspects of the
structures or processes of care may have changed in the
interim at an institution (eg, a new cardiac anesthesia or
intensive care unit team), and older data may not reflect
current practice.

Another strategy to increase surgeon sample sizes is to
expand the number of end points being analyzed and to
focus on end points having sufficient frequency. The
mortality rate has historically been used as the primary or
sole end point to measure performance for complex
surgical procedures, but mortality rates in cardiac surgery
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have declined substantially, making this approach less
useful. Furthermore, despite its obvious importance,
survival is only one aspect of quality. Equally important
to many patients is the avoidance of serious complica-
tions, such as stroke, renal failure, reoperation, sternal
infection, and prolonged ventilation, some of which have
life-altering consequences (eg, neurologic disability, per-
manent dialysis). Assessing multiple postoperative out-
comes, as in this surgeon composite measure, provides a
more comprehensive perspective on quality as well as
additional end points. Using a similar strategy, the orig-
inal STS isolated CABG composite identified 23% of
providers as outliers compared with 1% when using
risk-adjusted mortality alone [4, 5].

Certain statistical techniques improve the accuracy of
estimates from small samples and are incorporated into
Bayesian approaches, as in this surgeon composite. These
methods “shrink” the results of providers toward the
population mean, with the degree of shrinkage being
inversely proportional to the sample size. Less shrinkage
occurs when large samples are available because the
sample estimate is more likely a valid estimate of the
underlying true performance. Conversely, with small
sample sizes, there is more shrinkage of the observed
results towards the population mean. Most statisticians
[30-33] believe this approach provides more accurate
estimates of true performance and avoids falsely labeling
providers as high or low outliers based on small samples
with large standard errors.

The STS Surgeon Composite Measure

By incorporating the features described above, the STS
surgeon composite measure has been designed to
address most methodologic concerns regarding
physician-level metrics. Sample size issues are mitigated
by measuring composite end points (death and any major
morbidity) for five different procedures over a 3-year
rolling time interval and by using Bayesian estimation.
By including composite performance scores for a portfolio
of five procedures that account for nearly 80% of a typical
STS database participant surgeon’s clinical activity, this
metric provides a more balanced and comprehensive
perspective than focusing on just one procedure, such as
CABG, or one end point such as death.

Recognizing that surgeons’ practices vary, each sur-
geon’s composite performance is implicitly “weighted”
by the proportion of each type of procedure he or she
performs. For instance, the results of surgeons who pri-
marily perform mitral procedures are affected most by
their mitral surgery results. This approach is especially
relevant for surgeons with highly specialized practices
who may do relatively few isolated CABG procedures and
whose performance would thus be difficult to assess us-
ing a CABG measure only.

Finally, performance on each of these procedures
is estimated using risk models specific to those pro-
cedures, in most cases the exact or slightly modified
versions of previously published models [11]. By in-
corporating these methodologic approaches, the STS
surgeon composite measure achieves excellent statistical
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reliability, higher than that of previously reported indi-
vidual physician or surgeon measures and even many
hospital-level measures.

For the nonstatistician, this surgeon composite measure
can be thought of as simply an extension and modifica-
tion of the methodology used in all previous STS com-
posite measures, which were designed for hospital-level
or program-level use. One difference in methodology is
that this is an outcomes-only composite; that is, the two
process domains from the original STS CABG composite
are not included.

A second difference is that this is a multiprocedural
composite measure. It aggregates the observed and ex-
pected mortality rates and the observed and expected
morbidity rates across five common adult cardiac surgical
procedures. Expected values are derived from existing or
slightly modified STS risk models. Given this methodol-
ogy, higher composite scores are achieved when mortality
and morbidity rates across all these procedures are low,
and lower composite scores result when morbidity and
mortality rates are high.

Appropriate Interpretation

This surgeon composite, like most other risk-adjusted
performance measures in health care, uses indirect
rather than direct standardization. Indirectly standard-
ized results can be used to compare an individual pro-
vider with the benchmark population of providers, asking
the question, “how do his or her results compare with
what would have been expected if their patients had been
cared for by an average provider?” As opposed to direct
standardization, indirectly standardized results should
not be used to directly compare 2 surgeons [34, 35]. Each
surgeon’s performance is based only on the patients he or
she actually treated. A surgeon who is able to achieve
better-than-average results with a predominately low-
risk population may not necessarily achieve similarly
excellent results if confronted with a high-risk group of
patients because there are few if any data regarding his or
her experience with such patients.

Such case-mix differences may lead to seemingly par-
adoxic results. Even with perfect patient-level risk
adjustment, if surgeons A and B have a substantially
different case mix (e.g., surgeon A operates on a sub-
stantially higher or lower proportion of high-risk patients
than surgeon B), surgeon A could have risk-standardized
mortality ratios that were equivalent to those of surgeon
B for each type of patient and operation (high-risk vs low-
risk) yet have a higher or lower overall risk-standardized
mortality ratio [36, 37].

Limitations

The STS surgeon composite measure is based on obser-
vational data. These are the only data commonly available
for measuring health care performance because random-
izing patients for routine, noninvestigational care is not
possible. The STS data used in these analyses come from
one of the largest and longest standing clinical data reg-
istries in the world, whose granular data elements are
regularly updated. External audit of 10% of sites each
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year has demonstrated very high agreement between
submitted data and medical record audits (96% overall in
2014). However, despite rigorous risk adjustment using
granular clinical data, the potential for unmeasured con-
founders still exists.

The statistical models used in this composite measure
are quite complex because they involve not only multiple
end points but also multiple procedures, and the relative
mix of these procedures may vary from surgeon to sur-
geon. There is rarely only one way such a model could be
constructed. Considering the practical constraints of the
computational burden for these highly complex models,
QMTF clinicians and statisticians have developed an
excellent model that reliably estimates and discriminates
overall surgeon performance. However, other approaches
to model development are possible, and QMTF continues
to explore new methodologies.

As with any composite metric, there is potential infor-
mation loss when only a single summary measure is re-
ported. For example, it is possible that a surgeon may
have excellent outcomes for CABG but less desirable
outcomes for valve operations, or vice versa. For both
quality assessment and improvement activities, this
composite score is a high-level summary that should be
supplemented by drill down to specific procedures.
Furthermore, the surgeon composite should be used in
combination with the relevant hospital-level or group-
level performance metric for the procedure of interest.

Finally, although the five procedures included in this
metric represent the bulk of a typical surgeon’s work,
some surgeons with highly specialized practices (eg,
thoracic aortic surgery) may not be able to receive a score
or the score may not reflect the particular area in
which they specialize. Development of separate com-
posite metrics for such specialized practices and less
commonly performed procedures may be a better
approach than trying to incorporate them within the
overall surgeon metric.

Conclusions

The STS QMTF has developed a surgeon-level composite
measure based on risk-adjusted morbidity and mortality
for five common cardiac surgical procedures, using
3 years of data. This measure has high statistical reli-
ability and provides a comprehensive overall assessment
of surgeon performance.
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DISCUSSION

DR JOSEPH E. BAVARIA (Philadelphia, PA): I congratulate Dr
Shahian and his colleagues on tackling a very complex and a very
contentious topic, namely, individual surgeon performance
metrics. As I practice in Pennsylvania, I have operated in this
environment for about 20 years. There are many questions this
report may raise, but I will simply address a few, and maybe let
others talk about the data methods that may relate to surgeons at
all levels within the STS.

So the first question is, I am a little worried about the
morbidity index and its effect on star ratings and surgeons in
those categories, especially—and we talked about this—pro-
longed ventilation. In my view, this is the least serious of these
morbidities, but it is equally weighted and also represents
the greatest percentage of morbidity by at least three times in
your data. Moreover, it may actually be the one morbidity metric
that is the “least controlled” by the surgeon as it is usually an
intensive care unit (ICU) institutional and cultural issue. Is it
possible for a surgeon to have good mortality statistics, good
morbidity statistics, but a poor prolonged ventilation metric, and
that puts him or her into a 2-star or lesser star rating? That is my
first question.

The second question is simply related to the tension between
composite scores and individual procedural scores. As you know,
in Pennsylvania, there is no composite score; everybody is reported
by individual procedures. It seems that patients having a proce-
dure would like to know what that surgeon’s performance is for
that particular procedure. I translate it to my office. They do not
really care about anything else. If I am doing aortic valve
replacement (AVR), they want to know what my AVR outcomes
are, and they can get that from the Pennsylvania state database.
They could not get that right now under your system. Do you have
any insight on the great decision before us on whether we report as
composite only or do we report on individual therapeutic pro-
cedures? Thanks.

DR SHAHIAN: Thank you very much, Dr Bavaria, for these
excellent questions. Regarding the inclusion of prolonged
ventilation as part of the any-or-none morbidity bundle, this is
something that we have discussed numerous times since the
development of our first composite measure. The question, as
you have alluded to, is whether prolonged ventilation rises to
the same level of importance as the other complications with
which it is grouped, such as reoperation or renal failure. We
recently had the opportunity to analyze the impact of various
individual complications on mortality, and the results were very
interesting.

If you study isolated coronary artery bypass grafting (CABG)
patients from a recent cohort and focus on patients who had no
complications whatsoever, the raw mortality rate was remarkably
low at 0.7%, a tribute to how far we have come in cardiac surgery.
If you add just the one complication of prolonged ventilation, the
mortality rate increases by a factor of almost nine, to 6%. If you
then analyze this in a multivariate environment, adjusting for pa-
tients that have also had other complications, such as stroke, renal
failure, or reoperation, then the adjusted odds of mortality asso-
ciated with prolonged ventilation is 5.

Prolonged ventilation seems to be capturing an important cause
of death that is not simply the result of these other complications,
although they can also increase ventilation time. Prolonged venti-
lation may reflect longer cardiopulmonary bypass times, intra-
operative fluid uptake, “wet lungs,” or the type of anesthetic
management. It clearly is an independent, very strong predictor of
mortality, and we think it is quite justifiable to include it in our
morbidity metric.

As to who controls ventilation protocols, we agree that this is
often managed primarily by anesthesia, but given the implications
of prolonged ventilation, surgeons have a responsibility to be
involved in this aspect of care and to work collaboratively with
their anesthesia colleagues.
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With regard to the tension between composite and individual
procedure measures, we agree with you completely. You need an
overall estimate of quality, and then you would like the ability to
drill down to the actual procedure a patient is having. Both are
important. Because many states are looking for a single metric to
characterize quality, we wanted to develop something would be a
good overall measure of a typical surgeon’s practice, together with
the ability to drill down to the individual procedure level. How-
ever, the latter is challenging due to relatively small sample sizes
for individual surgeons.

DR ANDREW SEELY (Ottawa, ON, Canada): I am always
interested in how to provide this information back to surgeons so
that they improve their own care, improve their own perfor-
mance, and you elected to provide the star rating, the 3-, 2-, and
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1-star rating, rather than just focus on the composite score itself.
Could you tell us why you wanted to add that star rating as well?
Do you think that that is going to have more impact, if you will,
on surgeons improving their own care?

DR SHAHIAN: For surgeons who are more sophisticated in
terms of analyzing data, I think that the actual composite score
will probably be more useful. But we followed the lead of folks
like Judith Hibbard at Oregon, who have looked at ways that
consumers can better understand data. Consumers do not un-
derstand numbers and confidence intervals. They need some-
thing simple and straightforward, and these star ratings are
meant to be an aid to consumer interpretation, much more for
the patients than for the docs, who I think are much more used to
dealing with the actual data.
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Background. The first version of The Society of Thoracic
Surgeons National Adult Cardiac Surgery Database (STS
NCD) was developed nearly 2 decades ago. Since its incep-
tion, the number of participants has grown dramatically,
patient acuity has increased, and overall outcomes have
consistently improved. To adjust for these and other
changes, all STS risk models have undergone periodic
revisions. This report provides a detailed description of the
2008 STS risk model for coronary artery bypass grafting
surgery (CABG).

Methods. The study population consisted of 774,881
isolated CABG procedures performed on adult patients
aged 20 to 100 years between January 1, 2002, and
December 31, 2006, at 819 STS NCD participating centers.
This cohort was randomly divided into a 60% training
(development) sample and a 40% test (validation) sam-
ple. The development sample was used to identify pre-
dictor variables and estimate model coefficients. The
validation sample was used to assess model calibration
and discrimination. Model outcomes included operative
mortality, renal failure, stroke, reoperation for any cause,
prolonged ventilation, deep sternal wound infection,
composite major morbidity or mortality, prolonged
length of stay (> 14 days), and short length of stay (< 6
days and alive). Candidate predictor variables were se-
lected based on their availability in versions 2.35, 2.41,
and 2.52.1 of the STS NCD and their presence in (or
ability to be mapped to) version 2.61. Potential predictor

In 1986, The Society of Thoracic Surgeons (STS) con-
vened an Ad Hoc Committee on Risk Factors for
Coronary Artery Bypass Graft Surgery (CABG) [1] and an
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variables were screened for overall prevalence in the
study population, missing data frequency, coding con-
cerns, bivariate relationships with outcomes, and their
presence in previous STS or other CABG risk models.
Supervised backwards selection was then performed
with input from an expert panel of cardiac surgeons and
biostatisticians. After successfully validating the fit of
the models, the development and validation samples
were subsequently combined, and the final regression
coefficients were estimated using the overall combined
(development plus validation) sample.

Results. The c-index for the mortality model was 0.812,
and the c-indices for other endpoints ranged from 0.653
for reoperation to 0.793 for renal failure in the validation
sample. Plots of observed versus predicted event rates
revealed acceptable calibration in the overall population
and in numerous subgroups. When patients were
grouped into categories of predicted risk, the absolute
difference between the observed and expected event rates
was less than 1.5% for each endpoint. The final model
intercept and coefficients are provided.

Conclusions. New STS risk models have been devel-
oped for CABG mortality and eight other endpoints.
Detailed descriptions of model development and testing
are provided, together with the final algorithm. Overall
model performance is excellent.

(Ann Thorac Surg 2009;88:52-22)
© 2009 by The Society of Thoracic Surgeons

Ad Hoc Committee to Develop a National Database for
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Abbreviations and Acronyms

BSA = body surface area

CABG = coronary artery bypass graft surgery
CHF = congestive heart failure

EF = ejection fraction

GFR = glomerular filtration rate

HCFA = Health Care Financing Administration
IABP = intra-aortic balloon pump
NYHA = New York Heart Association

NCD = National Adult Cardiac Surgery
Database
O/E = observed to expected ratio

QMTF = Quality Measurement Task Force
STS = The Society of Thoracic Surgeons

release earlier that year of inadequately risk-adjusted
hospital mortality data by the Health Care Financing
Administration (HCFA), now the Centers for Medicare
and Medicaid Services. Although the HCFA analytical
methodology was widely criticized, STS leadership rec-
ognized that the underlying principle of collecting and
analyzing data to improve patient outcomes was valid,
particularly for complex and costly procedures such as
coronary artery bypass grafting surgery (CABG). They
believed that it was the responsibility of professional
organizations to develop credible clinical data registries
for their own specialties, and that risk models derived
from such registries would circumvent many of the
concerns resulting from the use of unadjusted adminis-
trative data. Such clinical registries would be used as
credible data sources for quality assessment and im-
provement activities as well as for research.

These early activities ultimately led to the develop-
ment of the STS National Adult Cardiac Surgery Data-
base (NCD) [3, 4]. Since its release to members in 1990,
the STS NCD has evolved to become one of the largest
specialty-specific clinical data registries in the world. It
currently has more than 950 participants enrolled, repre-
senting just under 90% of the cardiac surgery providers
in the United States, with data on more than 3.6 million
procedures. Similar STS data registries have now been
developed for congenital heart surgery and general tho-
racic surgery, and future plans include the development
of specialty modules (eg, quality metrics, atrial fibrilla-
tion surgery, thoracic aortic surgery). Recent enhance-
ments, including the addition of unique physician and
patient identifiers, will facilitate linkages with other reg-
istries and greatly expand the potential of the STS NCD
for longitudinal follow-up, comparative effectiveness,
and cost efficiency studies.

In addition to the development of the STS NCD as a
comprehensive, nationally representative data registry,
the second major goal of the STS was to assure that
analyses derived from this registry would be appropri-
ately adjusted for preoperative patient severity, a major
deficiency of the HCFA reports that were initially pub-
lished in 1986. This was accomplished by first identifying
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risk factors for specific procedures and outcomes, begin-
ning with isolated CABG, then using these predictor
variables to develop risk models. With statistical risk
models, which are most often based on logistic regres-
sion, the expected outcome for a patient with a given set
of risk factors can be determined, and that can be
compared with the observed outcome. The observed (O)
and expected (E) outcomes are summed over all patients
of a particular surgeon or hospital to yield the risk-
standardized mortality ratio (O/E), which can then be
multiplied by the average rate in the reference popula-
tion to calculate risk-standardized mortality rates [5-7].
STS CABG risk models have undergone periodic up-
dates and revisions, the most recent of which was based
upon 2000 to 2002 STS NCD data. In 2007, the STS
Database Modernization Task Force completed a major
specification upgrade of the STS NCD data collection
instrument from version 2.52.1 to version 2.61. This in-
cluded refinement, modification, consolidation, or elimi-
nation of some data elements, as well as an attempt to
harmonize definitions with those of the American Col-
lege of Cardiology National Cardiovascular Data Registry
whenever possible. Given these changes, as well as the
number of years since the last risk model update, the STS
Quality Measurement Task Force (QMTF) was asked to
develop new risk models for isolated CABG, isolated
valve repair or replacement, and combined CABG plus
valve procedures. The authors of this report include the
QMTF members who participated in this initiative.
Implementation of these new models in January 2008
coincided with the release of STS NCD version 2.61. This
report, Part 1 of 3, describes the development of the new
mortality and morbidity models for isolated CABG

surgery.

Study Purpose

The primary goal of this study was to develop risk-
prediction algorithms for patients undergoing isolated
CABG surgery. As the major intended use of these
algorithms was to compare participant outcomes to the
overall STS national experience, risk factors were gener-
ally restricted to patient and clinical characteristics
present preoperatively.

Risk Model Development and Transparency

The availability of user-friendly statistical software pro-
grams and the exponential increase in computing speed
have greatly facilitated statistical analyses such as logistic
regression, the basis for many risk models. However,
despite these technological advances, clinical judgment,
experience, intuition, and practicality still play a critical
role in risk model development. There are many points in
model development at which legitimate differences in
approach may lead to substantial differences in the
resulting statistical models and the inferences derived
from them [8].

We believe the degree of transparency provided in this
report regarding the development of the STS CABG risk
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models is essential in today’s health care environment. In
an era when society demands full transparency regard-
ing health care performance, the methodologies used to
evaluate that performance should be just as transparent
[9, 10]. This fundamental principle is among the stan-
dards established by the American Heart Association
and American College of Cardiology for statistical mod-
els used for public reporting [11].

Study Population and Endpoints

All isolated CABG procedures performed on adult pa-
tients aged 20 to 100 years between January 1, 2000, and
December 31, 2006, were initially considered for inclu-
sion, although the final development and validation
samples were derived from 2002 to 2006 data. Patients
missing data on sex (n = 195) were excluded, as these
patients are not included in STS performance feedback
reports to database participants. That left a study popu-
lation of 774,881 surgical procedures from 819 database
participants. Patients on dialysis preoperatively (n =
12,415) were excluded when developing the risk model
for postoperative renal failure.

Training and Validation Samples

The study population was randomly divided into a 60%
training (development) sample and a 40% test (valida-
tion) sample. The development sample was used to
identify predictor variables and estimate model coeffi-
cients. Data from the validation sample were used to
assess model fit, discrimination, and calibration. After
choosing variables and assessing model fit, the develop-
ment and validation samples were subsequently com-
bined, and the final model coefficients were estimated
using the combined (development plus validation) data.

Endpoints

Risk models were developed for the nine endpoints listed
below. Only mortality was recorded beyond the index
hospitalization. Morbidity data included only in-hospital
complications, although beginning in STS NCD version
2.61, sternal infections will be recorded for up to 30 days
postoperatively. The nine endpoints are as follows: (1)
operative mortality: death during the same hospitalization
as surgery, regardless of timing, or within 30 days of surgery
regardless of venue; (2) permanent stroke (cerebrovascular
accident): a central neurologic deficit persisting longer than
72 hours; (3) renal failure: a new requirement for dialysis or
an increase of the serum creatinine to more than 2.0 mg/dL
and double the most recent preoperative creatinine level;
(4) prolonged ventilation (longer than 24 hours); (5) deep
sternal wound infection; (6) reoperation for any reason; (7)
major morbidity or mortality: a composite defined as the
occurrence of any of the above endpoints; (8) prolonged
postoperative length of stay (PLOS): length of stay (LOS)
more than 14 days (alive or dead); and (9) short postoper-
ative LOS (SLOS): LOS less than 6 days and patient alive at
discharge (this SLOS definition differs from the previous
STS risk models, which did not exclude patients who died
in-hospital; patients who died within 5 days of surgery are
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included in the new models but are treated as not having a
short stay).

Table 1 summarizes the frequencies of these endpoints
in the study population for each predictor variable cate-
gory (ie, the bivariate relationships).

Selection of Candidate Predictor Variables

Initial Data Screening of Candidate Predictor
Variables

We began by considering all possible candidate variables
from the development set (Table 2). Because the primary
goal of the STS risk models is to adjust surgical outcomes,
in general only preoperative patient variables are in-
cluded. However, because these models are also used for
other purposes such as individual patient prediction and
counseling, there were a few modifications (which are
discussed in the relevant sections) in the application of
this general principle.

As there were a large number of procedures and end-
points available, we were not statistically constrained to
highly parsimonious models, nor is such an approach
generally favored in regression modeling [12-14]. Discard-
ing valid data elements can waste valuable information that
has been collected at substantial effort and cost. Further-
more, although much of the discrimination of a predictive
model may be contained in a relatively small number of
variables [15, 16], some predictor variables that add only
modestly to discrimination may still be important predic-
tors of outcomes at the patient level [17, 18].

Expert Panel Review for Clinical Relevance and Face
Validity

All candidate variables available in version 2.61 were
individually discussed by a panel of cardiac surgeons and
health policy experts to assure that clinical relevance as
well as multiple aspects of validity (face, construct, and
content) had been considered.

Data Version for Model Development

Although these new risk models were to be introduced in
conjunction with the release of STS NCD version 2.61,
they were developed with data collected under the three
previous data versions (2.35, 2.41, and 2.52.1) because no
2.61 data were yet available. The QMTF began its predic-
tor selection process with two caveats. First, any candi-
date variable had to be collected consistently across the
three previous data versions. Second, it had to also be
available in version 2.61 or have the ability to be mapped
to this new version. For example, history of smoking and
renal failure were not candidate variables as they were
either not included in, or were unable to be mapped to,
version 2.61. Renal function is now assessed by the last
preoperative serum creatinine value, which is collected
in all data versions. Because the definition of hypercho-
lesterolemia has changed substantially over successive
STS data versions, and because counterintuitive results
have been observed in some previous analyses of hyper-
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Table 1. Distribution of Risk Factors and Frequency of Adverse Outcomes in Overall Study Population, Isolated Coronary
Artery Bypass Graft Surgery (2002-2006)

Number of
Patients Percent of Patients Experiencing Endpoint

Variable N % Mort CVA RF Vent DSWI Reop Comp PLOS SLOS
Overall

Total 774,881  100.0 2.3 1.4 3.6 9.7 0.4 52 14.4 5.6 51.2
Age, years

< 55 137,318 17.72 1.0 0.5 1.7 7.1 0.3 3.7 10.0 2.7 67.1

55-64 221,697 28.61 1.3 0.9 24 7.8 0.4 42 11.4 3.8 59.4

65-74 245,132 31.63 24 1.6 39 100 0.5 5.5 14.9 5.9 47.7

=75 170,734 22.03 4.7 2.3 6.4 13.9 0.5 7.5 20.9 9.6 33.0
Sex

Male 560,006 72.27 2.0 1.2 3.4 8.7 0.4 5.1 13.4 4.9 55.0

Female 214,875 27.73 3.4 1.9 4.1 12.2 0.5 5.6 17.0 7.2 41.5
Race

Caucasian 665,941 85.94 23 1.3 35 9.3 04 5.1 13.9 5.3 52.2

Black 44,405 5.73 2.7 2.0 52 13.5 0.7 6.3 19.0 8.2 41.3

Hispanic 25,103 3.24 2.6 1.5 43 11.3 0.5 5.6 16.1 6.1 48.4

Asian 12,509 1.61 2.7 1.9 3.8 12.6 0.3 7.2 17.4 7.0 45.2

Other 21,222 2.74 23 1.3 3.6 10.4 0.5 55 14.8 6.0 48.7

Missing 5,701 0.74 2.3 1.4 4.1 9.4 0.4 52 14.5 6.1 48.9
Body surface area (m?)

< 1.50 14,339 1.85 6.2 24 4.6 16.2 0.3 8.3 2211 9.8 36.5

1.50-1.74 111,458 14.38 3.8 2.0 4.0 12.6 0.3 6.5 17.7 7.4 42.5

1.75-1.99 280,677 36.22 24 1.5 3.5 9.6 0.4 5.4 14.4 5.6 50.7

= 2.00 363,817 46.95 1.7 1.0 3.6 8.6 0.5 4.6 13.1 4.8 55.0

Missing 4,590 0.59 3.7 1.4 4.0 7.6 0.3 4.7 13.9 6.8 46.0
Body mass index (kg/m?)

<25 169,091 21.82 3.3 1.7 3.5 11.0 0.3 6.7 16.3 6.7 47.6

25-29 303,371 39.15 21 1.3 3.1 8.6 0.3 4.9 13.1 4.8 54.2

30-34 186,148 24.02 1.8 1.2 3.6 9.0 0.5 45 13.4 5.0 53.1

=35 110,213 14.22 23 1.2 5.2 12.0 0.8 4.9 16.8 6.8 45.7

Missing 6,058 0.78 3.7 1.4 4.2 8.6 0.3 4.8 14.5 6.7 47.2
Diabetes mellitus

No diabetes 492,800 63.60 2.1 1.2 2.8 8.8 0.3 5.0 13.0 4.7 54.8

Diabetes—noninsulin 195,421 25.22 2.3 1.6 43 10.1 0.5 52 15.2 6.0 48.2

Diabetes—insulin 84,406 10.89 3.6 1.8 7.1 13.9 1.0 6.5 20.6 9.7 37.5

Diabetes-missing treatment 1,439 0.19 3.1 22 4.6 11.1 0.7 4.6 15.7 8.8 41.9

Missing 815 011 3.8 0.7 2.6 8.8 0.5 4.5 123 6.9 43.7
Hypertension

No 167,260 21.59 1.9 0.9 2.2 8.1 0.3 4.6 11.7 4.2 58.2

Yes 606,813 78.31 2.5 1.5 4.0 10.1 0.5 5.4 15.1 5.9 49.3

Missing 808 0.10 3.8 0.7 24 9.3 0.5 52 12.7 6.7 43.9
Hypercholesterolemia

No 199,894 2580 3.0 1.6 39 110 0.5 5.8 16.1 6.5 48.7

Yes 573,257 7398 21 13 3.5 9.2 0.4 5.0 13.8 5.2 52.1

Missing 1,730 0.22 4.1 1.6 3.5 10.3 0.3 4.7 13.9 7.3 47.5
Past or present smoker

No 295,999 38.20 24 1.4 3.7 9.0 0.4 5.1 13.9 5.3 50.1

Yes 477,911 61.68 23 1.3 3.6 10.1 0.5 53 14.7 5.7 51.9

Missing 971 013 34 0.7 3.1 9.9 0.4 5.3 13.5 9.1 41.0
Chronic lung disease

None 612,211 79.01 2.0 1.3 3.3 8.4 0.3 4.9 13.0 4.7 53.7

Mild 85,005 10.97 2.8 1.5 4.2 12.0 0.6 5.8 16.9 7.0 45.7

Moderate 47,745 6.16 3.8 1.6 53 15.8 0.8 6.8 20.8 9.6 39.5

Severe 22,302 2.88 7.0 2.0 7.7 22.8 1.1 9.5 29.0 15.3 29.2

Missing 7,618 0.98 2.6 1.4 3.2 8.2 0.2 3.9 12.6 5.7 53.4
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Table 1. Continued

Number of
Patients Percent of Patients Experiencing Endpoint

Variable N % Mort CVA RF Vent DSWI Reop Comp PLOS SLOS
Peripheral vascular disease

No 653,260  84.30 2.0 1.2 3.2 8.8 0.4 4.8 13.1 4.8 53.5

Yes 120,480  15.55 4.4 2.3 61 144 0.7 7.5 21.2 9.6 38.7

Missing 1,141 0.15 3.9 1.1 31 118 0.3 5.5 144 7.4 43.9
Cerebrovascular disease

No 668,073  86.22 21 1.1 3.3 9.0 0.4 4.9 13.4 5.0 53.4

Yes 105,792  13.65 4.0 2.9 58 14.0 0.6 7.2 20.7 9.3 37.7

Missing 1,016 0.13 32 0.6 2.4 8.9 0.3 42 11.4 6.8 43.2
CVA

No CVA 717,721  92.62 2.2 1.2 3.4 9.3 0.4 5.1 13.8 5.2 52.5

Remote CVA (> 2 weeks) 53,341 6.88 4.2 3.1 61 153 0.7 7.4 22.0 10.3 35.5

Recent CVA (= 2 weeks) 1,763 0.23 5.0 4.9 65 188 0.9 8.7 25.4 13.0 325

CVA-missing timing 745 0.10 3.8 35 6.9 14.0 0.5 5.9 21.7 10.7 34.2

Missing 1,311 0.17 3.3 1.0 2.6 7.4 0.2 4.3 11.4 5.9 47.8
Endocarditis

No endocarditis 773,002  99.76 2.3 14 3.6 9.7 0.4 5.2 144 5.5 51.2

Treated endocarditis 472 0.06 4.4 0.8 53 153 0.6 85 19.9 8.9 33.7

Active endocarditis 110 0.01 2.7 1.8 63 20.0 1.8 11.8 24.5 20.0 41.8

Endocarditis—-missing type 90 0.01 44 4.4 58 111 1.1 3.3 15.6 22 55.6

Missing 1,207 0.16 41 1.0 3.5 9.0 0.2 4.6 12.8 7.0 46.2
Renal failure

No 731,626  94.42 21 13 3.2 9.0 0.4 5.0 134 5.0 52.8

Yes 42,153 5.44 7.2 27 147 225 1.0 9.9 31.9 15.8 23.4

Missing 1,102 0.14 3.1 0.8 2.8 7.4 0.3 3.4 10.8 6.4 46.6
Renal function

Creatinine < 1.00 mg/dL 274,197  35.39 1.6 1.1 1.5 8.0 0.3 4.4 11.2 4.0 55.6

Creatinine 1-1.49 mg/dL 398,833  51.47 2.0 1.3 3.4 8.9 0.4 5.0 13.5 49 53.1

Creatinine 1.5-1.99 mg/dL 57,779 7.46 4.5 23 108 161 0.7 7.8 25.2 10.6 345

Creatinine 2.0-2.49 mg/dL 12,463 1.61 6.9 29 143 213 0.9 9.4 315 15.3 24.7

Creatinine = 2.5 mg/dL 7,906 1.02 8.2 32 204 234 0.9 11.1 37.9 18.6 20.4

Dialysis 12,415 1.60 8.4 27 *NA 253 1.2 10.5 315 16.4 19.6

Missing 11,288 1.46 3.3 1.2 31 7.6 0.3 4.3 129 5.9 50.1
Immunosuppressive treatment

No 758,368  97.87 2.3 14 3.6 9.6 0.4 5.2 14.2 5.4 51.5

Yes 14,976 1.93 5.4 1.8 63 15.6 0.8 8.7 225 10.8 37.0

Missing 1,537 0.20 3.3 0.8 2.8 6.5 0.4 4.6 114 6.1 46.8
Prior CABG Surgery

No 735,033  94.86 22 1.4 3.5 9.4 0.4 5.1 14.1 5.4 51.7

Yes 36,693 4.74 5.3 1.6 58 14.7 0.5 7.5 20.9 7.8 42.6

Missing 3,155 0.41 2.7 1.1 3.3 8.9 0.5 4.8 129 6.8 48.9
Prior valve surgery

No 769,434 99.30 2.3 1.4 3.6 9.7 0.4 5.2 14.4 5.5 51.3

Yes 2,280 0.29 5.9 1.9 68 153 0.7 8.6 225 11.1 32.0

Missing 3,167 0.41 29 1.2 3.5 8.6 0.5 4.4 12.7 6.3 50.0
Prior other cardiac surgery

No 755,653  97.52 2.3 14 3.6 9.6 0.4 5.2 14.3 5.5 51.3

Yes 15,218 1.96 3.9 15 49 131 0.6 6.6 18.6 7.6 45.5

Missing 4,010 0.52 2.8 1.0 2.9 85 0.4 4.4 122 5.9 50.5
Number of previous CV surgeries

