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Abstract

Background—There are numerous definitions of multimorbidity. None systematically examines
specific comorbidity combinations accounting for multiple testing when exploring large datasets.

Objectives—Develop and validate a list of all single, double, and triple comorbidity
combinations, with each individual Qualifying Comorbidity Set (QCS) at least doubling the odds
of mortality versus its reference population. Patients with at least one QCS were defined as having
multimorbidity.

Research Design—Cohort-based study with a matching validation study.

Subjects—All fee-for-service Medicare patients between age 65 and 85 without dementia or
metastatic solid tumors undergoing general surgery in 2009-2010, and an additional 2011-2013
dataset.

Measures—30-day all-location mortality

Results—There were 576 qualifying comorbidity sets (2 singles, 63 doubles and 511 triples),
each set at least doubling the odds of dying. In 2011, 36% of eligible patients had multimorbidity.
As a group, multimorbid patients (mortality rate = 7.0%) had a mortality Mantel-Haenszel OR =
1.90 (1.77, 2.04) versus a reference that included both multimorbid and non-multimorbid patients
(mortality rate = 3.3%), and Mantel-Haenszel OR = 3.72 (3.51, 3.94) versus only non-multimorbid
patients (mortality rate = 1.6%). When matching 3,151 pairs of multimorbid patients from low-
volume hospitals to similar patients in high-volume hospitals, the mortality rates were 6.7% versus
5.2%, respectively (P = 0.006).

Conclusions—A list of QCSs identified a third of older patients undergoing general surgery that
had greatly elevated mortality. These sets can be used to identify vulnerable patients and the
specific combinations of comorbidities that make them susceptible to poor outcomes.

Keywords
Multimorbidity; Medicare; Mortality; General Surgery

INTRODUCTION

There are a number of definitions of multimorbidity that have been advocated by various
groups.1~6 Some use comorbidity indexes to study multimorbidity,”-2 while others define
multimorbidity as a list of 1 or more conditions,19-19 and still others define it as 2 or more
conditions.13.20-31 Some are interested in using such definitions to directly influence care,
25,11,15,19-21,28,2932-35 \nhjle others are interested in measuring or benchmarking quality of
care in these more challenging patients.2:>7:9.10,12,16-18,23-26,30.36 \jyItimorbidity lists
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utilize various datasets, some dependent on claims data,”:22:23:33.37-42 while others

incorporate additional clinical items not generally found in administrative data.
6,8,9,11,12,14,16,17,23,26,29,31-33,40

In this study, we present a new definition for identifying multimorbid patients in general
surgery and develop a list of qualifying comorbidity sets (QCSs) that operationalize that
definition. The goal of this project was to develop a list of comorbidity sets that could be
used to define a group of patients with multimorbidity. Such a list would be preferable to
simply defining patients with increased risk through a multivariable model for two reasons:
First, we believe clinicians want to be able to identify specific patients with multimorbidity
based on specific reasons for that classification. Knowing that a patient is high-risk from a
model does not convey the same depth of information as knowing that the patient is high-
risk with multimorbidity because of specific comorbidities. Second, we want to ultimately
match these specific comorbidity combinations in order to aid quality improvement actions
for specific types of patients. The list can also inform surgeons of patients that have
especially high risk of 30-day mortality when weighing whether to recommend a proposed
procedure. Finally, the new methodology and resulting definition that we present herein can
be used as a template to develop lists of comorbidity sets for other medical and surgical
patients.

METHODS

Conceptual Model and Design

To develop a claims-based list of qualifying comorbidity sets that define mutimorbidity, we
start with a number of desired properties: (1) The list should provide an estimate of the
increased odds of mortality relative to a general population undergoing that same surgery. In
so doing, we want a typical representative population of patients undergoing general surgery
to serve as the control group that informs us as to how much the comorbidity set of interest
elevates the risk of death above the baseline average; (2) Each elevated odds ratio associated
with a comorbidity set must have a statistically definable confidence interval and p-value.
Here we will define this elevated risk as the lower bound of a 95% confidence interval; (3)
The list should include the more common comorbidity combinations that represent at least
0.5% of patients in the population, because the list should be practical for use in regression
and matching applications and yield adequate data to support refined analyses; (4) The list
development process should exclude patients with some conditions that are already high-risk
or may influence the attempt of caregivers and family to address life-threatening
complications. For this analysis, we excluded patients with metastatic solid cancer or
dementias, and also excluded patients aged 85 and older for similar reasons. We therefore
concentrate on comorbidity combinations that increase risk among patients who lack these
excluding characteristics, but would suggest that when utilizing our list, these other
categories could be explored depending on the purpose of the application (as will be
illustrated).
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Patient Population

Outcomes

We were granted access via the Centers for Medicare & Medicaid Services (CMS) Virtual
Research Data Center (VRDC) to administrative claims data for older Medicare
beneficiaries who were admitted to acute care hospitals in the United States for general
surgery in 2009-2013. The VRDC hosted each patient's beneficiary summary file (Base,
Chronic Conditions, Cost & Utilization, and Other Chronic or Potentially Disabling
Conditions segments) and administrative claims (Inpatient, Outpatient, Carrier/Part B,
Hospice, and Home Health Agency files). We leveraged these files for a comprehensive
assessment of disease burden in the 12 months prior to each patient’s index hospitalization
for general surgery.

Admissions in 2009-2010 were used for the development of comorbidity sets. We applied
exclusion steps that would permit complete ascertainment of comorbid conditions in the
period prior to admission. Specifically, we excluded hospitalizations where the patient was
under 66 years old at admission, the patient had evidence of hospice care, or the patient
lacked complete fee-for-service Medicare in the 12 months prior to admission, the month of
admission, or the month after admission. We also restricted the sample to the 50 U.S. states
and the District of Columbia. Finally, if a patient had multiple qualifying admissions for
general surgery in 2009-2010, we chose a random one.

To illustrate one use of the newly developed comorbidity sets, in an additional dataset of
2011 admissions, we asked whether multimorbid patients defined as having at least one QCS
who were admitted to hospitals with Medicare general surgery volume in the upper 10t
percentile of hospitals in the U.S. (a characteristic generally associated with better
outcomes3) would have lower 30-day mortality than multimorbid patients admitted to
hospitals in the lower third.

