1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Ann Intern Med. Author manuscript; available in PMC 2019 March 26.

-, HHS Public Access
«

Published in final edited form as:
Ann Intern Med. 2017 October 03; 167(7): 456-464. doi:10.7326/M16-2543.

Accuracy of Cardiovascular Risk Prediction Varies by
Neighborhood Socioeconomic Position:A Retrospective Cohort
Study

Jarrod E. Dalton, PhD*@P Adam T. Perzynski, PhDC, David A. Zidar, MDY, Michael B.
Rothberg, MD, MPHe, Claudia J. Coulton, PhDf, Alex T. Milinovich, BA2, Douglas Einstadter,
MD, MPH¢, James K. Karichu, MPH9, and Neal V. Dawson, MD®

aDepartment of Quantitative Health Sciences, Lerner Research Institute, Cleveland Clinic, 9500
Euclid Avenue, Cleveland, OH

bCleveland Clinic Lerner College of Medicine at Case Western Reserve University, Cleveland, OH

¢Center for Healthcare Research and Policy, Case Western Reserve University/MetroHealth
Medical Center, 2500 Metrohealth Drive, Cleveland, OH

dHarrington Heart & Vascular Institute, University Hospitals Cleveland Medical Center, Case
Western Reserve University School of Medicine, 11100 Euclid Avenue, Cleveland, OH

eCenter for Value-Based Care Research, Medicine Institute, Cleveland Clinic, 9500 Euclid
Avenue, Cleveland, OH

fCenter on Urban Poverty and Community Development, Mandel School of Applied Social
Sciences, Case, Western Reserve University, 10900 Euclid Ave, Cleveland, OH

9Pathology and Laboratory Medicine Institute, Cleveland Clinic, 9500 Euclid Avenue, Cleveland,
OH

Abstract
Background: Inequality in health outcomes in relation to Americans’ socioeconomic position is
rising.

Objectives: First, to evaluate the spatial relationship between neighborhood disadvantage and
major atherosclerotic cardiovascular disease (ASCVD)-related events; and second, to evaluate the
relative extent to which neighborhood disadvantage and physiological risk account for
neighborhood-level variation in ASCVD event rates.

Design: Observational cohort analysis of geocoded longitudinal electronic health records.

Setting: A single academic health center and surrounding neighborhoods in Northeast Ohio.
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Patients: 109,793 Cleveland Clinic Health System (CCHS) patients who had had an outpatient
lipid panel drawn between 2007 and 2010. The date of the first qualifying lipid panel served as
study baseline.

Measurements: Time from baseline to the first occurrence of a major ASCVD event
(myocardial infarction, stroke, or cardiovascular death) within 5 years, modeled as a function of 1)
a locally-derived neighborhood disadvantage index (NDI) and 2) the predicted 5-year ASCVD
event rate from the American College of Cardiology/American Heart Association Pooled Cohort
Equations Risk Model (PCERM). Outcome data were censored if there were no CCHS encounters
for two consecutive years or when state death data were no longer available (i.e., 2015 onward).

Results: The PCERM systematically under-predicted ASCVD event risk among patients from
disadvantaged communities. Model discrimination was poorer among these patients (concordance
index [95% confidence interval]: 0.70 [0.67 — 0.74]) than among patients from the most affluent
communities (0.80 [0.78 — 0.81]). The NDI alone accounted for 32.0% of census-tract-level
variation in ASCVD event rates, compared to 10.0% accounted for by the PCERM.

Limitation: Patients from affluent communities were over-represented. Outcomes of patients
treated for cardiovascular disease diagnoses at Cleveland Clinic were assumed to be independent
of whether patients came from a disadvantaged or affluent neighborhood.

Conclusions: Neighborhood disadvantage may be a powerful regulator of ASCVD event risk. In
addition to supplemental risk models and clinical screening criteria, population-based solutions to
ameliorating the deleterious effects of neighborhood disadvantage on health outcomes are needed.

Americans who reach age 50 and who are in the lowest decile of career earnings now live
over a decade less than their counterparts in the highest decile.[1] Atherosclerotic
cardiovascular disease (ASCVD) remains the leading cause of death for most Americans.
Even modest reductions in cardiovascular health disparities have the potential to
substantially improve the health and well-being of socioeconomically challenged
populations.