No previous CV surgery 723,623  93.39 22 1.4 3.5 9.4 0.4 5.1 14.0 5.4 51.7

One prior CV surgery 40,474 5.22 4.7 1.6 54 13.8 0.5 7.3 19.9 7.7 44.1

Two or more prior CV Surgeries 4,840 0.62 6.2 1.4 56 147 0.6 8.0 22.0 8.4 41.5

Missing 5,944 0.77 2.9 11 3.2 9.8 0.6 55 14.3 6.1 51.2
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Number of
Patients Percent of Patients Experiencing Endpoint
Variable N % Mort CVA RF Vent DSWI Reop Comp PLOS SLOS
Prior PCI
No PCI 606,824 7831 2.3 14 3.6 9.5 0.4 5.1 14.2 5.6 51.1
PCI = 6 hours 7,373 0.95 8.9 21 74 258 0.6 10.5 32.6 11.3 35.5
PCI > 6 hours 155,161  20.02 2.3 1.2 35 9.6 0.4 5.4 143 5.1 52.4
PCI-missing timing 2,456 0.32 3.0 0.6 3.3 8.0 0.8 5.1 134 6.8 48.9
Missing 3,067 0.40 3.3 1.0 3.0 9.8 0.5 4.7 13.7 6.2 47.3
Acuity status
Elective 381,116  49.18 15 1.1 2.9 6.6 0.4 4.3 11.1 41 55.6
Urgent 356,287  45.98 2.4 15 39 108 0.5 5.6 15.7 6.2 48.5
Emergent 34,513 4.45 8.1 2.6 83 29.6 0.7 104 341 13.3 33.2
Emergent salvage 1,967 025  38.6 49 174 527 0.7 18.4 70.0 235 12.6
Missing 998 0.13 3.2 13 3.6 9.2 0.5 4.8 13.7 6.5 43.6
MI
No prior MI 424,599  54.80 15 1.1 2.8 6.9 0.3 45 113 41 55.4
MI > 21 days 137,522 17.75 2.1 13 3.5 8.9 0.5 5.2 13.9 5.4 50.4
MI 8-21 days 26,205 3.38 4.0 1.8 6.0 144 0.8 7.5 20.7 10.2 38.1
MI 1-7 days 148,659  19.18 3.4 1.8 48 140 0.5 6.1 18.9 7.5 45.7
MI > 6 and < 24 hours 21,044 2.72 6.0 2.4 6.7 23.6 0.5 8.1 28.1 10.4 39.1
MI = 6 hours 11,539 149 104 2.6 8.6 312 0.6 10.6 36.8 13.3 33.5
MI-missing timing 4,064 0.52 3.6 1.6 46 113 0.5 5.6 175 7.2 43.9
Missing 1,249 0.16 21 1.1 2.4 6.6 0.2 3.8 10.2 6.7 49.4
Angina
No 130,143  16.80 25 14 3.8 9.5 0.4 5.6 14.7 6.2 48.5
Yes 643,815  83.09 2.3 13 3.6 9.7 0.4 5.2 14.3 5.4 51.8
Missing 923 0.12 2.3 1.0 2.6 8.8 0.5 4.0 11.2 8.2 43.9
Cardiogenic shock
No 758,766  97.92 2.0 13 3.4 8.9 0.4 5.0 13.6 5.2 51.9
Yes 14,919 193  18.0 36 146 49.6 1.0 153 55.7 23.1 18.3
Missing 1,196 0.15 2.7 1.1 3.2 8.0 0.4 4.4 12.0 7.4 44.7
Resuscitation
No 766,674  98.94 2.2 13 3.5 9.4 0.4 5.1 14.1 5.4 51.5
Yes 6,939 090 171 30 114 375 0.9 14.0 46.1 18.2 243
Missing 1,268 0.16 2.2 0.8 3.4 8.0 0.6 3.9 115 7.3 45.0
Arrhythmia
No arrhythmia 706,709  91.20 2.0 13 3.3 8.9 0.4 4.9 134 5.0 53.1
AFib/flutter 39,125 5.05 5.4 2.3 71 164 0.7 85 23.8 11.9 29.4
Heart block 10,026 1.29 5.8 1.9 68 168 0.6 9.2 24.2 9.4 36.4
Sustained VT/VF 14,336 1.85 8.2 2.0 6.8 238 0.6 11.1 315 12.0 33.0
Arrhythmia-other 1,853 0.24 3.8 1.6 53 129 0.6 6.5 19.1 7.3 39.2
Arrhythmia-missing type 1,344 0.17 3.9 1.7 44 119 0.7 7.3 175 83 37.9
Missing 1,488 0.19 2.7 1.0 3.0 7.1 0.5 3.8 11.1 6.5 45.5
Preoperative IABP
No 714,824  92.25 2.0 1.3 3.3 8.0 0.4 4.9 12.8 4.9 52.8
Yes 58,134 7.50 6.9 2.2 7.7 308 0.6 9.6 34.4 12.9 32.0
Missing 1,923 0.25 4.2 17 43 109 0.6 5.8 16.0 7.2 45.7
NYHA class
I 97,812  12.62 1.5 1.1 25 6.3 0.3 4.4 10.6 3.9 57.0
II 187,947  24.25 1.3 1.1 2.6 6.5 0.3 4.2 10.7 3.8 56.5
III 287,760  37.14 2.0 1.3 3.6 9.0 0.4 5.0 13.9 5.4 51.3
v 165,325  21.34 45 1.9 55 16.6 0.6 7.1 21.9 8.8 425
Missing 36,037 4.65 2.4 1.2 3.6 8.9 0.3 5.3 13.6 5.8 47.7
Congestive heart failure
No 666,592  86.03 1.8 1.2 2.9 7.9 0.3 4.7 12.2 4.3 54.7
Yes 106,700  13.77 5.9 24 85 210 0.9 8.7 28.0 13.2 29.5
Missing 1,589 0.21 3.3 1.4 31 9.2 0.4 4.5 13.0 7.4 49.6
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Number of
Patients Percent of Patients Experiencing Endpoint
Variable N % Mort CVA RF Vent DSWI Reop Comp PLOS SLOS
Number of diseased coronary vessels
None 2,012 0.26 2.3 0.4 2.8 8.9 0.4 4.6 12.6 5.5 53.1
One 32,311 4.17 1.5 0.6 1.9 6.1 0.2 4.4 9.8 3.1 66.3
Two 150,881  19.47 1.8 1.0 2.7 8.0 0.4 4.5 12.0 4.5 56.3
Three 586,658  75.71 2.5 1.5 40 104 0.4 55 15.3 6.0 49.1
Missing 3,019 0.39 2.6 0.6 1.8 5.5 0.2 4.5 10.8 5.9 54.2
Left main disease = 50%
No 554,355  71.54 2.1 1.3 34 8.8 0.4 5.0 13.5 5.1 52.7
Yes 217,548  28.08 3.0 1.5 43 119 0.5 5.9 16.8 6.6 47.6
Missing 2,978 0.38 23 1.4 2.7 6.3 0.3 55 11.9 59 45.4
Ejection fraction (%)
<25 25,323 3.27 7.2 2.2 80 252 0.8 10.5 31.9 13.7 27.8
25-34 57,460 7.42 4.6 2.1 6.1 17.6 0.6 7.6 23.8 10.3 36.8
35-44 108,623  14.02 3.0 1.7 47 124 0.6 6.0 17.5 7.2 45.7
45-54 189,478  24.45 1.9 1.3 3.4 8.7 0.4 4.8 13.2 5.0 53.1
=55 351,455  45.36 15 1.1 2.7 6.8 0.3 4.4 11.1 3.9 56.1
Missing 42,542 5.49 3.4 1.4 41 108 0.4 5.6 16.0 6.1 50.0
Mitral stenosis
No 756,609  97.64 23 1.4 3.6 9.7 0.4 52 14.4 55 51.2
Yes 2,703 0.35 5.5 24 64 170 0.7 75 229 10.5 35.7
Missing 15,569 2.01 21 1.3 3.4 8.3 0.4 4.6 13.1 5.0 53.1
Aortic stenosis
No 750,185  96.81 2.3 1.4 3.6 9.6 0.4 52 14.3 55 51.4
Yes 11,386 1.47 4.7 2.1 65 14.8 0.7 7.9 21.5 9.7 36.6
Missing 13,310 1.72 23 1.3 3.3 8.5 0.4 4.7 13.1 5.0 52.5
Tricuspid stenosis
No 756,574  97.64 23 1.4 3.6 9.7 0.4 52 14.4 5.6 51.2
Yes 597 0.08 3.4 2.3 6.6 149 0.7 6.0 20.9 10.1 43.6
Missing 17,710 2.29 2.1 1.3 3.6 8.5 0.4 4.7 13.4 5.0 53.2
Pulmonic stenosis
No 753,975  97.30 23 14 3.6 9.7 0.4 52 14.4 5.6 51.2
Yes 445 0.06 3.4 22 39 126 0.0 6.3 20.2 6.3 49.4
Missing 20,461 2.64 22 1.4 3.8 8.7 0.4 5.0 13.9 53 52.5
Mitral insufficiency
None 622,173  80.29 2.1 1.2 33 8.9 0.4 4.9 13.4 5.0 53.2
Trivial 49,152 6.34 24 1.6 42 105 0.4 5.7 15.7 6.2 47.9
Mild 60,811 7.85 3.7 2.0 57 143 0.5 6.9 20.3 8.6 40.3
Moderate 16,723 2.16 6.7 2.7 7.9 201 0.7 9.6 28.0 12.5 30.3
Severe 2,143 0.28 8.7 3.1 89 241 0.6 11.0 32.6 15.1 28.2
Missing 23,879 3.08 2.1 1.2 3.0 7.5 0.4 4.7 12.0 52 51.5
Aortic insufficiency
None 705,771  91.08 23 1.3 3.5 9.5 0.4 5.1 14.1 5.4 51.9
Trivial 17,988 2.32 3.6 2.1 56 134 0.5 7.0 19.4 8.3 40.9
Mild 18,571 2.40 4.1 22 59 143 0.4 73 20.8 9.0 37.9
Moderate 3,576 0.46 53 2.6 70 16.2 0.5 7.9 23.2 10.2 32.8
Severe 411 0.05 7.1 1.9 6.7 15.6 0.7 9.5 25.8 10.9 37.2
Missing 28,564 3.69 2.1 1.2 3.2 7.9 0.4 4.6 12.5 53 51.4
Tricuspid insufficiency
None 675,778  87.21 22 1.3 3.4 9.4 0.4 5.1 13.9 53 52.1
Trivial 32,856 4.24 25 1.6 45 111 0.4 6.1 16.6 6.7 47.4
Mild 29,611 3.82 3.9 2.2 59 147 0.5 7.4 21.0 9.1 39.3
Moderate 5,753 0.74 7.6 3.0 9.0 227 0.5 9.8 30.2 13.7 26.9
Severe 728 0.09 9.1 2.9 105 242 0.4 10.9 33.0 17.2 26.2

Missing 30,155 3.89 2.2 1.2 3.2 7.9 0.4 4.6 12.6 5.2 51.7
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Patients Percent of Patients Experiencing Endpoint
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Pulmonic insufficiency
None 724,258  93.47 23 1.4 3.6 9.7 0.4 5.2 14.3 55 51.4
Trivial 10,726 1.38 2.8 1.5 4.3 12.3 0.5 6.5 17.3 7.3 44.8
Mild 4,867 0.63 3.8 2.1 5.6 14.1 0.4 7.4 21.0 9.1 39.7
Moderate 546 0.07 6.6 3.1 7.8 17.6 0.2 7.9 24.4 11.5 29.7
Severe 217 0.03 5.1 0.5 5.1 9.7 0.5 6.5 15.7 8.8 50.7
Missing 34,267 4.42 2.2 1.3 3.5 8.3 0.4 4.8 13.2 55 50.7

AFib = atrial fibrillation;
CVA = cerebrovascular accident (stroke);
infarction; Mort = mortality; Na = not applicable;

PLOS = prolonged length of stay; Reop = reoperation;
tion; VF = ventricular fibrillation; VT = ventricular tachycardia.

cholesterolemia, a decision was made not to include this
variable in the new models.

Predictor Frequency

For each variable, the QMTF explored the overall prev-
alence and missing data frequency per year. Predictor
variables that are rarely present in the development
sample are difficult to model. For this reason, mitral
(0.35%), tricuspid (0.08%), and pulmonic stenosis (0.06%),
pulmonic insufficiency (0.10%), and endocarditis (0.09%)
were not considered as variables in the new isolated
CABG models.

Inconsistently Coded Variables

A few variables have been collected inconsistently or
with questionable reliability, often for clinically unavoid-
able reasons. For example, pulmonary artery mean pres-
sure data were missing for 70% of patients during 2002 to
2006. Furthermore, the value of this continuous variable
may vary substantially depending on the clinical state
and volume-loading status of the patient when the mea-
surement is obtained. Because of these concerns, pulmo-
nary artery pressure was not included in the models.

Derived or Redundant Variables

Several derived variables were considered for inclusion
in the models. For example, body mass index (BMI) is a
useful measure of overall body habitus. However, be-
cause BMI is highly correlated with body surface area
(BSA), the more commonly used anthropometric mea-
sure in most previous STS models, the latter was retained
in the new models. Similarly, there is a theoretical
superiority to inclusion of glomerular filtration rate
(GFR) rather than serum creatinine as a measure of renal
function. However, the Modification of Diet in Renal
Disease formula for estimating GFR is a complex function
of creatinine, race, sex, and age, and not all laboratories
perform this calculation automatically. Furthermore, as
age, sex, and race are already model covariates, using
GFR would complicate the interpretation of their regres-
sion coefficients. Some of the prognostic value of GFR

CABG = coronary artery bypass graft surgery;
DSWI = deep sternal wound infection;
NYHA = New York Heart Association;

RF = renal failure;

Comp = composite adverse outcome (any); CV = cardiovascular;
IABP = intra-aortic balloon pump; = MI = myocardial
PCI = percutaneous coronary intervention;
SLOS = short length of stay;  Vent = prolonged ventila-

comes from these variables that are already included in
the model. Finally, previous studies suggest that various
measures of renal function used in CABG mortality risk
models have similar performance [19]. For all these
reasons, serum creatinine was retained as the measure of
renal function.

Controversial Variables

RACE. Several variables raised particular clinical, statisti-
cal, or health policy issues. For example, race was an
obvious candidate variable because it was a significant
predictor (p < 0.001) of each endpoint except mortality
and because the proportion of nonwhite patients varied
substantially across institutions. In exploratory analyses,
the association between race and outcomes persisted
after adjusting for hospital identity, suggesting that this
association is not explained by differences in hospital
quality.

However, general principles of risk model develop-
ment complicated the decision as to whether or not to
include race in the models. When the dominant purpose
of a risk model is adjustment of provider results, it is
advisable to include only biological and clinical patient
variables that are present before a patient’s first contact
with the provider. In this context, race is clearly a fixed
biological characteristic, but its impact on patient out-
comes may be mediated through other mechanisms. It is
possible that certain racial and ethnic groups have worse
outcomes not because of inherent biological characteris-
tics but because of differences in the quality of care
delivered to them. In this case, including race and eth-
nicity in a risk model could essentially select out or
obscure the very disparity issues that society wishes to
identify and correct. Inclusion of race and ethnicity in a
risk model would say, in effect, that we expect nonwhites
to have inferior results and would make an allowance for
providers who care for such patients, just as we would for
providers who care for patients in cardiogenic shock.

After deliberation regarding the pros and cons, the
QMTF ultimately elected to retain race and ethnicity in
the new models because of their impact on outcomes,
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Table 2. Initial List of Potential Candidate Variables

Demographics
1. Age
2. Sex

3. Race (black, Caucasian, Hispanic, Asian, Native American, other)

Note: Data collection changed in v2.61. New version allows for multiple races (check all that apply). Added Hawaiian/Pacific Islander
category. Hispanic ethnicity is a separate variable.

Anthropometric
4. Height
5. Weight
Status
6. Status (elective, urgent, emergent, salvage)
7. Shock

8. Resuscitation
Cardiac variables
9. Angina, angina type (STS categories are unstable, stable, no angina)

Note: Angina was removed on v2.61 data collection form. The new form has a variable called “cardiac presentation on admission.” Angina is
one of possible response categories to that field.

10. New York Heart Association functional class
Note: In v2.61, NYHA class is only collected if patient has congestive heart failure.

11. Arrhythmia and arrhythmia type (sustained VT/VF; heart block; AFib/flutter, None)
12. Myocardial infarction timing: (= 6, > 6 and < 24 hours; 1-7, 8-21, > 21 days)

Hemodynamic/catheterization variables

13. Ejection fraction

14. Number of diseased vessels (0, 1, 2, 3)

15. Left main disease

16. Pulmonary artery mean pressure

17. Mitral stenosis

18. Aortic stenosis

19. Tricuspid stenosis

20. Pulmonic stenosis

21. Mitral insufficiency (none, trivial, mild, moderate, severe)
22. Aortic insufficiency (none, trivial, mild, moderate, severe)
23. Tricuspid insufficiency (none, trivial, mild, moderate, severe)
24. Pulmonic insufficiency (none, trivial, mild, moderate, severe)
Comorbidities

25. Serum creatinine

26. Dialysis

27. Renal failure

Note: This variable was removed in v2.61.

28. Endocarditis (active, treated, none)

29. Diabetes and treatment (insulin, oral, diet, untreated, no diabetes)
30. Chronic lung disease (none, mild, moderate, severe)

31. Congestive heart failure

32. Peripheral vascular disease

33. Cerebrovascular disease

34. CVA and CVA timing (recent, remote, none)

Note: CVA is a child field of cerebrovascular disease in v2.61.

35. Hypercholesterolemia (v2.35, v2.41) and Dyslipidemia (v2.52)
Note: Data from all 3 versions were merged and analyzed under the variable name “hypercholesterolemia.”

36. Hypertension

37. Smoker

Note: Major definition change in v2.61.

Preoperative interventions

38. Preoperative intra-aortic balloon pump

39. Preoperative inotropes

40. Immunosuppressive treatment

41. Prior percutaneous coronary intervention and timing (= 6 hours, > 6 hours, none)
Previous Interventions

42. Prior coronary artery bypass graft surgery
43. Prior valve surgery

44. Prior other cardiac surgery

45. Number of previous cardiovascular surgeries

Afib = atrial fibrillation; CVA = cerebrovascular accident; STS = The Society of Thoracic Surgeons; VT/VF = ventricular
tachycardia/fibrillation.
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while recognizing the potential limitations of this
decision.

PREOPERATIVE INTRA-AORTIC BALLOON PUMP. Preoperative in-
tra-aortic balloon pump (IABP) is a proxy for more
serious preoperative status of the patient (eg, unstable
angina, ventricular dysfunction). It captures information
that may not be present in other data elements, and it is
associated with higher risk of postoperative morbidity
and mortality. For these reasons, most CABG risk models
include preoperative IABP as a risk predictor. However,
placement of an IABP is also a highly discretionary care
process the frequency of which varies widely among
participating institutions. Indications are subjective and
are often dictated by the cardiologist before even refer-
ring the patient for cardiac surgery. Based on CABG risk
models, an institution that liberally utilizes IABPs will
have a higher expected risk of morbidity and mortality
(according to the model) compared with another institu-
tion with a similar case-mix but a more restrictive IABP
policy. That would impact their relative O/E ratios and
risk-adjusted outcomes.

Despite its discretionary nature (and the potential for
gaming), the QMTF decided to retain IABP use in the
models because it is such an important predictor. Ulti-
mately, it was elected to model preoperative IABP as a
joint variable with preoperative inotrope use as an over-
all measure of preoperative acuity/severity.

Review of External Sources

The QMTF also reviewed multiple external resources to
aid in the selection of potential candidate variables [15,
16, 20]. First, all previous versions of the STS CABG risk
models were reviewed. The QMTF also examined other
CABG risk models including the European System for
Cardiac Operative Risk Evaluation (EuroSCORE) [21],
the New York Cardiac Surgery Reporting System [22],
the Veterans Affairs Administration cardiac surgery
models [23, 24], and the Northern New England Cardio-
vascular Disease Study Group model [25, 26]. We partic-
ularly wanted to identify variables that were found in
some form across all the risk models. Subject to the
constraints of version 2.61 data specifications, we made a
special effort to include such variables in the new STS
risk models, in some instances requiring us to “force”
them into the models, as described in the section on the
final variable selection procedure.

Missing Data

Missing data in the STS NCD are rare, having a fre-
quency of less than 1% for most variables. Candidate
predictor variables missing most commonly were ejec-
tion fraction (5.5%), New York Heart Association (NYHA)
class (4.7%), tricuspid insufficiency (3.9%), aortic insuffi-
ciency (3.7%), mitral insufficiency (3.1%), aortic stenosis
(1.7%), and creatinine/dialysis (1.5%).

Missing predictor values in the STS NCD were man-
aged using imputation. Multiple imputation is the gen-
erally preferred statistical method [27], but single impu-
tation was also considered based on the following
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practical considerations: (a) the fraction of missing data
in the STS NCD was small and, hence, single and
multiple imputation would likely give similar point esti-
mates; (b) a slight adjustment to the standard errors
would not impact the study conclusions or the published
risk algorithms; (c) the large sample size would make
multiple imputation less practical to implement because
of long computational times.

Prior to selecting an imputation strategy, exploratory
analyses were performed using CABG data from 2002 to
2003 to compare single versus multiple imputation re-
sults for predicting mortality. These analyses confirmed
that the choice between single versus multiple imputa-
tion would have only a slight impact on regression
coefficients. For example, the estimated odds ratio for a
5-unit increase in ejection fraction was 0.90 (with a 95%
confidence interval extending from 0.83 to 0.97) under
single imputation and was 0.92 (with a confidence inter-
val extending from 0.85 to 0.99) under multiple imputa-
tion. Other variables were missing less frequently than
ejection fraction and were even less sensitive to the
choice between single versus multiple imputation. Addi-
tional analyses of missing data consisted of reestimating
the final model coefficients using single versus multiple
imputation and comparing results. A summary of these
investigations, as well as model coefficients and covari-
ance matrices, are available at www.sts.org/riskmodels.
For most patients, if risk were calculated using the
multiple imputation model instead of single imputation,
the relative change in their risk estimate would only be
1% to 2% (eg, 5% to 5.1% is a 2% change).

Based on the considerations described above, single
imputation was used with the following specific rules: (1)
binary (yes/no) risk factors were modeled as yes versus
no or missing. Missing data for such variables usually
implies their absence, and for most binary variables the
composite event rates were similar for “no” and “miss-
ing” categories; (2) missing data on categorical predictor
variables were imputed to the lowest risk value, which, in
most instances, was the mode. In most instances, com-
posite event rates for patients with missing data were
among the lowest. It is the policy of the STS Data
Warehouse and Analysis Center to discourage missing
data through this default coding practice; and (3) missing
data on continuous predictor variables were imputed to
the conditional median. For ejection fraction, we condi-
tioned on congestive heart failure (CHF) and sex. For
BSA, we conditioned on sex. For serum creatinine, we
conditioned on renal failure (although this approach will
be modified when the model is ultimately applied to
version 2.61 data, as renal failure has been removed).

For model endpoints (eg, mortality), missing data were
handled by modeling yes versus no or missing. Thus,
cases with missing data for an endpoint were analyzed as
if the endpoint did not occur. Complete case analysis was
not used because “missing” was not considered to be
consistently coded for these variables. For example, some
STS data managers have reported that they set compli-
cations to “no” unless there is explicit documentation in
the medical record that the complication occurred. Other
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data managers may leave the field missing unless there is
explicit documentation that the complication did not occur.
Thus, missing data may reflect differences in coding prac-
tices rather than truly unknown or missing data.

Preliminary Analyses for Ordinal Categorical
Variables and Continuous Variables

The QMTF conducted preliminary analyses to determine
how best to model ordinal categorical variables and contin-
uous variables. Categorical variables were entered into a
logistic regression model by including a separate parameter
for each category. Continuous variables were entered as
piecewise linear functions (splines) with several changes of
slope (knots). Terms were then removed one at a time using
backward selection based on the Wald statistic. At each
iteration, either two adjacent categories were collapsed into
a single category or else two adjacent line segments were
collapsed into a single line with no change of slope. The
backward selection terminated when all adjacent categories
and slopes were statistically different from one another at p
< 0.001. This variable selection routine was performed
separately for each endpoint. An expert panel determined
the final coding based on the results of the backwards
selection algorithm, supplemented by their clinical judg-
ment and practical considerations. Table 3 summarizes
these coding decisions.

Specific Coding Decisions

RACE AND ETHNICITY. In versions 2.35, 2.41, and 2.52.1, race
was collected by choosing one of the following mutually
exclusive response categories: Caucasian, black, His-
panic, Asian, Native American, and other. In version 2.61,
the data collection form was modified to conform to
standards adopted by the US Census Bureau. It allows
for selecting one or more races per patient (ie, select all
that apply), and treats ethnicity (Hispanic versus non-
Hispanic) as a separate variable. Because of these differ-
ences, the mapping of race among data versions is not
straightforward.

Ultimately, the QMTF decided to model race as black,
Asian, Hispanic, and Caucasian/other (collapsed). Ini-
tially, these categories will be mapped to version 2.61 as
follows: (1) black will include all black patients, regard-
less of ethnicity or additional races; (2) Hispanic will
include all nonblack Hispanic patients; (3) Asian will
include all Asian patients who are not also identified as
black or Hispanic; and (4) all remaining patients will be
placed in the Caucasian/other category. The validity of
this mapping will be assessed once 2.61 data become
available and future versions could employ race “bridg-
ing” methodologies.

BODY SURFACE AREA. Height and weight were replaced by
BSA, which was modeled as a quadratic trend to allow for
a possible U-shaped relationship with outcomes (eg,
extreme obesity and cachexia). This quadratic polyno-
mial was modeled separately for males and females. Any
BSA values below 1.4 or above 2.6 were mapped to these
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values respectively, which represent the approximate 1st
and 99th percentiles of the empirical distribution.

ANGINA. Version 2.61 of the data collection form eliminates
angina and substitutes a new variable called “cardiac pre-
sentation on admission,” within which unstable angina is
one of the possible response categories. The QMTF be-
lieved that unstable angina would be coded more consis-
tently than any other angina class, and also that this was the
most important type of angina presentation to include in
the models. Angina coding was therefore restricted in the
new risk models to “unstable angina without MI < 7 days
(yes/no).” It was necessary to exclude patients with myo-
cardial infarction less than 7 days because the new version
2.61 does not permit simultaneous coding of angina and
acute myocardial infarction.

REOPERATIVE STATUS. The most important consideration with
regard to reoperative status is the number of prior sternot-
omies, irrespective of the specific type of procedure per-
formed. The revised models replaced prior CABG, prior
valve, and prior “other” cardiac surgery with simply the
number of previous cardiovascular surgeries.

Aculty sTATUS. The new models combine resuscitation
with salvage status. By definition, all salvage patients
should have resuscitation coded “yes.”

NUMBER OF DISEASED CORONARY VESSELS. Outcomes are mod-
eled using the number of diseased vessels (grouped as 0
or 1 versus 2 versus 3), as a linear effect across the three
categories. This approach is consistent with the previous
STS CABG models and was supported by the data.

NYHA CLASS. Version 2.61 uses NYHA class as a subfield of
CHEF. The grouping of NYHA IV versus less than IV (I-III)
classes is consistent with all existing STS models. The
final categories were no CHF, CHF not NYHA IV, and
CHF plus NYHA IV.

AGE. Age was modeled as a linear spline with knots at
ages 50 and 60 years.

EJECTION FRACTION. Ejection fraction (EF) was modeled lin-
early, and EFs below 10% and above 50% were mapped to
these values respectively. Only 0.03% of patients have EFs
lower than 10%; such values are considered invalid and are
treated like missing data. The coding decision regarding EF
values above 50% was based on preliminary analyses in
which the data were used to suggest the functional form of
continuous variables.

CREATININE. Creatinine was modeled as a linear spline with
knots at 1.0 and 1.5. Creatinine levels less than 0.5 or greater
than 5.0 were mapped to these values respectively, which
represent the approximate 1st and 99th percentiles of the
empirical distribution.

MORTALITY AND LENGTH OF STAY. The QMTF changed the
previous STS definition of the “short postoperative length
of stay (SLOS)” endpoint. The original definition did not
specifically exclude early postoperative deaths, and such
patients could have been inappropriately included with the
remaining SLOS patients who had a particularly short and
uncomplicated postoperative course. In the new models,
patients who die within 5 days of surgery are included in
the analysis but are not counted as a short stay.
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Table 3. Final List of Candidate Variables and Coding For STS Risk Models
Candidate Variables

Coding

Continuous variables
Age? Linear spline with knots at 50 and 60.

Ejection fraction® Linear; values > 50 are mapped to 50. Only 0.03% of patients have
ejection fraction < 10, and that is presumed to be a data entry error;
these values are considered invalid and are treated like missing
data. The decision to consolidate values > 50 was based on initial
exploratory analyses in which data were used to suggest the

functional form of continuous variables.

Body surface area® Quadratic polynomial modeled separately for males and females.
Note: body surface areas < 1.4 and > 2.6 were mapped to these

values, respectively.®

Creatinine® Linear spline with knots at 1.0 and 1.5. (Only for patients not on
dialysis.) Note: Creatinine values < 0.5 and > 5.0 were mapped to

these values, respectively.d

Time trend? Ordinal categorical variable with separate category for each 6-month

harvest interval.
Binary variables

Dialysis® Yes/no
Preoperative atrial fibrillation® Yes/no
Shock Yes/no
Female® Yes/no
Hypertension Yes/no
Immunosuppressive treatment Yes/no
Percutaneous coronary intervention = 6 hours Yes/no
Preoperative intra-aortic balloon pump or inotropes Yes/no
Peripheral vascular disease Yes/no
Unstable angina (no myocardial infarction < 7 days) Yes/no
Left main disease Yes/no
Aortic stenosis Yes/no

Aortic insufficiency
Mitral insufficiency
Tricuspid insufficiency
Categorical variables
Chronic lung disease
CVD/CVA

Diabetes mellitus

Number diseased coronary vessels
Myocardial infarction

Race

Status

Previous cardiovascular operations
CHF and NYHA class

Interactions

Age by reoperation®
Age by emergent status®

Defined as at least moderate (yes/no)
Defined as at least moderate (yes/no)
Defined as at least moderate (yes/no)

4 groups: (1) none, (2) mild, (3) moderate, (4) severe

3 groups: (1) no CVD, (2) CVD no CVA, (3) CVD + CVA

3 groups: (1) insulin diabetes, (2) noninsulin diabetes, (3) other or no
diabetes

3 groups: (1) fewer than 2 diseased vessels, (2) 2 disease vessels,
(3) 3 diseased vessels; modeled as linear across the categories.

4 groups: (1) = 6 hours, (2) > 6 and < 24 hours, (3) 1 to 21 days,
(4) > 21 days or no myocardial infarction.

4 groups: (1) black, (2) Asian, (3) Hispanic, (4) other, including
Caucasian

4 groups: (1) elective, (2) urgent, (3) emergent, no resuscitation,
(4) salvage or emergent with resuscitation

3 groups: 0 previous, 1 previous, 2 or more previous

3 groups: no CHF, CHF not NYHA 1V, CHF + NYHA IV

2 These variables were forced into each model. b Preoperative atrial fibrillation was forced into the model for stroke. € These are the approximate
1st and 99th percentiles of the empirical distribution. Values less than 1.4 were mapped to 1.4. Values greater than 2.6 were mapped to 2.6. Estimates in
the extreme tails of the body surface area distribution are highly influenced by data from other regions of the body surface area distribution (owing to
use of a parametric, quadratic model) and may not be reliable. 9 These are approximately the 1st and 99th percentiles of the empirical distribution.
Although we used a flexible spline model, linear splines can have unreliable extreme results in the tails due to the assumption that the effect is linear
above the largest knot and below the smallest knot.

CHF = congestive heart failure; CVA = cerebrovascular accident; CVD = cerebrovascular disease; NYHA = New York Heart Association.
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Table 4. Discrimination of Models (C-Index)
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New STS models—development sample (C-index)

Mort CVA RF Vent DSWI Reop Comp PLOS SLOS
0.810 0.716 0.795 0.756 0.706 0.657 0.724 0.769 0.727
New STS models—validation sample (C-index)

Mort CVA RF Vent DSWI Reop Comp PLOS SLOS
0.812 0.720 0.793 0.754 0.689 0.653 0.725 0.767 0.726
Old STS models—validation sample (C-index)

Mort CVA RF Vent DSWI Reop Comp PLOS SLOS
0.807 0.713 0.750 0.742 0.672 0.645 0.711 0.754 0.713
Comp = composite adverse outcome (any); ~ CVA = stroke; ~ DSWI = deep sternal wound infection; ~ Mort = mortality; ~ PLOS = prolonged

length of stay; Reop = reoperation; RF = renal failure;

prolonged ventilation.

Final Variable Selection Procedure

Backward Selection

Using the remaining candidate variables and the coding
schemes described previously, a supervised backward se-
lection approach was then performed. Initial variable selec-
tion used the Wald ¥ statistic with a significance criterion
of 0.001. This high level of significance was chosen because
of the very large sample size that resulted in quite small p
values. An expert panel of cardiothoracic surgeons and
biostatisticians then reviewed the selected variables and
made several modifications. Measures of model perfor-
mance (discrimination and calibration) were similar when
all variables were retained in the models regardless of
statistical significance or expert panel review.

Forced Variables

Several variables were included in the models regardless
of statistical significance. These included all of the con-
tinuous variables (age, BSA, date of surgery [in 6-month
intervals], creatinine, ejection fraction), plus sex and
dialysis. In addition, atrial fibrillation was included a
priori in the model for permanent stroke.

The rationale for including surgery date, a nonmodifi-
able variable of no intrinsic interest, was to adjust for
changes in the frequency of adverse outcomes over the
5-year study period. We adjusted for surgery date to
reduce potential confounding by time trends when esti-
mating regression coefficients for variables that are of
primary interest, such as preoperative clinical character-
istics. For example, temporal changes in the frequency of
coding for dyslipidemia, if they occur coincidentally with
a secular declining trend in mortality rates, may lead to
the unwarranted causal inferences unless there is adjust-
ment for surgery date.

