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ORIGINAL ARTICLE

BACKGROUND: Hospitals are subject to federal financial penalties for 
excessive 30-day hospital readmissions for acute myocardial infarction 
(AMI). Prospectively identifying patients hospitalized with AMI at high 
risk for readmission could help prevent 30-day readmissions by enabling 
targeted interventions. However, the performance of AMI-specific 
readmission risk prediction models is unknown.

METHODS AND RESULTS: We systematically searched the published 
literature through March 2017 for studies of risk prediction models 
for 30-day hospital readmission among adults with AMI. We identified 
11 studies of 18 unique risk prediction models across diverse settings 
primarily in the United States, of which 16 models were specific to AMI. 
The median overall observed all-cause 30-day readmission rate across 
studies was 16.3% (range, 10.6%–21.0%). Six models were based on 
administrative data; 4 on electronic health record data; 3 on clinical 
hospital data; and 5 on cardiac registry data. Models included 7 to 37 
predictors, of which demographics, comorbidities, and utilization metrics 
were the most frequently included domains. Most models, including the 
Centers for Medicare and Medicaid Services AMI administrative model, 
had modest discrimination (median C statistic, 0.65; range, 0.53–0.79). 
Of the 16 reported AMI-specific models, only 8 models were assessed 
in a validation cohort, limiting generalizability. Observed risk-stratified 
readmission rates ranged from 3.0% among the lowest-risk individuals 
to 43.0% among the highest-risk individuals, suggesting good risk 
stratification across all models.

CONCLUSIONS: Current AMI-specific readmission risk prediction 
models have modest predictive ability and uncertain generalizability 
given methodological limitations. No existing models provide actionable 
information in real time to enable early identification and risk-stratification 
of patients with AMI before hospital discharge, a functionality needed 
to optimize the potential effectiveness of readmission reduction 
interventions.
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Hospital readmissions among patients with acute 
myocardial infarction (AMI) are frequent, costly, 
and potentially avoidable.1–4 Nearly 1 in 6 pa-

tients hospitalized with AMI have an unplanned read-
mission within 30 days of discharge, accounting for 
over $1 billion of annual US healthcare costs.1,2 Since 
2012, hospitals have been subject to financial penalties 
for excessive all-cause 30-day readmissions among pa-
tients with an index hospitalization for AMI under the 
Hospital Readmissions Reduction Program (HRRP), im-
plemented by the Centers for Medicare and Medicaid 
Services (CMS). Although federal readmission penalties 
have stimulated intense efforts to develop readmissions 
reduction intervention strategies, these interventions 
are resource-intensive, are most effective when imple-
mented well before hospital discharge, and have been 
only modestly successful when applied indiscriminately 
to all hospital inpatients.5–8

Predicting which patients hospitalized for AMI are 
at highest risk for readmission would enable hospitals 
to proactively identify and target patients who are the 
most likely to benefit from more intensive readmis-
sion prevention interventions, simultaneously optimiz-
ing the allocation of scarce intervention resources and 
maximizing the potential for successful intervention.9,10 
Head-to-head comparisons of multicondition versus 
disease-specific readmission risk prediction models sug-
gest that disease-specific models outperform multicon-
dition models.11 However, the performance and accu-
racy of AMI-specific readmission risk prediction models 
are unknown.

Two systematic reviews conducted before the HRRP 
identified no AMI-specific readmission models nor 
any all-condition readmission models tested for use in 
AMI.12,13 In the 5 years since the implementation of the 
HRRP, there has been increased interest in preventing 
readmissions among patients with AMI, with a resulting 
renewed interest in developing strategies to identify at-
risk patients with AMI before hospital discharge. Thus, 
the objective of this study was to conduct an updated 
systematic review to include post-HRRP literature on 
readmission risk prediction models for patients hospi-
talized with AMI, to assess model performance on iden-
tifying patients at risk for 30-day readmission and to 
assess the methodological quality of available studies.

MATERIALS AND METHODS
Data Sources and Searches
The data, analytic methods, and study materials will not be 
made available to other researchers for purposes of reproduc-
ing the results or replicating the procedure. We searched Ovid 
MEDLINE, Ovid MEDLINE InProcess, the Cumulative Index to 
Nursing and Allied Health Literature, the Cochrane Library 
(including Cochrane Central Register of Controlled Trials, 
Cochrane Database of Systematic Reviews and the Database 
of Abstracts of Reviews of Effect), and Embase from database 
inception through March 2017 for studies of readmission 
risk prediction models in adults hospitalized with AMI. We 
used subject headings and text words to identify articles that 
contained the following 3 concepts (1) readmission (readmi*, 
readmi*, rehosp*, rehosp*, patient readmission/, readmis-
sion/), (2) risk (model*, predict*, risk*, util*, use*, usage, 
risk/, risk assessment/ risk factors/), and (3) AMI (MI/, anterior 
wall MI/, inferior wall MI/, acute coronary syndrome/, or myo-
cardial ischemia/). The search strategies are provided in detail 
in the eAppendix in the Data Supplement.

Study Selection
Two authors (Drs Smith and Darden) reviewed the abstracts 
and full-text articles of potentially relevant references iden-
tified from the literature search for eligibility. References of 
included articles were also hand-searched to identify addi-
tional eligible studies. Criteria for inclusion were (1) full text in 
English; (2) study population included adult patients 18 years 
or older discharged from the hospital with AMI; (3) article 
is a primary study that derives or validates a risk prediction 
model for hospital readmission after an index admission for 
AMI; (4) the model predicts the risk for the first hospital read-
mission within 30 days of discharge, not a series or sequence 
of hospital readmissions; and (5) at least 1 measure of model 
performance (discrimination or calibration) was reported in 
the article or made available by contacting the corresponding 
author.