Accurate risk assessment of atherosclerotic cardiovascular disease (ASCVD)-related events
such as myocardial infarction and stroke is important in identifying high risk patients and
appropriately applying interventions.

Such risk varies by race and socioeconomic position (SEP) but, with the exception of the
UK population, SEP is not generally considered in cardiovascular risk assessment.[2] In
2014, the American College of Cardiology/American Heart Association Task Force on
Practice Guidelines released the Pooled Cohort Equations Risk Model (PCERM) for 10-year
atherosclerotic cardiovascular disease (ASCVD) risk.[3] The PCERM was based on data
from several large, racially and geographically diverse cohort studies, and modeled risk of
major ASCVD events (defined as nonfatal myocardial infarction, death due to coronary
heart disease, or stroke). While the goal of the PCERM was to establish more
demographically representative models for ASCVD events, it did not incorporate variation
in risk directly related to SEP.
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We sought to evaluate relationships between neighborhood socioeconomic conditions,
clinical assessments of atherosclerotic risk and major ASCVD events in a large
observational cohort derived from routinely-collected electronic health data. Specifically, we
sought to: quantify predictive accuracy of the PCERM with respect to neighborhood SEP;
and characterize the extent to which the PCERM and neighborhood SEP account for local
variation in ASCVD event rates.

METHODS

Data Sources and Study Inclusion Criteria

With approval from the Cleveland Clinic Institutional Review Board, we analyzed data
pertaining to all Cleveland Clinic Health System (CCHS) patients who stated they were of
Caucasian or African American race, who had at least one outpatient lipid panel performed
between January 1, 2007 and December 31, 2010; and who, on the date of the first such
blood draw (which we classified as the study baseline time point, Tgp), were over 35 years
old and resided in one of 21 Northeast Ohio counties. The restriction on race was necessary
due to the fact that the PCERM is applicable only to Caucasians and African Americans.
Patients with Post Office boxes or patients who otherwise had missing or inaccurate
information on place of residence (including individuals who were documented as being
homeless) were excluded from the analysis ™.

Patients with a history of myocardial infarction (International Classification of Diseases and
Injuries, 9th Revision, Clinical Modification, ICD-9-CM: 410.xx); stroke (ICD-9-CM:
434.9x); heart valve disorder (U.S. Agency for Healthcare Research and Quality’s Clinical
Classifications Software single-level diagnosis category #961); or pericarditis,
endocarditis, myocarditis, or cardiomyopathy (U.S. Agency for Healthcare Research and
Quality’s Clinical Classifications Software single-level diagnosis category #97) prior to Tg
were excluded. Variables used in generating the estimate of 5-year risk of major ASCVD
events from the PCERM were sex, age, race, diabetes mellitus, smoking, total cholesterol,
high-density lipoprotein cholesterol, and systolic blood pressure, which we defined at
baseline as the median of all measurements taken within 3 months of Tg. Patients with
missing baseline data necessary for PCERM calculation were excluded.

All clinical data were extracted from CCHS electronic medical records via Structured Query
Language programs. Patients’ locations of residence were geocoded and matched to
environmental characteristics tied to the census tract in which they lived at T. Census tract-
level variables were extracted from the U.S. Census Bureau’s websiteS.

*In general, approximately 0.3% of the electronic health records within the Cleveland Clinic Health System have address information
that cannot be geocoded.
THCUP cCS. Healthcare Cost and Utilization Project (HCUP). March 2016. Agency for Healthcare Research and Quality, Rockville,
MD. www.hcup-us.ahrg.gov/toolssoftware/ccs/ccs.jsp. Accessed 2016—03-30.