Date of surgery was categorized by 6-month intervals
(corresponding to STS data harvests) and modeled as a
linear trend across the ordinal categories. Surgery date is
not included in the final risk algorithm and a patient’s
predicted risk is not dependent upon it. The intercept

SLOS = short length of stay;

STS = The Society of Thoracic Surgeons; Vent =

parameter published in the Appendix has been adjusted
to incorporate the time trend, and it reflects the baseline
risk for a reference period of July to December 2006.

Interaction Terms

These models focused on main effects, and the final models
included only four sets of preselected variable interactions:
(1) sex by BSA; (2) sex by BSA squared; (3) age by reopera-
tion; (4) age by emergent status. More extensive investiga-
tion for interactions was considered, including nonlinear,
machine-learning approaches. However, the incremental
value of such approaches remains uncertain [28], and inter-
pretability can also become more problematic with numer-
ous interaction terms.

Although multiple terms were allotted for modeling the
main effects of age and reoperation, only a single degree of
freedom was allotted for their interaction. The models
defined a single variable interaction term for age and
reoperation. It was equal to the patient’s age minus 50 if the
patient was at least 50 years old and had a previous CV
surgery; otherwise it was equal to zero. This term repre-
sents the difference in the change of the slope of age at age
50 for patients who have had at least one previous CV
surgery compared with patients who have not had a previ-
ous CV surgery. Similarly, only one degree of freedom was
allotted for the interaction between age and status. The
interaction represents the difference in the change of the
slope of age at age 50 for patients with emergent or salvage
status compared with patients with elective or urgent sta-
tus. Although these interaction terms complicate the inter-
pretation of other model variables, this was considered to
be acceptable because the main focus of the analysis was
prediction, not effect estimation.

Results

Model Performance

Table 4 presents the discrimination of each of the isolated
CABG models as well as a comparison with the previous
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discrimination ranged from 0.657 to 0.810 in the develop-
ment sample and from 0.653 to 0.812 in the validation
sample. The close agreement between c-indices from the
development and validation samples reflects the large
sample size and suggests that the models did not overfit
the data. When the discrimination of the new and previ-
ous STS models were compared using the validation
sample, the c-index of the new model was larger for each
endpoint.

The Hosmer-Lemeshow test is not reported as an
overall measure of calibration for these models because
of its sensitivity to sample size. With samples as large as
those used to develop these models, the null hypothesis
will inevitably be proven false, given that all such models
are only approximations [29]. As an alternative to such
global measures of calibration, Figure 1 shows plots of
observed versus expected event proportions within de-
ciles of predicted risk for a variety of endpoints. For each
endpoint, the absolute difference between the observed
and expected proportions was less than 1.5% in each
decile category. Additional analyses of model fit and
discrimination are available online at www.sts.org/
riskmodels.

After calculating these measures of model performance,
the final regression coefficients were estimated from the
combined training and validation samples. Odds ratios
for each predictor variable and model endpoint are
summarized in Table 5. “Not applicable” indicates that
the specific predictor was not included in a particular risk
model. These final models were estimated using gener-
alized estimating equations with empirical (sandwich)
standard error estimates to account for clustering of
patients within institutions [30]. An independence work-
ing correlation matrix was used to apply the generalized
estimating equations method. With this approach, the
estimated regression coefficients were identical to those
obtained using ordinary logistic regression, but the stan-
dard errors were adjusted to account for correlated
observations within hospitals.

Final Model Intercept and Coefficients

The Appendix contains the algorithm, intercept and
coefficients for the final STS 2008 CABG risk models. The
variance/covariance matrix is available on the web at
www.sts.org/riskmodels. An on-line risk calculator is
available at http://209.220.160.181/STSWebRiskCalc261/.
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Table 5. Estimated Odds Ratios for CABG Mortality, Morbidity, and Length of Stay Models

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

Age 60 versus 50 1.36(1.24,1.49) 1.78(1.58,1.99) 1.24(1.16,1.33) 1.06(1.02,1.10) 1.43(1.23,1.67) 1.14(1.09,1.19) 1.08(1.05,1.11) 1.35(1.27,1.43) 0.77 (0.75, 0.78)
(no reoperation,
elective)

Age 70 versus 50 2.53(2.31,2.76) 2.43(2.19,2.71) 1.93(1.81,2.07) 1.42(1.37,1.47) 1.70(1.47,1.97) 1.45(1.39,1.51) 1.49(1.44,1.53) 2.17(2.05,2.29) 0.44(0.43, 0.45)
(no reoperation,
elective)

Age 80 versus 50 4.70 (4.29,5.15) 3.34(2.99,3.72) 3.01(2.80,3.24) 1.90(1.82,1.99) 2.02(1.73,2.36) 1.85(1.76,1.94) 2.05(1.98,2.12) 3.48(3.28,3.69) 0.25(0.24, 0.26)
(no reoperation,
elective)

BSA 1.6 versus 2.0 1.26 (1.19,1.32) 1.15(1.08,1.23) 0.84 (0.80, 0.89) 1.03 (1.00,1.06) 0.49 (0.43,0.57) 1.23(1.18,1.28) 1.03(1.01,1.06) 0.94 (0.90,0.97) 1.17 (1.14, 1.20)
among females

BSA 1.6 versus 2.0 1.75(1.64,1.86) 1.19(1.08,1.31) 1.24(1.17,1.32) 1.40(1.34,1.46) 0.77 (0.63,0.93) 1.40(1.33,1.46) 1.35(1.30,1.40) 1.43(1.36,1.50) 0.79 (0.77, 0.82)
among males

BSA 1.8 versus 2.0 1.02(0.99,1.05)  1.07 (1.03,1.11)  0.86 (0.84, 0.88)  0.95(0.94,0.97) 0.67 (0.63,0.71)  1.06 (1.04, 1.08)  0.96 (0.94,0.97) 0.90 (0.88,0.92) 1.14 (1.13, 1.16)
among females

BSA 1.8 versus 2.0 1.20(1.17,1.23)  1.09(1.05,1.13) 1.02 (1.00, 1.04) 1.09 (1.07,1.10) 0.85(0.79,0.91) 1.13(1.11,1.15) 1.08 (1.07,1.09) 1.10(1.08,1.12) 0.96 (0.95, 0.97)
among males

BSA 2.2 versus 2.0 1.20 (1.14,1.27) 0.95(0.88,1.02) 1.32(1.27,1.37) 1.18(1.15,1.22) 1.62(1.51,1.74) 1.03(1.00,1.07) 1.19(1.16,1.21) 1.28(1.24,1.32) 0.78 (0.77, 0.80)
among females

BSA 2.2 versus 2.0 1.01(0.99,1.03)  0.92(0.90,0.95) 1.17(1.15,1.19) 1.10(1.08,1.11) 1.27(1.22,1.32) 0.97 (0.96,0.99) 1.07 (1.06,1.08) 1.08 (1.07,1.10)  0.90 (0.89, 0.91)
among males

Creatinine 1.5 1.66 (1.57,1.76) 1.39(1.30,1.49) 3.36(3.16,3.58) 1.56(1.51,1.62) 1.44(1.28,1.62) 1.33(1.28,1.38) 1.76(1.70,1.82) 1.65(1.59,1.72) 0.69 (0.67, 0.71)
versus 1.0

Creatinine 2.0 1.94 (1.84,2.04) 1.49(1.39,1.58) 4.06(3.83,4.31) 1.73(1.68,1.79) 1.47(1.30,1.65) 1.44(1.40,1.49) 2.05(1.98,2.11) 1.92(1.86,2.00) 0.55(0.53, 0.57)
versus 1.0

Creatinine 2.5 2.26(2.14,2.39) 1.59(1.47,1.71) 4.90(4.61,5.21) 1.92(1.85,1.99) 1.50(1.30,1.72) 1.57(1.51,1.64) 2.39(2.30,2.48) 2.24(2.15,2.34) 0.44(0.42, 0.46)
versus 1.0

Dialysis versus no 3.84(3.54,4.16) 1.67 (1.48,1.88) NA 2.85(2.68,3.03) 2.13(1.78,2.56) 1.86(1.73,2.00) 2.46(2.33,2.60) 2.80(2.63,2.98) 0.27 (0.25, 0.29)
dialysis and
creatinine = 1.0

EF per 10-unit 119(1.17,1.22) 1.14(1.11,1.16) 1.08(1.06,1.10) 1.18(1.16,1.20) 1.11(1.07,1.16) 1.11(1.09,1.13) 1.16 (1.15,1.18) 1.17 (1.15,1.19)  0.84 (0.83, 0.85)
decrease

Preoperative atrial 1.36(1.28,1.44) 1.21(1.12,1.30) 1.24(1.18,1.30) 1.20(1.16, 1.24) NA 1.26 (1.21,1.31) 1.24(1.21,1.28) 1.42(1.37,1.48) 0.61(0.59, 0.63)
fibrillation

CHF not NYHA IV 1.21 (1.15, 1.28) NA 136 (1.30,1.43) 1.31(1.26,1.35) 1.33(1.19,1.48) 1.16(1.11,1.21) 1.27(1.23,1.31) 1.43(1.38,1.48) 0.72(0.70, 0.75)

CHF NYHA IV 1.39 (1.31, 1.47) NA 1.35(1.28,1.42) 1.52(1.45,1.59) 1.45(1.25,1.67) 1.26(1.20,1.32) 1.48(1.42,1.54) 1.50(1.44,1.57) 0.65 (0.61, 0.68)

Chronic lung 1.22 (1.16, 1.29) NA 1.14 (1.08,1.21) 1.36(1.31,1.41) 1.56(1.40,1.73) 1.11(1.07,1.15) 1.23(1.19,1.27) 1.34(1.29,1.39) 0.79 (0.76, 0.82)
disease, mild

Chronic lung 1.40 (1.32, 1.49) NA 1.25(1.18,1.33) 1.65(1.57,1.73) 1.80(1.58,2.06) 1.20(1.14,1.26) 1.42(1.36,1.47) 1.65(1.58,1.73) 0.68 (0.65, 0.71)
disease, moderate

Chronic lung 2.35(2.19, 2.52) NA 1.66 (1.54,1.79) 2.37(2.24,2.51) 2.40(2.06,2.79) 1.54(1.44,1.64) 1.98(1.90,2.07) 2.46(2.34,2.60) 0.48 (0.45, 0.51)
disease, severe

CVD with CVA 1.31(1.24,1.38)  2.09 (1.96,2.22) 1.18(1.12,1.23) 1.35(1.31,1.39) NA 1.21(1.17,1.26) 1.32(1.29,1.36) 1.45(1.40,1.51) 0.70 (0.68, 0.72)
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Table 5. Continued

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS
CVD without CVA 1.14 (1.08,1.20) 1.65(1.54,1.75) 1.11(1.06,1.17) 1.15(1.11, 1.18) NA 1.12(1.08,1.17) 1.17(1.14,1.20) 1.14(1.10,1.18) 0.85 (0.81, 0.89)
Diabetes, insulin 1.30(1.24,1.37) 1.19(1.12,1.27) 1.80(1.72,1.87) 1.22(1.18,1.26) 2.24(2.02,2.48) 1.14(1.10,1.18) 1.30(1.27,1.34) 1.59(1.53,1.64) 0.64 (0.62, 0.66)
dependent
Diabetes, 1.01(0.97,1.06) 1.16(1.11,1.22) 1.32(1.28,1.36) 1.04(1.02,1.07) 1.38(1.27,1.49) 0.98(0.96,1.01) 1.08 (1.06,1.10) 1.15(1.12,1.17) 0.87 (0.86, 0.88)
noninsulin
dependent

Diseased vessels (2
versus 1, or 3
versus 2)

Preoperative IABP/
inotropes

Shock

Female versus male
(at BSA = 1.8)

Hypertension

Immunosuppressive
treatment

Aortic insufficiency,
moderate/severe

Mitral insufficiency,
moderate/severe

Tricuspid
insufficiency,
moderate/severe

PCI = 6 hours

Peripheral vascular
disease

Aortic stenosis
Left main disease
MI 1-21 days

MI > 6 and < 24
hours

MI = 6 hours

Time trend, per 6-
month harvest
interval

Race Asian
Race black
Race Hispanic

1.17 (1.12, 1.23)

1.41 (1.33, 1.49)

2.29 (2.12, 2.47)
1.31(1.25, 1.36)

NA
1.48 (1.37, 1.60)

NA
1.31(1.21, 1.41)
NA
1.37 (1.24, 1.50)
1.42 (1.36, 1.48)

NA

NA
1.37 (1.32, 1.44)
1.59 (1.46, 1.74)

1.70 (1.53, 1.89)
0.97 (0.97, 0.98)

NA
NA
NA

1.35(1.29, 1.42)

NA

1.38 (1.23, 1.55)
1.32(1.24,1.39)

1.29 (1.22, 1.37)
NA

NA

NA

NA

NA
1.32(1.26, 1.39)

NA

NA
1.31(1.25, 1.37)
1.59 (1.43, 1.76)

1.49 (1.31, 1.68)
0.97 (0.96, 0.98)

1.33(1.14, 1.55)
1.41 (1.30, 1.54)
1.12 (0.98, 1.27)

1.23 (1.19, 1.27)

1.43 (1.36, 1.51)

1.65 (1.54, 1.77)
1.25(1.21, 1.31)

1.25 (1.20, 1.30)
1.21 (112, 1.31)

NA

NA
1.31(1.17, 1.45)
1.29 (1.16, 1.43)
1.21(1.17, 1.26)

NA

NA
1.27 (1.22,1.32)
1.48 (1.36, 1.60)

1.43 (1.29, 1.57)
1.01 (1.00, 1.02)

1.08 (0.96, 1.22)
1.24 (1.16, 1.33)
1.24 (1.11, 1.39)

1.19 (1.16, 1.22)

2.56 (2.42, 2.72)

2.08 (1.96, 2.21)
1.33(1.29, 1.36)

1.10 (1.08, 1.13)
1.11 (1.05, 1.18)

NA
1.12 (1.06, 1.18)
1.28 (1.18, 1.39)
1.21(1.13, 1.29)
1.22 (1.19, 1.26)

1.18 (1.11, 1.26)
1.07 (1.04, 1.09)
1.34 (1.29, 1.38)
1.59 (1.49, 1.68)

1.56 (1.45, 1.67)
1.01 (1.01, 1.02)

1.33(1.21, 1.47)
1.37 (1.27, 1.48)
1.16 (1.07, 1.26)

1.15(1.07, 1.24)

NA

NA
1.19 (1.06, 1.35)

NA
NA

NA
NA
NA
NA
1.36 (1.24, 1.48)

NA
NA
NA
NA

NA
0.97 (0.95, 0.99)

1.00 (0.66, 1.51)
1.30(1.13, 1.51)
1.30(1.07, 1.58)

1.07 (1.05, 1.10)

1.37 (1.31, 1.43)

1.43 (1.34, 1.52)
0.90 (0.87, 0.93)

NA
1.32 (1.24, 1.41)

NA
1.24 (1.16, 1.32)
NA
1.30(1.19, 1.42)
1.24 (1.20, 1.28)

NA
NA
NA
NA

NA
0.99 (0.99, 1.00)

1.31(1.17, 1.46)
1.21 (1.14, 1.30)
1.05 (0.97, 1.13)

1.16 (1.14, 1.18)

1.96 (1.86, 2.06)

2.10(1.99, 2.23)
1.18 (1.15, 1.21)

1.12 (1.10, 1.15)
1.20 (1.14, 1.26)

NA
1.20 (1.15, 1.26)
1.24 (1.16, 1.33)
1.31(1.23,1.39)
1.25(1.22,1.28)

1.16 (1.10, 1.22)
1.04 (1.02, 1.06)
1.23 (1.20, 1.25)
1.43 (1.37, 1.50)

1.44 (1.35,1.53)
1.00 (1.00, 1.01)

1.23 (1.15, 1.31)
1.31(1.24, 1.38)
1.12 (1.05, 1.19)

1.15 (1.11, 1.18)

1.60 (1.53, 1.67)

1.73 (1.62, 1.84)
1.24 (1.20, 1.28)

1.07 (1.04, 1.11)
1.28 (1.20, 1.37)

NA
1.15 (1.09, 1.22)
NA
1.17 (1.07, 1.27)
1.31 (1.28, 1.35)

1.15 (1.07, 1.23)
NA

1.22 (1.18, 1.25)

1.31(1.24, 1.39)

1.30(1.21, 1.40)
1.00 (0.99, 1.01)

1.26 (1.13, 1.40)
1.43 (1.34, 1.51)
1.09 (0.99, 1.20)

0.81 (0.80, 0.82)

0.60 (0.57, 0.63)

0.58 (0.54, 0.62)
0.65 (0.63, 0.66)

0.92 (0.90, 0.94)
0.80 (0.76, 0.84)

0.82 (0.75, 0.89)
0.85 (0.80, 0.91)
0.78 (0.71, 0.87)
0.79 (0.74, 0.84)
0.82(0.81, 0.84)

0.87 (0.82, 0.92)
NA

0.88 (0.86, 0.90)

0.80 (0.76, 0.84)

0.82 (0.77, 0.87)
0.99 (0.98, 1.00)

0.70 (0.61, 0.81)
0.69 (0.65, 0.73)
0.85 (0.77, 0.94)
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further support this capability. Finally, plans are being
developed to expand the audit of certain key variables such
as 30-day mortality to a significantly greater number of sites
annually.

Conclusions

Risk-adjustment models account for the effect of patient
comorbidities on outcomes. STS risk models are based
upon clinical data from the STS NCD, one of the oldest and
largest of all specialty registries. The value of such clinical
registries is particularly evident in today’s health care
environment, where accreditation, regulatory compliance,
reimbursement, and referrals are increasingly based upon
objective data. Organizations such as the AQA and the
National Quality Forum that evaluate and endorse perfor-
mance measures strongly advocate the use of risk-adjusted
outcomes measures.

STS believes that clinical data are superior to those
derived from administrative sources. Furthermore, given
the substantial implications of risk-adjusted outcomes,
we believe that all risk models used for profiling quality
of care should be transparent to permit comprehensive
peer review and to foster credibility among stakeholders.

We present a detailed exposition of the development and
validation of the 2008 STS CABG risk model. This describes
not only the statistical considerations but, just as impor-
tantly, the many clinical and pragmatic judgments that are
always necessary in risk model development.
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Appendix

Regression Coefficients and Variable Definitions for
STS 2008 CABG Models

For each endpoint, the formula for calculating a patient’s pre-
dicted risk of the endpoint has the form:

STS 2008 CARDIAC SURGERY RISK MODELS
PART 1—CORONARY ARTERY BYPASS GRAFTING SURGERY

Ann Thorac Surg
2009;88:52-22

e(BotBix1+Boxpt - - +Byx,)

Predicted Risk =

1 + eBotBrx1tRxp e - -+ Byxy)

where x;, x5, ..., x,, denote patient preoperative risk factors
(eg, quantitative variables such as age, and comorbidities
coded as 1 = present, 0 = absent), and B, B4, ..., B, denote
regression coefficients (numerical constants). Regression co-
efficients for each endpoint are presented in Appendix Table
1. The variables x;, x,, . . ., x,, are the same for each endpoint
and are defined in Appendix Table 2. The regression coeffi-
cient for the time trend is not presented. Instead, the intercept
has been adjusted to incorporate the time trend. This adjusted
intercept reflects the baseline risk for a reference period of
July to December 2006.
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Appendix Table 1. Regression Coefficients
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Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

Intercept —6.34090 —7.18174 —7.94605 —4.15175 —6.75378 —3.84861 —3.71671 —5.35975 2.84959
Atrial fibrillation 0.30830 0.18935 0.21351 0.17871 0.00000 0.23031 0.21565 0.35322  —0.49309
Age —0.00259 0.00996 0.00678 0.00170 —0.00665 —0.00013 0.00247 0.00914 —0.01781
Age function 1 0.03325 0.04742 0.01496 0.00393 0.04270 0.01305 0.00515 0.02085 —0.00895
Age function 2 0.03140 —0.02582 0.02249 0.02366 —0.01895 0.01133 0.02441 0.01734 —0.02904
Age by reoperation function —0.01714 —0.00098 —0.00291 —0.00459 0.00304 —0.00720 —0.00444 —0.00809 0.00449
Age by status function —0.01366 —0.01363 —0.00022 —0.00106 —0.00352 —0.00435 0.00270 —0.00833 —0.00266
BSA function 1 —1.39342 —0.44041 —0.53672 —0.83950  0.65513 —0.83758 —0.75006 —0.89037  0.57952
BSA function 2 241303  0.06122 219879  2.15647  0.90025  1.16543  1.81770  2.15270 —1.83776
CHF but not NYHA IV 0.19229  0.00000  0.30971  0.26853  0.28272  0.14692  0.23695  0.35623 —0.32350
CHF and NYHA IV 0.32663  0.00000  0.30013  0.41599  0.36909  0.22846  0.39005  0.40757 —0.43827
Chronic lung disease mild 0.20273 0.00000 0.13488 0.30473 0.44371 0.10432 0.20878 0.29051 —0.23600
Chronic lung disease moderate 0.33843 0.00000 0.22530 0.50235 0.59021 0.18071 0.34720 0.50246 —0.39085
Chronic lung disease severe 0.85513 0.00000 0.50645 0.86175 0.87366 0.43034 0.68538 0.90211 —0.73862
Creatinine function 1 0.19353 0.02822 1.91934 —0.02712 —0.37465 0.01583 0.13361 —0.09060 0.00773
Creatinine function 2 0.82140 0.63174 0.50685 0.92120 1.09976 0.55107 0.99190 1.09571 —0.75781
Creatinine function 3 —0.70646 —0.52856 —2.04970 —0.68907 —0.68466 —0.39956 —0.81791 —0.70069 0.30449
CVD without prior CVA 0.13177  0.49807  0.10637  0.13792  0.00000  0.11403  0.15561  0.13271 —0.16385
CVD and prior CVA 0.26877  0.73600  0.16135  0.29946 ~ 0.00000  0.19208  0.28099  0.37248 —0.35706
Diabetes noninsulin dependent ~ 0.01375  0.14992  0.27443  0.04283  0.31888 —0.01929  0.07453  0.13541 —0.13813
Diabetes insulin dependent 0.26312  0.17483  0.58581  0.19735  0.80627  0.12930  0.26525  0.46226 —0.44725
Dialysis 1.53777 0.54158 0.00000 1.01943 0.38312 0.63691 1.03466 0.93792 —1.30294
Ejection fraction function 0.01765 0.01274 0.00754 0.01669 0.01081 0.01063 0.01496 0.01542 —0.01756
Female 0.26801 0.27414 0.22704 0.28338 0.17792 —0.10270 0.16434 0.21488 —0.43658
Female by BSA function 1 0.82285 0.08974 0.96428 0.76954 1.11546 0.31901 0.66663 1.05623 —0.96846
Female by BSA function 2 0.05606 0.06490 —0.61086 —0.62558 0.17399 —0.02390 —0.25077 —0.35160 0.46088
Hypertension 0.00000 0.25718 0.22126 0.09930 0.00000 0.00000 0.11674 0.07200 —0.08155
IABP or inotropes 0.34193  0.00000  0.36023  0.94050  0.00000  0.31326 ~ 0.67253 ~ 0.47092 —0.51444
Immunosuppressive treatment 0.39159  0.00000  0.18881  0.10686  0.00000  0.27802  0.18030  0.24833 —0.22718
Insufficiency, aortic 0.00000  0.00000  0.00000  0.00000  0.00000  0.00000  0.00000  0.00000 —0.19889
Insufficiency, mitral 0.26631 0.00000 0.00000 0.11169 0.00000 0.21170 0.18225 0.14174 —0.15962
Insufficiency, tricuspid 0.00000 0.00000 0.26729 0.24834 0.00000 0.00000 0.21893 0.00000 —0.24548
Left main disease 0.00000 0.00000 0.00000 0.06629 0.00000 0.00000 0.03570 0.00000 0.00000
MI 1 to 21 days 0.31810 0.27134 0.23962 0.28925 0.00000 0.00000 0.20524 0.19517 —0.12752
MI > 6 and < 24 hours 0.46614 0.46063 0.38917 0.46158 0.00000 0.00000 0.35859 0.27109 —0.22557
MI = 6 hours 0.53242 0.39601 0.35421 0.44230 0.00000 0.00000 0.36337 0.26311  —0.19946
No. diseased vessel function 0.16120 0.30339 0.20729 0.17622 0.13869 0.06895 0.15075 0.13589 —0.21043
PCI = 6 hours 0.31149  0.00000  0.25189  0.18695  0.00000  0.26256  0.26774  0.15633 —0.23860
Peripheral vascular disease 0.34951 027985  0.19308  0.20240  0.30529  0.21306 ~ 0.22277  0.27380 —0.19321
Race black 0.00000  0.34423  0.21696  0.31563  0.26572  0.19456  0.26634  0.35426 —0.37515
Race Hispanic 0.00000  0.11002  0.21645  0.14802  0.26330  0.04798  0.11289  0.08968 —0.16091
Race Asian 0.00000 0.28567 0.07579 0.28561 —0.00145 0.26855 0.20484 0.23064 —0.35049
Reop, 1 previous operation 1.13997 0.00000 0.41962 0.53987 0.00000 0.45372 0.47614 0.48534 —0.32375
Reop, = 2 previous operations 1.43250 0.00000 0.45592 0.62211 0.00000 0.53695 0.61014 0.57945 —0.44745
Shock 0.82667 0.32434 0.50003 0.73290 0.00000 0.35800 0.74320 0.54575 —0.54475
Status urgent 0.14608 0.10671 0.11226 0.21738 0.18496 0.16500 0.16492 0.18202 —0.14608
Status emergent 1.04010 0.75216 0.51857 0.76090 0.62665 0.60549 0.56983 0.75083 —0.47745
Status salvage 2.07934  0.91950  0.76808  1.10085  0.73651  0.84873  1.29422  0.87072 —1.08265
Stenosis aortic 0.00000  0.00000  0.00000  0.16529  0.00000  0.00000  0.14706  0.13988 —0.14173
Unstable angina 0.11217  0.00000  0.10287  0.05060  0.00000  0.00000  0.00000  0.00000  0.00000

BSA = body surface area; CHF = congestive heart failure;
(stroke); CVD = cerebrovascular disease;
infarction; Mort = mortality;

length of stay; Reop = reoperation; RF = renal failure;

Comp = composite adverse event (any);
DSWI = deep sternal wound infection;
NYHA = New York Heart Association;
SLOS = short length of stay;

CVA = cerebrovascular accident
IABP = intra-aortic balloon pump; MI = myocardial
PCI = percutaneous coronary intervention; PLOS = prolonged
Vent = prolonged ventilation.
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Appendix Table 2. Definition of Variables Appearing in STS 2008 CABG Models

Variable Definition

Intercept = 1 for all patients

Atrial fibrillation = 1 if patient has history of preoperative atrial fibrillation, = 0 otherwise
Age = Patient age in years

Age function 1

Age function 2

Age by reop function

Age by status function
BSA function 1

BSA function 2

CHF but not NYHA IV
CHF and NYHA IV

CLD mild

CLD moderate

CLD severe

Creatinine function 1
Creatinine function 2
Creatinine function 3

CVD without prior CVA
CVD and prior CVA
Diabetes, noninsulin
Diabetes, insulin

Dialysis

Ejection fraction function
Female

Female by BSA function 1
Female by BSA function 2
Hypertension

IABP or inotropes
Immunosuppressive treatment
Insufficiency, aortic
Insufficiency, mitral
Insufficiency, tricuspid
Left main disease

MI 1 to 21 days

MI > 6 and < 24 hours
MI = 6 hours

No. diseased vessel function
PCI = 6 hours

Peripheral vascular disease
Race black

Race Hispanic

Race Asian

Reop, 1 previous operation
Reop, = 2 previous operations
Shock

Status urgent

Status emergent

Status salvage

Stenosis aortic

Unstable angina

= max (age-50, 0)

= max (age-60, 0)

= Age function 1 if surgery is a reoperation, = 0 otherwise

= Age function 1 if status is emergent or salvage, = 0 otherwise

= max (1.4, min [2.6, BSA]) - 1.8

= (BSA function 1)?

= 1if patient has CHF and is not NYHA class IV, = 0 otherwise

= 1 if patient has CHF and is NYHA class IV, = 0 otherwise

= 1 if patient has mild chronic lung disease, = 0 otherwise

= 1 if patient has moderate chronic lung disease, = 0 otherwise

= 1 if patient has severe chronic lung disease, = 0 otherwise

= max (0.5, min [creatinine, 5.0]) if patient is not on dialysis, = 0 otherwise
= max ([creatinine function 1] - 1.0, 0)

= max ([creatinine function 1] — 1.5, 0)

= 1 if patient has history of CVD and no prior CVA, = 0 otherwise

= 1if patient has history of CVD and a prior CVA, = 0 otherwise

= 1if patient has diabetes not treated with insulin, = 0 otherwise

= 1if patient has diabetes treated with insulin, = 0 otherwise

= 1 if patient requires dialysis preoperatively, = 0 otherwise

= max (50 - ejection fraction, 0)

= 1 if patient is female, = 0 otherwise

= BSA function 1 if female, = 0 otherwise

= BSA function 2 if female, = 0 otherwise

= 1 if patient has hypertension, = 0 otherwise

= 1 if patient requires IABP or inotropes preoperatively, = 0 otherwise
= 1 if patient given immunosuppressive therapy within 30 days, = 0 otherwise
= 1 if patient has at least moderate aortic insufficiency, = 0 otherwise
= 1if patient has at least moderate mitral insufficiency, = 0 otherwise
= 1 if patient has at least moderate tricuspid insufficiency, = 0 otherwise
= 1 if patient has left main disease, = 0 otherwise

= 1 if history of MI 1 to 21 days prior to surgery, = 0 otherwise

= 1 if history of MI >6 and <24 hours prior to surgery, = 0 otherwise
= 1 if history of MI = 6 hours prior to surgery, = 0 otherwise

= 2 if triple-vessel disease, = 1 if double-vessel disease, = 0 otherwise
= 1if patient had PCI = 6 hours prior to surgery, = 0 otherwise

= 1 if patient has peripheral vascular disease, = 0 otherwise

= 1if patient is black, = 0 otherwise

= 1 if patient is nonblack Hispanic, = 0 otherwise

= 1 if patient is nonblack, non-Hispanic, and is Asian, = 0 otherwise
= 1 if patient has had exactly 1 previous CV surgery, = 0 otherwise

= 1 if patient has had 2 or more previous CV surgeries, = 0 otherwise
= 1if patient was in shock at time of procedure, = 0 otherwise

= 1 if status is urgent, = 0 otherwise

= 1 if status is emergent (but not resuscitation), = 0 otherwise

= 1 if status is salvage (or emergent plus resuscitation), = 0 otherwise
= 1 if patient has aortic stenosis, = 0 otherwise

= 1if patient has unstable angina, no MI within 7 days of surgery, = 0 otherwise

BSA = body surface area; CHF = congestive heart failure; CLD = chronic lung disease; CVA = cerebrovascular accident, or stroke; CVD
= cerebrovascular disease; DSWI = deep sternal wound infection; EF = ejection fraction; IABP = intra-aortic balloon pump; MI =

myocardial infarction; Mort = mortality;
prolonged length of stay; Reop = reoperation;
stay; STS = The Society of Thoracic Surgeons;

NYHA = New York Heart Association; PCI = percutaneous coronary intervention; PLOS =
Comp = composite adverse event (any);  RF = renal failure; SLOS = short length of
Vent = prolonged ventilation.
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Background. Adjustment for case-mix is essential when
using observational data to compare surgical techniques or
providers. That is most often accomplished through the use
of risk models that account for preoperative patient factors
that may impact outcomes. The Society of Thoracic Sur-
geons (STS) uses such risk models to create risk-adjusted
performance reports for participants in the STS National
Adult Cardiac Surgery Database (NCD). Although risk
models were initially developed for coronary artery bypass
surgery, similar models have now been developed for use
with heart valve surgery, particularly as the proportion of
such procedures has increased. The last published STS
model for isolated valve surgery was based on data from
1994 to 1997 and did not include patients undergoing mitral
valve repair. STS has developed new valve surgery models
using contemporary data that include both valve repair as
well as replacement. Expanding upon existing valve mod-
els, the new STS models include several nonfatal compli-
cations in addition to mortality.

Methods. Using STS data from 2002 to 2006, isolated
valve surgery risk models were developed for operative
mortality, permanent stroke, renal failure, prolonged ven-
tilation (> 24 hours), deep sternal wound infection, reop-
eration for any reason, a major morbidity or mortality
composite endpoint, prolonged postoperative length of
stay, and short postoperative length of stay. The study
population consisted of adult patients who underwent one
of three types of valve surgery: isolated aortic valve replace-
ment (n = 67,292), isolated mitral valve replacement (n =
21,229), or isolated mitral valve repair (n = 21,238). The

Models for predicting surgical outcomes on the basis of
patient preoperative characteristics are valuable
tools for research, quality improvement, and clinical prac-
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population was divided into a 60% development sample
and a 40% validation sample. After an initial empirical
investigation, the three surgery groups were combined into
a single logistic regression model with numerous interac-
tions to allow the covariate effects to differ across these
groups. Variables were selected based on a combination of
automated stepwise selection and expert panel review.