Finally, we assessed the replicability of our algorithm by analyzing the same surgical
population described above for the additional years 2012 and 2013.

The outcome used to assess risk was all-cause, all-location mortality within 30 days of
admission.

Statistical Methods

Defining Qualifying Comorbidity Sets—We developed our methodology using a
random 20% sample of unique eligible patients admitted for one of the general surgery
procedures listed in Table 1 from 2009 to 2010 (excluding patients with metastatic solid
cancer, Alzheimer's Disease and related disorders, and age 85 or older for this study). This
20% sample was not used in subsequent analyses, which refer to the complementary 80%
random sample.

The algorithm for constructing the list of qualifying comorbidity sets was as follows:

Step 1: Construct Candidate Sets of Comorbidities: For this study, we considered the
50,183 possible comorbidity combinations that can be formed from 67 candidate
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comorbidities. Our study team formed the list of 67 comorbidities by taking the union of
comorbidities derived from extensive lists of comorbidities from the AHRQ chronic
conditions dataset, the AHRQ Elixhauser comorbidities, the Hospital Compare
comorbidities, and a list of surgical comorbidities we have used in our previous work (see
Supplemental Digital Content Section 1). We considered all triples of three comorbidities,
all pairs of two comorbidities, and all individual comorbidities. Comorbidities were assigned
to patients if they appeared in a 12-month lookback or were present on admission for the
index hospitalization. Some related comorbidities were classified into mutually exclusive
severity levels. If a patient had both more and less severe manifestations of the same
condition, the patient was only classified as having the more severe manifestation.
Specifically, "chronic renal failure with dialysis" (CRFD) was defined as mutually exclusive
from "renal dysfunction,” such that if a patient had a history of CRFD and'renal dysfunction
in the past year, then the patient was recorded as having CRFD, but not renal dysfunction.
Similarly, if a patient had diagnoses for both moderate/severe diabetes and mild diabetes in
the past year, the patient was recorded as having moderate/severe diabetes, but not mild
diabetes.

Step 2: Cross-screening of comorbidity sets for elevated risk: 1f 50,183 true null
hypotheses are tested at the 0.05 level, it is expected 0.05x50,183 = 2,905 of them will be
falsely rejected. To avoid identifying 2,905 nonsense comorbidity sets by chance, we used
the cross-screening methodology of Zhao, Small, and Rosenbaum,** an alternative to the
Bonferroni adjustment, which would require comorbidity sets to be significant at
0.05/50,183. In cross-screening, the data are split in half at random. The first random half
suggests a limited number of comorbidity sets to be validated in the second random half.
The second random half suggests a limited number of comorbidity sets to be validated in the
first random half. The validated comorbidity sets are those that validate in at least one half.
Both halves are used to screen, and both halves are used to validate. A validated comorbidity
set must look promising in one half and pass a formal statistical test in the other half, so it
must pass two tests. Because a limited number of comorbidity sets seek validation on the
second half, the Bonferroni adjustment used in the validation sample divides by a small
fraction of the 50,183 potential hypotheses. For detailed discussion of cross-screening, its
properties and limitations, see Zhao, Small, and Rosenbaum.*# Cross-screening strongly
controls the family-wise error rate: the chance that it falsely rejects one or more true null
hypotheses is at most 0.05, despite having screened 50,183 combinations of comorbidities. It
is very unlikely that even one of our comorbidity sets fails to achieve its stated property of
double the conditional odds of death relative to the reference population.

Step 3: Specifics of implementing cross-screening: We wanted comorbidity sets that were
associated with at least a doubling of the odds of 30-day mortality compared to the general
population undergoing the same procedure because a 2-fold increase in the odds of 30-day
mortality was clinically important and produced a group of multimorbid patients comprising
about a third of eligible patients when tested in our initial 20% sample. This seemed
desirable since too large a number would reduce the usefulness of the categorization of
multimorbidity when focusing on quality improvement, and too few would create sample
size problems when examining subgroups. Of note, we excluded patients with evidence of

Med Care. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Silber et al.

Page 6

dialysis from the reference group, because from a clinical perspective, this group
disproportionately increased the reference group’s risk in our initial 20% sample. We used
the Mantel-Haenszel test*® in each random half of the data to screen comorbidity sets that
could possibly occur subject to the mutually exclusive severity levels described earlier, and
which had a prevalence of at least 0.5%. These requirements yielded 6,559 possible
combinations. The Mantel-Haenszel test was stratified by the 156 general surgical principal
procedures (see Table 1 for details), 2 age groups (=66 to <75, 75 to <85), and a variable
describing whether each patient was in the study population or in the reference group. The
resulting 2x2x156 table compared 30-day mortality for patients with a given comorbidity set
relative to a representative reference population who had varied comorbidity sets or no
comorbidity sets, adjusting for the procedure. In the screening stage of cross-screening, a
99.9% confidence interval was formed, and if this interval was completely above 2, this
comorbidity set was referred to the second half-sample for validation by a more stringent
standard. In cross-screening, if K comorbidity sets were selected by this screening step using
the first half-sample, then just these K comorbidity sets were tested using the second half-
sample, testing the null hypothesis of an odds ratio < 2 at level 0.05/(2K). Also, if K’
comorbidity sets were selected by this screening step using the second half-sample, then just
these K’ comorbidity sets were tested using the first half-sample, testing the null hypothesis
of an odds ratio < 2 at level 0.05/(2K’). Any comorbidity set that validated in either half was
included in our list of qualifying comorbidity sets. The chance that even one comorbidity set
with an odds ratio < 2 incorrectly made it onto our list is at most 0.05: with 95% confidence,
every qualifying comorbidity set on our list has an odds ratio >2 relative to the reference
group. All statistical tests were completed using SAS v 9.4.46

The 2011 Matching Application Study—We explored how patients with our new
definition of multimorbidity fared at hospitals in the upper decile of general surgery volume
relative to the lower third. Hospital volumes were calculated using all available Medicare
inpatient bills. Index admissions for matching were screened for data quality in the same
manner as was done for 2009 and 2010, and if a patient had multiple general surgery
admissions in 2011, a random admission was chosen.

