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ABSTRACT

BACKGROUND: Comorbidity indexes
derived from administrative databases
are essential tools of research in global
health. We sought to develop and vali-
date a novel cardiac-specific comorbid-
ity index, and to compare its accuracy
with the generic Charlson-Deyo and
Elixhauser comorbidity indexes.

METHODS: We derived the cardiac-specific
comorbidity index from consecutive
patients who were admitted to hospital
at a tertiary-care cardiology hospital in
Quebec. We used logistic regression
analysis and incorporated age, sex and
22 clinically relevant comorbidities to
build the index. We compared the cardiac-
specific comorbidity index with refitted
Charlson-Deyo and Elixhauser comor-
bidity indexes using the C-statistic and
net reclassification improvement to pre-
dict in-hospital death, and the Akaike

information criterion to predict length of
stay. We validated our findings exter-
nally in an independent cohort obtained
from a provincial registry of coronary
disease in Alberta.

RESULTS: The novel cardiac-specific
comorbidity index outperformed the
refitted generic Charlson-Deyo and Elix-
hauser comorbidity indexes for predict-
ing in-hospital mortality in the derivation
population (n = 10137): C-statistic
0.95 (95% confidence interval [CI] 0.94-
0.9) v. 0.81 (95% CI 0.77-0.84) and
0.86 (95% CI 0.82-0.89), respectively. In
the validation population (n=17877), the
cardiac-specific comorbidity index was
similarly better: C-statistic 0.92 (95% ClI
0.89-0.94) v. 0.76 (95% CI 0.71-0.81) and
0.82 (95% CI 0.78-0.86), respectively, and
also numerically outperformed the
Charlson-Deyo and Elixhauser comorbidity

indexes for predicting 1-year mortality
(C-statistic 0.78 [95% CI 0.76-0.80] v.
0.75 [95% Cl 0.73-0.77] and 0.77 [95% ClI
0.75-0.79], respectively). Similarly, the
cardiac-specific comorbidity index
showed better fit for the prediction of
length of stay. The net reclassification
improvement using the cardiac-specific
comorbidity index for the prediction of
death was 0.290 compared with the
Charlson-Deyo comorbidity index and
0.192 compared with the Elixhauser
comorbidity index.

INTERPRETATION: The cardiac-specific
comorbidity index predicted in-hospital
and 1-year death and length of stay in
cardiovascular populations better than
existing generic models. This novel index
may be useful for research of cardiology
outcomes performed with large adminis-
trative databases.

has been facilitated by the implementation of national

comprehensive registries. Successful examples of out-
comes research based on these data include randomized trials
nested in such registries,' original reports elucidating important
epidemiological aspects of the prevalence and natural history of
diseases,** and big data research based on large data sets of dis-
charge diagnosis summaries.*> However, outcomes research
based on health administrative databases remains limited by the
poor specificity for case mix adjustment and the lack of systemic
validation, which may lead to biased analyses.

T he processing of large health administrative data sets

Tools have been designed to minimize case mix bias when
conducting research using health administrative databases, such
as the Charlson-Deyo comorbidity index and the Elixhauser
comorbidity index, which have been shown to predict in-hospital
and long-term mortality, length of stay, and health care-related
costs.® These indexes take into account 17 (CDCI) and 31 (ECI)
comorbidities that are coded according to the International Clas-
sification of Diseases and Related Health Problems, 10th Revision
(ICD-10). Although both indexes have been validated in a variety
of clinical settings,'%-** the Charlson-Deyo and Elixhauser comor-
bidity indexes are generic tools (i.e., they are not disease specific),
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and their accuracy in specific populations — including patients
with cardiac conditions — has received little scrutiny.**

We aimed to derive and validate a novel prognostic comor-
bidity index specific for cardiac populations to predict death,
both in-hospital and at 1-year, and length of stay, and to com-
pare its prognostic accuracy with established generic indexes.

Methods

Study population

The derivation cohort was described previously.!®> Between April
2006 and March 2008, we included consecutive patients under-
going cardiac catheterization at the Montreal Heart Institute,
Montréal. The primary indications for catheterization repre-
sented the whole spectrum of contemporary cardiology and
included diagnostic (coronary angiogram and heart catheteriza-
tion) as well as therapeutic catheterizations (structural and coro-
nary interventions).