Two diagnoses were excluded from the U.S. Agency for Healthcare Research and Quality’s Clinical Classifications Software
diagnosis code list for heart valve disorder: 785.2 (undiagnosed cardiac murmurs) and 785.3 (other abnormal heart sounds).
SUnited States Census Bureau. American FactFinder. URL: http://factfinder.census.gov. Accessed 2016-01-13.
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Study Variables

Our primary time-to-event outcome, incident major ASCVD event, was defined as the first
occurrence of myocardial infarction, stroke, or cardiovascular death subsequent to T,
Myocardial infarction and stroke were defined using ICD-9-CM diagnosis codes (details
above) from all CCHS encounters during the follow-up period, and cardiovascular death was
defined based on International Classification of Diseases and Injuries, 10th Revision
(ICD-10) cause of death codes 100-179, which were obtained from the Ohio Department of
Health™™. Outcome data were considered to be censored at the earlier of i) the start date of
any contiguous two-year time period with no CCHS encounters, ii) the date of non-cardiac
death or death due to an unspecified cause, and iii) January 1, 2014 for any patient with T
after January 1, 2010. (The third censoring condition was due to the fact that Ohio cause of
death data were available only through 2013 at the time of our analysis.) The follow-up
period for our study was 5 years.

The PCERM was originally published with respect to 10-year mortality risk. To obtain 5-
year estimates from the PCERM, information on the baseline hazard function from the
underlying Cox regression models is required. This baseline hazard function was not
published; however, the authors of the PCERM did provide 5-year cumulative baseline
hazard function estimates to Muntner et al. (2014)[4] for their validation study. In particular,
the required formulas for computing 5-year PCERM risk estimates are published in an
online supplement to the Muntner et al. article. We used those formulas instead of the
original 10-year risk equations.

To analyze aspects of neighborhood SEP associated with patients’ location of residence at
To, we created a neighborhood disadvantage index (NDI). This index served as a single-
factor representation of multiple variables that reflect neighborhood SEP, which we used to
distribute and analyze risk associated with SEP within our particular sample. We derived the
NDI as a specific measure of neighborhood disadvantage across Northeast Ohio.

The NDI was defined at the census tract level based on the following U.S. Census 2010
variables: percent white, non-Hispanic; percent with high school degree; percent with
Medicaid, age 18-64; percent uninsured, age 18-64; median income; percent of households
below federal poverty level; percent of children living in households receiving supplemental
security income, cash public assistance income, or food stamps/SNAP benefits; and percent
of households that are headed by an unmarried mother. We transformed these variables into
their principal components, and used the first principal component as the NDI (i.e., a single-
factor latent variable model). With the exception of race, all of the above characteristics are
reflected in the Area Deprivation Index, a national index of neighborhood-level disadvantage
based on 2000 U.S. Census data.

**The Ohio Department of Health receives certificates for all deaths occurring in the state and also for deaths to Ohio residents which
occurred outside the state. Details are given on the Ohio Department of Health’s website: http://www.odh.ohio.gov/en/healthstats/
vitalstats/deathstat.
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Statistical Analysis

We assessed prognostic accuracy of the PCERM-estimated 5-year ASCVD event rates
within subgroups of patients defined according to selected quantiles of the NDI.
Discrimination was assessed using the concordance index for censored outcomes.[5]
Calibration was assessed visually, by comparing observed 5-year ASCVD event rates against
those predicted by the PCERM within progressive risk strata i.e., patients with predicted risk
<2.5%, patients with predicted risk between 2.5% and 5.0%, patients with predicted risk
between 5.0% and 7.5%, etc. (We selected these risk thresholds so that they corresponded
with the American College of Cardiology/American Heart Association guidelines for
treatment of blood cholesterol.[6]) Observed event rates with respect to this calibration
analysis were obtained from Kaplan-Meier curves.

Census tract-level ASCVD event rates were estimated under the Bayesian framework using
the integrated nested Laplace approximation procedure by Rue et al.[7] as implemented in
the R package /NLA.[8] This allowed for implementation of a conditional autoregressive
Weibull time-to-event model which incorporated the Besag- York-Mollié covariance
structure.[9, 10] This model can be thought of as a spatial analogue of the more common
autoregressive time series model, because it incorporates correlation among estimates (in our
case, hazard ratio estimates for ASCVD) for neighboring geographical areas (census tracts)
the same way the time series model allows for correlation among neighboring time points.