Data Extraction and Methodological 
Quality Assessment
Using a standardized abstraction form, 2 reviewers (Drs Smith 
and Darden) extracted data on the population characteristics, 

WHAT IS KNOWN
•	 Hospitals are subject to federal financial penalties 

for excessive 30-day readmissions for acute myo-
cardial infarction (AMI).

•	 Prospectively identifying patients hospitalized with 
AMI could help prevent readmissions by enabling 
targeted interventions, but the performance of 
AMI-specific readmission risk prediction models is 
unknown.

WHAT THE STUDY ADDS
•	 We identified 11 studies of 18 unique readmission 

risk models, 16 of which were specific to AMI.
•	 Current AMI-specific readmission risk predic-

tion models have modest predictive ability and 
uncertain generalizability, given methodological 
limitations.

•	 No existing models provide actionable information 
in real time to enable early identification and risk-
stratification of patients with AMI before hospital 
discharge, a functionality needed to optimize the 
potential effectiveness of readmission reduction 
interventions.
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setting, number of patients and hospitals in the derivation 
and validation cohorts, definition of AMI, method and time 
interval of readmission outcome ascertainment, method of 
derivation and validation, domains of predictors tested, pre-
dictors included in the final model, accuracy of risk predic-
tion, and study quality assessment. To facilitate a comparison 
of the models, we classified predictors into 1 of 9 categories 
based on prior conceptual frameworks of readmission risk 
(demographics, socioeconomic status, comorbidities, utiliza-
tion, laboratory results, vital signs, imaging, procedures, and 
medications).13–15 Reviewers resolved disagreements through 
discussion. If consensus could not be achieved, a third author 
(Dr Nguyen) resolved discrepancies. Corresponding authors 
were contacted by e-mail if relevant data were missing, with 
3 total attempts.

We assessed the accuracy of risk prediction by evaluating 
the model’s discrimination and overall predictive ability. We 
assessed discrimination based on the C statistic, which is the 
probability that given 2 individuals hospitalized with MI (one 
who was readmitted and the other who was not), the model 
will predict a higher risk of readmission for the readmitted 
patient than for the nonreadmitted patient.16 A C statistic of 
0.5 indicates a model performs no better than chance, 0.6 to 
0.7 is considered modest discrimination, 0.71 to 0.8 indicates 
very good discrimination and >0.8 is considered very strong 
performance.17 Model calibration is the degree to which pre-
dicted rates are similar to those observed in the population.13 
To examine predictive ability, we assessed the range of mean 
observed risk for readmission for the lowest and highest pre-
dicted risk groups.

We qualitatively assessed the quality of included studies 
using elements from the standards of evidence for evaluat-
ing clinical prediction rules18 and the study quality assessment 
criteria used by Kansagara et al.13 Studies were considered to 
be high quality if they included an adequate description and 
generalizability of the population, had nonbiased selection 
of patients, ascertained readmissions within 30 days at any 
hospital (and not only the index site, because this is aligned 
with the CMS HRRP policy), and broadly validated the model 
in external cohorts (versus narrow validation in a single cohort 
or no validation at all).

Data Synthesis
We were unable to perform a meta-analysis because of the 
heterogeneity of the included studies. Therefore, we quali-
tatively synthesized results with a focus on the predictors 
included in each model, model performance, and method-
ological quality.

RESULTS
Of 4657 titles identified by our search algorithm, 3831 
qualified for abstract review and 42 for full-text review; 
11 studies (Figure) describing 18 unique models were 
ultimately included in the final analysis, of which 16 
models were specific to AMI (Table 1).19–30 The majority 
of studies were conducted in US populations of hos-
pitalized patients 50 years or age or older (n=7). The 
median overall observed all-cause 30-day readmission 

rate across studies was 16.3% (range, 10.6%–21.0%). 
The objective of most studies (n=7) was to develop 
models to identify patients hospitalized for MI at high 
risk for readmission for potential intervention,19–22,24,27,29 
whereas the objective of 3 studies of the CMS AMI 
administrative model was to estimate hospital-level risk-
adjusted 30-day readmission rates for hospital profil-
ing.23,25,26 One study focused on identifying patient- ver-
sus hospital-level predictors for cardiac disease–related 
readmission.28 All studies were conducted in the US 
except for Rana et al,27 which was conducted at a single 
community medical center in Australia, and Rodriguez-
Padial et al,28 conducted in Spain using administrative 
data from the Spanish National Health System.

Study Populations and Definitions 
of AMI
Study populations ranged from cohorts at single aca-
demic medical centers (n=4)19,21,27,29; to statewide,22,26 
multistate,24,25 or multisite cohorts (n=5)20; to national 
cohorts using Medicare23,25 or national health system 
data28 (n=3). Nine studies defined AMI as the primary 
discharge diagnosis using International Classification of 
Diseases, Ninth Revision (ICD-9) codes, ICD-10 codes, 
or diagnosis-related group codes.20–23,25–29 Two studies 
used clinical criteria ascertained from registry data to 
define AMI.22,24

Model Characteristics
Among the 18 unique models identified, the CMS AMI 
administrative model was the most commonly studied 
model—it was validated in 7 separate cohorts across 
4 studies23–26 though 1 study24 used a modified ver-
sion of the CMS model that included fewer predictors 

Figure. Article selection.  
CINAHL indicates Cumulative Index to Nursing and Allied 
Health Literature.
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because of lack of data availability. The utility of 2 previ-
ously validated all-condition readmission risk prediction 
models31,32 when applied specifically to AMI populations 
was assessed in 3 studies20,27,29: the HOSPITAL score (low 
hemoglobin <12 g/dL at discharge, discharge from an 
oncology service, low sodium <135 mEq/L at discharge, 
procedure during hospitalization, non-elective index 
admission type, number of admissions during previous 
year, length of stay ≥5 days)20,27 and the LACE model 
(length of stay, acuity of admission, Charlson comor-
bidity index, number of emergency department visits in 
preceding 6 months).29 The remaining 15 models were 
a mix of de novo models and significantly modified or 
enhanced versions of existing models.