In this analysis, we matched “focal” patients treated at low-volume hospitals to controls
treated at high-volume hospitals. We matched exactly for ICD-9 principal procedure and
multimorbidity (yes, no) as defined by our newly developed list. Within exact groups,
specific QCSs defining multimorbidity were balanced using a refined balance technique*’
between the low and high-volume groups; age categories, sex, race, admission type, and
individual comorbidities were also included in the balance hierarchy. Other matching
variables included a propensity score for admission to a low-volume hospital,*8 and a risk
score for 30-day mortality (on admission), derived from a model constructed on the initial
20% development data from 2009-10 (see Supplemental Digital Content Section 2 for the
model details). We also minimized the total Mahalanobis distance between cases and
controls on the matching covariates. Refined balance was implemented using the
NETFLOW procedure in SAS,*® but is available more directly in the R package rchalance.4®
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Matches were considered balanced if all covariates had standardized differences below 0.2
after matching. Differences in 30-day mortality between matched pairs were tested using the
McNemar statistic.50

In Table 2 we describe the 80% sample development dataset (2009-2010) and the 2011
application dataset. The sample sizes were large, and both populations looked very similar in
terms of age, sex, and comorbidities.

We provide the parsimonious list of the final validated qualifying comorbidity sets in Table
3. There were 576 comorbidity sets that validated in our cross-screening algorithm, and we
created the parsimonious list of 113 by first including the singles (2), then the doubles not
covered by the singles (33), and then triples not covered by singles or doubles (78). The
parsimonious list identifies all multimorbid patients, but would not describe all specific
QCSs (see Supplemental Digital Content Section 3 for a complete list of all 576 validated
QCSs, and Sections 4 and 5 for the details of the development of the lists). Some important
observations can be made. First, two comorbidities each provided a strong signal that such a
patient had at least double the odds of dying compared to the reference group. These were a
history of chronic renal failure on dialysis ("CRFD") and a history of "Emergency
Arrhythmia." Ultimately, our algorithm selected only 25 of the initial 67 candidate
comorbidities as elements of the non-duplicative list of 113 qualifying comorbidity sets (see
Supplemental Digital Content Section 6 for a description of these 25 comorbidities, and their
association with other comorbidities that constitute the QCSs).

Table 3 provides sample sizes, odds ratios and 95% Cls estimated from the 2011 application
dataset, for each of the 113 parsimonious QCSs that were derived in the 2009-2010 dataset.
The Mantel-Haenszel odds ratios use two different reference groups. The second-to-last
column reports the odds of mortality versus a representative reference group comprising
2011 patients, who had no QCSs or varied QCSs, while the last column uses all non-
multimorbid patients as a reference group. Table 3 also provides the group results for all
multimorbid patients. As can be seen, multimorbid patients as a group had a 1.90 odds of
mortality (95% CI: 1.77, 2.04) versus a general reference population, and a 3.72 odds of
mortality (95% CI: 3.51, 3.94) versus the non-multimorbid group. At the bottom, we also
report the ORs associated with each excluded population using the same two reference
populations as above. For excluded patients, the overall increased odds of mortality versus
the general reference group was 2.05 (1.91, 2.20), and the odds of mortality versus non-
multimorbid patients was 3.83 (3.60, 4.07). Examining individual excluded subgroups, all
displayed significant increases in mortality relative to the reference group, with age = 85
displaying the greatest risk.

It is important to understand that there were many patients who had multiple QCSs, and, as
expected, patients with more qualifying comorbidity sets generally had higher mortality
rates (see Supplemental Digital Content Section 7). In Supplemental Digital Content 7¢, we
demonstrate that non-multimorbid patients only began to have comparable risk to
multimorbid patients when they had 9 or more of the comorbidities used to define the QCSs.
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External matching application using qualifying comorbidity sets

To demonstrate that our newly-developed qualifying comorbidity sets can be applied to a
matching study, we matched patients across high-volume hospitals and low-volume
hospitals. Patients had higher 30-day mortality at low-volume hospitals, displaying an odds
ratio of 1.46 (95% CI 1.21, 1.75), P < 0.0001 versus high-volume hospitals. In 3,151
matched pairs with multimorbidity, the odds of mortality was 1.36 (95% CI 1.09, 1.70), P =
0.006. In 6,387 pairs without multimorbidity, the odds ratio was even higher, 1.67 (95% CI
1.21, 2.30), P = 0.0016. In matched multimorbid patients, the death rate at low-volume
hospitals was 6.7% versus 5.2% in high-volume hospitals; in the non-multimorbid group, the
death rate was 1.7% in low-volume hospitals versus 1.0% in high-volume hospitals. In
Figure 1 we provide Kaplan-Meier survival plots for the multimorbid and non-multimorbid
matched pairs at the high-volume and low-volume hospitals. Though we developed our
multimorbid definition for 30-day mortality (a common measure of surgical quality), we
extend the plot to 1-year mortality to better observe the longer-term follow-up of these
vulnerable patients.

Further Validation Studies

In order to assess the stability of our algorithm for defining multimorbidity, we obtained the
2012 and 2013 surgical patient dataset and re-ran the cross-screening algorithm. The new
dataset was similar to our initial 2009 and 2010 dataset, with the exception that starting in
October 2010, CMS raised the number of secondary diagnosis fields from 8 to 24. The 2011
dataset served as an out-of-sample dataset for both the original 2009-10 dataset and the
replication 2012-13 dataset. In Supplemental Digital Content 8, we provide the 2-by-2
classification table of 2011 patients under each algorithm. Of the 170,575 patients, 159,720
(93.6%) were concordant. When there were discordant pairs, 2,233 (1.3%) were
multimorbid under the 2009-10 algorithm, but not under the 2012-13 algorithm, and 8,622
(5.1%) were discordant in the reverse manner. This may be partially explained by the fact
that, as mentioned earlier, CMS increased the number of fields available for analysis starting
in October 2010.