We used an independent contemporary cohort to validate
the use of the cardiac-specific comorbidity index to predict in-
hospital and 1-year death. This cohort was derived from the
Alberta Provincial Project for Outcomes Assessment in Coronary
Heart Disease (APPROACH) registry, and prospectively included
all patients undergoing cardiac catheterization in the province
of Alberta between April 2014 and March 2016. The registry con-
tains detailed clinical assessment and is routinely linked to
administrative data to assure data quality and ascertain clinical
outcomes.®

Data extraction and calculation of the comorbidity index
For the derivation cohort, we obtained the demographic charac-
teristics, comorbid conditions, in-hospital death and length of
stay from the discharge summary database, including the

Derivation cohort
General cardiac population
Outcomes: in-hospital all-cause death and LOS
Consecutive patients undergoing cardiac

catheterization at the Montreal Heart Institute
(2006-2008)
n=10137

Internal validation

Bootstrap resampling
Outcome: in-hospital all-cause death
n=10007

In-hospital death n =130

diagnostic and intervention codes from hospital discharge
claims, as provided to the Régie de I’assurance maladie du
Québec. The discharge database was populated by the discharg-
ing physician and adjudicated by professional medical archivists,
following a comprehensive review of the medical records, and
abstracted using the ICD-10 codes. The reliability and predictive
capability of this approach in cardiology has been validated pre-
viously.2* We computed the Charlson-Deyo comorbidity index®
and the Elixhauser comorbidity index® using the scoring system
we described previously.®

Outcomes

Our primary outcome was the rate of in-hospital all-cause
death. Secondary outcomes were length of stay and 1-year rate
of all-cause death. To account for an anticipated skewed distri-
bution in length of stay, we stratified admissions to hospital as
lasting 2 days or less versus 3-7 days versus 8 days or longer, as
a way to represent short (e.g., simple elective coronary or struc-
tural interventions), intermediate (e.g., moderate-risk acute cor-
onary syndrome) and long (e.g., cardiogenic shock) hospital
stays, respectively.

Statistical analysis

Descriptive statistics for continuous variables are presented as
means (standard deviations [SDs]) and categorical variables are
presented as counts (%). The associations between predictors
and outcomes are presented as odds ratios (ORs) with a 95%
confidence interval (Cl). Statistical significance was determined
at the 2-sided, oo = 0.05 level. We used SAS (version 9.4, SAS
Institute) to perform the data analysis. In accordance with our
institution’s internal reidentification policy for data access
requests, values in small size cells (n < 5) are not reported to
protect confidentiality.

External validation
General cardiac population
Outcomes: in-hospital and 1-yr all-cause death

APPROACH registry (Alberta), 2014-2016
n=17 877
(in-hospital death n =136, 1-yr death n=612)

Figure 1: Derivation and validation cohorts for the cardiac-specific comorbidity index. Note: APPROACH = Alberta Provincial Project for Outcomes

Assessment in Coronary Artery Disease, LOS = length of stay.
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The primary step was to develop a comorbidity index spe-
cific for cardiac diseases. To assess the relative merit of this
novel index, we subsequently refitted the generic Charlson-
Deyo comorbidity index and Elixhauser comorbidity index in
the derivation cohort and ascertained the relation of all
3 indexes with in-hospital death and length of stay. In our final
step, we tested the performance of our novel index in predict-
ing in-hospital and 1-year death through internal and indepen-
dent external validation.

We derived the cardiac-specific comorbidity index using
logistic regression modelling to assess the relation between the
information available in health administrative databases and
outcomes.

Stepwise selection of variables was applied to binary logistic
regression to model death?? and to generalized logistic regres-
sion to model the multinomial length of stay. We prespecified
candidate variables to include age and sex, as well as 22 inde-
pendent comorbid conditions that we deemed relevant in
patients with cardiac diseases, as informed by clinical judgment
(Appendix 1, Supplemental Table 1, available at www.cmaj.ca/
lookup/suppl/doi:10.1503/cmaj.181186/-/DC1).2* For both mod-
els, we forced age and sex to be included in the final model,
whereas the other candidate variables needed a p value of less
than 0.20 to enter the model and a p value of less than 0.10 to
stay in the final multivariable model.