Data Sources
Models were derived from and tested in several types of 
data sources, including administrative data (n=6 mod-
els)22,23,25,26,28; electronic health record data (n=4 mod-
els)20,21,27; medical record data (n=1 model)23; unspeci-
fied clinical hospital data (n=3 models)29; and cardiac 
registry data (n=5 models, including a registry version 
of the CMS model).19,24

Types of 30-Day Readmission Outcomes
Of the 18 different models, 15 were designed to pre-
dict all-cause readmissions19–26,29; and 4 were designed 
to predict cardiac-specific readmissions, including isch-
emic heart disease–related readmissions27 (defined as 
readmissions with primary discharge diagnosis ICD-10 
codes I20-I25; n=2 models); and cardiac disease–relat-
ed readmissions28 (defined as readmissions with primary 
discharge diagnosis ICD-9 codes 390-398, 401-405, 
410-414, 415-417, 420-429, 441.01, 441.1, 441.2, 
444.1; n=1 model). These categorizations were not 
mutually exclusive because one model, the HOSPITAL 
score, was used to predict both all-cause readmissions20 
and cardiac-specific readmissions, defined as poten-
tially preventable (ie, AMI-related) readmissions20 and 
ischemic heart disease–related readmissions.27

Predictors of Readmission
The 18 different models included between 5 to 37 pre-
dictors across a variety of domains (Table 2). All models 
except for the HOSPITAL score included medical comor-
bidities. All models except for the HOSPITAL score,20,27 
LACE model,29 and a comorbidities model27 included 
demographics. Prior healthcare utilization was included 
in 10 models,20–23,27,29 laboratory values in 7,20,21,23,24,27 
procedures in 5,20,22,27,28 socioeconomic status in 4,24–26 
medications in 2,19,21 and vital signs in 4.23,24 The 6 mod-
els based on medical record or registry data19,23,24 includ-
ed detailed clinical data related to AMI characteristics 
and severity of illness at presentation (ie, cardiac arrest, 
shock, multivessel disease, cardiac biomarker elevation), 
and AMI process of care quality measures (ie, time to 
procedure, medications given during percutaneous cor-

onary intervention, and discharge medications). One 
model included measures of in-hospital complications 
(ie, new onset heart failure).19 Two models included 
detailed information on psychosocial/mental health 
factors (social support, health literacy/numeracy, severe 
depression/anxiety, and perceived stress).24 One model 
included a surrogate measure of functional status (nurs-
ing home residency).25 The complete list of included 
predictors and their reported effect sizes are shown in 
eTable I in the Data Supplement. Additional information 
on model development, including details on modeling 
approach, assumptions, prediction selection, etc are 
described in eTable II in the Data Supplement.

Model Performance
Among the 15 models predicting all-cause readmissions, 
model discrimination (C statistic) ranged from 0.57 to 
0.79 (median, 0.65; Table 2). The CMS AMI administra-
tive model, the most commonly tested risk prediction 
model, had a median C statistic of 0.63 across the 7 
cohorts in which it was tested,23–26 though the C statis-
tic was notably 0.76 when validated in a cohort using 
state-level Medicare data from Missouri,26 (E. Nagasako, 
MD, PhD; e-mail communication, January 31, 2017). 
Enhanced versions of the CMS AMI administrative model 
with more clinically granular data,24 or additional data 
on socioeconomic status24–26 or functional status25 had 
generally modest improvements in discrimination com-
pared with the base CMS AMI model. In 1 cohort using 
registry data,24 enhancing a CMS-like base model with 
more detailed clinical, mental health, and socioeconomic 
data in a stepwise fashion resulted in a marginal increase 
in the C statistic from 0.63 to 0.65 (P value not reported), 
with the largest improvement driven by the initial addi-
tion of detailed clinical data on AMI type, presenting vital 
signs, and selected laboratory values including maximum 
troponin value. In another study,25 the addition of nurs-
ing home status as a surrogate for functional status to 
the CMS model resulted in an increase in the C statistic 
from 0.64 to 0.79 but the change was not statistically 
significant (P=0.24; 95% CI not reported), likely because 
of the relatively small cohort (n=833) and extremely low 
prevalence of nursing home residence (n=18). One mod-
el incorporating a single ZIP code level proxy of socioeco-
nomic status (race) to the CMS AMI model had a slight 
decrease in C statistic from 0.64 to 0.6325; another that 
incorporated ZIP code level data on race and income had 
no change in C statistic (0.76 versus 0.76).26

Aside from variations of the CMS model, other AMI-
specific models using more clinically granular electronic 
health record data21 or registry data19 did not have bet-
ter discrimination for all-cause readmissions compared 
with a model derived from administrative claims data,22 
though this comparison is limited by the small number 
of identified studies (n=3), discordant C statistics across 
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validation cohorts in 1 study,21 and unreported model 
validation in 1 study.19

In the 4 models predicting cardiac-specific readmissions, 
model discrimination ranged from 0.53 to 0.78 (median, 
0.67), though this comparison is limited by varying defini-
tions of cardiac-specific readmissions as described above. 
Two models were all-condition risk prediction models 
applied to an AMI cohort to predict cardiac-specific read-
missions: a comorbidities model,27 and the HOSPITAL 
score.20,27 Both all-condition models had poor to modest 
discrimination across studies (range, 0.53–0.67). The 2 
AMI-specific models27,28 had very good discrimination for 
cardiac-specific readmissions (range, 0.74–0.78) though 
generalizability is uncertain given that one model was 
derived and validated within a single center27; the other 
study was conducted outside of the United States.28

The range of observed risk across risk groups for 
included models is shown in Table 2. The models were 
able to adequately risk stratify patients, with observed 
mean readmission rates ranging from ≈3-fold to 9-fold 
difference between the lowest and highest predicted 
risk groups (range from 3.0% among the lowest risk 
individuals to 43.0% among the highest risk individu-
als). Measures of model performance other than C 
statistic were inconsistently reported across studies 
(eTable II in the Data Supplement). Measures of cali-
bration (including predicted or observed mean readmis-
sion rates by risk group, or other statistical measures 
of calibration) were also inconsistently reported across 
studies (eTable III in the Data Supplement), precluding a 
systematic assessment of model calibration.