Results. Unadjusted operative mortality (in-hospital re-
gardless of timing, and 30-day regardless of venue) for all
isolated valve procedures was 3.4%, and unadjusted in-
hospital morbidity rates ranged from 0.3% for deep sternal
wound infection to 11.8% for prolonged ventilation. The
number of predictors in each model ranged from 10 covari-
ates in the sternal infection model to 24 covariates in the
composite mortality plus morbidity model. Discrimination
as measured by the c-index ranged from 0.639 for reopera-
tion to 0.799 for mortality. When patients in the validation
sample were grouped into 10 categories based on deciles of
predicted risk, the average absolute difference between
observed versus predicted events within these groups
ranged from 0.06% for deep sternal wound infection to
1.06% for prolonged postoperative stay.

Conclusions. The new STS risk models for valve surgery
include mitral valve repair as well as multiple endpoints
other than mortality. Model coefficients are provided and
an online risk calculator is publicly available from The
Society of Thoracic Surgeons website.

(Ann Thorac Surg 2009;88:523-42)
© 2009 by The Society of Thoracic Surgeons

tice. Such models are used by The Society of Thoracic
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Abbreviations and Acronyms
AVR = aortic valve replacement
CABG = coronary artery bypass graft surgery
CI = confidence interval
MI = myocardial infarction
MVR = mitral valve replacement
MVRepair = mitral valve repair
NCD = National Adult Cardiac Surgery

Database

QMTF = Quality Measurement Task Force
STS = The Society for Thoracic Surgeons

ports for providers participating in the STS National Adult
Cardiac Surgery Database (NCD). They are also used by
STS surgeons and other physicians for counseling patients
about the risk of surgery.

The earliest STS risk models were developed nearly 2
decades ago for isolated coronary artery bypass graft sur-
gery (CABG). Subsequently, similar models have been
developed for isolated valve replacement and combined
CABG plus valve replacement. Because surgical practice
and outcomes are changing rapidly, these models are
updated periodically to reflect contemporary experience.

The last published STS model for isolated valve sur-
gery was based on STS data from 1994 to 1997. The
reference population included aortic and mitral valve
replacements but excluded mitral valve repair, and the
endpoint was operative mortality. In the decade since
this model was published, many aspects of heart surgery
have changed. First, as CABG volumes have decreased
with the introduction of coronary stents, valve surgery as
a proportion of overall heart surgery volume has in-
creased in most practices. Between 2000 and 2006, the
percentage of isolated CABG procedures decreased from
73% to 60% and the percentage of isolated valve proce-
dures increased from 18% to 22%. Thus, in assessing
provider performance, it is no longer sufficient only to
consider isolated CABG surgery. Second, the frequency
of mitral repair as a percentage of all isolated mitral
operations in the STS NCD increased from 35% in 2000 to
53% in 2006. Third, during the same time period, the
average mortality rate for isolated aortic or mitral surgery
also decreased. Finally, efforts to measure and compare
surgical performance have intensified and expanded. In
addition to measuring operative mortality, performance
reports increasingly focus on nonfatal complications as
well as resource utilization and efficiency. Such outcomes
have not historically been risk-adjusted for valve surgery.

The STS Quality Measurement Task Force (QMTF) has
undertaken a complete revision of all STS risk models for
adult cardiac surgery, and these new models were im-
plemented in January 2008. This report, Part 2 of 3,
describes the new STS models for isolated valve surgery
(Part 1 describes the STS isolated CABG models, and Part
3 describes the models for CABG plus valve surgery).
Authors of this report are the QMTF members who were
involved in this initiative.

STS 2008 CARDIAC SURGERY RISK MODELS

Ann Thorac Surg
2009;88:523-42

Two important features have been incorporated into
these new models. First, the population includes mitral
valve repair as well as aortic and mitral valve replace-
ment. Second, in addition to operative mortality, the new
models include six nonfatal in-hospital morbidity end-
points and two length-of-stay endpoints. In comparison
with several other valve models that have recently been
published [1-6], the STS models are distinguished by the
large size of the development population and the broad
spectrum of endpoints included.

Study Population and Endpoints

The population for this analysis consisted of operations
on adult patients aged 20 to 100 years who underwent
isolated single aortic or mitral valve surgery between
January 1, 2002, and December 31, 2006. Only patients
undergoing one of the following procedures were in-
cluded: (1) isolated aortic valve replacement (AVR); (2)
isolated mitral valve replacement (MVR); and (3) isolated
mitral valve repair (MVRepair).

Because of the relatively small number of pulmonic,
tricuspid, multiple valve procedures, and aortic repairs,
these cases were not included in the current models.
Patients undergoing concomitant CABG were excluded
from the current analysis, but these were included in the
separate STS valve plus CABG models described in Part
3 of this series. Records with missing data on sex (n = 44)
were excluded because missing sex is not allowed in the
analysis dataset used for creating STS database partici-
pant feedback reports. This left a final study population
of 109,759 patient operations performed at 809 STS NCD
participating groups. Patients on dialysis preoperatively
(n = 2,699) were not included when developing the risk
model for prediction of postoperative renal failure.

Patient characteristics in the study population are pre-
sented in Table 1.

Training and Validation Samples

The study population was randomly divided into a 60%
training (development) sample and a 40% test (valida-
tion) sample. The development sample was used to
identify predictor variables and estimate model coeffi-
cients. Data from the validation sample were used to
assess model fit, discrimination, and calibration. After
choosing variables and assessing model fit, the develop-
ment and validation samples were subsequently com-
bined, and the final model coefficients were estimated
using the combined (development plus validation) data.

Endpoints

Risk models were developed for nine endpoints, identical
to those in the STS CABG models. In contrast with the
definition of operative mortality, which includes hospital
deaths as well as deaths that occur after discharge within 30
days of surgery, the morbidity endpoints only include
events that occurred before discharge. However, beginning
with version 2.61, sternal infection data will be recorded for
as long as 30 days postoperatively. The nine endpoints are
as follows: (1) operative mortality: death during the same
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Table 1. Distribution of Risk Factors in Overall Study Population Isolated Valve (2002-2006)

Overall Valve AVR MVR MVRepair
(n = 109,759) (n = 67,292) (n = 21,229) (n = 21,238)
Variable N % N % N % N %
Demographics
Age, years
< 55 28,147 25.6 13,227 19.66 6,601 31.09 8,319 39.17
55-64 23,258 21.2 12,987 19.30 4,833 22.77 5,438 25.61
65-74 28,145 25.6 18,299 27.19 5,294 24.94 4,552 21.43
=75 30,209 275 22,779 33.85 4,501 21.20 2,929 13.79
Sex
Male 60,752 55.4 39,209 58.27 9,055 42.65 12,488 58.80
Female 49,007 44.6 28,083 41.73 12,174 57.35 8,750 41.20
Race
Caucasian 93,522 85.2 58,656 87.17 16,810 79.18 18,056 85.02
Black 7,630 7.0 3,555 5.28 2,383 11.23 1,692 7.97
Hispanic 3,680 3.4 2,344 3.48 889 4.19 447 2.10
Asian 1,538 1.4 719 1.07 437 2.06 382 1.80
Other 2,493 2.3 1,508 2.24 505 2.38 480 2.26
Missing 896 0.8 510 0.76 205 0.97 181 0.85
Risk factors
Body surface area, m?
< 1.50 4,351 4.0 2,341 3.48 1,234 5.81 776 3.65
1.50-1.74 24,577 224 13,713 20.38 6,151 28.97 4,713 22.19
1.75-1.99 40,548 36.9 24,744 36.77 7,914 37.28 7,890 37.15
= 2.00 39,517 36.0 26,007 38.65 5,768 27.17 7,742 36.45
Missing 766 0.7 487 0.72 162 0.76 117 0.55
Body mass index, kg/m?
<25 35,526 324 18,509 27.51 8,447 39.79 8,570 40.35
25-29 39,074 35.6 24,035 35.72 6,992 32.94 8,047 37.89
30-34 20,534 18.7 14,142 21.02 3,318 15.63 3,074 14.47
=35 13,682 12.5 10,008 14.87 2,280 10.74 1,394 6.56
Missing 943 0.9 598 0.89 192 0.90 153 0.72
Diabetes mellitus
No diabetes 88,709 80.8 52,052 77.35 17,535 82.60 19,122 90.04
Diabetes, noninsulin 14,900 13.6 11,026 16.39 2,412 11.36 1,462 6.88
Diabetes, insulin 5,788 5.3 3,974 5.91 1,216 5.73 598 2.82
Diabetes missing 138 0.1 91 0.14 34 0.16 13 0.06
Treatment missing 224 0.2 149 0.22 32 0.15 43 0.20
Hypertension
No 41,649 37.9 22,338 33.20 8,859 41.73 10,452 49.21
Yes 67,886 61.9 44,816 66.60 12,326 58.06 10,744 50.59
Missing 224 0.2 138 0.21 44 0.21 42 0.20
Hypercholesterolemia
No 59,003 53.8 33,156 49.27 12,857 60.56 12,990 61.16
Yes 50,328 45.9 33,865 50.33 8,286 39.03 8,177 38.50
Missing 428 0.4 271 0.40 86 0.41 71 0.33
Past or present smoker
No 57,609 52.5 33,953 50.46 11,075 52.17 12,581 59.24
Yes 51,910 47.3 33,191 49.32 10,109 47.62 8,610 40.54
Missing 240 0.2 148 0.22 45 0.21 47 0.22
Chronic lung disease
None 87,826 80.0 53,503 79.51 16,125 75.96 18,198 85.69
Mild 11,184 10.2 6,991 10.39 2,520 11.87 1,673 7.88
Moderate 6,346 5.8 4,022 5.98 1,494 7.04 830 3.91
Severe 3,332 3.0 2,110 3.14 853 4.02 369 1.74

Missing 1,071 1.0 666 0.99 237 1.12 168 0.79
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Table 1. Continued

Overall Valve AVR MVR MVRepair
(n = 109,759) (n = 67,292) (n = 21,229) (n = 21,238)
Variable N % N % N % N %

Peripheral vascular disease

No 101,129 92.1 61,222 90.98 19,550 92.09 20,357 95.85

Yes 8,381 7.6 5,909 8.78 1,641 7.73 831 3.91

Missing 249 0.2 161 0.24 38 0.18 50 0.24
Cerebrovascular disease

No 96,852 88.2 58,983 87.65 18,158 85.53 19,711 92.81

Yes 12,661 115 8,147 12.11 3,033 14.29 1,481 6.97

Missing 246 0.2 162 0.24 38 0.18 46 0.22
CVA

No CVA 101,631 92.6 62,518 92.91 18,833 88.71 20,280 95.49

Remote CVA (> 2 weeks) 6,926 6.3 4,203 6.25 1,912 9.01 811 3.82

Recent CVA (= 2 weeks) 818 0.7 325 0.48 409 1.93 84 0.40

CVA-missing timing 100 0.1 60 0.09 29 0.14 11 0.05

Missing 284 0.3 186 0.28 46 0.22 52 0.24
Endocarditis

No endocarditis 100,998 92.0 63,257 94.00 17,926 84.44 19,815 93.30

Treated endocarditis 4,197 3.8 1,761 2.62 1,445 6.81 991 4.67

Active endocarditis 4,238 3.9 2,068 3.07 1,791 8.44 379 1.78

Endocarditis—missing type 63 0.1 30 0.04 27 0.13 6 0.03

Missing 263 0.2 176 0.26 40 0.19 47 0.22
Renal failure

No 102,205 93.1 62,873 93.43 19,016 89.58 20,316 95.66

Yes 7,305 6.7 4,251 6.32 2,173 10.24 881 415

Missing 249 0.2 168 0.25 40 0.19 41 0.19
Renal function

Creatinine < 1.00 mg/dL 42,028 38.3 25,679 38.16 7,754 36.53 8,595 40.47

Creatinine 1-1.49 mg/dL 51,939 47.3 32,058 47.64 9,372 44.15 10,509 49.48

Creatinine 1.50-1.99 mg/dL 8,081 7.4 5,078 7.55 1,875 8.83 1,128 5.31

Creatinine 2.00-2.49 mg/dL 1,946 1.8 1,192 1.77 512 2.41 242 1.14

Creatinine = 2.50 mg/dL 1,294 1.2 750 1.11 390 1.84 154 0.73

Dialysis 2,699 25 1,464 2.18 900 424 335 1.58

Missing 1,772 1.6 1,071 1.59 426 2.01 275 1.29
Immunosuppressive treatment

No 106,037 96.6 64,953 96.52 20,356 95.89 20,728 97.60

Yes 3,336 3.0 2,074 3.08 819 3.86 443 2.09

Missing 386 0.4 265 0.39 54 0.25 67 0.32

Previous CV interventions

Previous coronary artery bypass
surgery

No 98,978 90.2 60,351 89.69 18,564 87.45 20,063 94.47

Yes 10,399 9.5 6,713 9.98 2,569 12.10 1,117 5.26

Missing 382 0.3 228 0.34 96 0.45 58 0.27
Previous valve surgery

No 100,179 91.3 62,898 93.47 16,857 79.41 20,424 96.17

Yes 9,227 84 4,186 6.22 4,285 20.18 756 3.56

Missing 353 0.3 208 0.31 87 0.41 58 0.27
Previous other cardiac surgery

No 105,686 96.3 65,084 96.72 20,034 94.37 20,568 96.85

Yes 3,662 3.3 1,975 2.93 1,077 5.07 610 2.87

Missing 411 0.4 233 0.35 118 0.56 60 0.28
Number of previous CV surgeries

No prior CV surgery 91,196 83.1 56,629 84.15 15,239 71.78 19,328 91.01

1 prior CV surgery 15,399 14.0 9,122 13.56 4,775 22.49 1,502 7.07

2 or more prior CV surgeries 2,653 2.4 1,260 1.87 1,069 5.04 324 1.53

Missing 511 0.5 281 0.42 146 0.69 84 0.40
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Overall Valve AVR MVR MVRepair
(n = 109,759) (n = 67,292) (n = 21,229) (n = 21,238)
Variable N % N % N % N %
Prior PCI
No PCI 101,878 92.8 62,145 92.35 19,573 92.20 20,160 94.92
PCI within 6 hours 122 0.1 58 0.09 51 0.24 13 0.06
PCI not within 6 hours 7,100 6.5 4,678 6.95 1,447 6.82 975 4.59
PCl-missing timing 133 0.1 90 0.13 28 0.13 15 0.07
Missing 526 0.5 321 0.48 130 0.61 75 0.35
Preoperative cardiac status
Acuity status
Elective 84,052 76.6 51,734 76.88 14,293 67.33 18,025 84.87
Urgent 23,795 21.7 14,670 21.80 6,071 28.60 3,054 14.38
Emergent 1,555 14 685 1.02 747 3.52 123 0.58
Emergent salvage 154 0.1 70 0.10 78 0.37 6 0.03
Missing 203 0.2 133 0.20 40 0.19 30 0.14
MI
No prior ML 99,416 90.6 60,850 90.43 18,716 88.16 19,850 93.46
MI > 21 days 7,785 7.1 4,770 7.09 1,848 8.71 1,167 5.49
MI 8-21 days 719 0.7 480 0.71 170 0.80 69 0.32
MI 1-7 days 1,247 1.1 863 1.28 315 1.48 69 0.32
MI > 6 and < 24 hours 142 0.1 61 0.09 66 0.31 15 0.07
MI = 6 hours 90 0.1 42 0.06 40 0.19 8 0.04
MI-missing timing 127 0.1 79 0.12 33 0.16 15 0.07
Missing 233 0.2 147 0.22 41 0.19 45 0.21
Angina
No 85,364 77.8 49,573 73.67 17,598 82.90 18,193 85.66
Yes 24,164 22.0 17,577 26.12 3,591 16.92 2,996 14.11
Missing 231 0.2 142 0.21 40 0.19 49 0.23
Cardiogenic shock
No 108,163 98.5 66,646 99.04 20,460 96.38 21,057 99.15
Yes 1,329 1.2 485 0.72 725 3.42 119 0.56
Missing 267 0.2 161 0.24 44 0.21 62 0.29
Resuscitation
No 108,958 99.3 66,832 99.32 20,992 98.88 21,134 99.51
Yes 533 0.5 297 0.44 186 0.88 50 0.24
Missing 268 0.2 163 0.24 51 0.24 54 0.25
Arrhythmia
No arrhythmia 89,779 81.8 57,451 85.38 14,604 68.79 17,724 83.45
AFib/flutter 16,124 14.7 7,569 11.25 5,721 26.95 2,834 13.34
Heart block 1,598 1.5 1,109 1.65 315 1.48 174 0.82
Sustained VT/VF 984 0.9 486 0.72 290 1.37 208 0.98
Arrhythmia-other 688 0.6 324 0.48 175 0.82 189 0.89
Arrhythmia-missing type 312 0.3 175 0.26 74 0.35 63 0.30
Missing 274 0.2 178 0.26 50 0.24 46 0.22
Preoperative IABP
No 107,945 98.3 66,733 99.17 20,332 95.77 20,880 98.31
Yes 1,431 1.3 342 0.51 809 3.81 280 1.32
Missing 383 0.3 217 0.32 88 0.41 78 0.37
NYHA class
I 17,413 15.9 10,222 15.19 2,706 12.75 4,485 21.12
II 32,360 29.5 20,295 30.16 4,915 23.15 7,150 33.67
111 40,321 36.7 25,483 37.87 8,205 38.65 6,633 31.23
v 14,324 13.1 8,104 12.04 4,256 20.05 1,964 9.25
Missing 5,341 4.9 3,188 4.74 1,147 5.40 1,006 4.74
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Overall Valve AVR MVR MVRepair
(n = 109,759) (n = 67,292) (n = 21,229) (n = 21,238)
Variable N % N % N % N %
Congestive heart failure
No 64,608 58.9 41,972 62.37 9,341 44.00 13,295 62.60
Yes 44,934 40.9 25,185 37.43 11,849 55.82 7,900 37.20
Missing 217 0.2 135 0.20 39 0.18 43 0.20
Number of diseased coronary vessels
None 90,281 82.3 55,072 81.84 17,525 82.55 17,684 83.27
One 8,947 8.2 5,393 8.01 1,498 7.06 2,056 9.68
Two 3,386 3.1 2,180 3.24 735 3.46 471 2.22
Three 5,611 5.1 3,766 5.60 1,147 5.40 698 3.29
Missing 1,534 14 881 131 324 1.53 329 1.55
Left main disease = 50%
No 106,462 97.0 65,328 97.08 20,495 96.54 20,639 97.18
Yes 1,625 15 1,127 1.67 289 1.36 209 0.98
Missing 1,672 15 837 1.24 445 2.10 390 1.84
Ejection fraction, %
<25 2,694 2.5 1,774 2.64 341 1.61 579 2.73
25-34 5,900 5.4 3,810 5.66 1,052 4.96 1,038 4.89
35-44 10,035 9.1 6,181 9.19 2,208 10.40 1,646 7.75
45-54 20,481 18.7 12,411 18.44 4,382 20.64 3,688 17.37
=55 60,890 55.5 36,584 54.37 11,308 53.27 12,998 61.20
Missing 9,759 8.9 6,532 9.71 1,938 9.13 1,289 6.07
Aortic stenosis
No 54,457 49.6 13,309 19.78 20,303 95.64 20,845 98.15
Yes 54,681 49.8 53,722 79.83 696 3.28 263 1.24
Missing 621 0.6 261 0.39 230 1.08 130 0.61
Mitral stenosis
No 100,609 91.7 65,186 96.87 15,383 72.46 20,040 94.36
Yes 8,155 7.4 1,401 2.08 5,676 26.74 1,078 5.08
Missing 995 0.9 705 1.05 170 0.80 120 0.57
Tricuspid stenosis
No 108,073 98.5 66,243 98.44 20,821 98.08 21,009 98.92
Yes 331 0.3 152 0.23 120 0.57 59 0.28
Missing 1,355 1.2 897 1.33 288 1.36 170 0.80
Pulmonic stenosis
No 107,512 98.0 65,842 97.85 20,783 97.90 20,887 98.35
Yes 141 0.1 91 0.14 29 0.14 21 0.10
Missing 2,106 1.9 1,359 2.02 417 1.96 330 1.55
Aortic insufficiency
None 59,905 54.6 25,861 38.43 16,701 78.67 17,343 81.66
Trivial 9,191 8.4 5,916 8.79 1,661 7.82 1,614 7.60
Mild 13,282 12.1 10,014 14.88 1,798 8.47 1,470 6.92
Moderate 9,501 8.7 8,815 13.10 382 1.80 304 1.43
Severe 15,722 14.3 15,529 23.08 109 0.51 84 0.40
Missing 2,158 2.0 1,157 1.72 578 2.72 423 1.99
Mitral insufficiency
None 43,731 39.8 40,453 60.12 2,283 10.75 995 4.68
Trivial 7,743 7.1 7,285 10.83 388 1.83 70 0.33
Mild 14,455 13.2 13,066 19.42 1,089 5.13 300 1.41
Moderate 10,224 9.3 4,438 6.60 3,246 15.29 2,540 11.96
Severe 31,813 29.0 573 0.85 14,045 66.16 17,195 80.96

Missing 1,793 1.6 1,477 2.19 178 0.84 138 0.65
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Overall Valve AVR MVR MVRepair
(n = 109,759) (n = 67,292) (n = 21,229) (n = 21,238)
Variable N % N % N % N %
Tricuspid insufficiency
None 78,472 715 49,976 74.27 14,266 67.20 14,230 67.00
Trivial 8,856 8.1 5,612 8.34 1,381 6.51 1,863 8.77
Mild 13,346 12.2 7,333 10.90 2,788 13.13 3,225 15.19
Moderate 5,167 4.7 2,126 3.16 1,753 8.26 1,288 6.06
Severe 974 0.9 297 0.44 460 217 217 1.02
Missing 2,944 2.7 1,948 2.89 581 2.74 415 1.95
Pulmonic insufficiency
None 97,954 89.2 60,463 89.85 18,837 88.73 18,654 87.83
Trivial 4,161 3.8 2,370 3.52 779 3.67 1,012 4.77
Mild 2,541 23 1,340 1.99 573 2.70 628 2.96
Moderate 441 0.4 209 0.31 144 0.68 88 0.41
Severe 76 0.1 34 0.05 30 0.14 12 0.06
Missing 4,586 4.2 2,876 4.27 866 4.08 844 3.97
AFib = atrial fibrillation; AVR = aortic valve replacement; CV = cardiovascular; CVA = cerebrovascular accident (stroke); IABP =
intra-aortic balloon pump; MI = myocardial infarction; MVR = mitral valve replacement; MVRepair = mitral valve repaid; NYHA = New

York Heart Association; PCI = percutaneous coronary intervention;

hospitalization as surgery, regardless of timing, or within 30
days of surgery regardless of venue; (2) permanent stroke
(cerebrovascular accident [CVA]): a central neurologic def-
icit persisting longer than 72 hours; (3) renal failure: a new
requirement for dialysis or an increase of the serum creat-
inine to greater than 2.0 mg/dL and double the most recent
preoperative creatinine level; (4) prolonged ventilation
(longer than 24 hours); (5) deep sternal wound infection; (6)
reoperation for any reason; (7) major morbidity or mortality:
a composite defined as the occurrence of any of the above
endpoints; (8) prolonged postoperative length of stay
(PLOS): length of stay (LOS) more than 14 days (alive or

VF = ventricular fibrillation;

VT = ventricular tachycardia.

dead); and (9) short postoperative LOS (SLOS): LOS less
than 6 days and patient alive at discharge.

Table 2 summarizes the endpoint frequencies in the
study population.

Single Versus Multiple Models

Two issues required particularly careful consideration:
whether to construct separate models for the AVR and
MVR populations, and how best to further subdivide the
mitral population into repair versus replacement.
Because of the large size of the STS NCD, separate

Table 2. Frequency of Endpoints in Overall Study Population 2002 to 2006

Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

All isolated valve (AVR, MVR, MVRepair)

N 109,759 109,759 107,060 109,759 109,759 109,759 109,759 109,759 109,759

Events 3,706 1,751 4,673 12,892 307 9,164 20,074 9,718 41,214

% 3.4 1.6 4.3 11.8 0.3 8.4 18.3 8.9 37.6
AVR

N 67,292 67,292 65,828 67,292 67,292 67292 67,292 67,292 67,292

Events 2,157 1,007 2,774 7,323 197 5369 11,706 5,308 26,144

% 3.2 15 4.1 10.9 0.3 8.0 17.4 7.9 38.9
MVR

N 21,229 21,229 20,329 21,229 21,229 21229 21,229 21,229 21,229

Events 1,210 447 1,348 4,015 71 2450 5,675 3,244 4,727

% 5.7 21 6.4 18.9 0.3 115 26.7 153 223
MVRepair

N 21,238 21,238 20,903 21,238 21,238 21,238 21,238 21,238 21,238

Events 339 297 551 1,554 39 1,345 2,693 1,166 10,343

% 1.6 1.4 2.6 73 0.2 6.3 12.7 5.5 48.7

AVR = aortic valve replacement;
wound infection; Mort = mortality;

stay; Reop = reoperation; RF = renal failure;

Comp = composite adverse event (any);
MVR = mitral valve replacement;
SLOS = short length of stay;

CVA = cerebrovascular accident (stroke); DSWI = deep sternal
MVRepair = mitral valve repair;, = PLOS = prolonged length of
Vent = prolonged ventilation.
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models for AVR, MVR, and MVRepair initially seemed both
feasible and appropriate. However, because the endpoints
of interest are rare events, we recognized the possibility that
the number of such events would be too small to support
reliable estimation of the model coefficients.

To assess this tradeoff, we conducted a pilot study to
compare two alternative strategies for developing risk mod-
els for isolated valve surgery. The first strategy involved
developing models separately for three subpopulations
(AVR, MVR, and MVRepair). The second strategy involved
modeling all three subpopulations together in a single
model; several interaction terms were included to allow the
effect of selected risk factors to differ across the subpopula-
tions. Both strategies were pilot tested by developing risk
models for two endpoints: operative mortality and perma-
nent stroke. These pilot models were developed in a 60%
development sample and tested in a separate 40% valida-
tion sample. Each model was assessed by calculating the
c-index and the generalized R* index of Nagelkerke [7] in
the validation sample for each combination of subpopula-
tion and endpoint (3 subpopulations X 2 endpoints = 6
combinations). With the exception of AVR operative mor-
tality, the combined model with interactions resulted in
better discrimination. With the exception of MVR and
MVrepair operative mortality, the combined model also
captured more variation as measured by the generalized R*
statistic.

Because the combined model strategy performed bet-
ter in the majority of cases, and because a single com-
bined model was consistent with the previous STS valve
model, the combined model strategy was selected. To
avoid assuming that the weighting of each risk factor was
exactly constant across the three populations, we in-
cluded interactions between surgery type and several key
predictor variables. In principle, fitting a single model
with several interactions is advantageous because it al-
lows for pooling information across related groups with-
out making an a priori assumption that all of the covari-
ate effects are exactly constant across groups.

Selection of Candidate Predictor Variables

Our general approach to variable selection is discussed in
Part 1 of this series describing the development of the 2008
STS isolated CABG risk models. Briefly, we initially identi-
fied potential candidate variables by reviewing four ver-
sions of the STS data collection instrument (data versions
2.35, 2.41, 2.52.1, and 2.61) as well as previously published
STS and similar cardiac risk models [1-6]. A panel of
cardiac surgeons and health policy experts reviewed the
initial variables for face validity and to be certain that no
important predictor variables available in (or mappable to)
to STS NCD data version 2.61 had been excluded.

Final candidate explanatory variables and their coding
are summarized in Table 3. The variables were identical
to the CABG model candidate variables with the follow-
ing differences: (1) percutaneous coronary intervention
conducted within 6 hours or less of surgery was not a
candidate variable because it was present in only 122
patients (0.1%) in the valve model population; (2) infec-
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tious endocarditis was included. This risk factor was
rarely present among isolated CABG patients (0.09%),
but was not uncommon (7.7%) among patients undergo-
ing valve surgery; (3) mitral stenosis was included; this
risk factor was rarely present among isolated CABG
patients (0.35%) but was common (7.4%) among patients
undergoing valve surgery; and (4) an indicator for sur-
gery type (AVR, MVR, MVRepair) was included in the
valve models.

Coding of Explanatory Variables

The coding of continuous and categorical variables was
identical to the CABG models, except for the following
differences: (1) age was modeled as a linear spline trun-
cated from below at 50 years and with a change of slope
at 75; (2) creatinine was modeled as a linear term with
values less than 0.5 and greater than 5.0 mapped to those
values respectively (approximately the 1st and 99th per-
centiles of the empirical distribution); (3) previous myo-
cardial infarction (MI) was modeled as three categories
(< 24 hours, 1 to 21 days, and > 21 days or no MI); the
first two categories were subsequently combined after
expert panel review; (4) race was modeled as three
categories: black, Hispanic, Caucasian/other; and (5)
chronic lung disease was modeled as linear across four
categories (none, mild, moderate, severe).

In general, these differences reflect a slightly simpler
coding scheme (fewer parameters) for the valve models
compared with the isolated CABG models.

Repair Versus Replacement

In addition to a number of variables whose inclusion or
coding were noted to be problematic during develop-
ment of the 2008 STS isolated CABG models (Part 1 of
this series), the approach to modeling mitral valve repair
versus replacement was of some concern in the valve
models. From a methodologic perspective, models used
for risk-adjustment should include all patient preopera-
tive risk factors that vary in prevalence between institu-
tions and that substantially impact the probability of an
adverse outcome. Such models should include variables
that reflect the patient’s baseline condition but should
not include intraoperative events (eg, unexpected hem-
orrhage) or discretionary care processes (eg, use of a
mechanical versus bioprosthetic valve). Adjusting for
intraoperative events is not appropriate because these
may be a reflection of the surgeon’s performance. Ad-
justing for discretionary care processes may likewise
mask differences in performance if the surgeon’s choice
of procedures has a substantial impact on outcomes. The
same patient may receive valve repair if treated by one
surgeon and replacement if treated by another. Adjusting
for repair versus replacement will potentially conceal the
outcomes of surgeons who achieve excellent results by
repairing technically challenging valves that might oth-
erwise be replaced if treated by a surgeon with less skill
or tenacity. Importantly, there is considerable evidence to
suggest the superiority of valve repair whenever feasible.

However, in addition to such discretionary factors, the
decision to repair rather than replace the mitral valve is
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Table 3. List of Final Candidate Variables and Their Coding for STS Valve Models
Candidate Variables Coding

Continuous variables

Age?
Ejection fraction

Body surface area®

Creatinine
Time trend®

Binary variables

Active infectious endocarditis
Dialysis

Preoperative atrial fibrillation
Shock

Female?®

Hypertension
Immunosuppressive treatment
Preoperative IABP or inotropes
Peripheral vascular disease
Unstable angina (no MI < 7 days)
Left main disease

Aortic stenosis

Mitral stenosis

Aortic insufficiency

Mitral insufficiency

Tricuspid insufficiency
Categorical variables

Chronic lung disease

Linear spline truncated from below at 50 and with knot at 75
Linear, values > 50 mapped to 50

Quadratic polynomial modeled separately for males and females.
Note: body surface area < 1.4 and > 2.6 mapped to those values,
respectively.

Linear (only for patients not on dialysis). Note: creatinine < 0.5 and
> 5.0 mapped to those values, respectively.

Ordinal categorical variable with separate category for each 6-month
harvest interval. Modeled as linear across categories.

Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Defined as at least moderate (yes/no)
Defined as at least moderate (yes/no)
Defined as at least moderate (yes/no)

Modeled as linear across categories (none, mild, moderate, severe)

CVD/CVA 3 groups: no CVD, CVD no CVA, CVD + CVA

Diabetes mellitus 3 groups: insulin diabetes, noninsulin diabetes, other or no diabetes

Number diseased coronary vessels 3 groups: < 2, 2, 3. Modeled as linear across the categories

MI 3 groups: < 24 hr, 1-21 days, > 21 days or no MI (groups 1 and 2
were subsequently collapsed)

Race 3 groups: Black; Hispanic; Other including Caucasian

Status 4 groups: elective, urgent, emergent—no resuscitation, salvage or

emergent with resuscitation
Previous cardiovascular operations 3 groups: 0 previous, 1 previous, =2 previous
CHF and NYHA class 3 groups: no CHF, CHF not NYHA IV, CHF+NYHA IV
Surgery type 3 groups: AVR, MVR, MVRepair
Interaction terms
Age by reoperation®
Age by emergent status®

Surgery type by each of the following: Age, diabetes, dialysis, creatinine, reoperation, endocarditis,

emergent status, CLD, CHF, EF, sex, shock, IABP/inotropes, mitral
insufficiency, aortic insufficiency, mitral stenosis, aortic stenosis

2 These variables were forced into each model.

AVR = aortic valve replacement; CHF = congestive heart failure; CLD = chronic lung disease; CVA = cerebrovascular accident (stroke);
CVD = cardiovascular disease; EF = ejection fraction; IABP = intra-aortic balloon pump; MI = myocardial infarction; MVR = mitral valve
replacement; MVRepair = mitral valve repair; NYHA = New York Heart Association.

also dependent upon the patient’s preoperative valve compared with 5.7% for replacement). Ignoring these
disease etiology, anatomy, and pathophysiology. On av- anatomical differences can introduce bias when compar-
erage, patients amenable to valve repair have less exten- ing institutions, especially because these variables are
sive valve pathology and a relatively favorable postoper- not captured elsewhere on the STS data collection form.

ative prognosis (the mortality rate for valve repair is 1.6% A related difficulty in adjusting for repair versus re-
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placement is that the former approach may sometimes be
abandoned intraoperatively by the surgeon and con-
verted to MVR. That may sometimes occur because of
unforeseen technical problems that would prevent most
surgeons from completing the repair, but in other in-
stances, a more skilled surgeon might persist and achieve
successful valve repair. Effectively separating these two
scenarios is problematic from available data.