We refitted and recalibrated the original coefficients for the
Charlson-Deyo and Elixhauser comorbidity indexes for the deri-
vation cohort using multivariable logistic regression analysis. We
used the C-statistic to evaluate model discrimination for death,
and we assessed calibration by comparing the predicted and
observed death rates with the Hosmer-Lemeshow test. Subse-
quently, we calculated the category-based event, nonevent and
overall net reclassification improvement to evaluate the
improvement in the correct classification between the cardiac-
specific comorbidity index and the recalibrated Charlson-Deyo
and Elixhauser comorbidity indexes for the prediction of
death.?*? We used a value of 1% of predicted risk of death as a
cut-off to discriminate between low and high risk.? To compare
the overall fit of the different models to predict length of stay, we
used the Akaike Information Criterion.

We performed internal validation of the cardiac-specific
comorbidity index for death with bootstrap resampling, which
allowed estimation of the internally validated C-statistic (cor-
rected for optimism) and the calibration slope?” (Appendix 2,
Supplemental methods, available at www.cmaj.ca/lookup/
suppl/doi:10.1503/cmaj.181186/-/DC1). The cardiac-specific
comorbidity index and refitted Charlson-Deyo and Elixhauser
comorbidity indexes were validated externally for the prediction
of in-hospital and 1-year all-cause death. We sampled the valida-
tion cohort to get at least 100 deaths at any time point.

Ethics approval

The study was approved by the institutional review board at the
Montreal Heart Institute, the Conjoint Health Research Ethics
Board at the University of Calgary and the Health Research Ethics
Board at the University of Alberta.

Results

The derivation and validation cohorts are shown Figure 1. The
baseline characteristics of the derivation cohort are outlined in
Table 1. Mean age was 63.9 (SD 12.0) years, and two-thirds of the
patients in the cohort were male. This cohort is representative of
a contemporary population of patients referred for cardiac cath-
eterization, with a high prevalence of cardiovascular risk factors.
Overall comorbidity burden was high, as assessed with both the
Charlson-Deyo and Elixhauser comorbidity indexes. In particu-
lar, one-third of patients had an Elixhauser comorbidity index of
3 or more. Ten percent presented with ST-elevation myocardial

Table 1: Baseline characteristics for the derivation cohort

No. (%)* of patients

Characteristic n=10137
Age, mean + SD; yr 63.9+12.0
Male sex 6968 (68.7)
BMI, kg/m? 28.4+52
Diabetes mellitus 2519 (24.8)
Dyslipidemia 6463 (63.8)
Hypertension 5581 (55.1)
Current smoker 2219 (21.9)
CAD 5719 (56.4)
PAD 1115 (11.0)
Stroke 285 (2.8)
Heart failure 788 (7.8)
CKD 956 (9.4)
Charlson-Deyo comorbidity index
0 3149 (31.1)
1 3950 (39.0)
2 1686 (16.6)
3 or higher 1352 (13.3)
Elixhauser comorbidity index
0 1769 (17.5)
1 2722 (26.9)
2 2405 (23.7)
3 or higher 3241 (32.0)
STEMI 1018 (10.0)
Cardiogenic shock 116 (1.1)
Therapeutic catheterization 4793 (47.3)
Death 130 (1.3)
Length of hospital stay, d
<2 6685 (65.9)
317 2155 (21.3)
>8 1297 (12.8)

Note: BMI = body mass index, CAD = coronary artery disease, CKD = chronic kidney
disease, PAD = peripheral artery disease, SD = standard deviation, STEMI = ST-elevation
myocardial infarction.

*Unless otherwise indicated.
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infarction (MI), and about half of the population underwent a
therapeutic procedure. Overall, there were 130 in-hospital
deaths (1.3%), and the proportions of patients with a length of
stay of 2 days or less, 3-7 days and 8 days or longer were 65.9%,
21.3% and 12.8%, respectively.

Derivation of the cardiac-specific comorbidity index
Univariable analysis for the candidate predictors of death are pre-
sented in Table 2. Most candidate comorbidities related to heart
disease were strongly associated with death, except for sex, the
presence of an implantable cardioverter-defibrillator, chronic pul-
monary disease, diabetes, hypertension and obesity. For multivari-
able analysis (Table 3), 11 of the 24 candidate predictors were
independently associated with death (age; ST-elevation and non-
ST-elevation MI; cardiac arrest, ventricular tachycardia/fibrillation,
cardiogenic shock; acute respiratory failure; acute kidney failure;
pulmonary hypertension; heart failure; liver disease; cancer;
neurologic disorders; and obesity) (Box 1).

Table 4 and Supplemental Table 2 in Appendix 1 present the
univariable and multivariable analyses for the prediction of
length of stay with the cardiac-specific comorbidity index. Most
comorbidities showed a significant univariable association with
length of stay. After multivariable adjustment, 18 of the 24 candi-
date variables were associated with length of stay (Box 1).