Quality Assessment of Study Methods
Model quality was variable across studies (Table 3). All 
studies included an adequate description of the popu-
lation and had nonbiased selection of patients. How-
ever, 9 newly developed models across 4 studies did 
not report any type of model validation.19,24,25,27 Four 
newly developed models from data in a single academic 
medical center across 3 studies were internally, but not 
externally validated, limiting generalizability.21,27,29 Addi-
tionally, these 3 studies only captured readmissions to 
the index hospital, and therefore underestimated true 
readmission rates.21,27,29 The CMS AMI administrative 
model had the highest level of evidence for model vali-
dation as it was broadly validated in 7 distinct cohorts 
spanning different populations and time periods.23–26

DISCUSSION
In this systematic review, we identified 11 studies of 18 
unique readmission risk prediction models, 16 of which 
were specific to AMI. The median reported all-cause 
30-day readmission rate after AMI was 16.3%, consis-
tent with estimated national rates.33,34 Overall, current 

AMI-specific models had modest discrimination with a 
median C statistic of 0.65, and were of uncertain gen-
eralizability because of methodological limitations. Most 
studies were low to moderate quality because of lack 
of model validation or being a single-center study. No 
existing models have the potential to provide actionable 
information in real time, given that current models are 
based on data not available until well after hospital dis-
charge (ie, administrative claims data), or require bur-
densome data collection beyond what is readily available 
from routine electronic health record data (ie, registries).

The overall modest predictive ability of identified mod-
els is likely because hospital readmissions are more chal-
lenging to predict compared with mortality. Mortality risk 
is largely predicated on illness severity, comorbidity burden, 
and prior utilization patterns.9,35 In patients hospitalized 
with AMI, the use of clinically granular data from registries 
has enabled accurate risk prediction of AMI mortality up 
to 1 year or longer after index hospitalization.35–37 Clini-
cal severity measures such as AMI location, type (ie, non–
ST-segment–elevation myocardial infarction versus ST-
segment–elevation myocardial infarction), troponin value, 
adequacy of revascularization, and severity of underlying 
coronary artery disease could also be potentially helpful 
to predict readmissions in AMI. However, the few studies 
included in our review that incorporated detailed clinical 
data were of modest quality, limiting inferences about the 
utility of these data in predicting readmissions in AMI.

Additionally, hospital readmissions may depend more 
on complex interactions between patient, hospital, com-
munity, and environment rather than on clinical severity 
of illness alone.9,38–45 In certain conditions such as heart 
failure and pneumonia, including more data on socio-
economic and psychosocial factors improved prediction 
of 30-day readmission risk.9,11,13 The studies in this review 
that included detailed data on socioeconomic status, 
functional status, mental health and psychosocial fac-
tors at either an individual- or community (ZIP code)-level 
found inconsistent effects of the inclusion of these data 
on model performance but had certain methodological 
limitations precluding definitive inferences about the util-
ity of such data in predicting readmissions. Further inves-
tigation is needed to better understand whether includ-
ing socioeconomic, functional, and psychosocial factors 
improve readmission risk prediction in AMI.

Predicting 30-day risk specifically for cardiac-specific 
readmissions may be easier than predicting all-cause 
readmissions given that 2 of the 4 models focused only 
on cardiac-specific readmissions had very good discrim-
ination.27,28 Both models included detailed clinical infor-
mation on recent cardiovascular symptoms, diagnoses, 
procedures, and complications suggesting that the 
presence of cardiovascular comorbidities may be more 
predictive of cardiac-specific versus all-cause readmis-
sions. However, the usefulness of this approach is lim-
ited because hospitals are penalized for inappropriately 
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Table 3.  Assessment of Study Quality

Study Model
Generalizability of 

Population?
Nonbiased 
Selection?

Readmission 
Adequately 

Ascertained?
Level of Evidence for 

Model Validation?

Brown et al19

AMI registry model No (single center)* Yes†
Partly, only index 
hospital‡

No validation 
performed*

Burke et al20

HOSPITAL score
Partial (6 centers across 6 
states)‡

Yes†
Partly, only index 
hospitals‡

N/A, previously 
validated model

Hebert et al21

AMI EHR model No (single center)* Yes†
Partly, only index 
hospital‡

Narrow validation 
(split cohort, historical 
cohort)‡

Hilbert et al22 California statewide AMI 
administrative model

Partial (statewide 
California)‡

Yes† Yes†
Narrow validation 
(historical cohort)‡

Krumholz et al23

CMS AMI administrative model
Yes (nationwide Medicare 
data)†

Yes† Yes†
BROAD VALIDATION 
(separate cohorts)†

CMS AMI CCP medical record 
model

Yes (nationwide hospital 
data)†

Yes† Yes†
No validation 
performed*

McManus et al24 CMS-like registry model (CMS 
base model)

Partial (2 states: 
Massachusetts and 
Georgia) ‡

Yes† Yes†
No validation 
performed*

CMS base model clinical

CMS base model+clinical+mental 
health

CMS base model+clinical+mental 
health+SES

Meddings et al25 CMS AMI administrative model in 
HRS-CMS cohort

Partial (nationwide data 
but small sample size due 
to limited availability of 
HRS data)‡

Yes† Yes†

N/A, previously 
validated model

Disability/SES-enriched CMS AMI 
administrative model (HRS-CMS)

No validation 
performed?*

CMS AMI administrative model in 
ACS-HCUP cohort Partial (2 states: Florida 

and Washington)‡

N/A, previously 
validated model

Disability/SES-enriched CMS AMI 
administrative model (ACS-HCUP)