Ultimately, it was elected to include an indicator for
mitral valve repair versus replacement in the valve risk
models, consistent with the approach in a number of
existing valve surgery models. We acknowledge that
available data make it impossible to determine whether
patient differences or surgical skill and judgment are the
most important factors in determining between-provider
variation in the proportion of valves repaired.

Recognizing the potential limitations of this modeling
approach, the decision to adjust for repair versus replace-
ment may be reassessed in future versions of the STS risk
models. Beginning with data in version 2.61, the database
will capture whether or not repair was attempted, and
repair versus replacement may be analyzed based on an
intention-to-treat principle.

Missing Data

Model variables with more than 1% missing data in the
study sample were ejection fraction (8.9%), NYHA class

Horizontal Axis: Expected Proportion

(4.9%), tricuspid insufficiency (2.7%), aortic insufficiency
(2.0%), mitral insufficiency (1.6%), left main disease
(1.5%), creatinine/dialysis (1.6%), and number of dis-
eased vessels (1.4%). The method of imputing missing
data was identical to that employed in the isolated CABG
models and described in Part 1 of this series. Briefly,
binary risk factors were modeled as yes versus no or
missing (ie, missing values were analyzed as if the
endpoint did not occur). Missing data on categorical
variables were imputed to the lowest risk value, typically
the mode, and outcomes were typically similar for miss-
ing data and lowest risk patients. Missing data on con-
tinuous variables were imputed by grouping patients
into strata and assigning the stratum-specific median
value. For example, ejection fraction was imputed by
grouping on sex and congestive heart failure and calcu-
lating the median ejection fraction among patients with
nonmissing ejection fraction in each group.

Although multiple imputation is generally preferable
to single imputation [8], single imputation was chosen for
this analysis mainly because of practical considerations.
Furthermore, because of the small fraction of missing
data, the impact of single versus multiple imputation was
considered to be inconsequential. Subsequent sensitivity
analyses confirmed that the choice between single versus
multiple imputation had little impact on the final regres-
sion coefficients, risk estimates, and confidence intervals.
A summary of these sensitivity analyses, including coef-
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Table 4. Discrimination of Models in Development and Validation Samples

Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

Overall

Development sample 0.805 0.694 0.782 0.770 0.704 0.643 0.721 0.770 0.738

Validation sample 0.799 0.691 0.762 0.762 0.659 0.639 0.718 0.773 0.734
AVR

Development sample 0.779 0.679 0.766 0.748 0.710 0.630 0.698 0.752 0.713

Validation sample 0.759 0.689 0.749 0.736 0.637 0.619 0.694 0.759 0.713
MVR

Development sample 0.794 0.679 0.767 0.772 0.591 0.642 0.735 0.748 0.726

Validation sample 0.802 0.702 0.748 0.772 0.656 0.634 0.738 0.729 0.710
MVRepair

Development sample 0.855 0.736 0.813 0.765 0.774 0.616 0.703 0.777 0.733

Validation sample 0.844 0.672 0.788 0.773 0.714 0.646 0.712 0.800 0.725

AVR = aortic valve replacement;
wound infection; Mort = mortality;
stay; Reop = reoperation; RF = renal failure;

ficients and covariance matrices, is available at www.
sts.org/riskmodels.

Final Variable Selection Procedure

Variables were initially selected using an automated
stepwise model selection algorithm. The stepwise proce-
dure began with a model that included all of the final
candidate variables except for interaction terms. Age, sex,
body surface area, and month of surgery were forced into
each model. Other variables were selected in a stepwise
fashion using a significance criterion of 0.05 for entry and
removal. This criterion was less stringent than that em-
ployed in development of the CABG models, because the
sample size in the former was so much larger than that
which was used for the valve models. The stepwise
procedure was performed separately for each endpoint.
The results were then reviewed by an expert panel of
surgeons, and the following changes were made based
on their feedback: (1) “MI less than 24 hours” and “MI 1
to 21 days” were collapsed into a single category; (2)
preoperative atrial fibrillation was forced into the model
for stroke (CVA); and (3) an indicator variable for dialysis
was forced into any model that included creatinine level.

Interaction Terms

In addition to including main effects, we tested the interac-
tion between surgery group (AVR, MVR, MVRepair) and
each of the following variables: age, diabetes mellitus,
dialysis, creatinine, reoperation, endocarditis, emergent sta-
tus, chronic lung disease, congestive heart failure, ejection
fraction, sex, shock, intra-aortic balloon pump/inotropes,
mitral insufficiency, aortic insufficiency, mitral stenosis, and
aortic stenosis. These interaction terms allowed the effect of
these selected risk factors to differ across the surgery
populations.

Four additional sets of interactions were also included in
the models: (1) sex by body surface area (BSA); (2) sex by
BSA?% (3) age by reoperation; and (4) age by emergent
status. These interaction terms were preselected and were

Comp = composite adverse event (any);
MVR = mitral valve replacement;
SLOS = short length of stay;

CVA = cerebrovascular accident (stroke); DSWI = deep sternal
MVRepair = mitral valve repair;,  PLOS = prolonged length of
Vent = prolonged ventilation.

not tested as part of the backward selection algorithm.
Additional technical details are provided in the Appendix.
For reasons described in Part 1 of this series (isolated CABG
risk models), an extensive automated search for additional
interaction terms was not conducted.

Adjustment for Time Trends

Surgery date was included in each model to adjust for
changes in the frequency of adverse outcomes over the
5-year study period. Although surgery date is not itself a
variable of interest, we adjusted for it to reduce potential
confounding by time trends when estimating regression
coefficients for the variables that are of primary interest
(ie, patient preoperative risk factors). An example is
provided in Part 1 of this series.

Surgery date was categorized into 6-month intervals
(corresponding to the biannual STS data harvests) and
modeled as a linear trend across the ordinal categories.
Because it is a nuisance variable, surgery date is not
included in the final risk prediction algorithm. Thus, a
patient’s predicted risk does not depend on the patient’s
surgery date. As described in the Appendix, the published
intercept parameter has been adjusted to incorporate the
time trend. The adjusted intercept reflects the baseline risk
for a reference period of July to December 2006.

Results

Assessment of Model Fit and Discrimination

Because of the relatively large size of our sample, the
Hosmer-Lemeshow test is uninformative and would invari-
ably result in a significant p value [9]. As an alternative,
model fit was assessed graphically by plotting observed
versus predicted rates of each endpoint across deciles of
predicted risk in the development and validation samples.
This was done in the overall population and in subgroups
based on surgery type (AVR, MVR, MVRepair); age (< 60,
60 to 79, = 80 years); sex (male, female); diabetes mellitus
(yes/no); status (elective, nonelective); and ejection fraction
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Table 5. Odds Ratios (95% Confidence Intervals) for the Final Selected Models

A. Odds ratios for variables that do not interact with surgery group

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

Preoperative AFib 1.20 (1.10,1.31) ~ 1.06 (0.93, 1.20) NA 1.18 (1.11, 1.25) NA 1.11(1.04,1.18) 1.12(1.07,1.18) 1.17 (1.10,1.24) 0.74 (0.70, 0.78)

BSA 1.6 versus 2.0 1.19 (1.09,1.30)  1.18(1.03,1.35) 0.95(0.87,1.04) 1.15(1.08,1.22) 0.42(0.27,0.68) 1.26(1.18,1.34) 1.17(1.12,1.23) 1.11(1.04,1.17) 0.99 (0.95, 1.04)
among females

BSA 1.6 versus 2.0 1.75(1.48,2.07) 1.17(0.92,1.47) 1.33(1.12,1.58) 1.56(1.41,1.74) 0.94(0.49,1.84) 1.34(1.21,1.49) 1.44(1.33,1.57) 1.39(1.25,1.56) 0.73(0.68, 0.79)
among males

BSA 1.8 versus 2.0 0.99 (0.95,1.04)  1.08 (0.99,1.17) 0.90(0.86,0.94) 1.00(0.97,1.03) 0.65(0.54,0.77) 1.07(1.03,1.11) 1.02(0.99,1.04) 0.99 (0.96,1.02) 1.05 (1.03, 1.08)

among females

BSA 1.8 versus 2.0
among males

BSA 2.2 versus 2.0
among females

BSA 2.2 versus 2.0
among males

Creatinine per 1 unit
CVD with CVA
CVD without CVA

No. diseased coronary
vessels (2 versus 1
or 3 versus 2)

EF per 10-unit
decrease

Hypertension

Immunosuppressive
treatment

Left main disease

Active infectious
endocarditis

Mitral insufficiency,
moderate/severe

Tricuspid insufficiency,
moderate/severe

Peripheral vascular
disease

Aortic stenosis
Mitral stenosis
MI = 21 days

Time trend, per 6-
month harvest
interval

Race black
Race Hispanic
Status urgent
Unstable angina

1.21 (1.14, 1.29)
1.21(1.11, 1.33)
0.98 (0.93, 1.03)

1.55 (1.46, 1.64)
NA
NA
NA

1.09 (1.05, 1.14)

1.12(1.03, 1.22)
1.42 (1.21, 1.67)

1.19 (0.98, 1.46)
1.95 (1.68, 2.27)

NA
NA

1.25(1.12, 1.38)

1.24 (1.08, 1.41)
1.14 (0.98, 1.34)
0.98 (0.97, 0.99)

NA

NA
1.29 (1.19, 1.40)
1.21 (1.04, 1.41)

1.07 (0.98, 1.16)
0.94 (0.80, 1.10)
0.95 (0.88, 1.03)

1.34 (1.22,1.47)
1.81 (1.56, 2.10)
1.32 (111, 1.57)
1.10 (1.01, 1.20)

NA

1.19 (1.07, 1.33)
NA

NA
1.87 (1.52,2.29)

1.26 (1.14, 1.39)
NA
1.29 (1.11, 1.49)

NA
NA
NA
0.98 (0.96, 1.00)

1.33(1.13, 1.57)
0.87 (0.64, 1.19)
NA
NA

1.07 (1.00, 1.14)
1.30(1.21, 1.41)
1.09 (1.05, 1.14)

2.04 (1.93, 2.16)

1.22(1.09, 1.37)

1.23 (1.10, 1.37)
NA

1.04 (1.00, 1.09)

1.35(1.25, 1.45)
1.39(1.19, 1.62)

1.19 (0.98, 1.44)
2.17 (1.88, 2.50)

NA
1.14 (1.01, 1.29)
NA

NA
NA
NA
1.01 (0.99, 1.02)

1.51 (1.34, 1.69)

1.16 (0.97, 1.38)

1.21 (1.11, 1.33)
NA

1.14 (1.10, 1.19)
1.15 (1.09, 1.21)
1.05 (1.02, 1.08)

1.58 (1.51, 1.65)
1.28 (1.18, 1.38)
1.14 (1.05, 1.23)
1.07 (1.02, 1.11)

1.12 (1.09, 1.15)

1.11 (1.06, 1.17)
NA

NA
2.15 (1.95, 2.36)

NA
1.14 (1.04, 1.25)
NA

0.90 (0.83, 0.97)
NA

1.37 (1.22, 1.55)

1.02 (1.01, 1.03)

1.42 (1.27, 1.58)

1.07 (0.94, 1.22)

1.29 (1.20, 1.39)
NA

0.90 (0.70, 1.14)
1.57 (1.26, 1.96)
1.32 (1.17, 1.48)

NA
NA
NA
NA

1.26 (1.12, 1.41)

NA
NA

2.17 (1.13, 4.16)
NA

NA
NA
NA

NA
NA
NA
0.97 (0.93, 1.01)

NA
NA
NA
NA

1.12 (1.08, 1.16)
1.02 (0.95, 1.09)
0.95 (0.93, 0.98)

1.27 (1.20, 1.33)

1.14 (1.05, 1.24)

1.06 (0.96, 1.17)
NA

1.08 (1.04, 1.11)

NA
NA

NA
1.55(1.39, 1.73)

NA
1.09 (1.00, 1.20)
1.22(1.12,1.32)

0.90 (0.84, 0.96)
NA

1.04 (0.91, 1.18)

1.00 (0.99, 1.01)

1.27 (1.15, 1.40)

1.14 (1.00, 1.30)

1.17 (1.10, 1.25)
NA

1.12 (1.09, 1.16)
1.12 (1.07, 1.16)
1.02 (0.99, 1.04)

1.64 (1.57, 1.71)
1.20 (1.12, 1.28)
1.08 (1.01, 1.15)
1.04 (1.00, 1.08)

1.10 (1.07, 1.12)

1.11 (1.07, 1.15)
1.16 (1.06, 1.27)

NA
1.97 (1.80, 2.15)

NA
1.21(1.12, 1.30)
1.14 (1.07, 1.21)

0.93 (0.87, 0.98)
NA

1.28 (1.16, 1.41)

1.01 (1.00, 1.02)

1.37 (1.27, 1.49)

1.09 (0.98, 1.22)

1.22 (1.15, 1.29)
NA

1.10 (1.06, 1.15)
1.14 (1.08, 1.21)
1.03 (1.00, 1.07)

1.58 (1.51, 1.65)
1.40(1.29,1.52)
NA
1.03 (0.98, 1.08)

1.12 (1.08, 1.15)

NA
1.31(1.17, 1.47)

NA
2.79 (2.51, 3.09)

NA
1.17 (1.05, 1.31)
1.17 (1.09, 1.25)

0.86 (0.80, 0.92)
NA

1.21 (1.06, 1.37)

1.00 (0.99, 1.01)

1.45 (1.31, 1.60)

1.16 (0.98, 1.38)

1.42 (1.33, 1.51)
NA

0.92 (0.89, 0.94)
0.85 (0.81, 0.88)
0.94 (0.93, 0.96)

0.64 (0.61, 0.68)
0.77 (0.72, 0.83)
0.80 (0.73, 0.88)
0.90 (0.86, 0.94)

0.87 (0.85, 0.90)

0.94 (0.91, 0.97)
NA

NA
0.34 (0.30, 0.38)

NA
0.82(0.73, 0.92)
0.83 (0.78, 0.88)

1.07 (1.02, 1.13)
NA
0.81(0.72, 0.91)
1.00 (0.99, 1.01)

0.64 (0.59, 0.70)

0.82(0.72, 0.93)

0.70 (0.66, 0.74)
NA

PES

TV 13 N3dRI4.0

AIADANS HATVA dALVIOSI—C LIVd

STAAON MSII AYFADANS DVIAAYVYD 800C SLS

Tv—€75'88'600C
3ang oeroyy, uuy



Table 5. Continued
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B. Odds ratios for aortic valve replacement

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS
Age 60 versus 50 1.43 (1.34, 1.52) 1.48 (1.38,1.59) 1.38(1.30,1.47) 1.31(1.26,1.36) 1.52(1.31,1.76) 1.16(1.12,1.21) 1.23(1.19,1.26) 1.31(1.25,1.37) 0.75(0.73, 0.77)
Age 70 versus 50 2.04 (1.79, 2.32) 2.19(1.90,2.52) 1.90 (1.68,2.16) 1.71(1.59,1.84) 2.31(1.72,3.10) 1.35(1.25,1.46) 1.50(1.42,1.59) 1.71(1.55,1.87) 0.57 (0.54, 0.60)
Age 80 versus 50 3.34 (2.84,3.93) 3.21(2.70,3.81) 2.88(2.46,3.37) 2.31(2.12,2.52) 2.73(1.95,3.80) 1.59(1.44,1.76) 1.97(1.82,2.12) 2.50(2.24,2.79) 0.34(0.32,0.36)
CHF, not NYHA IV 1.29 (1.18, 1.42) NA 1.24 (1.14,1.34) 1.33(1.24,1.43) NA NA 1.20(1.13,1.27) 1.25(1.17,1.34) 0.86(0.81, 0.91)
CHF, NYHA IV 1.83 (1.62, 2.07) NA 1.61(1.44,1.81) 1.92(1.77,2.08) NA 1.25(1.17,1.35) 1.62(1.51,1.73) 1.54(1.40,1.68) 0.72(0.65, 0.79)
Diabetes, insulin 1.62 (1.43,1.83) NA 1.91 (1.70, 2.14) 1.42(1.31,1.55) 1.56(1.05,2.31) 1.20(1.10,1.31) 1.39(1.29,1.50) 1.68 (1.55,1.83) 0.64 (0.59, 0.69)
Diabetes, noninsulin 1.27 (1.15, 1.39) NA 1.45 (1.34,1.57) 1.12(1.04, 1.20) NA NA 1.12 (1.06, 1.18) 1.22(1.15,1.30) 0.85 (0.81, 0.88)
Dialysis versus no 2.85 (2.35, 3.45) 1.65 (1.34, 2.03) NA 3.07 (2.74, 3.43) NA 1.79 (1.60, 2.01) 2.42(2.21,2.66) 2.94(2.64,3.27) 0.29(0.24, 0.34)
dialysis and
creatinine = 1.0
Preoperative IABP/ 1.47 (1.26, 1.71) NA 1.34 (1.15,1.57) 1.78 (1.55,2.05) 1.69 (1.08,2.65) 1.14(1.02,1.29) 1.75(1.59,1.94) 1.46(1.30,1.63) 0.56 (0.48, 0.66)
inotropes
Shock 1.62 (1.29, 2.03) 1.65 (1.21, 2.25) NA 2.09 (1.77, 2.47) NA 1.32(1.11,1.58) 2.11(1.80,2.49) 1.74(1.37,2.21) NA
Female versus male (at 1.23 (1.10, 1.36) 1.25(1.09, 1.43) 0.97(0.88,1.07) 1.29(1.21,1.38) 0.98(0.72,1.33) 0.86(0.81,0.93) 1.03 (0.98,1.08) 1.25(1.16,1.35) 0.69 (0.66, 0.73)
BSA = 1.8)
CLD (moderate versus  1.27(1.21, 1.33) NA 1.18 (1.13,1.23) 1.26(1.22,1.30) 1.27(1.13,1.42) 1.09(1.06,1.12) 1.17(1.14,1.20) 1.29 (1.24,1.34) 0.81(0.79, 0.83)
mild, or severe
versus moderate)
Reoperation, 1 2.11 (1.78, 2.49) 2.09 (1.64,2.65) 1.55(1.31,1.84) 1.83(1.64,2.05) NA 1.31(1.16,1.49) 1.55(1.42,1.70) 1.42(1.27,1.59) 0.67 (0.62, 0.72)
previous operation®
Reoperation, = 2 2.48 (1.99, 3.08) 2.36 (1.76,3.16) 1.66 (1.33,2.07) 2.49 (2.14, 2.90) NA 1.41(1.19,1.67) 1.96(1.73,2.22) 1.76(1.52,2.03) 0.50 (0.43, 0.58)
previous operations®
Status emergent, no 3.77 (2.75, 5.16) 2.78 (1.85,4.17) 3.10(2.21,4.35) 4.54(3.54,5.83) NA 1.63 (1.31,2.03) 3.23(2.66,3.93) 2.45(2.02,2.97) 0.33(0.25, 0.42)
resuscitation®
Status emergent, with 7.94 (5.40,11.66) 2.11(1.06, 4.19) 3.47 (2.19,5.51) 3.50(2.41,5.08) NA NA 3.38(2.36,4.84) NA 0.32(0.19, 0.54)

resuscitation or
salvage®
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Table 5. Continued

C. Odds ratios for mitral valve replacement

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS
Age 60 versus 50 1.65(1.53,1.78)  1.48(1.38,1.59) 1.35(1.26,1.44) 1.31(1.26,1.36) 1.52(1.31,1.76) 1.25(1.19,1.31) 1.33(1.29,1.39) 1.26(1.21,1.33) 0.71 (0.68, 0.74)
Age 70 versus 50 2.71(2.33,3.17)  2.19(1.90,2.52) 1.81(1.60,2.06) 1.71(1.59,1.84) 2.31(1.72,3.10) 1.56(1.42,1.71) 1.78(1.65,1.92) 1.60 (1.45,1.76) 0.50 (0.46, 0.55)
Age 80 versus 50 5.14 (4.15,6.37)  3.21(2.70,3.81) 2.67(2.23,3.20) 2.31(2.12,2.52) 2.73(1.95,3.80) 1.97(1.72,2.26) 2.54(2.27,2.84) 2.27(2.00,2.58) 0.28 (0.25, 0.32)
CHF, not NYHA IV 1.29 (1.18,1.42) NA 1.24 (1.14,1.34) 1.19(1.07,1.32) NA NA 1.11(1.01, 1.21) 1.25(1.17,1.34) 0.96 (0.87, 1.06)
CHF, NYHA IV 1.83 (1.62, 2.07) NA 1.61(1.44,1.81) 1.72(1.55,1.91) NA 1.25(1.17,1.35) 1.49(1.36,1.64) 1.54(1.40,1.68) 0.80(0.71,0.91)
Diabetes, insulin 1.62 (1.43,1.83) NA 1.91 (1.70, 2.14) 1.66 (1.47,1.86) 1.56(1.05,2.31) 1.20(1.10,1.31) 1.67 (1.52,1.83) 1.68 (1.55,1.83) 0.64 (0.59, 0.69)
Diabetes, noninsulin 1.27 (1.15, 1.39) NA 1.45 (1.34,1.57) 1.30(1.16, 1.45) NA NA 1.34(1.22,1.47) 1.22(1.15,1.30) 0.85(0.81, 0.88)
Dialysis versus no 459 (3.65,5.77)  1.65 (1.34, 2.03) NA 3.07 (2.74, 3.43) NA 1.79 (1.60, 2.01) 2.42(2.21,2.66) 2.94(2.64,3.27) 0.23(0.16, 0.33)
dialysis and
creatinine = 1.0
Preoperative IABP/ 1.47 (1.26, 1.71) NA 1.34 (1.15,1.57) 2.21(1.90,2.56) 1.69 (1.08,2.65) 1.14(1.02,1.29) 1.75(1.59,1.94) 1.46(1.30,1.63) 0.63 (0.51, 0.77)
inotropes
Shock 1.62(1.29,2.03) 1.65(1.21,2.25) NA 2.09 (1.77, 2.47) NA 1.32(1.11,1.58) 2.11(1.80,2.49) 1.05(0.85,1.31) NA
Female versus male (at  1.11(0.97,1.27) 1.25(1.09,1.43) 0.97 (0.88,1.07) 1.06 (0.98,1.16) 0.98 (0.72,1.33) 0.79 (0.72, 0.87) 1.03 (0.98,1.08) 1.09 (0.99, 1.19) 0.69 (0.66, 0.73)
BSA=1.8)
CLD (moderate versus 1.08 (1.01, 1.16) NA 1.18 (1.13,1.23) 1.26(1.22,1.30) 1.27(1.13,1.42) 1.09(1.06,1.12) 1.17(1.14,1.20) 1.16(1.11,1.22) 0.81(0.79, 0.83)
mild, or severe
versus moderate)
Reoperation, 1 2.11(1.78,2.49)  2.09 (1.64,2.65) 1.55(1.31,1.84) 1.50(1.34,1.67) NA 1.31(1.16,1.49) 1.55(1.42,1.70) 1.42(1.27,1.59) 0.67 (0.62, 0.72)
previous operation®
Reoperation, = 2 2.48(1.99,3.08) 2.36(1.76,3.16) 1.66(1.33,2.07) 2.03(1.76, 2.35) NA 1.41(1.19,1.67) 1.96(1.73,2.22) 1.76(1.52,2.03) 0.50 (0.43, 0.58)
previous operations®
Status emergent, no 2.74 (1.99,3.78)  2.78 (1.85,4.17) 2.20(1.59,3.05) 3.19(2.41,4.23) NA 1.63 (1.31,2.03) 3.23(2.66,3.93) 2.45(2.02,2.97) 0.33(0.25, 0.42)
resuscitation®
Status emergent, with 5.78 (3.77,8.85)  2.11(1.06,4.19) 2.46 (1.56,3.88) 2.46 (1.66, 3.65) NA NA 3.38(2.36,4.84) NA 0.32(0.19, 0.54)

resuscitation or
salvage®
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Table 5. Continued

D. Odds ratios for mitral valve repair

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS
Age 60 versus 50 1.80 (1.62,2.00)  1.48(1.38,1.59) 1.55(1.41,1.71) 1.31(1.26,1.36) 1.52(1.31,1.76) 1.20(1.13,1.27) 1.31(1.26,1.37) 1.50(1.41,1.60) 0.62 (0.60, 0.65)
Age 70 versus 50 3.24(2.63,4.00)  2.19(1.90,2.52) 2.42(2.00,2.92) 1.71(1.59,1.84) 2.31(1.72,3.10) 1.44(1.29,1.62) 1.73(1.58,1.89) 2.25(1.98,2.55) 0.39(0.36, 0.42)
Age 80 versus 50 6.72(5.00,9.04) 3.21(2.70,3.81) 4.11(3.14,5.38) 2.31(2.12,2.52) 2.73(1.95,3.80) 1.75(1.48,2.07) 242(2.12,2.76) 3.78(3.17,4.51) 0.19(0.17, 0.22)
CHF, not NYHA IV 1.29 (1.18, 1.42) NA 1.24 (1.14,1.34) 1.16 (0.99, 1.35) NA NA 1.11(0.99,1.24) 1.25(1.17,1.34) 0.92(0.80, 1.05)
CHF, NYHA IV 1.83 (1.62, 2.07) NA 1.61(1.44,1.81) 1.67 (1.43,1.95) NA 1.25(1.17,1.35) 1.50(1.33,1.68) 1.54 (1.40,1.68) 0.76 (0.65, 0.90)
Diabetes, insulin 1.62 (1.43, 1.83) NA 1.91(1.70,2.14) 1.68(1.42,1.97) 1.56(1.05,2.31) 1.20(1.10,1.31) 1.57(1.36,1.81) 1.68(1.55,1.83) 0.64 (0.59, 0.69)
Diabetes, noninsulin 1.27 (1.15, 1.39) NA 1.45(1.34,1.57) 1.31(1.11, 1.55) NA NA 1.26 (1.10, 1.45) 1.22(1.15,1.30) 0.85 (0.81, 0.88)
Dialysis versus no 6.24 (4.19,9.30)  1.65 (1.34, 2.03) NA 3.07 (2.74, 3.43) NA 1.79 (1.60, 2.01) 2.42(2.21,2.66) 2.94 (2.64,3.27) 0.26 (0.19, 0.37)
dialysis and
creatinine = 1.0
Preoperative IABP/ 1.47 (1.26,1.71) NA 1.34(1.15,1.57) 2.90(2.28,3.70) 1.69 (1.08,2.65) 1.14(1.02,1.29) 1.75(1.59,1.94) 1.46(1.30,1.63) 0.49 (0.38, 0.64)
inotropes
Shock 1.62(1.29,2.03)  1.65(1.21,2.25) NA 2.09 (1.77, 2.47) NA 1.32(1.11,1.58) 2.11(1.80,2.49) 2.50 (1.51,4.12) NA
Female versx)ls male (at  0.97(0.77,1.21)  1.25(1.09,1.43) 0.97 (0.88,1.07) 1.23(1.10,1.38) 0.98 (0.72,1.33) 0.90 (0.80, 1.02) 1.03 (0.98,1.08) 1.28(1.12,1.47) 0.69 (0.66, 0.73)
BSA = 1.8
CLD (moderate versus  1.23 (1.09, 1.39) NA 1.18(1.13,1.23) 1.26(1.22,1.30) 1.27(1.13,1.42) 1.09(1.06,1.12) 1.17(1.14,1.20) 1.26 (1.15,1.40) 0.81(0.79, 0.83)

mild, or severe
versus moderate)
Reoperation, 1
previous operation®
Reoperation = 2
previous operations®
Status emergent, no
resuscitation®
Status emergent, with
resuscitation or
salvage®

2.11(1.78, 2.49)
2.48 (1.99, 3.08)
8.73 (4.84, 15.74)

18.39 (9.68, 34.96)

2.09 (1.64, 2.65)
2.36 (1.76, 3.16)
2.78 (1.85, 4.17)

2.11 (1.06, 4.19)

1.55 (1.31, 1.84)
1.66 (1.33, 2.07)
3.03 (1.69, 5.43)

3.39 (1.76, 6.54)

2.06 (1.73, 2.45)
2.80(2.32, 3.37)
6.12 (3.96, 9.46)

4.72 (2.71, 8.23)

NA

NA

NA

NA

1.31 (1.16, 1.49)
1.41(1.19, 1.67)
1.63 (1.31, 2.03)

NA

1.55 (1.42, 1.70)
1.96 (1.73, 2.22)
3.23 (2.66, 3.93)

3.38 (2.36, 4.84)

1.42(1.27,1.59)
1.76 (1.52, 2.03)
2.45 (2.02, 2.97)

NA

0.67 (0.62, 0.72)
0.50 (0.43, 0.58)
0.33 (0.25, 0.42)

0.32(0.19, 0.54)

@ Variable interacts with age. Reported odds ratio represents effect of risk factor for patients aged 50 years old.

BSA = body surface area;

cerebrovascular disease;
applicable;

CHF = congestive heart failure;

DSWI = deep sternal wound infection;
NYHA = New York Heart Association;

CLD = chronic lung disease;
EF = ejection fraction;
PLOS = prolonged length of stay;

RF = renal failure;

Comp = composite adverse event (any);
IABP = intra-aortic balloon pump;
Reop = reoperation;

CVA = cerebrovascular accident (stroke);
Mort = mortality;
Vent = prolonged ventilation.

MI = myocardial infarction;
SLOS = short length of stay;

CVD =
NA = not
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(= 40, > 40). Calibration plots (observed versus expected)
based on the overall validation sample are presented in
Figure 1. The average absolute difference between observed
versus predicted event rates within deciles of predicted risk
ranged from 0.06% for deep sternal wound infection to
1.06% for prolonged postoperative stay. Analogous figures
were produced for specific valve procedures and numerous
subgroups, and these are available at www.sts.org/
riskmodels.

Model fit appeared to be adequate for each endpoint
with the possible exception of deep sternal wound infec-
tion, which revealed some overfitting within certain sub-
groups. A modest degree of overfitting was expected for
this endpoint given the relatively small number of infec-
tions and large number of candidate predictors.

Discrimination was assessed by the c-statistic, also
known as the area under the receiver operating character-
istic (ROC) curve. Table 4 presents the discrimination of
each model in the development and validation samples for
all patients combined and for subgroups consisting of AVR,
MVR, and MVRepair. In the validation sample, c-statistics
for the operative mortality model were 0.799 (overall), 0.759
(AVR), 0.802 (MVR), and 0.844 (MVRepair). C-statistics in
the validation sample for other endpoints ranged from 0.619
for reoperation in the AVR subgroup to 0.800 for prolonged
length of stay in the MVRepair subgroup.

Final Models

After validating the models in the 40% validation sample,
the development and validation samples were then com-
bined, and the final model coefficients were estimated using
the overall 100% combined sample. The final logistic re-
gressions were estimated using generalized estimating
equations with empirical (sandwich) standard error esti-
mates to account for clustering of patients within institu-
tions [10]. An independence working correlation matrix was
used to apply the generalized estimating equations meth-
odology. With this approach, the estimated regression co-
efficients were identical to those obtained using ordinary
logistic regression, but the standard errors were adjusted to
account for the clustered data structure.

Odds Ratios

Odds ratios and 95% confidence intervals (CI) for the final
selected models are presented in Table 5. “Not applicable”
indicates that the specific predictor was not included in a
particular risk model. Because several variables interact
with surgery type, the odds ratios for these variables differ
depending on the type of surgery (AVR, MVR, MVRepair).
For example, in the operative mortality model, the odds
ratio for emergent status is 3.77 (95% CI: 2.75, 5.16) for AVR,
2.74 (95% CI: 1.99, 3.78) for MVR, and 8.73 (95% CI: 4.84,
15.74) for MVRepair. Odds ratios that do not interact with
surgery type are summarized in Table 5, Part A. Odds ratios
that differ by surgery type for at least one endpoint are
presented in Table 5, Parts B, C, and D.

Final Model Intercept and Coefficients

The final risk prediction algorithms, including all coeffi-
cients and intercepts, are presented in the Appendix.

STS 2008 CARDIAC SURGERY RISK MODELS

Ann Thorac Surg
2009;88:523-42

Limitations

The limitations for these valve models are similar to
those for the CABG models and are thoroughly discussed
in Part 1 of this series (2008 STS CABG risk models).