Comparison of multimorbidity definitions

Finally, we asked if our new definition of multimorbidity provides different information
from a well-known existing approach (though one not specifically developed for our eligible
general surgery patients). We compared our definitions to those developed by Salive,24
which defined multimorbid patients as having 2 or more comorbidities from a list of 15.
Using the 2011 dataset, and applying our same study exclusions, we compared the present
study’s definition of multimorbidity to the Salive definition (see Supplemental Digital
Content Section 9 for a comparison of the multimorbidity classifications). Among 170,575
patients, the concordance was only 47%. When our definition called a patient multimorbid
and the Salive definition did not (N = 1,061), the mortality rate was 4.5%. When our
definition suggested no multimorbidity and Salive suggested there was multimorbidity (N =
89,077), the mortality rate was 1.7%.
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DISCUSSION

Multimorbidity is a difficult concept to define and, understandably, variations in definitions
of multimorbidity are common. We wanted our definitions of qualifying comorbidity sets to
be relevant to inpatient general surgical care, so we based our algorithm on the outcome of
30-day all-cause mortality and we excluded patients 85 or older, metastatic solid cancer
patients, and patients with dementia to focus our definition on other, less obvious, reasons
for poor outcomes. Of interest, these categories of exclusion had comparable risks to our
defined multimorbid patients as a whole. Users of our multimorbidity definitions can, if
desired, add back these high-risk groups, as such groups had comparable elevated risk to our
defined MM group having at least one QCS. We further required our approach to rigorously
define what an important elevation of risk would be for a patient defined as having a
qualifying comorbidity set. Hence, we wanted a simultaneous 95% confidence interval for
the odds ratio associated with any specific qualifying comorbidity set to be above a doubling
of the odds of death relative to a defined reference population. We defined comorbidity sets
with singles, doubles, and triples, but did not explore quartets or beyond because the number
of possibilities would be too large and the data too thin.

The advantage of defining multimorbidity through QCSs, rather than using a risk score to
define elevated risk, is that the reasons for being considered high risk can be determined
through the QCS designations. While any given risk score can be achieved by a vast number
of comorbidity combinations, patients designated as having multimorbidity are defined by
their QCSs. Hospitals can determine if outcomes vary by specific QCSs or groups of QCSs,
in order to improve quality of care.

Our resulting definition of multimorbidity, the presence of at least one qualifying
comorbidity set, performed very well on our 2011 application dataset. We found that as a
group, patients categorized as multimorbid had a much higher risk of death than a general
reference population or those without multimorbidity. To further study our definition, and to
demonstrate that we can perform matching studies leveraging the 113 parsimonious
comorbidity sets, we asked whether surgical patients with multimorbidity fared better at
high-volume hospitals, since high volume is often associated with better outcomes.*3 We
found that matching quality was excellent, and we observed significantly elevated mortality
at low-volume hospitals. We further replicated our cross-screening algorithm using 2012—
2013 patients, and found above 93% concordance with our original definition when we
classified out-of-sample 2011 patients. Where there was discordance in defining a patient
with multimorbidity, the development dataset that included more secondary diagnoses
(2012-13) identified more patients as multimorbid. As datasets and coding systems change
over time, users of these algorithms will need to update multimorbidity definitions
accordingly.

There are important limitations to our study. The development of multimorbidity definitions
is somewhat dependent on the dataset utilized (as demonstrated above), though we did find
good stability across the claims data we had access to. In the future, more clinical data may
become available and care patterns may change, requiring algorithms to be re-run. Any
approach that uses claims data may result in some misclassification of the severity of
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comorbidities. Our decision to use the more severe state in the comorbidity diabetes and
renal failure may have overestimated the severity of these conditions for some patients.

Furthermore, there is always the possibility that lack of uniformity in coding may occur,
with some hospitals upcoding patients in order to show a greater number of multimorbid

patients.

In summary, our study has developed and validated a new definition of multimorbidity based
on a methodology that ensures each qualifying comorbidity set has elevated odds of 30-day
mortality with high confidence and provides elevated group-wise risk as well. Our hope is
that this new approach will aid caregivers treating multimorbid patients and aid
policymakers evaluating care for these very complex and vulnerable patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Kaplan-Meier Plots of Survival after Admission in Multimorbid and Non-
Multimorbid Matched General Surgery Patients in Low-Volume and High-Volume Hospitals

Each matched pair contained one patient from a high-volume hospital and one from a low-
volume hospital (N=3,151 MM pairs and N=6,387 non-MM pairs), matched exactly on 135
principal procedures and whether or not the patient was multimorbid, and further matched
on risk of mortality on admission, a propensity score for admission to a low-volume
hospital, demographics, admission type, 29 comorbidities, and 113 individual qualifying
comorbidity sets.
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Table 1

ICD-9 Codes for General Surgery Procedures of Interest

Adrenal Procedures

0722; 0729; 073

Appendectomy

4701; 4709

Bowel Anastomoses

4590; 4591; 4592; 4593; 4594; 4595

Bowel Procedures, Other

4673; 4674, 4675; 4679

Breast Procedures

8522; 8523; 8541, 8542; 8543; 8544; 8545; 8546; 8547; 8548

Esophageal Procedures

4240; 4241, 4242, 427

Femoral Hernia Procedures

5321, 5329

Gallbladder Procedures

5122; 5123; 5124, 5132; 5136, 5137; 5141, 5151

Incisional and Abdominal Hernias

537, 5361, 5369; 5372; 5375

Inguinal Hernia Procedures

1711, 1712; 1713; 1721, 1722; 1723, 1724; 5300; 5301; 5302; 5303; 5304, 5305, 5310, 5311, 5312,
5313, 5314, 5315; 5316; 5317

Large Bowel Resection

1731; 1732; 1733; 1734, 1735; 1736; 1739; 4571; 4572; 4573; 4574, 4575; 4576; 4579; 458; 4581, 4582,
4583

Liver Procedures

5022; 5029; 503; 5059

Lysis of Adhesions

5451, 5459

Ostomy Procedures

4601; 4603; 4610; 4611; 4613; 4620; 4621, 4622; 4623; 4639; 4642; 4651; 4652

Pancreatic Procedures

5252, 5259; 526, 527

Parathyroidectomy

0681; 0689

PD Access Procedure

5493

Rectal Procedures

4849; 485; 4850; 4851; 4852; 4859; 4862; 4863; 4869; 4875; 4876; 4879

Repair of Vaginal Fistulas

7072, 7073, 7074, 7075

Small Bowel Resection

4561; 4562; 4563

Splenectomy

415

Stomach Procedures

4342; 435; 436; 437; 4389; 4399; 4429; 4438; 4439; 4466, 4467; 4469; 4495

Thyroid Procedures

062; 0631, 0639; 064, 0650; 0651, 0652

Ulcer Surgery 4441; 4442
Umbilical Hernia Procedures 5341; 5349
Ventral Hernia Repair 5351; 5359
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Table 2
Sample population characteristics

The Development Dataset represents the 80% random sample of 2009-2010 patients used in the split-sample
cross-screening design. The Application dataset respresents the additional dataset used to calculate out-of-
sample point estiamtes and 95% confidence intervals for the qualifying comorbidity sets. Both datasets
exclude patients aged 85 and older, those with metastatic solid tumors, and Alzheimer’s Disease and related
disorders.