No validation 
performed?*

Nagasako et al26 CMS AMI administrative model
Partial (statewide Medicare 
data in Missouri)‡

Yes† Yes†
Narrow validation 
(bootstrapping)‡SES-enriched CMS AMI 

administrative model

Rana et al27

AMI EHR model

No (single center)* Yes†

Partly, only index 
hospital and only IHD-
related readmissions, 
not all cause‡

Narrow validation (split 
cohort)‡

HOSPITAL score
N/A, previously 
validated model

Comorbidities model
No validation 
performed*

Rodriguez-Padial et al28

Spanish National Health System 
AMI administrative model

Partial (national data in 
Spain)‡

Yes†

Partly, national data but 
only cardiac disease–
related readmissions, 
not all-cause‡

Narrow validation (split 
cohort)‡

Yu et al29

AMI hospital 2 model
No (single center, 1 
Midwest hospital)*

Yes†
Partly, only index 
hospital‡

Narrow validation (split 
cohort)

LACE model at hospital 2
N/A, previously 
validated model

AMI hospital 3 model
No (single center, 1 
Northeast hospital)*

Yes†
Partly, only index 
hospital‡

Narrow validation (split 
cohort)‡

LACE model at hospital 3
N/A, previously 
validated model

ACS indicates American Community Survey; AMC, academic medical center; AMI, acute myocardial infarction; CMS, Centers for Medicare & Medicaid Services; 
SES, socioeconomic status; DRG, diagnosis-related group; EHR, electronic health record; HCUP, Healthcare Cost and Utilization Project; HRS, Health and Retirement 
Study; ICD, International Classification of Disease; IHD, ischemic heart disease; N/A, not applicable; and SES, socioeconomic status.

*Low methodologic quality.
†Characteristics consistent with higher methodologic quality.
‡Characteristics consistent with fair/moderate methodologic quality.
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high all-cause 30-day readmissions under the CMS 
HRRP, and not just cardiac-specific 30-day readmissions.

Two models predicting all-cause 30-day readmis-
sions had notably high C statistics of 0.7925 and 0.7626 
though the significance of these findings is uncertain. 
Meddings et al25 found that adding social determinants 
ascertained from the Health and Retirement Study to the 
CMS AMI model resulted in substantial improvement in 
model discrimination, with a change in C statistic from 
0.64 to 0.79 for the enhanced model. However, the dif-
ference was not statistically significant, likely because of 
the small cohort (n=833), low number of readmissions 
(n=136), and low number of subjects with the presence 
of highly predictive social determinants such as nursing 
home residence (n=18) resulting in a less precise estimate 
of discrimination. Nagasako et al26 found that the unen-
hanced CMS AMI model performed exceptionally well 
in a statewide cohort of Missouri Medicare beneficiaries 
from 2009 to 2012 with a C statistic of 0.76, far higher 
than that observed in both the index and any other study 
of the CMS AMI model. The reasons for improved dis-
crimination of the CMS model in this cohort are unclear.

Although we found overall modest discrimination for 
all-cause 30-day readmissions, the range of predicted risk 
among current models is adequate for stratifying patients 
into high, intermediate, and low risk groups to target 
readmission prevention interventions. However, most 
models were based on data (ie, administrative claims or 
registry) not readily available at the time of hospitaliza-
tion, limiting the usefulness of these models in clinical 
practice for prospective risk stratification to enable tar-
geted intervention to reduce readmissions. Because inter-
ventions to reduce readmissions have the most potential 
to be effective when they are initiated during hospitaliza-
tion well before discharge,5,8 future research should also 
focus on developing models that are easy to implement 
at bedside and provide clinically actionable information as 
early as possible in a patient’s hospital course.

Our review has certain limitations. First, despite a 
comprehensive literature search strategy, we may have 
overlooked studies published in non-English languages 
or nonindexed studies. Second, few studies directly com-
pared models within the same population so caution 
should be used when directly comparing model perfor-
mance across different populations. Third, because most 
studies defined AMI using ICD-9, ICD-10, and diagno-
sis-related group discharge codes, it is unclear whether 
defining AMI prospectively on admission would mean-
ingfully influence risk prediction modeling.

In conclusion, current AMI-specific readmission risk 
prediction models have modest predictive ability and 
uncertain generalizability given methodological limita-
tions. The utility of including additional data on clinical 
AMI characteristics and nonclinical risk factors such as 
socioeconomic, functional, and psychosocial factors 
on improving model performance currently remains 

unclear. No existing models have the potential to pro-
vide actionable data in real time, given that all cur-
rent models are based on data that are not available 
until discharge or well afterward, or require additional 
information beyond that collected as a part of routine 
clinical care. Future studies should focus on developing 
models with improved accuracy that provide clinically 
actionable information in real time as early in the hos-
pital course as possible, to target high-risk individuals 
with a multicomponent transitional care intervention.

ACKNOWLEDGMENTS
Dr Nguyen had full access to all the data in the study, con-
ducted data analysis, and takes responsibility for the integrity 
of the data and the accuracy of data analysis. Findings from 
this study were presented at the Society of General Internal 
Medicine Annual Meeting in April 2017 in Washington D.C.

SOURCES OF FUNDING
This study was supported by the Agency for Healthcare Re-
search and Quality-funded UT Southwestern Center for Pa-
tient-Centered Outcomes Research (R24 HS022418-01). Dr 
Nguyen received funding support from the UT Southwestern 
KL2 Scholars Program (NIH/NCATS KL2 TR001103) and the 
National Heart, Lung, and Blood Institute (K23HL133441). Dr 
Makam received funding support from the National Institute 
on Aging (NIA K23 AG052603). Dr Halm was supported in 
part by the National Center for Advancing Translational Sci-
ences at the National Institute of Health (U54 RFA-TR-12-006). 
The study sponsors had no role in the design and conduct of 
the study; collection, management, analysis or interpretation 
of the data; preparation, review, or approval of the article; or 
in the decision to submit the article for publication.