Refitting the Charlson-Deyo and Elixhauser
comorbidity indexes

The recalibrated coefficients of the Charlson-Deyo and Elixhauser
comorbidity indexes for the prediction of death are shown in Sup-
plemental Table 3 of Appendix 1. Using the Charlson-Deyo
comorbidity index, only 5 comorbidities (M, chronic heart failure,
cerebrovascular disease, renal disease and cancer) showed sig-
nificant association with death, whereas 9 comorbidities (chronic
heart failure, cardiac arrhythmia, pulmonary circulation disor-
ders, complicated hypertension, other neurologic disorders, liver
disease, lymphoma, coagulopathy, and fluid and electrolyte

Table 2: Candidate predictors for the cardiac-specific comorbidity index and their univariate association

with in-hospital all-cause death

No. (%) of patients

No. (%) patients

with the condition without the OR

Comorbidity who died condition who died (95% ClI)

Age 1.05 (1.03-1.06)
Male sex 81(1.2) 49 (1.6) 0.75 (0.52-1.07)
STEMI and NSTEMI 97 (3.1) 33(0.5) 6.71 (4.51-9.98)
Hemorrhagic and ischemic stroke, TIA 5(19.2) 125(1.2) 19.02 (7.06-51.25)
Atrial fibrillation 45 (3.4) 85 (1.0) 3.65 (2.53-5.27)
Atrioventricular block 14 (6.2) 116 (1.2) 5.58 (3.15-9.87)
Cardiac arrest, VT/VF, cardiogenic shock 76 (17.9) 54 (0.6) 39.06 (27.12-56.26)
Acute pulmonary embolism <5 127 (1.3) 13.11 (3.82-45.07)
Acute respiratory failure 13(36.1) 117 (1.2) 48.23 (23.85-97.52)
Acute kidney failure 31(20.8) 99 (1.0) 26.24 (16.86-40.84)
Pulmonary hypertension 12 (5.2) 118 (1.2) 4.52 (2.46-8.32)
Implantable cardioverter-defibrillator <5 127 (1.3) 2.39 (0.75-7.64)
Heart failure 23(7.9) 107 (1.1) 7.84 (4.92-12.50)
PAD and CVD 29 (2.2) 101 (1.1) 1.95(1.29-2.97)
Chronic pulmonary disease 18(1.9) 112 (1.2) 1.53(0.93-2.53)
Liver disease 9(10.8) 121(1.2) 9.98 (4.89-20.40)
Diabetes mellitus 37 (1.5) 93 (1.2) 1.21(0.82-1.77)
Hypertension 67 (1.2) 63 (1.4) 0.87 (0.61-1.23)
Chronic kidney disease 27 (2.8) 103 (1.1) 2.56 (1.67-3.93)
Cancer 7(7.3) 123 (1.2) 6.34 (2.88-13.97)
Neurological disorders 27 (20.9) 103 (1.0) 25.46 (15.97-40.59)
Coagulopathy 7(8.2) 123(1.2) 7.25(3.28-16.02)
Obesity 22(0.9) 108 (1.4) 0.66 (0.42-1.05)
Fluid and electrolyte disorders <5 126 (1.2) 14.41 (4.90-42.43)

Note: CI = confidence interval, CVD = cerebrovascular disease, NSTEMI = non-ST-elevation myocardial infarction, OR = odds ratio, PAD = peripheral arterial
disease, STEMI = ST-elevation myocardial infarction, TIA = transient ischemic attack, VT/VF = ventricular tachycardia/ventricular fibrillation.
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disorders) were significantly associated with death using the Elix-
hauser comorbidity index.

Box 1: List of factors used for the cardiac-specific

comorbidity index

Supplemental Table 4 in Appendix 1 shows the recalibrated r:g
coefficients of the Charlson-Deyo and Elixhauser comorbidity All-cause death Length of stay 7
indexes for predicting length of stay. Using the Charlson-Deyo . Age . Age ;
comorbidity index, 10 of 17 comorbidities showed significant . Sex . Sex g
association with length of stay, whereas 21 of 31 comorbidities . STEM! and NSTEMI « STEMI and NSTEMI T

were significantly associated with length of stay using the Elix-

o Stroke and TIA
hauser comorbidity index.