Development Dataset | Application Dataset
(2009-2010) (2011)
Patient Covariates N = 303,236 patients N = 170,575 patients
Demographics
Age At Admission (mean) 74.47 74.32
Age 65-69 26.5% 27.6%
Age 70-74 28.8% 28.8%
Age 75-79 24.8% 24.3%
Age 80-84 19.9% 19.2%
Sex Male 43.0% 43.4%
Sex Female 57.0% 56.6%
Emergent Type 38.5% 40.4%
Transfer-in 0.5% 0.4%
Comorbidities
Hyperlipidemia 72.3% 75.0%
Arthritis Collagen Vascular 40.9% 43.3%
AMI/Ischemic Heart 38.8% 38.6%
Anemia (not Sickle Cell) 38.5% 40.2%
Cataract 36.5% 35.9%
COPD 29.5% 29.5%
Trauma 26.8% 27.1%
Peripheral Vascular Disease 25.8% 26.5%
Hypothyroidism 24.3% 25.5%
Arrhythmia Non-Emergency 22.9% 23.8%
Renal Dysfunction 21.8% 24.2%
Valvular Heart Disease 20.8% 21.1%
Stroke/TIA 20.0% 20.3%
Heart Failure 19.9% 19.8%
Diabetes Mod/Severe 19.5% 20.4%
Smoking or Tobacco Abuse 18.8% 24.6%
Atrial Fibrillation 18.0% 18.9%
Diabetes Mild 16.6% 17.0%
HTN Complicated 16.2% 18.5%
Osteoporosis 16.0% 16.1%
Benign Hyperplasia 15.8% 17.0%
Depression 14.4% 16.8%
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Patient Covariates

Development Dataset
(2009-2010)
N = 303,236 patients

Application Dataset
(2011)
N = 170,575 patients

Obesity

Glaucoma

Weight Loss/Malnutrition
Colorectal Cancer

Liver Disease

Pneumonia

Fibromyalgia

Asthma

Tumor Solid

Blood Disorder

Breast Cancer

Neuro Other

Prostate Cancer
Coagulopathy
Thromboembolic Disease
Pulmonary Circulation Disorder
Thrombocytopenia
Arrhythmia Emergency
Lymphoma Leukemia
Kidney/Bladder Cancer
Vertebral Fracture

Female Gynecologic Cancer
Seizure

Neurodegenerative

CRFD

Psychosis

Hematologic Severe

Lung Disease

Hip Fracture

Paralysis from Stroke
Metabolic Developmental Disorders
Cardiac Structural

Chronic Peptic Ulcer
Hyperthyroid/Graves
Amputation

Paralysis from Trauma
Multiple Sclerosis

ADHD & Conduct Disorders

Brain Cancer

HIV/AIDS

Med Care. Author manuscript; available in PMC 2019 August 01.

14.2%
13.7%
13.5%
13.0%
12.9%
12.4%
11.8%
11.6%
10.5%
7.8%
7.5%
6.2%
5.7%
4.9%
4.6%
4.6%
3.8%
3.4%
2.9%
2.8%
2.2%
2.1%
2.1%
1.7%
1.7%
1.7%
1.6%
1.6%
1.5%
1.1%
0.9%
0.7%
0.6%
0.6%
0.6%
0.3%
0.3%
0.2%
0.1%
0.1%

18.9%
13.7%
15.0%
12.5%
13.8%
11.7%
13.7%
12.3%
10.4%
9.4%
7.5%
6.7%
5.8%
4.7%
4.7%
5.4%
5.2%
3.4%
2.8%
2.9%
2.2%
2.2%
2.1%
1.6%
1.7%
1.7%
1.6%
1.6%
1.4%
1.1%
1.0%
0.6%
0.6%
0.6%
0.7%
0.3%
0.3%
0.2%
0.1%
0.1%
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Patient Covariates

Development Dataset
(2009-2010)
N = 303,236 patients

Application Dataset
(2011)
N = 170,575 patients

Cerebral Palsy
Sickle Cell Anemia
Mild Cognitive Impairment

Autism

Male Genital Urinary Cancers 0.1%

0.1%
0.1%
0.0%
0.0%

0.1%
0.1%
0.0%
0.0%
0.0%
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Table 3
Odds of Mortality by Qualifying Comorbidity Set