DISCLOSURES
None.

AFFILIATIONS
From the Department of Internal Medicine (L.N.S., A.N.M., 
S.R.D., E.A.H., O.K.N.), Department of Clinical Sciences 
(A.N.M., E.A.H., O.K.N.), and Health Sciences Digital Library 
and Learning Center (H.M.), UT Southwestern Medical Cen-
ter, Dallas, TX; and Department of Internal Medicine, Univer-
sity of California San Diego, La Jolla (D.D.).

FOOTNOTES
Received April 28, 2017; accepted December 8, 2017.

The Data Supplement is available at http://circoutcomes.
ahajournals.org/lookup/suppl/doi:10.1161/CIRCOUT-
COMES.117.003885/-/DC1.

Circ Cardiovasc Qual Outcomes is available at http://cir-
coutcomes.ahajournals.org.

 by guest on January 11, 2018
http://circoutcom

es.ahajournals.org/
D

ow
nloaded from

 

http://circoutcomes.ahajournals.org/


Smith et al; Systematic Review of Myocardial Infarction Readmission Models

Circ Cardiovasc Qual Outcomes. 2018;11:e003885. DOI: 10.1161/CIRCOUTCOMES.117.003885� January 2018 12

REFERENCES
	 1.	 Fingar K, Washington R. Trends in Hospital Readmissions for Four High-

Volume Conditions, 2009–2013. Rockville, MD: Agency for Healthcare 
Research and Quality; 2015.

	 2.	 Yale New Haven Health Services Corporation Center for Outcomes Re-
search and Evaluation. Medicare Hospital Quality Chartbook: Variation in 
30-Day Readmission Rates Across Hospitals Following Hospitalization for 
Acute Myocardial Infarction. Centers for Medicare & Medicaid Services; 
2015. Washington, D.C., United States.

	 3.	 Yale New Haven Health Services Corporation Center for Outcomes Re-
search and Evaluation. Medicare Hospital Quality Chartbook 2014: Per-
formance Report on Outcome Measures. Washington, DC: Centers for 
Medicare and Medicaid Services; 2014.

	 4.	 Desai NR, Ross JS, Kwon JY, Herrin J, Dharmarajan K, Bernheim SM, 
Krumholz HM, Horwitz LI. Association between hospital penalty status 
under the Hospital Readmission Reduction Program and readmission rates 
for target and nontarget conditions. JAMA. 2016;316:2647–2656. doi: 
10.1001/jama.2016.18533.

	 5.	 Rennke S, Nguyen OK, Shoeb MH, Magan Y, Wachter RM, Ranji SR. Hos-
pital-initiated transitional care interventions as a patient safety strategy: 
a systematic review. Ann Intern Med. 2013;158(5 pt 2):433–440. doi: 
10.7326/0003-4819-158-5-201303051-00011.

	 6.	 Goldman LE, Sarkar U, Kessell E, Guzman D, Schneidermann M, Pierluissi 
E, Walter B, Vittinghoff E, Critchfield J, Kushel M. Support from hospital to 
home for elders: a randomized trial. Ann Intern Med. 2014;161:472–481. 
doi: 10.7326/M14-0094.

	 7.	 Hansen LO, Greenwald JL, Budnitz T, Howell E, Halasyamani L, Maynard 
G, Vidyarthi A, Coleman EA, Williams MV. Project BOOST: effective-
ness of a multihospital effort to reduce rehospitalization. J Hosp Med. 
2013;8:421–427. doi: 10.1002/jhm.2054.

	 8.	 Hansen LO, Young RS, Hinami K, Leung A, Williams MV. Interventions 
to reduce 30-day rehospitalization: a systematic review. Ann Intern Med. 
2011;155:520–528. doi: 10.7326/0003-4819-155-8-201110180-00008.

	 9.	 Amarasingham R, Moore BJ, Tabak YP, Drazner MH, Clark CA, Zhang S, 
Reed WG, Swanson TS, Ma Y, Halm EA. An automated model to identify 
heart failure patients at risk for 30-day readmission or death using elec-
tronic medical record data. Med Care. 2010;48:981–988. doi: 10.1097/
MLR.0b013e3181ef60d9.

	10.	 Amarasingham R, Patel PC, Toto K, Nelson LL, Swanson TS, Moore BJ, 
Xie B, Zhang S, Alvarez KS, Ma Y, Drazner MH, Kollipara U, Halm EA. Al-
locating scarce resources in real-time to reduce heart failure readmissions: 
a prospective, controlled study. BMJ Qual Saf. 2013;22:998–1005. doi: 
10.1136/bmjqs-2013-001901.

	11.	 Makam AN, Nguyen OK, Clark C, Zhang S, Xie B, Weinreich M, Mortensen 
EM, Halm EA. Predicting 30-day pneumonia readmissions using electron-
ic health record data. J Hosp Med. 2017;12:209–216. doi: 10.12788/
jhm.2711.

	12.	 Desai MM, Stauffer BD, Feringa HH, Schreiner GC. Statistical models and 
patient predictors of readmission for acute myocardial infarction: a sys-
tematic review. Circ Cardiovasc Qual Outcomes. 2009;2:500–507. doi: 
10.1161/CIRCOUTCOMES.108.832949.

	13.	 Kansagara D, Englander H, Salanitro A, Kagen D, Theobald C, Freeman M, 
Kripalani S. Risk prediction models for hospital readmission: a systematic 
review. JAMA. 2011;306:1688–1698. doi: 10.1001/jama.2011.1515.

	14.	 Weinreich M, Nguyen OK, Wang D, Mayo H, Mortensen EM, Halm EA, 
Makam AN. Predicting the risk of readmission in pneumonia. A systematic 
review of model performance. Ann Am Thorac Soc. 2016;13:1607–1614. 
doi: 10.1513/AnnalsATS.201602-135SR.