Conclusion

The STS Quality Measurement Task Force has developed
and tested nine new risk-adjustment models for isolated
valve surgery using the STS NCD. This report includes a
detailed exposition of the model development process,
including not only statistical issues but also the many
clinical and pragmatic judgments that were required. An
online risk calculator is also available through a link from
the STS website.
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Appendix

Regression Coefficients and Variable Definitions for
STS 2008 Valve Models

For each endpoint, the formula for calculating a patient’s pre-
dicted risk of the endpoint has the form:

e(BotBrxy+Boxpte - -+ Byxy)

Predicted Risk = 17 oPo BB )
where xy, x,, ..., x,, denote patient preoperative risk factors (eg,
quantitative variables such as age, and comorbidities coded as 1
= present, 0 = absent); and By, By ..., B, denote regression
coefficients (numerical constants). Regression coefficients for
each endpoint are presented in Appendix Table 1. The variables
Xy, Xy ..., X, are the same for each endpoint and are defined in
Appendix Table 2. The regression coefficient for the time trend is
not presented. Instead, the intercept has been adjusted to
incorporate the time trend. This adjusted intercept reflects the
baseline risk for a reference period of July to December 2006.


http://www.sts.org/riskmodels
http://www.sts.org/riskmodels

Appendix Table 1. Regression Coefficients

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

Intercept —5.78680 —5.83957 —5.52789 —3.96796 —7.11095 —3.08816 —3.06527 —4.30676 1.25115
Atrial fibrillation 0.18074 0.05524 0.00000 0.16527 0.00000 0.10305 0.11403 0.15530 —0.30247
Age function 1 0.03557 0.03909 0.03219 0.02683 0.04180 0.01512 0.02041 0.02670 —0.02834
Age function 3 0.02804 —0.00132 0.01809 0.00629 —0.05024 0.00218 0.01282 0.02315 —0.04637
Age by reoperation function —0.01308 —0.02043 —0.00551 —0.00840 —0.00939 —0.00697 —0.00684 —0.00485 0.00927
Age by status function —0.02495 —0.02987 —0.00721 —0.01377 0.00277 0.00102 —0.00677 —0.00379 —0.00795
Age by MVR function 0.01436 0.00000 —0.00245 0.00000 0.00000 0.00715 0.00848 —0.00324 —0.00603
Age by MVRepair function 0.02326 0.00000 0.01190 0.00000 0.00000 0.00315 0.00685 0.01378 —0.01883
BSA function 1 —1.40168 —0.38619 —0.71012 —1.11750 0.14188 —0.73553 —0.91858 —0.82801 0.77317
BSA function 2 2.16782 0.23148 1.92875 2.29127 2.04603 0.83644 1.65638 1.65423 —1.76728
CHF but not NYHA IV 0.25590 0.00000 0.21233 0.28353 0.00000 0.00000 0.17974 0.22508 —0.15108
CHF and NYHA IV 0.60544 0.00000 0.47812 0.65056 0.00000 0.22686 0.48025 0.42957 —0.33521
CHF by MVR function 0.00000 0.00000 0.00000 —0.11007 0.00000 0.00000 —0.07864 0.00000 0.11503
CHF by MVRepair function 0.00000 0.00000 0.00000 —0.13792 0.00000 0.00000 —0.07731 0.00000 0.06468
CLD function 0.23846 0.00000 0.16629 0.22816 0.23817 0.08406 0.16044 0.25263 —0.21022
CLD by MVR function —0.15906 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 —0.10092 0.00000
CLD by MVRepair function —0.03243 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 —0.01795 0.00000
Creatinine function 1 0.43909 0.29230 0.71439 0.45646 0.00000 0.23562 0.49230 0.45631 —0.44178
CVD without prior CVA 0.00000 0.27837 0.20531 0.12726 0.00000 0.05830 0.07684 0.00000 —0.22223
CVD and prior CVA 0.00000 0.59220 0.20018 0.24512 0.00000 0.13200 0.18343 0.33480 —0.25595
Diabetes, noninsulin 0.23563 0.00000 0.37172 0.11040 0.00000 0.00000 0.11355 0.19843 —0.16630
Diabetes, insulin 0.48368 0.00000 0.64648 0.35367 0.44389 0.18293 0.33165 0.51913 —0.45093
Diabetes by MVR function 0.00000 0.00000 0.00000 0.15051 0.00000 0.00000 0.17990 0.00000 0.00000
Diabetes by MVRepair function 0.00000 0.00000 0.00000 0.16260 0.00000 0.00000 0.11734 0.00000 0.00000
Dialysis 1.48666 0.79199 0.00000 1.57690 1.19109 0.81972 1.37741 1.53351 —1.69019
Dialysis by MVR function 0.47550 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 —0.20998
Dialysis by MVRepair function 0.78385 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 —0.07964
Ejection fraction function 0.00904 0.00000 0.00407 0.01107 0.02308 0.00734 0.00925 0.01111 —0.01348
Endocarditis, active 0.66737 0.62434 0.77276 0.76318 0.00000 0.43876 0.67810 1.02521 —1.08299
Female 0.20372 0.21925 —0.03031 0.25668 —0.02355 —0.14567 0.03066 0.22437 —0.36400
Female by MVR function —0.10089 0.00000 0.00000 —0.19465 0.00000 —0.08773 0.00000 —0.14211 0.00000
Female by MVRepair function —0.23812 0.00000 0.00000 —0.04564 0.00000 0.04424 0.00000 0.02470 0.00000
Female by BSA function 1 0.96491 —0.02257 0.83074 0.77598 2.00214 0.16707 0.52716 0.57195 —0.75434
Female by BSA function 2 0.18084 —0.07419 0.08397 —0.58460 —1.87036 0.25158 —0.09063 —0.12289 0.35123
Hypertension 0.11372 0.17789 0.29770 0.10799 0.00000 0.00000 0.10361 0.00000 —0.06504
IABP or inotropes 0.38682 0.00000 0.29606 0.57608 0.52474 0.13432 0.56046 0.37621 —0.57115
IABP by MVR function 0.00000 0.00000 0.00000 0.21517 0.00000 0.00000 0.00000 0.00000 0.10760
IABP by MVRepair function 0.00000 0.00000 0.00000 0.48870 0.00000 0.00000 0.00000 0.00000 —0.13850
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Appendix Table 1. Continued

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

Immunosuppressive treatment 0.35022 0.00000 0.32828 0.00000 0.00000 0.00000 0.14887 0.27152 0.00000
Insufficiency mitral 0.00000 0.23253 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Insufficiency tricuspid 0.00000 0.00000 0.13159 0.12973 0.00000 0.08969 0.18929 0.15846 —0.20027
Left main disease 0.17593 0.00000 0.17280 0.00000 0.77557 0.00000 0.00000 0.00000 0.00000
MI = 21 days 0.13276 0.00000 0.00000 0.31706 0.00000 0.03495 0.24687 0.18812 —0.20961
MVR 0.10284 0.00000 0.40455 0.44639 0.00000 0.12852 0.13795 0.58004 —0.61402
MVRepair —0.65440 0.00000 —0.23666 —0.19726 0.00000 —0.22398 —0.23002 —0.37618 0.25710
No. diseased vessel function 0.00000 0.09556 0.00000 0.06299 0.00000 0.00000 0.03700 0.03312 —0.10126
Peripheral vascular disease 0.21980 0.25236 0.00000 0.00000 0.00000 0.19758 0.13174 0.15342 —0.18903
Race black 0.00000 0.28378 0.40941 0.34795 0.00000 0.23856 0.31567 0.37161 —0.44177
Race Hispanic 0.00000 —0.13774 0.14968 0.06720 0.00000 0.12816 0.08581 0.15128 —0.20068
Reop, 1 previous operation 0.74484 0.73489 0.43804 0.60704 0.00000 0.27365 0.44052 0.35252 —0.40042
Reop, = 2 previous operations 0.90625 0.85841 0.50595 0.91229 0.00000 0.34233 0.67201 0.56294 —0.69765
Reop by MVR function 0.00000 0.00000 0.00000 —0.20333 0.00000 0.00000 0.00000 0.00000 0.00000
Reop by MVRepair function 0.00000 0.00000 0.00000 0.11559 0.00000 0.00000 0.00000 0.00000 0.00000
Shock 0.47961 0.50213 0.00000 0.73670 0.00000 0.28068 0.74786 0.55376 0.00000
Shock by MVR function 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 —0.50071 0.00000
Shock by MVRepair function 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.36096 0.00000
Status urgent 0.25552 0.00000 0.19344 0.25714 0.00000 0.15548 0.19858 0.35184 —0.36106
Status emergent 1.32597 1.02109 1.13199 1.51294 0.00000 0.49075 1.17360 0.89480 —1.12373
Status salvage 2.07144 0.74530 1.24544 1.25342 0.00000 0.00000 1.21823 0.00000 —1.13785
Status by MVR function —0.31729 0.00000 —0.34380 —0.35206 0.00000 0.00000 0.00000 0.00000 0.00000
Status by MVRepair function 0.84051 0.00000 —0.02373 0.29927 0.00000 0.00000 0.00000 0.00000 0.00000
Stenosis aortic 0.00000 0.00000 0.00000 —0.10782 0.00000 —0.10852 —0.07479 —0.15434 0.06873
Stenosis mitral 0.21309 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Unstable angina 0.18950 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
BSA = body surface area; CHF = congestive heart failure; CLD = chronic lung disease; Comp = composite adverse event (any); CVA = cerebrovascular accident (stroke); CVD =
cerebrovascular disease; DSWI = deep sternal wound infection; EF = ejection fraction; IABP = intra-aortic balloon pump; Mort = mortality; MVR = mitral valve replacement;

MVRepair = mitral valve repair; NYHA = New York Heart Association; PLOS = prolonged length of stay; ~ Reop = reoperation; RF = renal failure; SLOS = short length of stay; ~ Vent
= prolonged ventilation.
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Appendix Table 2. Definition of Variables Appearing in STS 2008 Valve Models

541

Variable

Definition

Intercept

Atrial fibrillation

Age function 1

Age function 3

Age by reoperation function
Age by status function

Age by MVR function

Age by MVRepair function
BSA function 1

BSA function 2

CHF but not NYHA IV
CHF and NYHA IV

CHF by MVR function

CHF by MVRepair function
CLD function

CLD by MVR function

CLD by MVRepair function
Creatinine function 1

CVD without prior CVA
CVD and prior CVA
Diabetes, noninsulin
Diabetes, insulin

Diabetes by MVR function
Diabetes by MVRepair function
Dialysis

Dialysis by MVR function
Dialysis by MVRepair function
Ejection fraction function
Endocarditis, active

Female

Female by MVR function
Female by MVRepair function
Female by BSA function 1
Female by BSA function 2
Hypertension

IABP or inotropes

IABP by MVR function
IABP by MVRepair function
Immunosuppressive treatment
Insufficiency mitral
Insufficiency tricuspid

Left main disease

MI = 21 days

MVR

MVRepair

No. diseased vessel function
Peripheral vascular disease
Race black

Race Hispanic

Reop, 1 prior operation
Reop, = 2 prior operations
Reop by MVR function
Reop by MVRepair function

= 1 for all patients

1 if patient has history of preop atrial fibrillation, = 0 otherwise

max (age - 50, 0)

max (age - 75, 0)

= Age function 1 if surgery is a reoperation, = 0 otherwise

= Age function 1 if status is emergent or salvage, = 0 otherwise
= Age function 1 if operation is MVR, = 0 otherwise

= Age function 1 if operation is MVRepair, = 0 otherwise

max (1.4, min [2.6, BSA]) - 1.8

= (BSA function 1)*

= 1 if patient has CHF and is not NYHA class IV, = 0 otherwise
= 1 if patient has CHF and is NYHA class IV, = 0 otherwise

= 1 if patient has CHF and operation is MVR, = 0 otherwise

= 1 if patient has CHF and operation is MVRepair, = 0 otherwise
= 0 if no CLD, = 1 if mild CLD, = 2 if moderate CLD, = 3 if severe CLD
= CLD function if operation is MVR, = 0 otherwise

CLD function if operation is MVRepair, = 0 otherwise

max (0.5, min [creatinine, 5.0]) if patient is not on dialysis, = 0 otherwise
1 if patient has history of CVD and no prior CVA, = 0 otherwise
= 1if patient has history of CVD and a prior CVA, = 0 otherwise

= 1if patient has diabetes not treated with insulin, = 0 otherwise

= 1if patient has diabetes treated with insulin, = 0 otherwise

= 1 if patient has diabetes and operation is MVR, = 0 otherwise

= 1 if patient has diabetes and operation is MVRepair, = 0 otherwise

= 1if patient requires dialysis preoperatively, = 0 otherwise

= 1 if patient has history of dialysis and operation is MVR, = 0 otherwise

= 1 if patient has history of dialysis and operation is MVRepair, = 0 otherwise

= max (50-ejection fraction, 0)

1 if patient has active endocarditis, = 0 otherwise

= 1if patient is female, = 0 otherwise

= 1 if female and operation is MVR, = 0 otherwise

= 1 if female and operation is MVRepair, = 0 otherwise

= BSA function 1 if female, = 0 otherwise

= BSA function 2 if female, = 0 otherwise

= 1 if patient has hypertension, = 0 otherwise

= 1 if patient requires IABP or inotropes preoperatively, = 0 otherwise

= 1 if patient requires preop IABP/inotropes and operation is MVR, = 0 otherwise

= 1 if patient requires preop IABP/inotropes and operation is MVRepair, = 0 otherwise

= 1 if patient received immunosuppressive therapy within 30 days, = 0 otherwise

= 1if patient has at least moderate mitral insufficiency, = 0 otherwise

= 1if patient has at least moderate tricuspid insufficiency, = 0 otherwise
= 1 if patient has left main disease, = 0 otherwise

= 1 if patient has history of MI within 21 days of surgery, = 0 otherwise
= 1 if valve operation is mitral valve replacement, = 0 otherwise

= 1 if valve operation is mitral valve repair, = 0 otherwise

= 2 if triple-vessel disease, = 1 if double-vessel disease, = 0 otherwise

= 1 if patient has peripheral vascular disease, = 0 otherwise

= 1 if patient is black, = 0 otherwise

= 1 if patient is nonblack Hispanic, = 0 otherwise

= 1if patient has had exactly 1 previous CV surgery, = 0 otherwise

= 1 if patient has had 2 or more previous CV surgeries, = 0 otherwise

= 1if surgery is a reoperation and operation is MVR, = 0 otherwise

= 1 if surgery is a reoperation and operation is MVRepair, = 0 otherwise
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Appendix Table 2. Continued

Variable Definition

Shock = 1 if patient was in shock at time of procedure, = 0 otherwise

Shock by MVR function = 1 if shock and operation is MVR, = 0 otherwise

Shock by MVRepair function = 1 if shock and operation is MVRepair, = 0 otherwise

Status urgent = 1 if status is urgent, = 0 otherwise

Status emergent = 1 if status is emergent (but not resuscitation), = 0 otherwise

Status salvage = 1 if status is salvage (or emergent plus resuscitation), = 0 otherwise

Status by MVR function
Status by MVRepair function
Stenosis aortic

1 if status is emergent or salvage and operation is MVR, = 0 otherwise

1 if status is emergent or salvage and operation is MVRepair, = 0 otherwise

1 if patient has aortic stenosis, = 0 otherwise
Stenosis mitral = 1 if patient has mitral stenosis, = 0 otherwise
Unstable angina = 1 if patient has unstable angina, no MI within 7 days of surgery, = 0 otherwise

Note: See www.sts.org for exact definitions of terms used above.

BSA = body surface area; CHF = congestive heart failure; CLD = chronic lung disease; CVA = cerebrovascular accident, or stroke;
CVD = cerebrovascular disease; DSWI = deep sternal wound infection; EF = ejection fraction; IABP = intra-aortic balloon pump; MI =
myocardial infarction; ~ Mort = mortality; MVR = mitral valve replacement; =~ MVRepair = mitral valve repair; NYHA = New York Heart
Association; PCI = percutaneous coronary intervention; PLOS = prolonged length of stay; Preop = preoperative; Reop = reoperation;
Comp = composite adverse event (any); RF = renal failure; SLOS = short length of stay; STS = The Society of Thoracic Surgeons;
Vent = prolonged ventilation.
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Background. Since 1999, The Society of Thoracic Surgeons
(STS) has published two risk models that can be used to
adjust the results of valve surgery combined with coronary
artery bypass graft surgery (CABG). The most recent was
developed from data for patients who had surgery between
1994 and 1997 using operative mortality as the only endpoint.
Furthermore, this model did not specifically consider mitral
valve repair plus CABG, an increasingly common procedure.
Consistent with STS policy of periodically updating and
improving its risk models, new models for valve surgery
combined with CABG have been developed. These models
specifically address both perioperative morbidity and mitral
valve repair, and they are based on contemporary data.

Methods. The final study population consisted of 101,661
procedures, including aortic valve replacement (AVR) plus
CABG, mitral valve replacement (MVR) plus CABG, or mitral
valve repair (MVRepair) plus CABG between January 1, 2002,
and December 31, 2006. Model outcomes included operative
mortality, stroke, deep sternal wound infection, reoperation,
prolonged ventilation, renal failure, composite major morbid-
ity or mortality, prolonged postoperative length of stay, and
short postoperative length of stay. Candidate variables were
screened for frequency of missing data, and imputation tech-
niques were used where appropriate. Stepwise variable selec-
tion was employed, supplemented by advice from an expert
panel of cardiac surgeons and biostatisticians. Several vari-
ables were forced into models to insure face validity (eg, atrial

Risk models for cardiac surgery were first developed
almost 2 decades ago, and most of these early models
focused on isolated coronary artery bypass graft surgery
(CABG) [1-4]. The results of this frequently performed
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fibrillation for the permanent stroke model, sex for all mod-
els). Based on preliminary analyses of the data, a single model
was employed for valve plus CABG, with indicator variables
for the specific type of procedure. Interaction terms were
included to allow for differential impact of predictor variables
depending on procedure type. After validating the model in
the 40% validation sample, the development and validation
samples were then combined, and the final model coefficients
were estimated using the overall 100% combined sample. The
final logistic regression model was estimated using general-
ized estimating equations to account for clustering of patients
within institutions.

Results. The c-index for mortality prediction for the overall
valve plus CABG population was 0.75. Morbidity model
c-indices for specific complications (permanent stroke, renal
failure, prolonged ventilation > 24 hours, deep sternal wound
infection, reoperation for any reason, major morbidity or
mortality composite, and prolonged postoperative length of
stay) for the overall group of valve plus CABG procedures
ranged from 0.622 to 0.724, and calibration was excellent.

Conclusions. New STS risk models have been developed
for heart valve surgery combined with CABG. These are the
first valve plus CABG models that also include risk prediction
for individual major morbidities, composite major morbidity
or mortality, and short and prolonged length of stay.

(Ann Thorac Surg 2009;88:543—62)
© 2009 by The Society of Thoracic Surgeons

surgical procedure have often been used as the sole marker
to assess the quality of care delivered by cardiac surgical
programs. Risk-adjusted results for CABG have been used
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Abbreviations and Acronyms

AVR = aortic valve replacement

CABG = coronary artery bypass graft surgery
MI = myocardial infarction

MVR = mitral valve replacement

MVRepair = mitral valve repair

NCD = National Adult Cardiac Surgery
Database

QMTF = Quality Measurement Task Force

STS = The Society of Thoracic Surgeons

for hospital and regional quality improvement initiatives,
public reporting, pay for performance reimbursement pro-
grams, decision support, patient counseling, and clinical
research. Earlier models focused primarily on mortality
prediction, but subsequent models have been developed
for both risk-adjusted morbidity and length of stay [5].

The other commonly performed category of cardiac
surgery consists of operations on the heart valves, either
alone or in combination with CABG. Relative to isolated
CABG procedures, which are declining in frequency, the
proportion of valve cases is steadily increasing. To better
assess the overall performance of cardiac surgery pro-
grams, to discern the factors that are most significantly
related to patient outcomes, and to aid in physician and
patient decision-making, risk models have now also been
developed for heart valve surgery [6-18].

Unlike risk models for isolated CABG, a relatively stan-
dardized procedure, valve surgery encompasses a much
more diverse group of operations. There are four cardiac
valves, and they may malfunction in a number of quite
different ways (eg, stenosis, regurgitation, infection, and so
forth). The valves may be repaired or replaced with a wide
range of techniques and prosthetics. In some cases, proce-
dures may be performed on multiple valves, or the valve
procedure may be combined with CABG.

Given the heterogeneity of heart valve surgery, it is not
surprising that a variety of risk-modeling techniques has
been applied. At one extreme, the European System for
Cardiac Operative Risk Evaluation (EuroSCORE) algo-
rithm, developed by a European consortium, groups all
cardiac operations together in a single risk model with
indicator variables included to account for valve procedures
[14, 18]. Although this approach is simple and easy to apply,
recent studies by van Gameren and associates [19] have
suggested that a dedicated valve risk model may have
better discrimination and calibration than the EuroSCORE
algorithm when applied to valve surgery patients. Com-
bined models for aortic and mitral valve procedures with or
without CABG have been developed by Jin and colleagues
[12] and by Ambler and associates [13]. The 2001 valve
models developed by The Society of Thoracic Surgeons
(STS) [6] consisted of one model for all isolated valve
procedures and one model for valve procedures combined
with CABG, and a 2007 risk model derived from the New
York Cardiac Surgery Reporting System used a similar
stratification [8].
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Unified valve models reflect the fact that many risk
factors are common to both aortic and mitral valve surgery.
They offer simplicity, and they also permit larger sample
sizes for development and validation [12]. However, there
are significant differences between aortic and mitral valvu-
lar disease in both pathophysiology and outcomes, and
both also differ substantially from isolated CABG [11].
Some investigators advocate separate aortic and mitral
valve models to have more homogeneous patient popula-
tions. Examples include models developed by STS, the New
York Cardiac Surgery Reporting System, and the Northern
New England Cardiovascular Disease Study Group [7, 9,
10]. Some of these models have been developed solely for
isolated valve replacement, some have included CABG as a
separate predictor variable in the isolated valve model, and
some models have focused specifically on valve plus CABG.
All these decisions involve a tradeoff—the more homoge-
neous the study group, the fewer patients are available for
model development and validation [12].

Because of the large number of valve surgery patients
available for analysis in the STS National Adult Cardiac
Surgery Database (NCD), our approach has favored
separate models for valve plus CABG versus isolated
valve surgery. The STS Quality Measurement Task Force
(QMTF) presumes that when adequate numbers of pa-
tients are available for study, relatively homogeneous
operative categories result in more accurate risk predic-
tion. Furthermore, recent studies by van Gameren and
colleagues [19] suggest that the valve plus CABG group
may be the most difficult to model accurately, thus
meriting its own algorithm.

Several new features were added to the 2008 valve plus
CABG models described in this report. First, recognizing
that mitral valve repair is often different in both etiology
and outcomes than replacement, the QMTF has included
interactions between surgery type and several key predictor
variables. Fitting a single model with several such interac-
tions is useful. It allows for pooling information across
related groups of valve procedures without making an a
priori assumption that the effect of key risk factors is
constant across these groups. Finally, new models have
been developed for specific major complications of each
valve plus CABG procedure, as well as for composite
morbidity, mortality, and for both short and prolonged
postoperative length of stay.

The authors of this report are members of the STS
QMTF who were involved in this risk model develop-
ment project.

Study Population and Endpoints

Our general approaches to variable selection and risk
model development have been described in the compan-
ion articles on isolated CABG (Part 1) and isolated valve
surgery (Part 2). Details specific to the valve plus CABG
models are included in this report.

Study Population

The study population for this analysis consisted of single
aortic or mitral valve surgical procedures combined with
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CABG performed on adult patients between January 1,
2002, and December 31, 2006. Only the following proce-
dures were included: (1) isolated aortic valve replace-
ment (AVR) plus CABG; (2) isolated mitral valve replace-
ment (MVR) plus CABG; and (3) isolated mitral valve
repair (MVRepair) plus CABG.

Because of the relatively small number of pulmonic, tricus-
pid, multiple valve procedures, and aortic repairs, these cases
were not included in the current models. Patients undergoing
isolated valve surgery without CABG were excluded from the
current analysis, but these cases are the focus of a separate
model described in Part 2 of this three-part series. Patients
with missing sex data (n = 17) were excluded because these
patients are not allowed in the analysis dataset used for
creating STS database participant feedback reports. Patients
on dialysis preoperatively (n = 2,443) were excluded when
developing the risk model for prediction of postoperative
renal failure. The final study population comprised 101,661
patient operations (66,074 AVR plus CABG; 13,663 MVR plus
CABG; and 21,924 MVRepair plus CABG) from 814 STS NCD
participating groups.

Characteristics of the study population are summa-
rized in Table 1.

Training and Validation Samples

The study population was randomly divided into a 60%
training (development) sample and a 40% test (valida-
tion) sample. The development sample was used to
identify predictor variables and estimate model coeffi-
cients. Data from the validation sample were used to
assess model fit, discrimination, and calibration. After
choosing variables and assessing model fit, the develop-
ment and validation samples were subsequently com-
bined, and the final model coefficients were estimated
using the combined (development plus validation) data.

Endpoints

In developing the valve plus CABG risk models, we used
the same nine endpoints that were analyzed in the STS
isolated CABG (Part 1) and the STS isolated valve (Part 2)
models. Morbidities in all three models are recorded only
in-hospital, in contrast to the operative mortality endpoint
defined below (although beginning with version 2.61, ster-
nal infection will be recorded at 30 days): (1) operative
mortality: death during the same hospitalization as surgery,
regardless of timing or within 30 days of surgery regardless
of venue; (2) permanent stroke (CVA): a central neurologic
deficit persisting longer than 72 hours; (3) renal failure: a
new requirement for dialysis or an increase of the serum
creatinine to more than 2.0 mg/dL and double the most
recent preoperative creatinine level; (4) prolonged ventila-
tion (> 24 hours); (5) deep sternal wound infection; (6)
reoperation for any reason; (7) major morbidity or mortality,
a composite defined as the occurrence of any of the above
endpoints; (8) prolonged postoperative length of stay
(PLOS): length of stay (LOS) more than 14 days (alive or
dead); and (4) short postoperative length of stay (SLOS):
LOS less than 6 days and patient alive at discharge.

Endpoint frequencies in the study population are pre-
sented in Table 2.
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Separate Versus Combined Models

Given the variety of approaches used in previous models by
STS and other developers, we investigated the option of
developing separate models for the AVR plus CABG and
MVR plus CABG populations, and we also studied how
best to subdivide the mitral plus CABG population into
repair versus replacement. Although we had a large study
population available, many of the individual outcomes
were relatively rare. We were concerned that the number of
events would be too small to permit reliable estimation of
the model coefficients in separate models for each valve.
Thus, in theory, the development of separate custom mod-
els for each valve type could be inferior to a single com-
bined model because the custom models would have a
smaller sample size and hence larger variance.

As described in detail in Part 2 of this series (isolated
valve surgery), we performed preliminary empirical analy-
ses to compare two alternative strategies (separate versus
combined AVR plus CABG and MVR/Repair plus CABG)
for developing these risk models. We first developed sep-
arate models for the three subpopulations (AVR plus
CABG, MVR plus CABG, and MVRepair plus CABG), then
modeled all three subpopulations together in a single
model. In the latter approach, we included several interac-
tion terms to allow the effect of certain risk factors to differ
across the specific valve subpopulations. These strategies
were used to develop risk models for operative mortality
and permanent stroke, using a 60% development sample
and a separate 40% validation sample. The performance of
the combined model was then assessed separately within
each subpopulation and compared to the model that was
developed specifically for that subpopulation. In the case of
mortality, the combined model had better discrimination
(larger c-index) than the corresponding custom model in
each of the three subpopulations (AVR plus CABG, MVR
plus CABG, MVRepair plus CABG). For stroke, the com-
bined model had better discrimination in two of the three
populations (all except AVR plus CABG). Finally, when
explained variation was quantified by the generalized R*
index of Nagelkerke [20], the combined model had greater
explained variation than the custom model in each subpopu-
lation for each endpoint. These results provide empirical
support for the use of a single model with several interactions,
which allows pooling of information across valve groups
without assuming that the effect of risk factors is constant.

Selection of Candidate Predictor Variables

The candidate variables for the STS valve plus CABG
models were identical to those in the STS isolated valve
models, described in Part 2 of this series. They differed from
the isolated CABG model variables in the following specific
areas: (1) Percutaneous coronary intervention (PCI) occur-
ring 6 hours or less before surgery was present in only 315
patients (0.3%) in the valve plus CABG study population,
and was not included as a candidate variable. (2) Infectious
endocarditis was not included in the isolated CABG model
but was considered for the valve plus CABG model. Al-
though this risk factor was rarely present (0.8% active
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Table 1. Distribution of Risk Factors in Overall Study Population 2002 to 2006

Overall Valve + MVRepair +
CABG AVR + CABG MVR + CABG CABG
(n = 101,661) (n = 66,074) (n = 13,663) (n = 21,924)
Variable N % N % N % N %o
Demographics
Age, years
< 55 6,693 6.6 2,983 4.51 1,309 9.58 2,401 10.95
55-64 17,188 16.9 9,132 13.82 2,790 20.42 5,266 24.02
65-74 33,628 33.1 21,313 32.26 4,667 34.16 7,648 34.88
=75 44,152 43.4 32,646 49.41 4,897 35.84 6,609 30.15
Sex
Male 65,588 64.5 44,619 67.53 7,348 53.78 13,621 62.13
Female 36,073 355 21,455 32.47 6,315 46.22 8,303 37.87
Race
Caucasian 90,572 89.1 60,121 90.99 11,765 86.11 18,686 85.23
Black 4,534 4.5 2,094 3.17 914 6.69 1,526 6.96
Hispanic 2,487 24 1,487 2.25 354 2.59 646 2.95
Asian 1,083 1.1 542 0.82 191 1.40 350 1.60
Other 2,295 2.3 1,402 212 331 2.42 562 2.56
Missing 690 0.7 428 0.65 108 0.79 154 0.70
Risk factors
Body surface area, m?
< 1.50 3,340 3.3 1,985 3.00 638 4.67 717 3.27
1.50-1.74 20,779 20.4 12,580 19.04 3,500 25.62 4,699 21.43
1.75-1.99 40,017 39.4 25,814 39.07 5,440 39.82 8,763 39.97
= 2.00 36,956 36.4 25,361 38.38 3,996 29.25 7,599 34.66
Missing 569 0.6 334 0.51 89 0.65 146 0.67
Body mass index, kg/m?
<25 29,353 28.9 17,712 26.81 4,787 35.04 6,854 31.26
25-29 39,345 38.7 25,692 38.88 4,951 36.24 8,702 39.69
30-34 21,063 20.7 14,447 21.86 2,507 18.35 4,109 18.74
=35 11,165 11.0 7,785 11.78 1,299 9.51 2,081 9.49
Missing 735 0.7 438 0.66 119 0.87 178 0.81
Diabetes mellitus
No diabetes 68,112 67.0 44,489 67.33 9,517 69.66 14,106 64.34
Diabetes, noninsulin 23,383 23.0 15,705 23.77 2,642 19.34 5,036 22.97
Diabetes, insulin 9,848 9.7 5,677 8.59 1,463 10.71 2,708 12.35
Diabetes, missing treatment 167 0.2 105 0.16 20 0.15 42 0.19
Missing 151 0.1 98 0.15 21 0.15 32 0.15
Hypertension
No 22,709 223 13,944 21.10 3,482 25.48 5,283 24.10
Yes 78,823 77.5 52,050 78.78 10,163 74.38 16,610 75.76
Missing 129 0.1 80 0.12 18 0.13 31 0.14
Hypercholesterolemia
No 33,759 33.2 21,248 32.16 5,324 38.97 7,187 32.78
Yes 67,613 66.5 44,649 67.57 8,280 60.60 14,684 66.98
Missing 289 0.3 177 0.27 59 0.43 53 0.24
Past or present smoker
No 43,687 43.0 29,123 44.08 5,835 42.71 8,729 39.81
Yes 57,813 56.9 36,849 55.77 7,797 57.07 13,167 60.06
Missing 161 0.2 102 0.15 31 0.23 28 0.13
Chronic lung disease
None 76,803 75.5 50,632 76.63 9,756 71.40 16,415 74.87
Mild 12,157 12.0 7,658 11.59 1,853 13.56 2,646 12.07
Moderate 7,797 7.7 4,720 7.14 1,269 9.29 1,808 8.25
Severe 4,005 3.9 2,463 3.73 658 4.82 884 4.03