There were 576 qualifying comorbidity sets (QCSs) that met our statistical criteria in the development dataset
(2009-2010), and of these, a parsimonious set of 113 is displayed. This list of 113 QCSs includes all sets of
singles (2), doubles (33), and triples (78) without duplicating any set whose components are already on the list
as singles or doubles. When applied to a 2011 out-of-sample dataset of 170,575 patients, the multimorbidity
definition identified 61,772 unique patients (36.21%). The displayed odds ratios are computed from this same
2011 dataset. The two reference groups are a 20% random sample of 2011 patients (excluding 589 CRFD
patients), and a second reference group representing only patients that did not have one of the 576 qualifying
comorbidity sets. Note, these data exclude any patients age 85 or older, or with a history of dementia or
metastatic solid cancer. We examine the odds of mortality for this final group at the bottom of the table.
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. General Non-MM
Qualifying Comorbidity Set Frequency (%)T Reference Group  Reference Group
1. COPD | Renal Dys | Thrombocytopenia 1,614 (0.95%)  4.07 (3.42, 4.86) 7.64 (6.51, 8.95)
2.CRFD 2,929 (1.72%)  4.03(3.46,4.69)  7.81(6.78, 8.98)
3. Atrial Fib | COPD | Thrombocytopenia 1,444 (0.85%)  3.92(3.26,4.71) 7.55 (6.39, 8.92)
4. COPD | HTN Complicated | Thrombocytopenia 1,450 (0.85%)  3.83(3.18, 4.62) 7.31(6.17, 8.66)
5.COPD | PVD | Thrombocytopenia 1,749 (1.03%)  3.61(3.04,4.28)  6.81(5.83, 7.96)
6. Atrial Fib | HTN Complicated | Wt Loss/Malnut 2,609 (1.53%)  3.61(3.14,4.15) 6.90 (6.09, 7.83)
7. COPD | Arr Non-Emerg | Thrombocytopenia 1,527 (0.90%)  3.61(2.99, 4.36) 6.62 (5.58, 7.85)
8. Pneumonia | Thrombocytopenia 2,268 (1.33%)  3.54(3.02,4.14) 6.48 (5.62, 7.47)
9. HTN Complicated | PVD | Thrombocytopenia 1,598 (0.94%)  3.52(2.93, 4.23) 6.59 (5.57, 7.79)
10. AMI/Isch Heart | COPD | Thrombocytopenia 2,273 (1.33%)  3.45(2.95,4.04)  6.38 (5.53, 7.36)
11. COPD | HTN Complicated | Wt Loss/Malnut 3,395 (1.99%)  3.41(3.00,3.88)  6.55 (5.84, 7.35)
12. COPD | Thrombocytopenia | Valvular Heart Disease 1,479 (0.87%)  3.38(2.79, 4.10) 6.10 (5.11, 7.27)
13. COPD | Renal Dys | Wt Loss/Malnut 4233 (2.48%) 3.37(2.99,3.79)  6.43 (5.80, 7.14)
14. COPD | Neuro Other | Renal Dys 2,290 (1.34%)  3.36(2.86,3.94)  6.44 (5.59, 7.43)
15. Atrial Fib | COPD | Wt Loss/Malnut 3,452 (2.02%)  3.35(2.96, 3.80) 6.55 (5.86, 7.33)
16. Atrial Fib | HTN Complicated | Liver Disease 1,678 (0.98%)  3.34(2.75, 4.05) 6.30 (5.32, 7.47)
17. Heart Failure | Thrombocytopenia 3,370 (1.98%)  3.26 (2.84, 3.75) 6.05 (5.33, 6.86)
18. Anemia | HTN Complicated | Thrombocytopenia 2,543 (1.49%)  3.26 (2.79, 3.81) 6.16 (5.35, 7.09)
19. COPD | Pulm Circ Disorder | Wt Loss/Malnut 1,469 (0.86%)  3.22(2.68,3.88)  6.68 (5.67, 7.86)
20. HTN Complicated | PVD | Wt Loss/Malnut 3,557 (2.09%) 3.19(2.81,3.62)  6.23 (5.56, 6.98)
21. Atrial Fib | COPD | HTN Complicated 4,945 (2.90%) 3.19(2.83,359)  6.42(5.78,7.12)
22. Atrial Fib | COPD | PVD 6,510 (3.82%)  3.18(2.86,3.54)  6.37 (5.80, 7.00)
23. Pneumonia | Wt Loss/Malnut 5,767 (3.38%)  3.17 (2.84,3.54) 6.02 (5.47, 6.63)
24. Renal Dys | Hematologic Severe 1,277 (0.75%)  3.17 (2.57,3.91) 5.36 (4.44, 6.47)
25. Coagulopathy | Renal Dys 3,094 (1.81%)  3.17 (2.74, 3.66) 6.27 (5.52,7.12)
26. HTN Complicated | Neuro Other | Wt Loss/Malnut 1,282 (0.75%)  3.16 (2.60, 3.85) 5.98 (4.99, 7.17)
27. Atrial Fib | HTN Complicated | PVD 4977 (2.92%) 3.14(2.79,3.54)  6.30 (5.67, 6.99)
28. HTN Complicated | Neuro Other | PVD 2,030 (1.19%) 3.13(2.64,3.71)  5.95(5.10, 6.95)
29. Neuro Other | Pneumonia 3,288 (1.93%)  3.12(2.71,3.59) 5.98 (5.27, 6.78)
30. Heart Failure | Pneumonia 9,557 (5.60%)  3.10 (2.82,3.42) 6.07 (5.58, 6.61)
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Qualifying Comorbidity Set”™

Frequency (%)T

General
Reference Group

Non-MM
Reference Group

3L
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.

Neuro Other | PVD | Renal Dys

COPD | PVD | Renal Dys

Atrial Fib | Pneumonia

COPD | HTN Complicated | Neuro Other

HTN Complicated | Pneumonia

Coagulopathy | COPD | Wt Loss/Malnut
Pneumonia | Renal Dys

COPD | Neuro Other | PVD

Blood Dis | HTN Complicated | PVD
Coagulopathy | Pneumonia

Blood Dis | COPD | PVD

Pneumonia | Pulm Circ Disorder

Heart Failure | Wt Loss/Malnut

COPD | Hematologic Severe

Neuro Other | PVD | Wt Loss/Malnutrition

HTN Complicated | Arr Non-Emerg | Wt Loss/Malnut
PVD | Pneumonia

HTN Complicated | Neuro Other | Trauma

COPD | HTN Complicated | PVD

Liver Disease | Pneumonia

Blood Dis | Heart Failure | Trauma

AMI/Isch Heart | HTN Complicated | Wt Loss/Malnut
Coagulopathy | COPD | PVD

Heart Failure | Neuro Other

HTN Complicated | Neuro Other | Valvular Heart Disease
Coagulopathy | HTN Complicated | PVD

Anemia | HTN Complicated | Neuro Other

COPD | Renal Dys | Valvular Heart Disease

Atrial Fib | Heart Failure | Trauma

COPD | HTN Complicated | Valvular Heart Disease
Atrial Fib | COPD | Pulm Circ Disorder