	15.	 Calvillo-King L, Arnold D, Eubank KJ, Lo M, Yunyongying P, Stieglitz 
H, Halm EA. Impact of social factors on risk of readmission or mortal-
ity in pneumonia and heart failure: systematic review. J Gen Intern Med. 
2013;28:269–282. doi: 10.1007/s11606-012-2235-x.

	16.	 Pencina MJ, D’Agostino RB Sr. Evaluating discrimination of risk predic-
tion models: the C Statistic. JAMA. 2015;314:1063–1064. doi: 10.1001/
jama.2015.11082.

	17.	 Hosmer DW, Lemeshow S. Applied Logistic Regression. 2nd ed. Hoboken, 
NJ: Wiley; 2000.

	18.	 Reilly BM, Evans AT. Translating clinical research into clinical practice: 
impact of using prediction rules to make decisions. Ann Intern Med. 
2006;144:201–209.

	19.	 Brown JR, Conley SM, Niles NW II. Predicting readmission or death after 
acute ST-elevation myocardial infarction. Clin Cardiol. 2013;36:570–575. 
doi: 10.1002/clc.22156.

	20.	 Burke RE, Schnipper JL, Williams MV, Robinson EJ, Vasilevskis EE, Kri-
palani S, Metlay JP, Fletcher GS, Auerbach AD, Donzé JD. The HOSPITAL 
score predicts potentially preventable 30-day readmissions in conditions 
targeted by the Hospital Readmissions Reduction Program. Med Care. 
2017;55:285–290. doi: 10.1097/MLR.0000000000000665.

	21.	 Hebert C, Shivade C, Foraker R, Wasserman J, Roth C, Mekhjian H, Lem-
eshow S, Embi P. Diagnosis-specific readmission risk prediction using elec-
tronic health data: a retrospective cohort study. BMC Med Inform Decis 
Mak. 2014;14:65. doi: 10.1186/1472-6947-14-65.

	22.	 Hilbert JP, Zasadil S, Keyser DJ, Peele PB. Using decision trees to man-
age hospital readmission risk for acute myocardial infarction, heart failure, 
and pneumonia. Appl Health Econ Health Policy. 2014;12:573–585. doi: 
10.1007/s40258-014-0124-7.

	23.	 Krumholz HM, Lin Z, Drye EE, Desai MM, Han LF, Rapp MT, Mattera JA, 
Normand SL. An administrative claims measure suitable for profiling hos-
pital performance based on 30-day all-cause readmission rates among 
patients with acute myocardial infarction. Circ Cardiovasc Qual Outcomes. 
2011;4:243–252. doi: 10.1161/CIRCOUTCOMES.110.957498.

	24.	 McManus DD, Saczynski JS, Lessard D, Waring ME, Allison J, Parish DC, 
Goldberg RJ, Ash A, Kiefe CI; TRACE-CORE Investigators. Reliability of 
predicting early hospital readmission after discharge for an acute coronary 
syndrome using claims-based data. Am J Cardiol. 2016;117:501–507. doi: 
10.1016/j.amjcard.2015.11.034.

	25.	 Meddings J, Reichert H, Smith SN, Iwashyna TJ, Langa KM, Hofer TP, Mc-
Mahon LF Jr. The impact of disability and social determinants of health 
on condition-specific readmissions beyond Medicare risk adjustments: a 
cohort study. J Gen Intern Med. 2017;32:71–80. doi: 10.1007/s11606-
016-3869-x.

	26.	 Nagasako EM, Reidhead M, Waterman B, Dunagan WC. Adding socio-
economic data to hospital readmissions calculations may produce more 
useful results. Health Aff (Millwood). 2014;33:786–791. doi: 10.1377/
hlthaff.2013.1148.

	27.	 Rana S, Tran T, Luo W, Phung D, Kennedy RL, Venkatesh S. Predicting un-
planned readmission after myocardial infarction from routinely collected 
administrative hospital data. Aust Health Rev. 2014;38:377–382. doi: 
10.1071/AH14059.

	28.	 Rodriguez-Padial L, Elola FJ, Fernández-Pérez C, Bernal JL, Iñiguez A, Se-
gura JV, Bertomeu V. Patterns of inpatient care for acute myocardial infarc-
tion and 30-day, 3-month and 1-year cardiac diseases readmission rates in 
Spain. Int J Cardiol. 2017;230:14–20. doi: 10.1016/j.ijcard.2016.12.121.

	29.	 Yu S, Farooq F, van Esbroeck A, Fung G, Anand V, Krishnapuram B. Pre-
dicting readmission risk with institution-specific prediction models. Artif 
Intell Med. 2015;65:89–96. doi: 10.1016/j.artmed.2015.08.005.

	30.	 Halfon P, Eggli Y, van Melle G, Chevalier J, Wasserfallen JB, Burnand B. 
Measuring potentially avoidable hospital readmissions. J Clin Epidemiol. 
2002;55:573–587.

	31.	 Donzé J, Aujesky D, Williams D, Schnipper JL. Potentially avoidable 30-day 
hospital readmissions in medical patients: derivation and validation of a 
prediction model. JAMA Intern Med. 2013;173:632–638. doi: 10.1001/
jamainternmed.2013.3023.

	32.	 van Walraven C, Dhalla IA, Bell C, Etchells E, Stiell IG, Zarnke K, Austin PC, 
Forster AJ. Derivation and validation of an index to predict early death or 
unplanned readmission after discharge from hospital to the community. 
CMAJ. 2010;182:551–557. doi: 10.1503/cmaj.091117.

	33.	 Parikh NI, Gona P, Larson MG, Fox CS, Benjamin EJ, Murabito JM, 
O’Donnell CJ, Vasan RS, Levy D. Long-term trends in myocardial infarction 
incidence and case fatality in the National Heart, Lung, and Blood Insti-
tute’s Framingham Heart Study. Circulation. 2009;119:1203–1210. doi: 
10.1161/CIRCULATIONAHA.108.825364.