We began with a null model (Model 1) consisting of only random effects for each census
tract (characterized using the the Besag-York-Mollié structure). Fixed effects were added to
this model — namely, PCERM-estimated risk and/or NDI. We estimated a model which
added the PCERM-estimated 5-year probability of major ASCVD events to the null model
(Model 2), a model which added a fixed effect for the NDI to the null model (Model 3), and
a model which included fixed effects for both PCERM risk and NDI (Model 4). In
comparing two models (e.g., Model 3 vs. Model 1), the degree by which the random effect
estimates from the model (i.e., census tract-level log-hazard ratio estimates after adjustment
for any fixed effects) are reduced by adding the covariate is the amount of spatial variation
accounted for by that covariate. Details of these calculations are given in Appendix 1.

RESULTS

Of 125,449 unique patients living in Northeast Ohio who had a qualifying outpatient lipid
panel between 2007 and 2010 and who were aged 35+ on the date of that lipid panel, 15,153
were excluded due to medical history (n=3,473 with history of myocardial infarction,
n=1,852 with history of stroke, n=9,178 with history of heart valve disorders, and n=2,761
with history of pericarditis, endocarditis, myocarditis, or cardiomyopathy). After excluding
an additional 503 with missing baseline data on required elements of the PCERM, our final
sample consisted of 109,793 unique patients.

The NDI accounted for 65.2% of the variability in the eight census-tract-level indicators.
The formula for the NDI is given in Appendix 2. Figure 1 displays the spatial distribution of
the NDI across Northeast Ohio. Relative to persons in low-NDI neighborhoods, individuals
living in greater-NDI neighborhoods at baseline were more likely to be female; were more
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likely to be black; had slightly higher average blood pressure; were more likely to have
diabetes; were more likely to have been prescribed antihypertensive medication or statins;
were more likely to have coronary artery disease and peripheral vascular disease; and had
higher 5-year predicted ASCVD event risk as defined by the PCERM (Table 1).

Across the six strata defined according to the NDI, stroke was the most commonly observed
event, followed by acute myocardial infarction and finally cardiovascular death (see Table
2). The most common cause of censoring was unavailability of death data from the State of
Ohio beyond January 1, 2014.

Performance of the PCERM with respect to discrimination and calibration is given in Figure
2. The PCERM discriminated events from non-events reasonably well among patients from
affluent communities — with an estimated concordance index (C) and 95% confidence
interval of 0.80 [0.78, 0.81] for the lowest (most affluent) 10% of communities with respect
to the NDI — while discrimination was poorer among socioeconomicaly challenged
neighborhoods (C = 0.70 [0.67, 0.74] for the highest 10% of communities). Calibration
performance was good among patients from affluent communities, while the PCERM
systematically under-estimated risk among patients from socioeconomicaly challenged
communities.

Based on our null model without covariates (Model 1), we found substantial geographic
variation in major ASCVD event rates (Figure 3) that largely corresponded with the
distribution of the NDI. ASCVD hazard rates in inner-city Cleveland were over three times
that observed among the most affluent suburbs. The PCERM (Model 2) accounted for 10.0%
of census tract-level variability in ASCVD event rates, while the NDI (Model 3) accounted
for 32.0%. Incrementally, the PCERM accounted for 6.9% of census tract-level variation
beyond that of the NDI, for a total of 38.9% of variation accounted for by the two measures
(Model 4). Census-tract-level hazard ratio estimates from Model 4 — the final model, which
adjusted for both the PCERM and the NDI — are displayed in Figure 4.

CONCLUSIONS

In this large, retrospective cohort study, we found that performance of the PCERM worsens
among patients living in resource-challenged neighborhoods and that neighborhood
disadvantage accounts for over three times the amount of geographic variability in major
ASCVD event rates than one widely-accepted risk assessment tool for atherosclerotic
disease (PCERM). Our study is not the first to evaluate performance of the PCERM per se,
but it is the first to evaluate performance within a large, heterogeneous cohort of patients that
is representative of routine care practices and the first to evaluate performance across the
socioeconomic spectrum.