Blood Dis | Anemia | Pulm Circ Disorder

Atrial Fib | Heart Failure | Stroke/TIA

Atrial Fib | Anemia | HTN Complicated

Diab Mod/Severe | Neuro Other | PVD

HTN Complicated | Neuro Other | Stroke/TIA

Arr Emerg

AMI/Isch Heart | Atrial Fib | HTN Complicated
COPD | Renal Dys | Trauma

Diab Mod/Severe | Pneumonia

Atrial Fib | Renal Dys

2,192 (1.29%)
7,797 (4.57%)
7,252 (4.25%)
1,981 (1.16%)
6,876 (4.03%)
977 (0.57%)
8,287 (4.86%)
2,610 (1.53%)
2,286 (1.34%)
1,932 (1.13%)
3,213 (1.88%)
3,034 (1.78%)
7,574 (4.44%)
1,143 (0.67%)
1,534 (0.90%)
2,967 (1.74%)
8,626 (5.06%)
2,013 (1.18%)
6,562 (3.85%)
3,551 (2.08%)
2,246 (1.32%)
4,377 (2.57%)
1,735 (1.02%)
4,318 (2.53%)
1,617 (0.95%)
1,394 (0.82%)
2,890 (1.69%)
5,695 (3.34%)
6,148 (3.60%)
5,043 (2.96%)
2,716 (1.59%)
1,165 (0.68%)
5,734 (3.36%)
7,070 (4.14%)
1,896 (1.11%)
2,151 (1.26%)
5,720 (3.35%)
7,598 (4.45%)
6,048 (3.55%)
6,104 (3.58%)
11,832 (6.94%)

3.07 (2.61, 3.61)
3.07 (2.77, 3.39)
3.07 (2.76, 3.40)
3.05 (2.56, 3.63)
3.04 (2.73,3.39)
3.03(2.40, 3.83)
3.03 (2.74, 3.35)
2.99 (2.56, 3.50)
2.99 (2.55, 3.51)
2.98 (2.49, 3.56)
2.98 (2.59, 3.43)
2.98 (2.57, 3.45)
2.95 (2.67, 3.26)
2.95 (2.35, 3.70)
2.95 (2.45, 3.55)
2.94 (2.56, 3.39)
2.94 (2.66, 3.25)
2.94 (2.47, 3.49)
2.92 (2.62, 3.26)
2.92 (2,52, 3.39)
2.91 (2.47, 3.43)
2.90 (2.57, 3.27)
2.85 (2.36, 3.44)
2.84 (2.50, 3.24)
2.84 (2.34, 3.44)
2.83 (2.30, 3.47)
2.82 (2.43,3.28)
2.80 (2.49, 3.15)
2.80 (2.50, 3.13)
2.79 (2.46, 3.16)
2.78 (2.39, 3.25)
2.77 (2.22, 3.45)
2.76 (2.46, 3.11)
2.76 (2.48, 3.07)
2.76 (2.28, 3.34)
2.75 (2.31, 3.28)
2.75 (2.4, 3.10)
2.74 (2.46, 3.06)
2.74 (2.44,3.07)
2.72 (2.41, 3.06)
2.71 (2.47, 2.97)
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5.99 (5.18, 6.93)
6.08 (5.56, 6.64)
6.01 (5.48, 6.59)
6.06 (5.18, 7.09)
6.07 (5.52, 6.68)
6.12 (4.98, 7.51)
5.89 (5.40, 6.43)
5.99 (5.22, 6.88)
5.79 (5.02, 6.69)
5.64 (4.81, 6.61)
5.88 (5.20, 6.66)
5.82 (5.1, 6.63)
5.65 (5.18, 6.17)
5.35 (4.38, 6.53)
5.61 (4.75, 6.62)
5.67 (4.99, 6.43)
5.81 (5.33, 6.34)
5.49 (4.68, 6.43)
5.85 (5.31, 6.44)
5.38 (4.72, 6.12)
5.73 (4.96, 6.62)
551 (4.94, 6.15)
5.79 (4.90, 6.83)
5.57 (4.96, 6.25)
5.29 (4.43, 6.33)
5.93 (4.93, 7.12)
5.37 (4.69, 6.16)
5.46 (4.92, 6.05)
5.67 (5.13, 6.26)
5.42 (4.86, 6.05)
5.75 (5.02, 6.60)
5.59 (4.60, 6.79)
5.45 (4.91, 6.04)
5.45 (4.95, 5.99)
5.13 (4.32, 6.09)
5.14 (4.39, 6.02)
5.30 (4.77, 5.89)
5.36 (4.88, 5.89)
5.47 (4.95, 6.05)
5.45 (4.91, 6.05)
5.27 (4.87,5.72)
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Qualifying Comorbidity Set”™

Frequency (%)T

General
Reference Group

Non-MM
Reference Group

72.
73.
74.
75.
76.
7.
78.
79.
80.
81.
82.
83
84.
85.
86.
87.
88.
89.
90
91.
92
93.
94.
95.
96.
97.
98.
99

COPD | HTN Complicated | Trauma
AMI/Isch Heart | Pneumonia

Atrial Fib | Diab Mod/Severe | Heart Failure
COPD | Neuro Other | Valvular Heart Disease

Pneumonia | Trauma

Heart Failure | Liver Disease | Valvular Heart Disease

COPD | Renal Dys | Smoking or Tobacco Abuse
HTN Complicated | Liver Disease | Arr Non-Emerg
Atrial Fib | Heart Failure | Anemia

HTN Complicated | Pulm Circ Disorder

COPD | Pneumonia

. Heart Failure | Liver Disease | Arr Non-Emerg

AMI/Isch Heart | COPD | Renal Dys
AMI/Isch Heart | COPD | HTN Complicated
Atrial Fib | Diab Mod/Severe | PVD
Pneumonia | Stroke/TIA

Arr Non-Emerg | Pneumonia

Neuro Other | PVD | Valvular Heart Disease

. Diab Mod/Severe | Heart Failure | Trauma

Atrial Fib | Diab Mod/Severe | Pulm Circ Disorder

. Heart Failure | Renal Dys

Anemia | Pneumonia

Heart Failure | HTN Complicated

HTN Complicated | PVD | Valvular Heart Disease
Anemia | HTN Complicated | PVD

Pulm Circ Disorder | Renal Dys

Pneumonia | Valvular Heart Disease

. Heart Failure | Anemia | Trauma
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.