	34.	 Yeh RW, Sidney S, Chandra M, Sorel M, Selby JV, Go AS. Population trends 
in the incidence and outcomes of acute myocardial infarction. N Engl J 
Med. 2010;362:2155–2165. doi: 10.1056/NEJMoa0908610.

	35.	 Eagle KA, Lim MJ, Dabbous OH, Pieper KS, Goldberg RJ, Van de Werf F, 
Goodman SG, Granger CB, Steg PG, Gore JM, Budaj A, Avezum A, Flather 
MD, Fox KA; GRACE Investigators. A validated prediction model for all 
forms of acute coronary syndrome: estimating the risk of 6-month post-
discharge death in an international registry. JAMA. 2004;291:2727–2733. 
doi: 10.1001/jama.291.22.2727.

	36.	 Tang EW, Wong CK, Herbison P. Global Registry of Acute Coronary Events 
(GRACE) hospital discharge risk score accurately predicts long-term mor-
tality post acute coronary syndrome. Am Heart J. 2007;153:29–35. doi: 
10.1016/j.ahj.2006.10.004.

	37.	 Antman EM, Cohen M, Bernink PJ, McCabe CH, Horacek T, Papuchis G, 
Mautner B, Corbalan R, Radley D, Braunwald E. The TIMI risk score for 

 by guest on January 11, 2018
http://circoutcom

es.ahajournals.org/
D

ow
nloaded from

 

http://circoutcomes.ahajournals.org/


Smith et al; Systematic Review of Myocardial Infarction Readmission Models

Circ Cardiovasc Qual Outcomes. 2018;11:e003885. DOI: 10.1161/CIRCOUTCOMES.117.003885� January 2018 13

unstable angina/non-ST elevation MI: a method for prognostication and 
therapeutic decision making. JAMA. 2000;284:835–842.

	38.	 Greysen SR, Stijacic Cenzer I, Auerbach AD, Covinsky KE. Functional im-
pairment and hospital readmission in Medicare seniors. JAMA Intern Med. 
2015;175:559–565. doi: 10.1001/jamainternmed.2014.7756.

	39.	 Holloway JJ, Thomas JW, Shapiro L. Clinical and sociodemographic risk 
factors for readmission of Medicare beneficiaries. Health Care Financ Rev. 
1988;10:27–36.

	40.	 Hoyer EH, Needham DM, Atanelov L, Knox B, Friedman M, Brotman DJ. As-
sociation of impaired functional status at hospital discharge and subsequent 
rehospitalization. J Hosp Med. 2014;9:277–282. doi: 10.1002/jhm.2152.

	41.	 Joynt KE, Jha AK. Thirty-day readmissions–truth and consequences. N 
Engl J Med. 2012;366:1366–1369. doi: 10.1056/NEJMp1201598.

	42.	 Kangovi S, Grande D. Hospital readmissions–not just a measure of quality. 
JAMA. 2011;306:1796–1797. doi: 10.1001/jama.2011.1562.

	43.	 Krumholz HM. Post-hospital syndrome–an acquired, transient condition 
of generalized risk. N Engl J Med. 2013;368:100–102. doi: 10.1056/
NEJMp1212324.

	44.	 Patel A, Parikh R, Howell EH, Hsich E, Landers SH, Gorodeski EZ. Mini-
cog performance: novel marker of post discharge risk among patients 
hospitalized for heart failure. Circ Heart Fail. 2015;8:8–16. doi: 10.1161/
CIRCHEARTFAILURE.114.001438.

	45.	 Singh S, Lin YL, Kuo YF, Nattinger AB, Goodwin JS. Variation in the risk of 
readmission among hospitals: the relative contribution of patient, hospital 
and inpatient provider characteristics. J Gen Intern Med. 2014;29:572–
578. doi: 10.1007/s11606-013-2723-7.

 by guest on January 11, 2018
http://circoutcom

es.ahajournals.org/
D

ow
nloaded from

 

http://circoutcomes.ahajournals.org/


Halm and Oanh Kieu Nguyen
Lauren N. Smith, Anil N. Makam, Douglas Darden, Helen Mayo, Sandeep R. Das, Ethan A.

of Model Performance
Acute Myocardial Infarction Readmission Risk Prediction Models: A Systematic Review

Print ISSN: 1941-7705. Online ISSN: 1941-7713 
Copyright © 2018 American Heart Association, Inc. All rights reserved.

Greenville Avenue, Dallas, TX 75231
is published by the American Heart Association, 7272Circulation: Cardiovascular Quality and Outcomes 

doi: 10.1161/CIRCOUTCOMES.117.003885
2018;11:Circ Cardiovasc Qual Outcomes. 

 http://circoutcomes.ahajournals.org/content/11/1/e003885
World Wide Web at: 

The online version of this article, along with updated information and services, is located on the

  
 http://circoutcomes.ahajournals.org//subscriptions/

at: 
is onlineCirculation: Cardiovascular Quality and Outcomes  Information about subscribing to Subscriptions:

  
 http://www.lww.com/reprints

 Information about reprints can be found online at: Reprints:
  

document. Question and Answer
Permissions and Rightspage under Services. Further information about this process is available in the

which permission is being requested is located, click Request Permissions in the middle column of the Web
Copyright Clearance Center, not the Editorial Office. Once the online version of the published article for 

 can be obtained via RightsLink, a service of theCirculation: Cardiovascular Quality and Outcomesin
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:

 by guest on January 11, 2018
http://circoutcom

es.ahajournals.org/
D

ow
nloaded from

 

http://circoutcomes.ahajournals.org/content/11/1/e003885
http://www.ahajournals.org/site/rights/
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circoutcomes.ahajournals.org//subscriptions/
http://circoutcomes.ahajournals.org/