Missing 899 0.9 601 0.91 127 0.93 171 0.78
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Overall Valve + MVRepair +
CABG AVR + CABG MVR + CABG CABG
(n = 101,661) (n = 66,074) (n = 13,663) (n = 21,924)
Variable N %o N % N %o N %o
Peripheral vascular disease
No 84,183 82.8 54,658 82.72 11,373 83.24 18,152 82.80
Yes 17,294 17.0 11,296 17.10 2,267 16.59 3,731 17.02
Missing 184 0.2 120 0.18 23 0.17 41 0.19
Cerebrovascular disease
No 83,284 81.9 53,509 80.98 11,304 82.73 18,471 84.25
Yes 18,202 17.9 12,449 18.84 2,335 17.09 3,418 15.59
Missing 175 0.2 116 0.18 24 0.18 35 0.16
CVA
No CVA 92,527 91.0 60,141 91.02 12,283 89.90 20,103 91.69
Remote CVA (> 2 weeks) 8,461 83 5,545 8.39 1,240 9.08 1,676 7.64
Recent CVA (= 2 weeks) 348 0.3 184 0.28 88 0.64 76 0.35
CVA, missing timing 114 0.1 62 0.09 23 0.17 29 0.13
Missing 211 0.2 142 0.21 29 0.21 40 0.18
Endocarditis
No endocarditis 99,517 97.9 65,023 98.41 12,914 94.52 21,580 98.43
Treated endocarditis 1,091 1.1 525 0.79 356 2.61 210 0.96
Active endocarditis 827 0.8 387 0.59 356 2.61 84 0.38
Endocarditis, missing type 24 0.0 11 0.02 8 0.06 5 0.02
Missing 202 0.2 128 0.19 29 0.21 45 0.21
Renal failure
No 92,592 91.1 60,880 92.14 12,037 88.10 19,675 89.74
Yes 8,888 8.7 5,072 7.68 1,605 11.75 2,211 10.08
Missing 181 0.2 122 0.18 21 0.15 38 0.17
Renal function
Creatinine < 1.0 mg/dL 30,178 29.7 20,297 30.72 3,672 26.88 6,209 28.32
Creatinine 1.00-1.49 mg/dL 52,008 51.2 34,054 51.54 6,758 49.46 11,196 51.07
Creatinine 1.50-1.99 mg/dL 11,469 11.3 7,151 10.82 1,732 12.68 2,586 11.80
Creatinine 2.00-2.49 mg/dL 2,711 2.7 1,554 2.35 498 3.64 659 3.01
Creatinine = 2.5 mg/dL 1,602 1.6 844 1.28 319 2.33 439 2.00
Dialysis 2,443 2.4 1,364 2.06 482 3.53 597 2.72
Missing 1,250 1.2 810 1.23 202 1.48 238 1.09
Immunosuppressive treatment
No 98,421 96.8 63,984 96.84 13,211 96.69 21,226 96.82
Yes 2,975 2.9 1,904 2.88 427 3.13 644 2.94
Missing 265 0.3 186 0.28 25 0.18 54 0.25
Previous CV interventions
Previous CABG surgery
No 91,657 90.2 59,583 90.18 12,057 88.25 20,017 91.30
Yes 9,615 9.5 6,257 9.47 1,540 11.27 1,818 8.29
Missing 389 0.4 234 0.35 66 0.48 89 0.41
Previous valve surgery
No 98,737 97.1 64,265 97.26 12,794 93.64 21,678 98.88
Yes 2,540 2.5 1,567 2.37 813 5.95 160 0.73
Missing 384 0.4 242 0.37 56 0.41 86 0.39
Previous other cardiac surgery
No 98,538 96.9 64,166 97.11 13,181 96.47 21,191 96.66
Yes 2,683 2.6 1,634 2.47 407 2.98 642 2.93
Missing 440 0.4 274 0.41 75 0.55 91 0.42
Number of previous CV surgeries
No previous CV surgery 89,419 88.0 58,161 88.02 11,530 84.39 19,728 89.98
1 prior CV surgery 10,453 10.3 6,796 10.29 1,799 13.17 1,858 8.47
= 2 prior CV surgeries 1,200 1.2 766 1.16 231 1.69 203 0.93
Missing 589 0.6 351 0.53 103 0.75 135 0.62
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Overall Valve + MVRepair +
CABG AVR + CABG MVR + CABG CABG
(n = 101,661) (n = 66,074) (n = 13,663) (n = 21,924)
Variable N %o N % N % N %
Prior PCI
No PCI 84,553 83.2 55,581 84.12 11,152 81.62 17,820 81.28
PCI = 6 hours 315 0.3 151 0.23 89 0.65 75 0.34
PCI > 6 hours 16,158 15.9 9,946 15.05 2,321 16.99 3,891 17.75
PCI, missing timing 234 0.2 145 0.22 45 0.33 44 0.20
Missing 401 0.4 251 0.38 56 0.41 94 0.43
Preoperative cardiac status
Acuity status
Elective 62,298 61.3 43,682 66.11 7,277 53.26 11,339 51.72
Urgent 36,454 35.9 21,414 32.41 5,315 38.90 9,725 44.36
Emergent 2,479 2.4 763 1.15 945 6.92 771 3.52
Emergent salvage 258 0.3 97 0.15 104 0.76 57 0.26
Missing 172 0.2 118 0.18 22 0.16 32 0.15
MI
No prior MI 68,332 67.2 49,673 75.18 8,056 58.96 10,603 48.36
MI = 21 days 16,934 16.7 9,308 14.09 2,621 19.18 5,005 22.83
MI 8-21 days 3,751 3.7 1,725 2.61 624 4.57 1,402 6.39
MI 1-7 days 10,458 10.3 4,514 6.83 1,741 12.74 4,203 19.17
MI > 6 and < 24 hours 1,113 11 367 0.56 341 2.50 405 1.85
MI = 6 hours 531 0.5 178 0.27 192 1.41 161 0.73
MI, missing timing 355 0.3 184 0.28 59 0.43 112 0.51
Missing 187 0.2 125 0.19 29 0.21 33 0.15
Angina
No 42,542 41.8 28,032 4243 6,248 45.73 8,262 37.68
Yes 58,967 58.0 37,945 57.43 7,394 54.12 13,628 62.16
Missing 152 0.1 97 0.15 21 0.15 34 0.16
Cardiogenic shock
No 98,743 97.1 65,219 98.71 12,590 92.15 20,934 95.48
Yes 2,719 2.7 720 1.09 1,055 7.72 944 4.31
Missing 199 0.2 135 0.20 18 0.13 46 0.21
Resuscitation
No 100,474 98.8 65,522 99.16 13,359 97.78 21,593 98.49
Yes 971 1.0 405 0.61 281 2.06 285 1.30
Missing 216 0.2 147 0.22 23 0.17 46 0.21
Arrhythmia
No arrhythmia 83,856 82.5 56,040 84.81 9,992 73.13 17,824 81.30
AFib/flutter 13,386 13.2 7,533 11.40 2,940 21.52 2,913 13.29
Heart block 1,975 1.9 1,311 1.98 289 2.12 375 1.71
Sustained VT/VF 1,513 1.5 614 0.93 299 2.19 600 2.74
Arrhythmia, other 483 0.5 305 0.46 63 0.46 115 0.52
Arrhythmia, missing type 242 0.2 135 0.20 59 0.43 48 0.22
Missing 206 0.2 136 0.21 21 0.15 49 0.22
Preoperative IABP
No 96,136 94.6 64,597 97.76 11,957 87.51 19,582 89.32
Yes 5,205 5.1 1,275 1.93 1,655 12.11 2,275 10.38
Missing 320 0.3 202 0.31 51 0.37 67 0.31
NYHA class
I 9,839 9.7 6,934 10.49 1,103 8.07 1,802 8.22
1I 24,830 24.4 17,808 26.95 2,524 18.47 4,498 20.52
I 42,593 41.9 28,079 42.50 5,458 39.95 9,056 41.31
v 20,571 20.2 10,808 16.36 3,882 28.41 5,881 26.82
Missing 3,828 3.8 2,445 3.70 696 5.09 687 3.13
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Overall Valve + MVRepair +
CABG AVR + CABG MVR + CABG CABG
(n = 101,661) (n = 66,074) (n = 13,663) (n = 21,924)
Variable N %o N % N %o N %o
Congestive heart failure
No 58,086 57.1 41,984 63.54 5,797 42.43 10,305 47.00
Yes 43,377 42.7 23,953 36.25 7,845 57.42 11,579 52.81
Missing 198 0.2 137 0.21 21 0.15 40 0.18
Number of diseased coronary vessels
None 2,362 23 1,786 2.70 281 2.06 295 1.35
One 22,718 223 16,934 25.63 3,040 22.25 2,744 12.52
Two 27,144 26.7 19,014 28.78 3,655 26.75 4,475 20.41
Three 49,060 483 28,107 42.54 6,623 48.47 14,330 65.36
Missing 377 0.4 233 0.35 64 0.47 80 0.36
Left main disease = 50%
No 84,025 82.7 55,292 83.68 11,503 84.19 17,230 78.59
Yes 17,175 16.9 10,512 15.91 2,072 15.17 4,591 20.94
Missing 461 0.5 270 0.41 88 0.64 103 0.47
Ejection fraction, %
<25 5,805 5.7 2,199 3.33 640 4.68 2,966 13.53
25-34 10,988 10.8 4,877 7.38 1,566 11.46 4,545 20.73
35-44 14,928 14.7 8,064 12.20 2,487 18.20 4,377 19.96
45-54 20,398 20.1 13,424 20.32 3,048 2231 3,926 17.91
=55 43,556 42.8 32,973 49.90 5,209 38.12 5,374 24.51
Missing 5,986 59 4,537 6.87 713 5.22 736 3.36
Aortic stenosis
No 42,831 421 8,527 12.91 12,974 94.96 21,330 97.29
Yes 58,317 57.4 57,319 86.75 535 3.92 463 2.11
Missing 513 0.5 228 0.35 154 1.13 131 0.60
Mitral stenosis
No 95,696 94.1 63,862 96.65 11,166 81.72 20,668 94.27
Yes 4,993 4.9 1,542 2.33 2,366 17.32 1,085 4.95
Missing 972 1.0 670 1.01 131 0.96 171 0.78
Tricuspid stenosis
No 100,093 98.5 65,060 98.47 13,402 98.09 21,631 98.66
Yes 275 0.3 154 0.23 57 0.42 64 0.29
Missing 1,293 1.3 860 1.30 204 1.49 229 1.04
Pulmonic stenosis
No 99,484 97.9 64,693 97.91 13,348 97.69 21,443 97.81
Yes 122 0.1 85 0.13 14 0.10 23 0.10
Missing 2,055 2.0 1,296 1.96 301 2.20 458 2.09
Aortic insufficiency
None 57,561 56.6 28,972 43.85 10,821 79.20 17,768 81.04
Trivial 9,243 9.1 6,573 9.95 1,023 7.49 1,647 7.51
Mild 13,828 13.6 11,082 16.77 1,156 8.46 1,590 7.25
Moderate 10,195 10.0 9,581 14.50 232 1.70 382 1.74
Severe 8,686 8.5 8,580 12.99 49 0.36 57 0.26
Missing 2,148 2.1 1,286 1.95 382 2.80 480 2.19
Mitral insufficiency
None 41,756 41.1 38,790 58.71 1,297 9.49 1,669 7.61
Trivial 7,467 7.3 7,139 10.80 147 1.08 181 0.83
Mild 15,407 15.2 13,485 20.41 584 4.27 1,338 6.10
Moderate 14,987 14.7 4,842 7.33 2,790 20.42 7,355 33.55
Severe 20,516 20.2 527 0.80 8,743 63.99 11,246 51.30

Missing 1,528 15 1,291 1.95 102 0.75 135 0.62
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Table 1. Continued

Overall Valve + MVRepair +
CABG AVR + CABG MVR + CABG CABG
(n = 101,661) (n = 66,074) (n = 13,663) (n = 21,924)
Variable N % N % N % N %
Tricuspid insufficiency
None 74,774 73.6 49,614 75.09 9,758 71.42 15,402 70.25
Trivial 7,972 7.8 5,454 8.25 839 6.14 1,679 7.66
Mild 11,505 11.3 7,060 10.68 1,631 11.94 2,814 12.84
Moderate 4,119 4.1 1,919 2.90 874 6.40 1,326 6.05
Severe 636 0.6 237 0.36 186 1.36 213 0.97
Missing 2,655 2.6 1,790 2.71 375 2.74 490 2.23
Pulmonic insufficiency
None 91,715 90.2 59,891 90.64 12,275 89.84 19,549 89.17
Trivial 3,411 3.4 2,122 3.21 442 3.24 847 3.86
Mild 2,065 2.0 1,215 1.84 306 224 544 2.48
Moderate 326 0.3 165 0.25 70 0.51 91 0.42
Severe 49 0.0 25 0.04 11 0.08 13 0.06
Missing 4,095 4.0 2,656 4.02 559 4.09 880 4.01
AFib = atrial fibrillation; AVR = aortic valve replacement; CABG = coronary artery bypass graft; CV = cardiovascular; CVA =
cerebrovascular accident (stroke); IABP = intra-aortic balloon pump; MI = myocardial infarction; MVR = mitral valve replacement;
MVRepair = mitral valve repair; NYHA = New York Heart Association; PCI = percutaneous coronary intervention; VF = ventricular
fibrillation; VT = ventricular tachycardia.
endocarditis) in the overall valve plus CABG population, it An indicator for valve procedure (AVR, MVR, MVRe-
was included for consistency with the isolated valve model. pair) was included in the combined valve plus CABG
Active endocarditis was present in 2.6% of patients under-  model, as previously noted.

going mitral replacement plus CABG. (3) Mitral stenosis
was rarely present among isolated CABG patients (0.35%).
However, it was not uncommon (4.9%) among patients
undergoing valve plus CABG surgery and was included as Missing data are uncommon in the STS NCD, with a
a candidate variable. It was present in 17.3% of mitral  frequency of less than 1% missing for most variables. Model
replacements and 5.0% of mitral repairs. variables with more than 1% missing were ejection fraction

Missing Data

Table 2. Frequency of Endpoints in Overall Study Population 2002 to 2006

Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

Overall (AVR + CABG, MVR + CABG, MVRepair + CABG)

N 101,661 101,661 99,218 101,661 101,661 101,661 101,661 101,661 101,661

Events 6,919 2,935 9,097 21,561 684 12,117 30,580 15,594 22,534

% 6.8 2.9 9.0 21.2 0.7 11.9 30.1 153 222
AVR + CABG

N 66,074 66,074 64,710 66,074 66,074 66,074 66,074 66,074 66,074

Events 3,718 1,751 5,032 11,608 394 7,090 17,343 8,412 16,961

% 5.6 2.7 7.6 17.6 0.6 10.7 26.3 12.7 25.7
MVR + CABG

N 13,663 13,663 13,181 13,663 13,663 13,663 13,663 13,663 13,663

Events 1,590 499 1,829 4,469 114 2,274 5,897 3,277 1,512

% 11.6 3.7 13.6 32.7 0.8 16.6 43.2 24.0 11.1
MVRepair + CABG

N 21,924 21,924 21,327 21,924 21,924 21,924 21,924 21,924 21,924

Events 1,611 685 2,236 5,484 176 2,753 7,340 3,905 4,061

% 7.4 3.1 103 25.0 0.8 12.6 33.5 17.8 18.5

AVR = aortic valve replacement; CABG = coronary artery bypass graft surgery; Comp = composite adverse event (any); CVA =
cerebrovascular accident (stroke); DSWI = deep sternal wound infection; Mort = mortality; MVR = mitral valve replacement; MVRepair
= mitral valve repair; ~ PLOS = prolonged length of stay; Reop = reoperation; RF = renal failure; SLOS = short length of stay; ~ Vent =
prolonged ventilation.
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Table 3. List of Candidate Variables and Their Coding for STS Valve Plus CABG Models
Candidate Variables Coding

Continuous variables

Age?
Ejection fraction

Body surface area®
Creatinine
Time trend®

Binary variables

Active infectious endocarditis
Dialysis

Preoperative atrial fibrillation
Shock

Female?®

Hypertension
Immunosuppressive treatment
Preop IABP or inotropes
Peripheral vascular disease
Unstable angina (no MI < 7 days)
Left main disease

Aortic stenosis

Mitral stenosis

Aortic insufficiency

Mitral insufficiency

Tricuspid insufficiency
Categorical variables

Surgery type

Chronic lung disease
CVD/CVA

Diabetes mellitus

No. diseased coronary vessels

MI

Race
Status

Previous cardiovascular operations
CHF and NYHA class

Interaction terms

Age by reoperation®
Age by emergent status®

Surgery type by each of the following:

Linear spline truncated from below at 50 with knot at 75.
Linear; values > 50 mapped to 50

Quadratic polynomial modeled separately for males and females.
Note: BSA < 1.4 and > 2.6 were mapped to those values, respectively.

Linear (only for patients not on dialysis). Note: Creatinine < 0.5 and
> 5.0 mapped to those values, respectively.

Ordinal categorical variable with separate category for each 6-month
harvest interval. Modeled as linear across the categories.

Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Defined as at least moderate (yes/no)
Defined as at least moderate (yes/no)
Defined as at least moderate (yes/no)

3 groups: AVR + CABG, MVR + CABG, MVRepair + CABG
Modeled as linear across categories (none, mild, moderate, severe)
3 groups: no CVD, CVD no CVA, CVD + CVA

3 groups: insulin diabetes, noninsulin diabetes, other or no diabetes

3 groups: < 2-vessel disease; 2-vessel disease; 3-vessel disease.
Modeled as linear across the categories

3 groups: < 24 hours, 1-21 days, > 21 days or no MI. Note: groups 1
and 2 were subsequently collapsed for some models.

3 groups: black, Hispanic, other including Caucasian

4 groups: elective, urgent, emergent no resuscitation, salvage or
emergent with resuscitation

3 groups: 0 previous, 1 previous, = 2 previous

3 groups: no CHF, CHF not NYHA 1V, CHF and NYHA IV

Age, diabetes, dialysis, creatinine, reoperation, endocarditis,
emergent status, CLD, CHF, EF, sex, shock, IABP/inotropes, mitral
insufficiency, aortic insufficiency, mitral stenosis, aortic stenosis.

2 These variables were forced into each model.

AVR = aortic valve replacement; CHF = congestive heart failure;

CLD = chronic lung disease; CVA = cerebrovascular accident (stroke);

CVD = cardiovascular disease; EF = ejection fraction; IABP = intra-aortic balloon pump; MI = myocardial infarction; MVR = mitral valve
replacement; MVRepair = mitral valve repair; NYHA = New York Heart Association.

(5.9%), New York Heart Association functional class (3.8%),
tricuspid insufficiency (2.6%), aortic insufficiency (2.1%),
mitral insufficiency (1.5%), and creatinine/dialysis (1.2%).
To make full use of the available data, binary risk factors
were modeled as yes versus no or missing. Thus, missing

values were analyzed as if the endpoint did not occur.
Missing data on categorical variables were imputed to the
lowest risk value, which, in most instances, was the mode.
Missing data on continuous variables were imputed to the
conditional median. For ejection fraction, we conditioned
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on congestive heart failure and sex. For body surface area,
we conditioned on sex. For serum creatinine, we condi-
tioned on renal failure.

Although multiple imputation is generally preferred on
statistical grounds [21], we chose single imputation for this
analysis based largely on practical considerations, including
computational intensity. Furthermore, the fraction of miss-
ing data was small, and single and multiple imputation
would give similar results. Finally, multiple imputation is
primarily used for calculating appropriate standard error
estimates, but an adjustment to the standard errors would
not impact our study results or the published risk algo-
rithms. In a separate sensitivity analysis, we compared
predicted risk estimates from our final models to risk
estimates that were derived from analogous models using
multiple instead of single imputation. For each endpoint,
the relative difference in predicted risk was less than 6%
(eg, an absolute difference of 5.0% versus 5.3%) for all
patients in the development and validation samples, and it
was less than 2% (eg, an absolute difference of 5.0% versus
5.1%) for 99% of patients. A summary of these analyses
including regression coefficients and covariance matrices is
available at www.sts.org/riskmodels.

Final Variable Selection Procedure

Variables were initially selected using an automated step-
wise model selection algorithm. The stepwise procedure
began with a model that included all of the candidate
variables except for interaction terms. Age, body surface
area, and month of surgery were forced into each model. As
in the isolated CABG and isolated valve models described
in Parts 1 and 2 of this series, month of surgery was used
only to adjust for time trends in the frequency of adverse
outcomes over the 5-year study period. We adjusted for this
to reduce potential confounding by time trends when
estimating regression coefficients for the variables that are
of primary interest (ie, patient preoperative risk factors—
see example in Part 1). Surgery date was categorized into
6-month intervals and modeled as a linear trend across the
ordinal categories. Surgery date is not included in the final
risk prediction algorithm, and a patient’s predicted risk
does not depend on it. The published intercept parameter
has been adjusted to incorporate the time trend, and this
adjusted intercept reflects the baseline risk for a reference
period of July to December 2006.

Other variables were selected in a stepwise fashion using
a significance criterion of 0.05 for entry and removal. Ordi-
nal categorical variables were initially coded such that
removing an indicator variable caused a category to be
combined with the lowest risk category (the reference
group). In the case of myocardial infarction (MI), there were
two outcomes (permanent stroke, prolonged length of stay)
in which “MI 1 to 21 days” was retained but “MI less than
24 hours” was removed. For these two cases, the two MI
categories were replaced by the single category “MI 21 days
or less.” The stepwise procedure was performed separately
for each endpoint. Multiple interaction terms consisting of
predictor variable and surgery type were also evaluated,
and two additional interaction terms (age by reoperation
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and age by emergent status) were forced into the models
(see Tables 3 and 5).

The results of this initial selection process were then
reviewed by surgeon members of the QMTF for face
validity and consistency with previous STS or other valve
models: (1) preoperative atrial fibrillation was forced into
the model for permanent stroke; (2) an indicator variable for
dialysis was forced into any model that included creatinine
(this did not apply to the renal failure model, as patients
with preoperative dialysis were excluded); (3) sex was
forced into all models; and (4) each variable that interacted
with surgery group was also included as a main effect.

After validating the model in the 40% validation sample, the
development and validation samples were then rejoined, and
the final model coefficients were estimated using the overall
100% combined sample. The final logistic regression model
was estimated using generalized estimating equations with
empirical (sandwich) standard error estimates to account for
clustering of patients within institutions [22]. An indepen-
dence working correlation matrix was used to apply the
generalized estimating equations. With this approach, the
estimated regression coefficients were identical to those
obtained using ordinary logistic regression, but the stan-
dard errors were adjusted to account for the clustered data
structure.

Results

Risk Factors, Outcomes, and Predictor Variables

Table 1 presents the distribution of risk factors and end-
points in the overall 2002 to 2006 study population. Because
there are three valve plus CABG categories, space limita-
tions prevent display of the bivariate relationships for each
predictor variable, endpoint, and valve plus CABG group.
These are available upon request from STS.

Table 2 summarizes the overall frequency of adverse
outcomes as well as the outcomes for the three major
valve groups. Table 3 lists the candidate predictor vari-
ables and their coding schemes.

Assessment of Model Fit and Discrimination

The Hosmer-Lemeshow test was not employed to assess
overall calibration. Large sample sizes make a significant p
value almost inevitable, as all risk models are only approx-
imations of reality [23]. Rather, we assessed calibration
graphically by plotting observed versus predicted event
rates within deciles of predicted risk in the development
and validation samples (Fig 1). These plots were con-
structed for the overall sample and for subgroups based on
surgery type (AVR plus CABG, MVR plus CABG, MVRe-
pair plus CABG); age (< 60, 60 to 79, = 80 years); sex (male,
female); diabetes mellitus (yes/no); status (elective, non-
elective); and ejection fraction (= 40, > 40). Because of space
constraints, only the overall sample results in the validation
sample are presented. Additional results are available at
www.sts.org/riskmodels.

In general, the models were well calibrated in the vali-
dation sample. The average absolute difference between
observed versus predicted event rates across the decile
categories ranged from 0.1% for deep sternal wound infec-
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Fig 1. Plots of observed (O) versus

expected (E) in validation sample
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tion to 0.96% for prolonged length of stay. There was a very
slight tendency for the models to overpredict risk in the
highest decile. Although perfect prediction would be ideal,
a slight overprediction implies that the model will give
adequate credit to surgeons who take on patients with
several model risk factors.

Discrimination was assessed by determining the c-

00 01 02 03 04 05

statistic, also known as the area under the receiver operat-
ing characteristic (ROC) curve. Table 4 presents the dis-
crimination of the various models. In the validation sample,
the c-index of the overall valve plus CABG operative
mortality model was 0.750, and the c-indices of the morbid-
ity models ranged from 0.617 for reoperation to 0.724 for
renal failure and short length of stay.

Table 4. Discrimination of Models (C-Index) in Development and Validation Samples

Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

Overall

Development sample 0.754 0.656 0.729 0.730 0.670 0.623 0.704 0.719 0.726

Validation sample 0.750 0.622 0.724 0.720 0.646 0.617 0.698 0.710 0.724
AVR + CABG

Development sample 0.737 0.648 0.720 0.706 0.639 0.607 0.678 0.705 0.700

Validation sample 0.736 0.609 0.718 0.697 0.657 0.604 0.673 0.699 0.698
MVR + CABG

Development sample 0.764 0.665 0.712 0.746 0.713 0.608 0.725 0.694 0.726

Validation sample 0.739 0.611 0.701 0.733 0.580 0.599 0.714 0.680 0.733
MVRepair + CABG

Development sample 0.746 0.650 0.727 0.725 0.692 0.624 0.707 0.712 0.738

Validation sample 0.755 0.652 0.715 0.716 0.644 0.623 0.705 0.702 0.733

AVR = aortic valve replacement;
accident (stroke); DSWI = deep sternal wound infection;
repair; PLOS = prolonged length of stay; Reop = reoperation;
ventilation.

CABG = coronary artery bypass graft;
Mort = mortality;
RF = renal failure;

Comp = composite adverse event (any); CVA = cerebrovascular
MVR = mitral valve replacement; MVRepair = mitral valve
SLOS = short length of stay;  Vent = prolonged



Table 5. Estimated Odds Ratios for CABG Mortality, Morbidity, and Length of Stay Models

A. Odds ratios for variables that do not interact with surgery group

Variable

Mort

CVA

RF

Vent

DSWI

Reop

Comp

PLOS

SLOS

Preoperative AFib

BSA 1.6 versus 2.0
among females

BSA 1.6 versus 2.0
among males

BSA 1.8 versus 2.0
among females

BSA 1.8 versus 2.0
among males

BSA 2.2 versus 2.0
among females

BSA 2.2 versus 2.0
among males

CVD with CVA
CVD without CVA
Diabetes, insulin
Diabetes, noninsulin

No. diseased coronary
vessels (2 versus 1
or 3 versus 2)

Hypertension

Immunosuppressive
treatment

Left main disease

Mitral insufficiency,
moderate/severe

Tricuspid insufficiency,
moderate/severe

Peripheral vascular
disease

Mitral stenosis
MI 1-21 days
MI = 21 days®
MI < 24 hrs

Time trend per 6-
month harvest
interval

Race black
Race Hispanic

Status, urgent versus
elective

Unstable angina

1.20 (1.12, 1.29)
1.29 (1.19, 1.39)

1.58 (1.41, 1.77)
1.05 (1.00, 1.10)
1.15 (1.10, 1.20)
1.12 (1.02, 1.22)
1.04 (1.00, 1.09)

1.22 (1.1, 1.33)
NA

1.31 (1.20, 1.42)

1.12 (1.05, 1.19)

1.15 (1.11, 1.19)

NA
1.35(1.17, 1.54)

1.12 (1.05, 1.20)
NA

1.27 (1.15, 1.41)
1.29 (1.21, 1.37)

1.10 (0.99, 1.24)
1.19 (1.10, 1.28)
NA
1.65 (1.42,1.91)
0.98 (0.96, 0.99)

NA
NA
1.25(1.17, 1.34)

1.11 (1.03, 1.21)

1.05 (0.94, 1.17)
1.34(1.18,1.52)

1.38 (117, 1.64)
1.16 (1.06, 1.26)
1.13 (1.07, 1.20)
0.87 (0.74, 1.02)
0.95 (0.90, 1.01)

1.72 (1.52, 1.95)
1.28 (1.13, 1.45)
1.16 (1.03, 1.30)
1.16 (1.06, 1.26)
1.20 (1.14, 1.26)

1.19 (1.08, 1.31)
NA

NA
NA

NA
1.15(1.04, 1.27)

NA
NA

1.22 (1.11, 1.34)
NA

0.98 (0.97, 1.00)

NA
NA
NA

0.89 (0.80, 1.00)

1.18 (1.11, 1.26)
0.87 (0.81, 0.94)

1.18 (1.07, 1.31)
0.89 (0.85, 0.93)
1.01 (0.97, 1.05)
1.25 (1.15, 1.35)
1.15 (1.11, 1.18)

1.12 (1.04, 1.22)
1.14 (1.06, 1.23)
1.62 (1.52, 1.74)
1.28 (1.21, 1.35)
1.17 (1.14, 1.21)

1.25 (1.18, 1.33)
1.30 (1.15, 1.47)

NA
NA

1.25 (1.13, 1.38)
1.16 (1.10, 1.23)

NA
1.18 (1.10, 1.26)
NA
1.30 (1.10, 1.54)
1.01 (1.00, 1.02)

1.15 (1.03, 1.30)
1.20 (1.03, 1.40)
1.18 (1.10, 1.26)

1.12 (1.05, 1.20)

1.13 (1.07, 1.19)
1.08 (1.02, 1.14)

1.31 (1.21, 1.41)
0.99 (0.95, 1.02)
1.06 (1.03, 1.09)
1.13 (1.06, 1.20)
1.09 (1.06, 1.11)

1.27 (1.19, 1.34)
1.10 (1.04, 1.16)
1.32(1.25, 1.40)
1.11 (1.07, 1.15)
1.19 (1.16, 1.22)

1.10 (1.05, 1.15)
1.28 (1.17, 1.40)

1.06 (1.02, 1.11)
NA

1.15 (1.06, 1.24)
1.18 (1.12, 1.24)

NA
1.28 (1.21, 1.35)
NA
1.41(1.23,1.62)
1.01 (1.00, 1.02)

1.31(1.19, 1.44)
1.17 (1.03, 1.32)
1.26 (1.19, 1.33)

1.06 (0.99, 1.13)

NA
0.51 (0.39, 0.67)

0.71 (0.49, 1.03)
0.69 (0.61, 0.77)
0.83 (0.72, 0.95)
1,57 (1.32, 1.89)
1.25 (1.14, 1.37)

1.22 (0.95, 1.56)
NA

1.98 (1.59, 2.46)

1.30(1.10, 1.54)

1.28 (1.15, 1.42)

1.33 (1.09, 1.63)
NA

NA
NA

NA
NA

NA
NA
NA
NA
0.96 (0.93, 0.99)

NA
NA
NA

NA

1.16 (1.10, 1.22)
1.13 (1.07, 1.23)

1.18 (1.12, 1.34)
1.03 (0.98, 1.06)
1.06 (1.04, 1.11)
1.04 (1.00, 1.17)
1.00 (0.95, 1.01)

1.12 (1.04, 1.20)
NA
NA
NA

1.09 (1.06, 1.11)

NA
1.27 (1.14, 1.42)

NA
NA

NA
1.15 (1.09, 1.22)

NA

NA

NA
1.15 (1.00, 1.32)
0.99 (0.98, 1.00)

1.19 (1.06, 1.33)
1.08 (0.94, 1.24)
1.14 (1.07, 1.21)

NA

1.15 (1.10, 1.20)
1.12 (1.07, 1.18)

1.32 (1.24, 1.41)
1.01 (0.98, 1.04)
1.07 (1.05, 1.10)
1.10 (1.04, 1.17)
1.07 (1.04, 1.09)

1.26 (1.20, 1.33)
1.11 (1.05, 1.17)
1.34 (1.28, 1.41)
1.12 (1.08, 1.16)
1.16 (1.14, 1.18)

1.12 (1.08, 1.16)
1.26 (1.16, 1.37)

NA
1.07 (1.01, 1.12)

1.14 (1.07, 1.22)
1.20 (1.15, 1.25)

NA
1.22 (1.16, 1.28)
NA
1.49 (1.30, 1.70)
1.00 (0.99, 1.01)

1.21(1.11, 1.32)
1.15 (1.03, 1.28)
1.19 (1.14, 1.25)

NA

1.22 (1.15, 1.28)
0.97 (0.92, 1.03)

1.40 (1.29, 1.52)
0.94 (0.90, 0.97)
1.09 (1.06, 1.12)
1.19 (1.11, 1.27)
1.09 (1.06, 1.12)

1.26 (1.18, 1.35)
1.11 (1.05, 1.18)
1.49 (1.40, 1.58)
1.17 (1.12, 1.22)
1.13 (1.10, 1.16)

1.08 (1.03, 1.13)
1.22 (1.11, 1.34)

NA
NA

NA
1.16 (1.11, 1.22)

1.09 (1.00, 1.18)
NA

1.16 (1.10, 1.22)
NA

1.01 (1.00, 1.02)

1.31(1.19, 1.44)
1.13 (0.98, 1.30)
1.28 (1.22, 1.35)

NA

0.71 (0.67, 0.75)
1.03 (0.96, 1.10)

0.81 (0.75, 0.88)
1.08 (1.04, 1.12)
0.96 (0.94, 0.99)
0.82 (0.76, 0.89)
0.91 (0.89, 0.93)

0.75 (0.70, 0.81)
0.85 (0.78, 0.92)
0.67 (0.62, 0.72)
0.84 (0.81, 0.88)
0.82 (0.81, 0.84)

0.92 (0.88, 0.96)
0.75 (0.67, 0.84)

NA
NA

0.79 (0.69, 0.92)
NA

NA
NA
NA
NA
1.00 (0.99, 1.01)

0.65 (0.58, 0.72)
0.85 (0.71, 1.02)
0.77 (0.72, 0.81)

NA
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Table 5. Continued

B. Odds ratios for AVR plus CABG

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

Age 60 versus 50 (no 1.29(1.20,1.39) 1.28(1.19,1.38) 1.39(1.32,1.45) 1.23(1.20,1.27) 1.06(0.92,1.21) 1.19(1.15,1.23) 1.20(1.16,1.24) 1.37(1.32,1.42) 0.74(0.72,0.77)
reop, elective)

Age 70 versus 50 (no 1.67(1.45,1.92) 1.64(1.42,1.91) 1.92(1.75,2.11) 1.52(1.43,1.62) 1.11(0.85,1.46) 1.41(1.31,1.51) 1.44(1.36,1.54) 1.86(1.73,2.01) 0.55(0.52,0.59)
reop, elective)

Age 80 versus 50 (no 247 (2.08,2.94) 2.03(1.71,2.42) 2.76(2.47,3.08) 1.96(1.82,2.11) 1.12(0.82,1.53) 1.67(1.54,1.82) 1.86(1.73,2.01) 2.67 (2.46,2.91) 0.33 (0.30, 0.36)
reop, elective)

CHF, not NYHA IV 1.24 (1.14,1.34) 0.98(0.88,1.09) 1.19(1.11,1.28) 1.22(1.16,1.29) NA NA 1.14 (1.08,1.19) 1.30(1.23,1.38) 0.84(0.79, 0.89)

CHF, NYHA IV 1.48 (1.34,1.64) 1.15(1.00,1.32) 1.35(1.24,1.48) 1.47 (1.36,1.59) NA 1.16 (1.08,1.24) 1.36(1.27,1.45) 1.49(1.39,1.60) 0.73 (0.66, 0.82)