Current understanding of the determinants of ASCVD outcomes, for the most part, assumes
that clinical indicators directly predict individual risk and can be used to inform clinical
decisions. While it may be the case that the relationships between traditional risk factors and
outcomes are different among individuals from socioeconomically challenged
neighborhoods, an alternative or perhaps additional explanation is that this “clinical/
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physiological” model for understanding disease progression, risk and outcomes is
incomplete. The PCERM is stratified by sex and race, but does not include a direct measure
of SEP. Sex, race/ethnicity and SEP are intersecting, in that individuals can experience
disadvantage in ways that are specific to distinct combinations of these three characteristics.
[11]

The finding is compelling, especially when taken in the context of the immense challenges
facing individuals living in disadvantaged neighborhoods. In addition to the personal
challenges associated with impoverishment, these individuals face a variety of
neighborhood-level stressors. Comparatively speaking, disadvantaged neighborhoods lack
options for exercising (including limited access to parks, trails and sport and fitness
facilities)[12] and use of available exercise facilities in these communities is negatively
affected by lack of pedestrian access, litter, vandalism, homelessness and perceptions of lack
of safety associated with high rates of violent crime.[13, 14] Moreover, healthy food is less
availableand more costly[15] within low-SEP communities. Finally, individuals from
disadvantaged communities may either not have access to or not seek quality preventative
cardiovascular care.

All of these relationships, and perhaps others, may explain why the PCERM performed
more poorly among patients from disadvantaged neighborhoods. In particular, the PCERM
systematically under-estimated ASCVD event risk across the entire risk spectrum for
patients from high-NDI neighborhoods. On the other end of the socioeconomic spectrum,
calibration was much better, although we did observe slight over-estimates of risk among
high-risk patients from affluent communities. Others have found that the PCERM may over-
or underestimate risk depending on the subpopulation being evaluated [4, 16-18]; the
present data suggests that this relationship varies according to neighborhood SEP. In
particular, we observed slight over-estimates among patients from low-NDI neighborhoods
and substantial under-estimates among patients from high-NDI neighborhoods.

There are at least three possibilities in terms of explaining why prediction performance of
the PCERM might be poorer among patients from disadvantaged communities. First, there
might be variation in the nature of the relationships between clinical risk factors and
ASCVD outcomes across the socioeconomic spectrum. Second, there might be
environmental and other neighborhood-level exposures (e.g., resource-poor schools, sources
of chronic stress, noise, air pollution, heavy metals, etc.) that are external to the model and
that differentially impact individuals from disadvantaged communities. Third, certain
individual exposures (epigenetic changes, untoward prenatal exposures and serious mental
illness) might be more prevalent among people from disadvantaged communities than
among people from more affluent communities.

Our results indicating PCERM miscalibration by neighborhood SEP have implications for
performance assessment: to the extent that an institutions’ (or physicians’) case mixes are
differentially oriented toward either end of the NDI spectrum, expected event rates are

TTEconomic Research Service (ERS), U.S. Department of Agriculture (USDA). Food Environment Atlas. URL: http://
www.ers.usda.gov/data-products/food-environment-atlas.aspx. Accessed 2016-04-29
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biased. Efforts to incentivize health systems to improve population health — such as the U.S.
Center for Medicare & Medicaid Innovation’s Million Hearts® Cardiovascular Disease Risk
Reduction Model[19, 20], which assigns reimbursement rates for preventative cardiovascular
services based on the PCERM — may inappropriately lead to penalizing certain providers
and hospitals that manage the health of socioeconomically challenged populations.

We created a new index of neighborhood disadvantage, based upon available data from the
US Census that are relevant to the challenges faced across the spectrum of socioeconomic
status in Northeast Ohio. Similar in nature to other indices such as the Area Deprivation
Index[21] or the CDC'’s Social Vulnerability Index[22], our measure includes disadvantages
due to poverty, family structure, health insurance coverage and segregation. Although those
indices are more commonly used in spatial analyses of neighborhood disadvantage, we felt
that a locally-derived index would allow for relationships among neighborhood indicators
that might be unique to Northeast Ohio.