Atrial fibrillation Atrioventricular block

Cardiac arrest, VT/VF, Cardiac arrest, VT/VF,
cardiogenic shock cardiogenic shock

Atrial fibrillation

Predicting all-cause death with all 3 comorbidity indexes
The cardiac-specific comorbidity index yielded superior discrimina-
tion for the prediction of all-cause death compared with the refitted
versions of the Charlson-Deyo and Elixhauser comorbidity indexes:
C-statistic 0.95 (95% Cl 0.94-0.97) v. 0.81 (95% CI 0.77-0.84) and
0.86 (95% Cl 0.82-0.89) (p < 0.001), respectively. Supplemental Fig-
ure 1 in Appendix 1 shows the comparison between observed and
predicted probabilities of death using the cardiac-specific comorbid-
ity index as the predictor, stratified by deciles of the predicted proba-
bilities. We observed very good calibration, which we also confirmed
using the Hosmer-Lemeshow test (p = 0.74). The Hosmer-Lemeshow

Acute pulmonary embolism

Acute pulmonary embolism

Acute respiratory failure Acute respiratory failure

Acute kidney failure Acute kidney failure

Pulmonary hypertension

Pulmonary hypertension

Heart failure Presence of an ICD

Heart failure
PAD and CVD

Chronic pulmonary disease

Liver disease

Cancer

Neurologic disorders

« Obesity + Hypertension

test also |nd|.cated good callbr'a'flon. for both the refitted Charlson-  Chronic kidney disease
Deyo a.nd Elixhauser comf)r.bldl.ty indexes (p = 0.44 and p =0.73, o el e dfsarins
respectively). When the 2 original indexes were used (categorized as 0, e —
1, 2 and = 3), the Charlson-Deyo comorbidity index provided a S

-~ o P . Note: CVD = cerebrovascular disease, ICD = implantable cardioverter-defibrillator,
¢ StatISt_lc. Of_0'72 for th_e predlc.tlon of death, whereas t'he. Elixhauser NSTEMI = non-ST-elevation myocardial infarction, PAD = peripheral artery disease,
comorbidity index provided a slightly lower value (C-statistic 0.67) (p < STEMI = ST-elevation myocardial infarction, TIA = transient ischemic attack,

0.001). Supplemental Figure 2 in Appendix 1 presents the incidence of VT/VF = ventricular tachycardia/ventricular fibrillation.

Table 3: Independent predictors of all-cause death in the cardiac-specific comorbidity index

Independent predictor Parameter estimate (QS?A?CI)
Intercept -9.5284

Age (per 1-yr increments) 0.0477 1.05(1.03-1.07)
Male sex -0.4193 0.66 (0.42-1.03)
STEMI and NSTEMI 1.5892 4.90 (3.06-7.84)
Hemorrhagic and ischemic stroke, TIA 1.4808 4.40 (0.93-20.75)
Atrial fibrillation 0.3943 1.48 (0.93-2.37)
Cardiac arrest, VT/VF, cardiogenic shock 3.2351 25.41 (16.21-39.83)
Acute pulmonary embolism 1.5898 4.90 (0.96-25.10)
Acute respiratory failure 2.6435 14.06 (5.06-39.10)
Acute kidney failure 2.0258 7.58 (4.08-14.09)
Pulmonary hypertension 1.4335 4.19 (1.74-10.09)
Heart failure 0.9261 2.53(1.33-4.80)
Liver disease 1.8732 6.51(2.17-19.54)
Cancer 1.9465 7.00 (2.39-20.55)
Neurological disorders 2.7022 14.91 (7.71-28.84)
Obesity -0.7445 0.48 (0.26-0.86)
C-statistic 0.95 (0.94-0.97)

Note: CI = confidence interval, NSTEMI = non-ST-elevation myocardial infarction, OR = odds ratio, STEMI = ST-elevation myocardial infarction, TIA=
transient ischemic attack, VT/VF = ventricular tachycardia/ventricular fibrillation.
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in-hospital death stratified by the categories from the Charlson-Deyo
and Elixhauser comorbidity indexes.

Table 5 presents the net reclassification improvement analysis.
Using the cardiac-specific comorbidity index to predict death led to
an overall net reclassification improvement of 0.290 compared with
the refitted Charlson-Deyo comorbidity index, and an overall net
reclassification improvement of 0.192 compared with the refitted
Elixhauser comorbidity index. In both instances, the overall net
reclassification improvement was driven by the nonevent net

reclassification improvement, indicating that, for the most part, the
cardiac-specific comorbidity index correctly decreased risk esti-
mates for nonevents (i.e., nondeath: 34.4% for the Charlson-Deyo
comorbidity index and 11.5% for the Elixhauser comorbidity index ).