Creatinine per 1 unit 1.57 (1.49,1.65) 1.27 (1.18,1.36) 2.26 (2.13,2.40) 1.46 (1.41,1.52) NA 1.28(1.23,1.34) 1.67 (1.60,1.74) 1.51(1.45,1.58) 0.62 (0.58, 0.67)

Dialysis vs no dialysis 3.20 (2.84,3.61) 1.42(1.17,1.73) NA 2.27 (2.06, 2.51) NA 1.65(1.41,1.92) 2.09(1.91,2.30) 2.42(2.19,2.67) 0.30(0.25,0.37)
and creatinine = 1.0

EF per 10-unit 1.10 (1.06, 1.15) NA 1.06 (1.03,1.08) 1.12(1.10, 1.14) NA 1.08 (1.05,1.10) 1.11(1.09,1.13) 1.10(1.08,1.13) 0.87 (0.84, 0.89)
decrease

Preoperative IABP/ 1.43 (1.30, 1.58) NA 1.27 (1.15,1.39) 2.18 (2.01, 2.36) NA 1.16 (1.06,1.27) 1.76 (1.63,1.90) 1.41(1.25,1.58) 0.56 (0.48, 0.65)
inotropes

Shock 1.68 (1.45,1.94) 1.19(0.94,1.50) 1.17(0.92,1.50) 1.93(1.72,2.16) NA 1.24 (1.09, 1.41) 1.79 (1.50, 2.15) 1.45 (1.29, 1.63) NA

Female versus male (at 1.36 (1.26,1.47) 1.19(1.07,1.32) 1.18(1.10,1.26) 1.52(1.44,1.61) 1.11(0.88,1.40) 0.92(0.87,0.97) 1.20(1.15,1.26) 1.31(1.24,1.38) 0.61 (0.57, 0.64)
BSA = 1.8)

Active infectious 2.04 (1.66,2.50) 1.83(1.37,2.46) 1.52(1.21,1.91) 1.96 (1.69, 2.27) NA 1.56 (1.28,1.91) 2.11(1.83,2.44) 1.81(1.41,2.32) 0.28(0.20, 0.38)
endocarditis

CLD (moderate vs 1.19 (1.16, 1.23) NA 1.12(1.09,1.15) 1.26(1.22,1.30) 1.32(1.22,1.42) 1.10(1.07,1.13) 1.18(1.15,1.21) 1.26(1.22,1.30) 0.83 (0.80, 0.85)
mild or severe vs
moderate)

Reop, 1 previous 2.20 (1.81, 2.67) NA 1.29 (1.08,1.55) 1.83 (1.58,2.11) NA 1.39(1.16,1.67) 1.50(1.32,1.69) 1.55(1.33,1.81) 0.67 (0.58, 0.77)
operation®

Reop, = 2 previous 2.46 (1.87,3.24) NA 1.47 (1.15,1.89) 2.19 (1.80, 2.65) NA 1.48 (1.15,1.92) 1.77 (1.51,2.06) 1.65 (1.34,2.03) 0.53 (0.43, 0.65)
operations®

Status emergent, no 2.14 (1.62,2.81) 2.21(1.45,3.37) 1.77(1.31,2.37) 2.71(2.14,3.44) NA 1.41 (1.16,1.70) 2.17(1.74,2.72) 2.72(2.19,3.38) 0.33(0.22, 0.50)
resuscitation®

Status emergent, with ~ 4.56 (3.31, 6.29)  2.60 (1.53,4.43) 1.86(1.30,2.65) 2.12(1.54,2.92) NA NA 3.34(2.43,4.61) 1.76(1.31,2.37) 0.18 (0.09, 0.34)

resuscitation or
salvage®
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Table 5. Continued

C. Odds ratios for MVR plus CABG

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

Age 60 versus 50 (no 1.51(1.39,1.64) 1.28(1.19,1.38) 1.39(1.32,1.45) 1.23(1.20,1.27) 1.06(0.92,1.21) 1.19(1.15,1.23) 1.27(1.21,1.32) 1.37(1.32,1.42) 0.68(0.64, 0.72)
reop, elective)

Age 70 versus 50 (no 2.28 (1.94,2.68) 1.64(1.42,1.91) 1.92(1.75,2.11) 1.52(1.43,1.62) 1.11(0.85,1.46) 1.41(1.31,1.51) 1.60(1.47,1.75) 1.86(1.73,2.01) 0.46 (0.41, 0.52)
reop, elective)

Age 80 versus 50 (no 3.95(3.17,4.93) 2.03(1.71,2.42) 2.76(2.47,3.08) 1.96(1.82,2.11) 1.12(0.82,1.53) 1.67(1.54,1.82) 2.18(1.92,2.48) 2.67(2.46,2.91) 0.25(0.21, 0.30)
reop, elective)

CHF, not NYHA IV 0.91 (0.80, 1.03) 0.80(0.64,0.99) 0.92(0.82,1.03) 1.02(0.93,1.11) NA NA 0.94 (0.87,1.02) 1.03(0.94,1.12) 0.84(0.79, 0.89)

CHF, NYHA IV 1.09 (0.95,1.24) 0.93(0.75,1.17) 1.04(0.92,1.19) 1.22(1.10, 1.35) NA 1.16 (1.08,1.24) 1.13 (1.03,1.23) 1.17 (1.06, 1.30)  0.73 (0.66, 0.82)

Creatinine per 1 unit 1.57 (1.49,1.65) 1.27(1.18,1.36) 1.82(1.66,2.01) 1.46 (1.41,1.52) NA 1.28(1.23,1.34) 1.67 (1.60,1.74) 1.51(1.45,1.58) 0.66 (0.57, 0.78)

Dialysis vs no dialysis 3.20 (2.84,3.61) 1.42(1.17,1.73) NA 2.27 (2.06, 2.51) NA 1.21(0.95,1.55) 2.09(1.91,2.30) 2.42(2.19,2.67) 0.30(0.18, 0.48)
and creatinine = 1.0

EF per 10-unit 1.23 (1.16, 1.30) NA 1.06 (1.03,1.08) 1.12(1.10, 1.14) NA 1.08 (1.05,1.10) 1.11(1.09,1.13) 1.10(1.08,1.13) 0.89(0.82, 0.95)
decrease

Preoperative IABP/ 1.43 (1.30, 1.58) NA 1.27 (1.15,1.39) 2.18 (2.01, 2.36) NA 1.16 (1.06,1.27) 1.76(1.63,1.90) 1.29(1.14,1.46) 0.51(0.39, 0.65)
inotropes

Shock 1.68 (1.45,1.94) 1.19(0.94,1.50) 1.21(0.97,1.50) 1.93(1.72,2.16) NA 1.24 (1.09, 1.41) 2.76 (2.22,3.42) 1.45(1.29, 1.63) NA

Female versus male (at 1.36 (1.26,1.47) 1.19(1.07,1.32) 1.18(1.10,1.26) 1.17(1.08,1.28) 1.11(0.88,1.40) 0.92(0.87,0.97) 1.20(1.15,1.26) 1.31(1.24,1.38) 0.66 (0.59, 0.74)
BSA = 1.8)

Active infectious 2.04 (1.66,2.50) 1.83(1.37,2.46) 1.52(1.21,1.91) 1.96 (1.69, 2.27) NA 1.56 (1.28,1.91) 2.11(1.83,2.44) 2.08(1.62,2.67) 0.28(0.20, 0.38)
endocarditis

CLD (moderate vs 1.19 (1.16, 1.23) NA 1.12(1.09,1.15) 1.18(1.12,1.24) 1.32(1.22,1.42) 1.10(1.07,1.13) 1.18(1.15,1.21) 1.20(1.14,1.26) 0.83 (0.80, 0.85)
mild or severe vs
moderate)

Reop, 1 previous 2.20 (1.81, 2.67) NA 1.29 (1.08,1.55) 1.38(1.19, 1.61) NA 1.15(0.95,1.38) 1.50(1.32,1.69) 1.30(1.10,1.53) 0.81 (0.66, 0.99)
operation®

Reop, = 2 previous 2.46 (1.87,3.24) NA 1.47 (1.15,1.89) 1.66 (1.35, 2.03) NA 1.22(0.95,1.56) 1.77 (1.51,2.06) 1.38(1.12,1.71) 0.64 (0.50, 0.82)
operations®

Status emergent, no 2.14 (1.62,2.81) 2.21(1.45,3.37) 1.77(1.31,2.37) 2.71(2.14,3.44) NA 1.41 (1.16,1.70) 2.17(1.74,2.72) 2.72(2.19,3.38) 0.26 (0.16, 0.43)
resuscitation®

Status emergent, with ~ 4.56 (3.31, 6.29)  2.60 (1.53,4.43) 1.86(1.30,2.65) 2.12(1.54,2.92) NA NA 3.34(2.43,4.61) 1.76(1.31,2.37) 0.14(0.07, 0.27)

resuscitation or
salvage®
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Table 5. Continued

D. Odds ratios for MVRepair plus CABG

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

Age 60 versus 50 (no 1.46 (1.36,1.57) 1.28(1.19,1.38) 1.39(1.32,1.45) 1.23(1.20,1.27) 1.06(0.92,1.21) 1.19(1.15,1.23) 1.28(1.23,1.33) 1.37(1.32,1.42) 0.66 (0.63, 0.69)
reop, elective)

Age 70 versus 50 (no 2.14 (1.86,2.46) 1.64(1.42,1.91) 1.92(1.75,2.11) 1.52(1.43,1.62) 1.11(0.85,1.46) 1.41(1.31,1.51) 1.63(1.51,1.76) 1.86(1.73,2.01) 0.44 (0.40, 0.48)
reop, elective)

Age 80 versus 50 (no 3.60(2.97,4.33) 2.03(1.71,2.42) 2.76(2.47,3.08) 1.96(1.82,2.11) 1.12(0.82,1.53) 1.67(1.54,1.82) 2.23(2.00,2.49) 2.67(2.46,2.91) 0.23(0.20, 0.27)
reop, elective)

CHF, not NYHA IV 0.96 (0.85,1.09) 1.05(0.90,1.23) 0.99 (0.88,1.10) 1.10(1.02, 1.19) NA NA 1.06 (0.99,1.14) 1.17(1.08,1.26) 0.84(0.79, 0.89)

CHF, NYHA IV 1.16 (1.02,1.32) 1.23(1.04,1.46) 1.12(0.99,1.27) 1.32(1.21,1.44) NA 1.16(1.08,1.24) 1.27(1.17,1.37) 1.33(1.22,1.45) 0.73 (0.66, 0.82)

Creatinine per 1 unit 1.57 (1.49,1.65) 1.27 (1.18,1.36) 1.87(1.72,2.04) 1.46 (1.41,1.52) NA 1.28(1.23,1.34) 1.67 (1.60,1.74) 1.51(1.45,1.58) 0.59 (0.53, 0.67)

Dialysis vs no dialysis 3.20 (2.84,3.61) 1.42(1.17,1.73) NA 2.27 (2.06, 2.51) NA 1.88(1.52,2.31) 2.09(1.91,2.30) 2.42(2.19,2.67) 0.35(0.24, 0.49)
and creatinine = 1.0

EF per 10-unit 1.09 (1.04, 1.15) NA 1.06 (1.03,1.08) 1.12(1.10, 1.14) NA 1.08 (1.05,1.10) 1.11(1.09,1.13) 1.10(1.08,1.13) 0.84(0.81, 0.87)
decrease

Preoperative IABP/ 1.43 (1.30, 1.58) NA 1.27 (1.15,1.39) 2.18 (2.01, 2.36) NA 1.16 (1.06,1.27) 1.76 (1.63,1.90) 1.56 (1.40,1.73) 0.52(0.44, 0.62)
inotropes

Shock 1.68 (1.45,1.94) 1.19(0.94,1.50) 1.69(1.41,2.01) 1.93(1.72,2.16) NA 1.24 (1.09,1.41) 2.17 (1.81,2.60) 1.45 (1.29, 1.63) NA

Female vs male (at 1.36 (1.26,1.47) 1.19(1.07,1.32) 1.18(1.10,1.26) 1.25(1.15,1.36) 1.11(0.88,1.40) 0.92(0.87,0.97) 1.20(1.15,1.26) 1.31(1.24,1.38) 0.60 (0.55, 0.66)
BSA = 1.8)

Active infectious 2.04 (1.66,2.50) 1.83(1.37,2.46) 1.52(1.21,1.91) 1.96 (1.69, 2.27) NA 1.56 (1.28,1.91) 2.11(1.83,2.44) 2.98(1.86,4.77) 0.28(0.20, 0.38)
Endocarditis

CLD (moderate vs 1.19 (1.16, 1.23) NA 1.12(1.09,1.15) 1.21(1.16,1.27) 1.32(1.22,1.42) 1.10(1.07,1.13) 1.18(1.15,1.21) 1.16(1.10,1.21) 0.83 (0.80, 0.85)
mild or severe vs
moderate)

Reop, 1 previous 2.20 (1.81, 2.67) NA 1.29 (1.08,1.55) 1.55(1.32,1.82) NA 1.49 (1.23,1.82) 1.50(1.32,1.69) 1.32(1.10,1.58) 0.80 (0.68, 0.95)
operation®

Reop, = 2 previous 2.46 (1.87,3.24) NA 1.47 (1.15,1.89) 1.86 (1.53, 2.26) NA 1.59 (1.20,2.11) 1.77 (1.51,2.06) 1.41(1.11,1.79) 0.63 (0.51, 0.79)
operations®

Status emergent, no 2.14 (1.62,2.81) 2.21(1.45,3.37) 1.77(1.31,2.37) 2.71(2.14,3.44) NA 1.41 (1.16,1.70) 2.17(1.74,2.72) 2.72(2.19,3.38) 0.43(0.29, 0.66)
resuscitation®

Status emergent, with  4.56 (3.31, 6.29)  2.60 (1.53,4.43) 1.86(1.30,2.65) 2.12(1.54,2.92) NA NA 3.34(2.43,4.61) 1.76(1.31,2.37) 0.23(0.12, 0.44)

resuscitation or
salvage®

2 For CVA and PLOS, MI coded = 21 days; for all other endpoints, MI coded < 24 hrs or 1 to 21 days.

50 years old.

BSA = body surface area;

cerebrovascular disease;
Heart Association;
ventilation.

CHF = congestive heart failure;

DSWI = deep sternal wound infection;
PLOS = prolonged length of stay;

CLD = chronic lung disease;
EF = ejection fraction;
PVD = peripheral vascular disease;

IABP = intra-aortic balloon pump;
Reop = reoperation;

Comp = composite adverse event (any);
Mort = mortality;
RF = renal failure;

CVA = cerebrovascular accident (stroke);
NA = not applicable;

SLOS = short length of stay;

P Variable interacts with age. Reported odds ratio represents effect of risk factor for patients aged

CVD =

NYHA = New York
Vent = prolonged

79-€75'88'600C
3ang oeroy, uuy

TV 13 NVIHVHS

ATIDANS ONILIVID SSVAAL ATHLIV AIVNOIOD SNTd HATVA—E LIVd
STHAOW MSIA AIADANS DVIAAVD 800C SLS

LSS



S58 SHAHIAN ET AL

Odds Ratios

Table 5 presents the odds ratios and 95% confidence inter-
vals (CI) derived from these models. “Not applicable”
indicates that those predictors were not included in a
particular risk model.

Odds ratios that do not interact with surgery type are
summarized in Part A of Table 5. Several variables
interact with surgery type, and the odds ratios for these
variables differ for some of the endpoints depending on
the specific type of surgery, as summarized in Tables 5B,
C, and D (AVR plus CABG, MVR plus CABG, MVRepair
plus CABG). For example, in the model for prolonged
length of stay, the odds ratio for active endocarditis is 1.81
(95% CI: 1.41 to 2.32) for AVR plus CABG; 2.08 (95% CI:
1.62 to 2.67) for MVR plus CABG; and 2.98 (95% CI: 1.86
to 4.77) for MVRepair plus CABG.

Final Model Intercept and Coefficients

The algorithms for calculating predicted risk values,
including the intercepts and regression coefficients, are
presented in the Appendix.

Limitations

The limitations of the STS valve plus CABG models are
similar to those discussed in Part 1 of this series.

Conclusion

A new STS model has been developed for valve surgery
combined with CABG. This model includes specific indi-
cator variables for each major type of valve plus CABG
procedure (AVR plus CABG, MVR plus CABG, MVRe-
pair plus CABG). Models have been developed for oper-
ative mortality, individual morbidity endpoints, a com-
posite morbidity or mortality endpoint, and short and
prolonged postoperative length of stay. Overall model
performance is excellent.
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Appendix

Regression Coefficients and Variable Definitions for
STS 2008 Valve Plus CABG Models

For each endpoint, the formula for calculating a patient’s pre-
dicted risk of the endpoint has the form:

p(BotBrxy+Boxate - -+ Byxy)

Predicted Risk =

1 + eBotBrxi+Boxpte - +B,x,)

where x3, x,, .. ., x,, denote patient preoperative risk factors (eg,
quantitative variables such as age, and comorbidities coded as
1=present, 0=absent); and B, By ..., B, denote regression
coefficients (numerical constants). Regression coefficients for
each endpoint are presented in Appendix Table 1. The variables
Xy Xo ..., X, are the same for each endpoint and are defined in
Appendix Table 2. The regression coefficient for the time trend is
not presented. Instead, the intercept has been adjusted to
incorporate the time trend. This adjusted intercept reflects the
baseline risk for a reference period of July-December 2006.



Appendix Table 1. Regression Coefficients

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

Intercept —5.24391 —5.14546 —5.32535 —3.63438 —6.50043 —3.16980 —2.99714 —4.15892 1.18582
Preoperative AFib 0.18430 0.04634 0.16567 0.12059 0.00000 0.14910 0.13766 0.19656 —0.34095
Age function 1 0.02560 0.02487 0.03268 0.02106 0.00545 0.01715 0.01838 0.03115 —0.02970
Age function 3 0.02758 —0.00709 0.00671 0.00791 —0.00985 —0.00021 0.01425 0.00985 —0.04542
Age by reop function —0.00861 0.00458 0.00077 —0.00673 0.00314 —0.00399 —0.00202 —0.00678 0.00656
Age by status function —0.00507 —0.01979 —0.00178 —0.00750 0.01627 —0.00029 0.00229 —0.02247 0.00692
Age by MVR function 0.01564 0.00000 0.00000 0.00000 0.00000 0.00000 0.00527 0.00000 —0.00866
Age by MVRepair function 0.01240 0.00000 0.00000 0.00000 0.00000 0.00000 0.00599 0.00000 —0.01159
BSA function 1 —1.14176 —0.81169 —0.41848 —0.66843 0.86401 —0.51266 —0.70411 —0.84204 0.51295
BSA function 2 2.25471 0.94689 1.84088 1.80467 0.42453 0.70024 1.70623 2.10402 —1.66758
CHF but not NYHA IV 0.21206 —0.01726 0.17460 0.20063 0.00000 0.00000 0.12880 0.26291 —0.17652
CHF and NYHA IV 0.39457 0.14109 0.30146 0.38383 0.00000 0.14499 0.30567 0.39791 —0.31077
CHF by MVR function —0.31077 —0.20917 —0.25767 —0.18455 0.00000 0.00000 —0.18635 —0.23729 0.00000
CHF by MVRepair function —0.24791 0.06897 —0.18667 —0.10484 0.00000 0.00000 —0.06920 —0.10954 0.00000
CLD function 0.17713 0.00000 0.11379 0.23345 0.27571 0.09280 0.16523 0.22999 —0.19234
CLD by MVR function 0.00000 0.00000 0.00000 —0.06780 0.00000 0.00000 0.00000 —0.04591 0.00000
CLD by MVRepair function 0.00000 0.00000 0.00000 —0.04014 0.00000 0.00000 0.00000 —0.08501 0.00000
Creatinine function 1 0.44794 0.23545 0.81612 0.38147 0.00000 0.24620 0.51256 0.41472 —0.47658
Creatinine by MVR function 0.00000 0.00000 —0.21574 0.00000 0.00000 0.00000 0.00000 0.00000 0.06652
Creatinine by MVRepair function 0.00000 0.00000 —0.18787 0.00000 0.00000 0.00000 0.00000 0.00000 —0.04407
CVD without prior CVA 0.00000 0.24847 0.13299 0.09769 0.00000 0.00000 0.10255 0.10601 —0.16643
CVD and prior CVA 0.19754 0.54344 0.11571 0.23581 0.19686 0.10974 0.23332 0.23319 —0.28560
Diabetes, noninsulin 0.11060 0.14576 0.24490 0.10365 0.26281 0.00000 0.11462 0.15846 —0.17020
Diabetes, insulin 0.26870 0.14582 0.48504 0.27893 0.68330 0.00000 0.29508 0.39583 —0.40448
Dialysis 1.61151 0.58833 0.00000 1.20290 0.61527 0.74332 1.25181 1.29747 —1.67728
Dialysis by MVR function 0.00000 0.00000 0.00000 0.00000 0.00000 —0.30339 0.00000 0.00000 0.04745
Dialysis by MVRepair function 0.00000 0.00000 0.00000 0.00000 0.00000 0.13058 0.00000 0.00000 0.09778
Ejection fraction function 0.00989 0.00000 0.00534 0.01113 0.00000 0.00703 0.01061 0.00995 —0.01440
EF by MVR function 0.01056 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00228
EF by MVRepair function —0.00117 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 —0.00309
Endocarditis, active 0.71327 0.60657 0.41797 0.67172 0.00000 0.44757 0.74858 0.59333 —1.27854
Endocarditis by MVR function 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.13795 0.00000
Endocarditis by MVRepair function 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.49934 0.00000
Female 0.30852 0.17170 0.16668 0.41874 0.10654 —0.08221 0.18594 0.26947 —0.50044
Female by MVR function 0.00000 0.00000 0.00000 —0.25972 0.00000 0.00000 0.00000 0.00000 0.08895
Female by MVRepair function 0.00000 0.00000 0.00000 —0.19373 0.00000 0.00000 0.00000 0.00000 —0.00229
Female by BSA function 1 0.51233 0.07575 0.76032 0.48032 0.80594 0.16701 0.41581 0.91055 —0.59086
Female by BSA function 2 —0.27980 —0.88628 —0.57622 —0.49740 0.58767 0.52524 —0.40427 —0.78096 0.15748
Hypertension 0.00000 0.17080 0.22638 0.09581 0.28851 0.00000 0.11445 0.07602 —0.08668
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Appendix Table 1. Continued

Variable Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

IABP or inotropes 0.36025 0.00000 0.23674 0.77918 0.00000 0.15075 0.56477 0.34008 —0.58536
IABP by MVR function 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 —0.08732 —0.09462
IABP by MVRepair function 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.10281 —0.06743
Immunosuppressive treatment 0.29654 0.00000 0.26400 0.24814 0.00000 0.24041 0.23332 0.19750 —0.28819
Insufficiency, mitral 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.06414 0.00000 0.00000
Insufficiency, tricuspid 0.24006 0.00000 0.22040 0.13606 0.00000 0.00000 0.13318 0.00000 —0.23141
Left main disease 0.11450 0.00000 0.00000 0.06181 0.00000 0.00000 0.00000 0.00000 0.00000
MI 1-21 days 0.17038 0.00000 0.16476 0.24560 0.00000 0.00000 0.19751 0.00000 0.00000
MI = 21 days 0.00000 0.19671 0.00000 0.00000 0.00000 0.00000 0.00000 0.14599 0.00000
MI < 24 hours 0.49918 0.00000 0.26240 0.34321 0.00000 0.13716 0.39731 0.00000 0.00000
MVR 0.14888 0.32659 0.90926 0.76504 0.28437 0.41642 0.41322 0.73530 —0.82339
MVRepair —0.07374 0.06933 0.51275 0.28204 0.19499 0.07390 —0.03949 0.30384 —0.03552
No. diseased coronary vessel function 0.13746 0.18243 0.15791 0.17277 0.24582 0.08187 0.14767 0.12474 —0.19250
Peripheral vascular disease 0.25173 0.13776 0.14995 0.16591 0.00000 0.14312 0.18062 0.14863 0.00000
Race black 0.00000 0.00000 0.14301 0.26900 0.00000 0.17364 0.19182 0.26856 —0.43385
Race Hispanic 0.00000 0.00000 0.18384 0.15363 0.00000 0.08065 0.13561 0.12286 —0.15901
Reop, 1 previous operation 0.78624 0.00000 0.25782 0.60179 0.00000 0.33209 0.40293 0.43757 —0.39723
Reop, = 2 previous operations 0.90015 0.00000 0.38499 0.78263 0.00000 0.39502 0.56875 0.50334 —0.63237
Reop by MVR function 0.00000 0.00000 0.00000 —0.27846 0.00000 —0.19608 0.00000 —0.17836 0.18262
Reop by MVRepair function 0.00000 0.00000 0.00000 —0.16306 0.00000 0.06985 0.00000 —0.16007 0.17613
Shock 0.51917 0.17321 0.15810 0.65653 0.00000 0.21271 0.58409 0.36987 0.00000
Shock by MVR function 0.00000 0.00000 0.02883 0.00000 0.00000 0.00000 0.43045 0.00000 0.00000
Shock by MVRepair function 0.00000 0.00000 0.36429 0.00000 0.00000 0.00000 0.19084 0.00000 0.00000
Status urgent 0.22591 0.00000 0.16451 0.22905 0.00000 0.12800 0.17511 0.24758 —0.26626
Status emergent 0.75852 0.79460 0.56854 0.99818 0.00000 0.34063 0.77631 1.00162 —1.09633
Status salvage 1.51811 0.95665 0.61798 0.75178 0.00000 0.00000 1.20732 0.56482 —1.72252
Status by MVR function 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 —0.25083
Status by MVRepair function 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.25943
Stenosis, mitral 0.09879 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.08469 0.00000
Unstable angina 0.10722 —0.11292 0.11597 0.05762 0.00000 0.00000 0.00000 0.00000 0.00000
Afib = atrial fibrillation; BSA = body surface area; CHF = congestive heart failure; CLD = chronic lung disease; Comp = composite adverse event (any); CVA = cerebrovascular accident
(stroke); CVD = cerebrovascular disease; DSWI = deep sternal wound infection; EF = ejection fraction; IABP = intra-aortic balloon pump; MI = myocardial infarction; Mort =

mortality; MVR = mitral valve replacement; MVRepair = mitral valve repair; NYHA = New York Heart Association; PLOS = prolonged length of stay; PVD = peripheral vascular
disease; Reop = reoperation; RF = renal failure; SLOS = short length of stay; Vent = prolonged ventilation.
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Appendix Table 2. Definition of Variables Appearing in STS 2008 Valve Plus CABG Models

S61

Variable

Definition

Intercept

Preoperative AFib

Age function 1

Age function 3

Age by reop function

Age by status function

Age by MVR function

Age by MVRepair function
BSA function 1

BSA function 2

CHF but not NYHA IV

CHF and NYHA IV

CHF by MVR function

CHF by MVRepair function
CLD function

CLD by MVR function

CLD by MVRepair function
Creatinine function 1
Creatinine by MVR function
Creatinine by MVRepair function
CVD without prior CVA
CVD and prior CVA
Diabetes, noninsulin
Diabetes, insulin

Dialysis

Dialysis by MVR function
Dialysis by MVRepair function
Ejection fraction function
EF by MVR function

EF by MVRepair function
Endocarditis, active
Endocarditis by MVR function

Endocarditis by MVRepair function

Female

Female by MVR function
Female by MVRepair function
Female by BSA function 1
Female by BSA function 2
Hypertension

IABP or inotropes

IABP by MVR function

IABP by MVRepair function
Immunosuppressive treatment
Insufficiency, mitral
Insufficiency, tricuspid

Left main disease

MI 1-21 days

MI = 21 days?®

MI < 24 hours

MVR

MVRepair

No. diseased coronary vessel
function

= 1 for all patients
= 1 if patient has history of preoperative atrial fibrillation, = 0 otherwise

max (age — 50, 0)

max (age — 75, 0)

Age function 1 if surgery is a reoperation, = 0 otherwise
= Age function 1 if status is emergent or salvage, = 0 otherwise
= Age function 1 if operation is MVR, = 0 otherwise

Age function 1 if operation is MVRepair, = 0 otherwise

max (1.4, min [2.6, BSA]) - 1.8

(BSA function 1)?

=1 if patient has CHF and is not NYHA class IV, = 0 otherwise

=1 if patient has CHF and is NYHA class IV, = 0 otherwise

= 1 if patient has CHF and operation is MVR, = 0 otherwise

= 1if patient has CHF and operation is MVRepair, = 0 otherwise

= 0 if no CLD, = 1 if mild CLD, = 2 if moderate CLD, = 3 if severe CLD
= CLD function if operation is MVR, = 0 otherwise

CLD function if operation is MVRepair, = 0 otherwise

max (0.5, min [creatinine, 5.0]) if patient is not on dialysis, = 0 otherwise

= Creatinine function 1 if valve operation is MVR, = 0 otherwise

= Creatinine function 1 if valve operation is MVRepair, = 0 otherwise

= 1if patient has history of CVD and no prior CVA, = 0 otherwise

= 1if patient has history of CVD and a prior CVA, = 0 otherwise

= 1 if patient has diabetes not treated with insulin, = 0 otherwise

= 1if patient has diabetes treated with insulin, = 0 otherwise

= 1if patient requires dialysis preoperatively, = 0 otherwise

= 1if patient has history of dialysis and operation is MVR, = 0 otherwise

= 1 if patient has history of dialysis and operation is MVRepair, = 0 otherwise
= max (50 — ejection fraction, 0)

= Ejection fraction function if valve operation is MVR, = 0 otherwise

= Ejection fraction function if valve operation is MVRepair, = 0 otherwise

= 1 if patient has active endocarditis, = 0 otherwise

= 1if patient has active endocarditis and valve operation is MVR, = 0 otherwise

= 1 if patient has active endocarditis and valve operation is MVRepair, = 0 otherwise

= 1 if patient is female, = 0 otherwise

= 1 if female and operation is MVR, = 0 otherwise

= 1 if female and operation is MVRepair, = 0 otherwise

= BSA function 1 if female, = 0 otherwise

= BSA function 2 if female, = 0 otherwise

= 1 if patient has hypertension, = 0 otherwise

= 1if patient requires IABP or inotropes preoperatively, = 0 otherwise

= 1if patient requires preop IABP or inotropes and operation is MVR, = 0 otherwise

= 1if patient requires preop IABP or inotropes and operation is MVRepair, = 0 otherwise

= 1 if patient has received immunosuppressive therapy within 30 days, = 0 otherwise

= 1 if patient has at least moderate mitral insufficiency, = 0 otherwise

= 1if patient has at least moderate tricuspid insufficiency, = 0 otherwise
= 1 if patient has left main disease, = 0 otherwise

= 1 if history of MI 1 to 21 days prior to surgery, = 0 otherwise

= 1 if patient has history of MI within 21 days prior to surgery, = 0 otherwise (for CVA

and PLOS; coded as < 24 hours and 1-21 days for others)
= 1 if history of MI < 24 hours prior to surgery, = 0 otherwise
= 1 if valve operation is mitral valve replacement, = 0 otherwise
= 1if valve operation is mitral valve repair, = 0 otherwise
= 2 if triple-vessel disease, = 1 if double-vessel disease, = 0 otherwise
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Appendix Table 2. Continued

Variable Definition

Peripheral vascular disease = 1 if patient has peripheral vascular disease, = 0 otherwise

Race black = 1if patient is black, = 0 otherwise

Race Hispanic = 1if patient is nonblack Hispanic, = 0 otherwise

Reop, 1 previous operation = 1 if patient has had exactly 1 previous CV surgery, = 0 otherwise

Reop, = 2 previous operations = 1 if patient has had 2 or more previous CV surgeries, = 0 otherwise

Reop by MVR function = 1if surgery is a reoperation and operation is MVR, = 0 otherwise

Reop by MVRepair function = 1if surgery is a reoperation and operation is MVRepair, = 0 otherwise
Shock = 1 if patient was in shock at time of procedure, = 0 otherwise

Shock by MVR function = 1 if shock and operation is MVR, = 0 otherwise

Shock by MVRepair function = 1 if shock and operation is MVRepair, = 0 otherwise

Status urgent = 1 if status is urgent, = 0 otherwise

Status emergent = 1 if status is emergent (but not rescuscitation), = 0 otherwise

Status salvage = 1 if status is salvage (or emergent plus resuscitation), = 0 otherwise

Status by MVR function = 1 if status is emergent or salvage and operation is MVR, = 0 otherwise
Status by MVRepair function = 1 if status is emergent or salvage and operation is MVRepair, = 0 otherwise
Stenosis, mitral = 1 if patient has mitral stenosis, = 0 otherwise

Unstable angina = 1 if patient has unstable angina and no MI within 7 days of surgery, = 0 otherwise

2 MI coded = 21 days for CVA and PLOS endpoints; for all other endpoints, coded as < 24 hours and 1 to 21 days.

Note: See www.sts.org for exact definitions of terms used above.

BSA = body surface area; CABG = coronary artery bypass graft surgery; CHF = congestive heart failure; CLD = chronic lung disease;
Comp = composite adverse event (any); CVA = cerebrovascular accident (stroke); CVD = cerebrovascular disease; DSWI = deep sternal
wound infection; EF = ejection fraction; IABP = intra-aortic balloon pump; MI = myocardial infarction; Mort = mortality; MVR =
mitral valve replacement; MVRepair = mitral valve repair; NYHA = New York Heart Association; PLOS = prolonged length of stay; PVD
= peripheral vascular disease; =~ Reop = reoperation; = RF = renal failure; SLOS = short length of stay; STS = The Society of Thoracic
Surgeons; Vent = prolonged ventilation.
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