COPD | Heart Failure

HTN Complicated | PVD | Trauma

PVD | Renal Dys | Trauma

AMI/Isch Heart | HTN Complicated | PVD
Heart Failure | PVD

Heart Failure | Pulm Circ Disorder

COPD | HTN Complicated | Arr Non-Emerg
Diab Mod/Severe | HTN Complicated | PVD
HTN Complicated | Arr Non-Emerg | PVD
Heart Failure | Stroke/TIA | Trauma

PVD | Pulm Circ Disorder

Coagulopathy | Heart Failure | Stroke/TIA
COPD | Arr Non-Emerg | Pulm Circ Disorder

5,000 (2.93%)
11,648 (6.83%)
5,269 (3.09%)
1,987 (1.16%)
8,048 (4.72%)
2,659 (1.56%)
6,845 (4.01%)
2,086 (1.22%)
9,855 (5.78%)
3,521 (2.06%)
12,733 (7.46%)
2,579 (1.51%)
10,244 (6.01%)
8,856 (5.19%)
4,157 (2.44%)
6,616 (3.88%)
7,940 (4.65%)
1,920 (1.13%)
4,906 (2.88%)
1,527 (0.90%)
14,568 (8.54%)
12,423 (7.28%)
13,535 (7.93%)
5,506 (3.23%)
9,546 (5.60%)
3,906 (2.29%)
7,207 (4.23%)
8,515 (4.99%)
16,840 (9.87%)
5,491 (3.22%)
6,224 (3.65%)
9,795 (5.74%)
15,000 (8.79%)
5,602 (3.28%)
5,332 (3.13%)
6,092 (3.57%)
5,681 (3.33%)
5,054 (2.96%)
4,079 (2.39%)
1,357 (0.80%)
2,601 (1.52%)

2.69 (2.38, 3.05)
2.69 (2.45, 2.96)
2.69 (2.37, 3.05)
2.69 (2.24, 3.23)
2.69 (2.42, 2.99)
2.68 (2.27,3.18)
2.68 (2.40, 3.00)
2.67 (2.21, 3.23)
2.67 (2.42, 2.95)
2.67 (2.31, 3.09)
2.67 (2.43, 2.93)
2.66 (2.24, 3.16)
2.63 (2.38, 2.90)
2.63 (2.37, 2.91)
2.62 (2.29, 3.00)
2.62 (2.34, 2.94)
2.62 (2.35, 2.91)
2.61(2.18,3.14)
2.61(2.29, 2.97)
2.60 (2.11, 3.21)
2.60 (2.37, 2.84)
2.59 (2.37, 2.85)
2.59 (2.36, 2.84)
2,58 (2.29, 2.92)
2.58 (2.33, 2.85)
2.57 (2.24, 2.95)
2.57 (2.30, 2.87)
2.54 (2.29, 2.82)
2.54 (2.33, 2.77)
2.53 (2.24, 2.86)
2.53 (2.26, 2.84)
2.50 (2.26, 2.76)
2.50 (2.28, 2.73)
2.49 (2.21, 2.82)
2.49 (2.20, 2.82)
2.48 (2.20, 2.81)
245 (2.17, 2.77)
2.45 (2.15, 2.78)
242 (2.11,2.78)
2.42 (1.94, 3.02)
2.41 (2.04, 2.85)
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5.48 (4.91, 6.11)
5.20 (4.79, 5.64)
5.29 (4.74, 5.91)
5.03 (4.27, 5.94)
5.28 (4.82, 5.80)
5.06 (4.35, 5.89)
5.34 (4.85, 5.88)
5.14 (4.35, 6.08)
5.29 (4.86, 5.76)
5.15 (4.53, 5.87)
5.21 (4.81, 5.64)
5.01 (4.30, 5.84)
5.17 (4.75, 5.63)
5.16 (4.72, 5.65)
5.29 (4.70, 5.96)
5.25 (4.75, 5.80)
5.08 (4.63, 5.58)
4.96 (4.20, 5.85)
5.04 (4.49, 5.66)
5.14 (4.27, 6.20)
5.14 (4.76, 5.55)
5.06 (4.67, 5.48)
5.14 (4.75, 5.57)
5.06 (4.54, 5.64)
5.04 (4.62, 5.50)
5.09 (4.51, 5.75)
5.06 (4.59, 5.57)
4.93 (450, 5.40)
5.03 (4.67, 5.42)
5.02 (4.51, 5.59)
5.06 (4.58, 5.59)
4.92 (451, 5.38)
4.96 (4.59, 5.35)
491 (4.41,5.47)
5.03 (4.51, 5.62)
4.96 (4.45, 5.52)
4,81 (4.32,5.36)
4.92 (4.39, 5.50)
4.84 (4.28, 5.46)
465 (3.81, 5.67)
4.93 (4.25,5.71)
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Qualifying Comorbidity Set”™

Frequency (%)T

General
Reference Group

Non-MM
Reference Group

113. Coagulopathy | HTN Complicated | Stroke/TIA
Any Multimorbid Patient
From the Excluded Patients
Any Excluded Patient
Age = 85
Alzheimer’s Disease and Related Disorders

Metastatic Solid Cancers

1,081 (0.63%)
61,772 (36.21%)

83,615 (32.89%)
41,099 (16.17%)
32,107 (12.63%)
26,754 (10.53%)

2.31(1.80, 2.97)
1.90 (1.77, 2.04)

2.05 (1.91, 2.20)
3.39 (3.16, 3.63)
2.29 (2.11, 2.48)
1.88 (1.73, 2.05)

4.60 (3.68, 5.76)
3.72 (3.51,3.94)

3.83 (3.60, 4.07)
6.84 (6.45, 7.26)
4.49 (4.18, 4.82)
3.35 (3.1, 3.61)
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*
A crosswalk between abbreviated and non-abbreviated versions of comorbidity names is available in Supplemental Digital Content Section 1.

fRates for the comorbidity sets reflect the percentage of the study population after exclusions (N = 170,575). Rates for the excluded patients reflect
the percentage of the total 2011 general surgical population before exclusions (N = 254,190).
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