Predicting length of stay with the 3 comorbidity indexes
The Akaike Information Criterion score for the cardiac-specific
comorbidity index for the prediction of length of stay was 15880,
which compared favourably with both the refitted Charlson-Deyo

Table 4: Independent predictors of length of stay in the cardiac-specific comorbidity index*

Independent predictor

Intercept (LOS = 8 d)
Intercept (LOS 3-7 d)

Age (per 1-yr increments)

Male sex

STEMI and NSTEMI

Atrial fibrillation

Atrioventricular block

Cardiac arrest, VT/VF, cardiogenic shock
Acute pulmonary embolism

Acute respiratory failure

Acute kidney failure

Pulmonary hypertension

Implantable cardioverter-defibrillator
Heart failure

Peripheral arterial disease and cerebrovascular
disease

Chronic pulmonary disease
Hypertension

Chronic kidney disease

Neurological disorders

Coagulopathy

Akaike Information Criterion

Parameter estimate

OR (95% Cl)

-3.5400

-1.6171

0.00788 LOS =8d: 1.01 (1.00-1.01)

-0.00518 LOS 3-7d: 1.00 (0.99-1.00)
0.4534 LOS =8d: 1.57 (1.36-1.82)
0.1993 LOS 3-7d: 1.22 (1.09-1.37)
0.4255 LOS =8d: 1.53 (1.33-1.77)
1.1155 LOS 3-7d: 3.05 (2.75-3.39)
1.6758 LOS = 8d: 5.34 (4.57-6.25)
0.5557 LOS 3-7d: 1.74 (1.48-2.06)
0.8276 LOS =8d: 2.29 (1.58-3.31)
0.3945 LOS 3-7d: 1.48 (1.05-2.10)
1.3084 LOS = 8d: 3.70 (2.80-4.88)
0.7964 LOS 3-7d:2.22 (1.71-2.88)
2.3081 LOS = 8d: 10.06 (3.08-32.85)
0.5064 LOS 3-7d: 1.66 (0.37-7.49)
3.1540 LOS = 8d: 23.43 (6.48-84.78)
0.9927 LOS 3-7d: 2.70 (0.58-12.57)
1.5269 LOS =8d: 4.60 (2.93-7.24)
0.5205 LOS 3-7d: 1.68 (1.01-2.82)
0.5935 LOS =8d: 1.81 (1.26-2.60)
0.3431 LOS 3-7d: 1.41 (0.97-2.06)
0.4965 LOS =8d: 1.64 (0.92-2.94)
1.1387 LOS 3-7d:3.12 (1.91-5.10)
0.9782 LOS = 8d: 2.66 (1.93-3.66)
0.6085 LOS 3-7d: 1.84 (1.34-2.52)
0.4823 LOS =8d: 1.62 (1.37-1.92)
-0.1119 LOS 3-7d: 0.89 (0.76-1.05)
0.4860 LOS =8d: 1.63 (1.34-1.98)
0.2489 LOS 3-7d: 1.28 (1.08-1.52)
0.4249 LOS =8d: 1.53 (1.33-1.76)
0.2842 LOS 3-7d: 1.33 (1.20-1.48)
-0.1732 LOS =8d: 0.84 (0.68-1.04)
-0.4072 LOS 3-7d: 0.67 (0.55-0.81)
1.0158 LOS =8d: 2.76 (1.77-4.32)
-0.1521 LOS 3-7d: 0.86 (0.52-1.42)
1.1773 LOS = 8d: 3.25 (1.83-5.76)
0.5014 LOS 3-7d: 1.65 (0.93-2.93)

15880

Note: Cl = confidence interval, LOS = length of stay, NSTEMI = non-ST-elevation myocardial infarction, OR = odds ratio, STEMI = ST-elevation
myocardial infarction, VT/VF = ventricular tachycardia/ventricular fibrillation.
*We considered a length of stay of 2 days or less as the reference category for parameter estimation and calculations of ORs.
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comorbidity index (16 778) and Elixhauser comorbidity index
(16 134). Using the categorized versions of the original Charlson-
Deyo and Elixhauser comorbidity indexes, this difference
increased further (17 146 for the Charlson-Deyo comorbidity
index and 16978 for the Elixhauser comorbidity index; Appendix
1, Supplemental Figure 3).