A limitation of our analysis is that, given our use of an index as opposed to specific
measures of each of these social/environmental determinants, we are unable to identify and
articulate possible simple causative pathways and the contributions of specific factors in the
current analysis. To begin to understand the relative contribution of race/ethnicity and
neighborhood disadvantage, however, we conducted a post-hoc analysis of the disparity in
event rates (i.e., hazard ratio) between African Americans and whites, adjusting for
PCERM-estimated risk and/or the NDI (Appendix 3). We found that the NDI played a larger
role in accounting for the racial disparity in event rates than the PCERM, and that African
Americans had increased event rates even after adjusting for these factors. Further work is
necessary to evaluate how race, ethnicity and neighborhood factors combine to produce
health disadvantage.

Since our study involved routinely-collected electronic health data, its results may be
vulnerable to certain forms of sampling bias. The analyzed study cohort contained ten times
as many patients from the top 5% of census tracts (with respect to the NDI) than it did from
the bottom 5%. Also, it contained many more patients from the Cleveland metropolitan area
than it did from outlying communities. More comprehensive data will be needed to identify
whether finding increased ASCVD event rates in more distant low-SEP communities (such
as those in Akron, Youngstown, Warren, and Canton) was due to sampling bias as opposed
to actual differences in risk patterns. Patients from low-SEP neighborhoods were more likely
to be censored due to lack of CCHS encounters (e.g., leaving the health system or not
seeking medical care) for at least 2 years. Given that censored individuals were similarly
healthy to individuals who were not censored (see Appendices 4 and 5), we believe that any
net effect of differential censoring on our findings would likely be directional in nature:
complete ascertainment of outcomes would have only caused the observed miscalibration of
the PCERM among patients from disadvantaged communities to be amplified. Finally, we
did not analyze the effect of residential mobility or other temporal phenomena.[11] Finally,
our study assumes that outcomes of patients treated for cardiovascular disease diagnoses at
Cleveland Clinic were independent from the patients’ respective NDI values.

Ann Intern Med. Author manuscript; available in PMC 2019 March 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dalton et al.

Page 9

In summary, neighborhood socioeconomic position appears to be an important
determinant[23] of PCERM accuracy. Efforts to enhance risk prediction by incorporating
aspects of neighborhood socioeconomic position and by discerning its system effects on
individuals are needed. Such efforts are particularly important in the context of health
disparities in ASCVD, whereby the mechanisms involved in progression of ASCVD may
qualitatively differ among subpopulations defined according to social strata. In addition to
supplemental risk models and clinical screening criteria, it is necessary to collectively work
toward grass-root and policy-oriented approaches that ameliorate the deleterious effects of
neighborhood conditions on health outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Higher NDI indicates greater socioeconomic disadvantage. NDI = neighborhood disadvantage index.

Figure 1:
Distribution of neighborhood disadvantage index (NDI, defined at the census tract-level)

across Northeast Ohio. Higher NDI indicates greater socioeconomic disadvantage.
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Figure 2:
Prognostic accuracy of the PCERM across strata defined according to percentile groups of

the neighborhood disadvantage index (highest percentiles correspond to the least affluent
communities). Perfect calibration of the PCERM is represented along the line y = x; points
above this line indicate under-estimation of risk by the PCERM in relation to observed event
rates, and points below this line indicate over-estimation of risk. Concordance indices (C)
and corresponding 95% confidence intervals are displayed within each panel. The
concordance index ranges from 0.5 to 1.0, where a value of 0.5 represents no discrimination
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of events from non-events and a value of 1.0 represents complete separation of outcomes.
NDI = neighborhood disadvantage index; PCERM = Pooled Cohort Equations Risk Model.
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Figure 3:
Hazard ratios for major atherosclerotic cardiovascular disease events (myocardial infarction,

stroke, or cardiovascular death) across Northeast Ohio, from the null model without
covariates (Model 1).

1duosnuep Joyiny

1duoasnuepy Joyiny

Ann Intern Med. Author manuscript; available in PMC 2019 March 26.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Dalton et al. Page 15

Figure 4:
Hazard ratios for major atherosclerotic cardiovascular disease events (myocardial infarction,

stroke, or cardiovascular death) across Northeast Ohio, from the model that adjusted for
estimated 5-year risk from the American College of Cardiology/American Heart Association
Pooled Cohort Equations Risk Model and our neighborhood socioeconomic status index
(Model 4).
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