Internal and external validation
After internal bootstrap resampling, the optimism for the car-
diac-specific comorbidity index for the prediction of death in our
data set was estimated at 0.01. Therefore, we estimated the
internally validated C-statistic to be 0.94. The average calibration
slope of the cardiac-specific comorbidity index was 0.93, indicat-
ing excellent calibration.

We validated the cardiac-specific comorbidity index for in-
hospital and 1-year death in a different cohort of 17877 patients

with cardiac conditions in the province of Alberta (Figure 1). For in-
hospital death, the cardiac-specific comorbidity index also outper-
formed the Charlson-Deyo and the Elixhauser comorbidity indexes,
in terms of discrimination (C-statistic 0.92 [95% CI 0.89-0.94], com-
pared with 0.76 [95% CI 0.71-0.81] and 0.82 [95% CI 0.78-0.86] for
the Charlson-Deyo and Elixhauser comorbidity indexes, respec-
tively). For 1-year death, the cardiac-specific comorbidity index per-
formed better than the Charlson-Deyo and the Elixhauser comor-
bidity indexes: C-statistic 0.78 (95% CI 0.76-0.80) v. 0.75 (95% ClI
0.73-0.77) and 0.77 (95% CI 0.75-0.79), respectively.

Interpretation
We assessed the performance of the novel cardiac-specific comor-

bidity index using administrative data in patients admitted to hos-
pital for a wide range of heart conditions. The cardiac-specific

Table 5: Category-based net reclassification improvement of the cardiac-specific comorbidity index compared with the

recalibrated Charlson-Deyo and Elixhauser comorbidity indexes for predicting all-cause death

Probability category*

Cardiac-specific comorbidity index

HOYUV3iS3y

Charlson-Deyo comorbidity index No. of patients at low risk  No. of patients at high risk Total no. of patients

Death No. of patients at low risk <5 <5 8
No. of patients at high risk 13 109 122
Total no. of patients 15 115 130

No death No. of patients at low risk 5170 199 5369
No. of patients at high risk 3637 1001 4638
Total no. of patients 8807 1200 10007

Net reclassification improvement (CSCI versus CDCI)
Event (6-13)/130=-0.054

Nonevent (3637-199)/10 007 = 0.344
Overall -0.054 + 0.344 =0.290
Probability category*
Cardiac-specific comorbidity index
Elixhauser comorbidity index No. of patients at low risk  No. of patients at high risk Total no. of patients
Death No. of patients at low risk <5 21 25
No. of patients at high risk 11 94 105
Total no. of patients 15 115 130
No death No. of patients at low risk 7243 415 7658
No. of patients at high risk 1564 785 2349
Total no. of patients 8807 1200 10 007

Net reclassification improvement (CSCI versus ECI)
Event (21-11)/130=0.077

Nonevent (1564-415)/10 007 = 0.115

Overall 0.077+0.115=0.192

Note: CDCI = Charlson-Deyo comorbidity index, CSCI = cardiac-specific comorbidity index, ECI = Elixhauser comorbidity index.
*We used a cut-off of 0.01 to categorize a patient as being at low versus high risk based on the patient’s predicted probability of death.

CMAJ | MARCH 18,2019 | VOLUME 191 | ISSUE 11 E305



RESEARCH

comorbidity index outperformed the refitted generic comorbid-
ity indexes (Charlson-Deyo and Elixhauser comorbidity indexes)
in predicting in-hospital and 1-year death, and length of stay.
These findings have important clinical implications given the
paucity of tools designed for comparative risk adjustment when
working with electronic medical records and health administra-
tive databases.

Risk estimation and case-mix adjustment are important for
several stakeholders: patients and their families (to make
informed decisions), researchers (to facilitate comparative
research) and policy-makers (to facilitate comparison of out-
comes across institutions).?® With the emergence of large admin-
istrative data sets and big data analysis, disease-specific indexes
will refine the prediction of adverse events, health care utiliza-
tion and costs. Previous examples can be found in gastroenterol-
ogy and intensive care medicine.’*?® However, despite the huge
effect of cardiac diseases on society, the potential of health
administrative databases to risk-stratify patient cohorts in this
context has received little attention.

Several studies!’-?! have shown a good correlation between
ICD-derived diagnoses and traditional chart review, especially for
the diagnosis of MI'®% and heart failure,'®* and for cardiac pro-
cedure coding.’® A single-centre cohort study involving
1471 patients with coronary artery disease who underwent car-
diac catheterization between 1985 and 1989 evaluated the ability
of the Charlson comorbidity index and a novel coronary artery
disease-specific index to predict long-term mortality.*® Both
indexes showed reasonable discrimination for the prediction of
5-year mortality (C-statistic 0.72 and 0.73, respectively). How-
ever, the comorbidities were derived from traditional chart
review, and the novel coronary artery disease-specific index was
not validated. Normand and colleagues derived a novel generic
comorbidity index to predict 2-year mortality in a population of
Medicare beneficiaries who were admitted to hospital for MI.3!
Similar to our study, they used an approach based on a health
administrative database and initially chose 46 clusters of comor-
bidities, from which a final model was derived. Importantly, their
comorbidity index included generic and broad definitions of car-
diac conditions compared with our study (e.g., “arrhythmias” as
opposed to “atrial fibrillation”). When compared with the tradi-
tional Charlson comorbidity index, their model provided a mod-
est improvement in C-statistics in the validation cohorts (0.73
and 0.72v. 0.66 and 0.65).

To the best of our knowledge, only 1 study specifically
assessed the role of the Charlson-Deyo and Elixhauser comor-
bidity indexes for the prediction of in-hospital death in patients
with cardiac conditions using an approach based on health
administrative databases. In a retrospective study using National
Health Insurance Database records of diagnosis that included
61815 patients undergoing percutaneous coronary intervention
in South Korea, 1598 (2.6%) died in hospital.** After augmenting
the original Charlson-Deyo comorbidity index and Elixhauser
comorbidity index models with age, sex and admission type, the
C-statistics were 0.75 for the Charlson-Deyo comorbidity index
and 0.81 for Elixhauser comorbidity index. The Charlson-Deyo
comorbidity index was developed initially to predict 1-year

mortality, and the Elixhauser comorbidity index to predict
resource utilization and in-hospital mortality. Therefore, their
inferior performance in some of the studies mentioned previ-
ously may be explained, in part, by their utilization in different
settings. In addition, the population in our study was a cohort of
patients with cardiac conditions, whereas both the Charlson-
Deyo and Elixhauser comorbidity indexes are nondisease-specific
tools derived in the general population.

We found some potential advantages for incorporating risk
models derived from health administrative databases into both
clinical medicine and research. First, given that modern computer
workstations are powerful, such risk models could be calculated
automatically using the software of electronic medical records.
Patients at high risk for adverse outcomes could be “flagged” to
the clinician, and appropriate measures (e.g., admission to an
intensive care unit, aggressive pharmacological and interven-
tional management, and intensive work-up) could be undertaken
more promptly. Second, these risk models could be used as a
research tool to adjust for case mix, thus providing a standardized
comparison between different study populations, which is rele-
vant for both researchers and health care administrators.* How-
ever, such speculations are hypothesis generating only, and the
specific merits of the application of the cardiac-specific comor-
bidity index should be evaluated by further research.

Comorbidity indexes are both necessary and convenient
when working with administrative data sets but should be used
cautiously in certain circumstances. Medical registries enriched
with disease-specific variables (such as laboratory examinations
and vital signs) appear to be superior but infrequently available.
The variation in discrimination observed in our validation data
sets suggests that superspecific comorbidity indexes computed
around a single ICD code (e.g., heart failure) could be useful in
certain fields where the volume of research is important.

Limitations

Our study has limitations. Certain comorbidities for both the
Charlson-Deyo and Elixhauser comorbidity indexes were uncom-
mon, which prevented the assessment of the contribution of
such conditions with those comorbidity indexes. This issue was
also reported by other studies that specifically focused on a
patient population of patients with cardiac conditions.** Balanc-
ing these limitations, however, are the large sample size and the
external validation in a different Canadian province. Some of the
variables that we selected could be considered as in-hospital
events rather than comorbidities (e.g., cardiogenic shock). This
explains, in part, the good discrimination of the cardiac-specific
comorbidity index to predict in-hospital mortality and reinforces
the importance of a long-term validation.

Conclusion

Our cardiac-specific comorbidity index outperformed generic
comorbidity indexes to predict all-cause death and length of stay
in patients admitted to hospital for a cardiac condition. The
cardiac-specific comorbidity index is a refined tool that can be
used to adjust for case mix in research on cardiology outcomes
and to inform decision-makers.
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