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Abstract

Background

Opioid induced respiratory depression is a known cause of preventable death in hospitals.

Medications with sedative properties additionally potentiate opioid-induced respiratory and

sedative effects, thereby elevating the risk for adverse events. The goal of this study was to

determine what specific factors increase the risk of in-hospital cardiopulmonary and respira-

tory arrest (CPRA) in medical and surgical patients on opioid and sedative therapy.

Methods

The present study analyzed 14,504,809 medical inpatient and 6,771,882 surgical inpatient

discharges reported into the Premier database from 2008 to 2012. Patients were divided in

four categories: on opioids; on sedatives; on both opioids and sedatives; and on neither opi-

oids nor sedatives.

Results

During hospital admission, 57% of all medical patients and 90% of all surgical patients were

prescribed opioids, sedatives, or both. Surgical patients had a higher incidence of CPRA

than medical patients (6.17 vs. 3.77 events per 1000 admissions; Relative Risk: 1.64 [95%

CI: 1.62–1.66; p<0.0001). Opioids and sedatives were found to be independent predictors

of CPRA (adjusted OR of 2.24 [95%CI: 2.18–2.29] for opioids and adjusted OR 1.80 [95%

CI: 1.75–1.85] for sedatives in medical patients, and adjusted OR of 1.12 [95%CI: 1.07–

1.16] for opioids and adjusted OR of 1.58 [95%CI: 1.51–1.66] for sedatives in surgical

patients), with the highest risk in groups who received both types of medications (adjusted

OR of 3.83 [95% CI: 3.74–3.92] in medical patients, and adjusted OR of 2.34 [95% CI: 2.25–

2.42] in surgical patients) compared with groups that received neither type of medication.

The common risk factors of CPRA in medical and surgical patients receiving both opioids
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and sedatives were Hispanic origin, mild liver disease, obesity, and COPD. Additionally,

medical and surgical groups had their own unique risk factors for CPRA when placed on opi-

oid and sedative therapy.

Conclusions

Opioids and sedatives are independent and additive predictors of CPRA in both medical

and surgical patients. Receiving both classes of medications further exacerbates the risk of

CPRA for these patients. By identifying groups at risk among medical and surgical in-hospi-

tal patients, this study provides a step towards improving our understanding of how to use

opioid and sedative medications safely, which may influence our treatment strategies and

outcomes. More precise monitoring of selected high-risk patients may help prevent cata-

strophic cardiorespiratory complications from these medications. As a retrospective admin-

istrative database analysis, this study does not establish the causality or the temporality of

the events but rather draws statistically significant associations between the clinical factors

and outcomes.

Introduction

Cardiopulmonary arrest remains a prominent public health burden in developed countries [1,

2]. With over half a million cardiac arrests occurring in the United States each year, over

200,000 of them take place in hospitals [1, 3]. While both the in-hospital cardiac arrest (IHCA)

and out-of hospital cardiac arrest (OHCA) share similarities, they are very different entities

[4–6]. In an OHCA, patients typically have a primary cardiac cause and an unexpected devel-

opment of the arrest. Hospital patients who experience IHCA, however, usually have signifi-

cant comorbidities and are characterized by predictable pathophysiologic changes manifesting

critical illness [4–6]. Recognizing the different challenges faced by primary providers for

IHCA and OHCA events, the 2015 American Heart Association (AHA) Guidelines for Cardio-

pulmonary Resuscitation and Emergency Cardiovascular Care have emphasized the need for

two distinct pathways of care required to manage these two patient populations [4]. As the first

link in the sequence of interventions in the chain of survival for patients with IHCA, AHA

introduced a step calling for the surveillance and prevention of cardiac arrest in the hospital in

order to facilitate a timely response and interventions.

Opioid-induced respiratory depression (OIRD), as a complication of a common approach

to pain control management, is one of the major causes of preventable adverse events in the

hospital [7–10]. According to a recent Anesthesia Closed Claims Project study [8], as much as

97% of all claims related to OIRD could probably or possibly be prevented. Benzodiazepines

and other sedative medications can further increase the risk of adverse events in conjunction

with opioids in both in-hospital and out-of-hospital settings [7, 8, 11–13]. According to the US

Centers for Disease Control and Prevention, benzodiazepines were involved in 31% of opioid-

analgesic poisoning deaths [12]. Over the past decade and in the more recent era of opioid

abuse epidemic, there has been an upward trend in the presence of benzodiazepines in opioid

poisoning [12].

If left unrecognized, OIRD is a life-threatening complication, which can lead to respiratory

arrest or cardiopulmonary arrest [8–11]. While respiratory-only events may not necessarily

degrade into cardiopulmonary events, it can be difficult to characterize the precipitating event

(s) for cardiac events. In a recent study of over 21 million inpatient discharges reported in the
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Premier database, these life-threatening cardiopulmonary or respiratory arrest (CPRA) events

were considered as a common entity expressing the most severe outcome in inpatients receiv-

ing opioids and sedatives [14]. In this prior analysis, opioids and sedatives were shown to be

associated with an independent and additive risk of developing in-hospital CPRA [14]. Given

that both medical and surgical patient populations are at risk for developing OIRD in hospital

settings [7, 8, 15], the present study, using the same dataset, sought to identify specific clinical,

demographic, and hospital-related risk factors leading to CPRA in medical and surgical

patients on opioid and sedative therapy. This new and separate analysis presented in the cur-

rent study will further help identify preventive strategies in specific patient populations [16]

that are at risk for developing this devastating in-hospital complication.

Methods

Data source

Inpatient hospitalization billing data devoid of protected health information from Premier

Inc. (Charlotte, North Carolina) was analyzed retrospectively in this study, exempting

approval from an Institutional Review Board. The Premier database is one of the largest hospi-

tal-level resource utilization databases in the U.S., and represents approximately 1 out of every

5 U.S. inpatient hospitalizations from a diverse group of more than 600 hospitals. Each hospital

submits quarterly data updates, which undergo rigorous validation checks and reconciliation.

Each set of discharge-level data includes de-identified information about patient and provider

characteristics, International Classification of Diseases 9th revision Clinical Modification

(ICD-9-CM) diagnosis and procedure codes, Current Procedural Terminology (CPT), Disease

Related Group (DRG), admission type, length of stay, discharge status, hospital resource utili-

zation and cost of care [17].

Patient population

All inpatient discharges reported to the Premier database between January 2008 and December

2012 were identified. Patients that were 18-years-old or younger, had CPRA on admission,

came in with existing acute respiratory failure or neuromuscular disorder (see S1 Table), or

lacked medical or surgical information, were excluded. The final dataset included 21,276,691

patients. CPRA cases were identified using the ICD-9-CM diagnosis codes of 427.5 (cardiopul-

monary arrest) and 799.1 (respiratory arrest) and the ICD-9 procedure code of 99.60 or CPT

code of 92950 (cardiopulmonary resuscitation). All pharmacy billing information was

extracted to identify respiratory depressant medications, and then classified into four mutually

exclusive categories: (1) opioids only, (2) sedatives only, (3) both opioids and sedatives, and (4)

neither opioids nor sedatives. Supporting Information (see S2 Table) provides the complete

list of medications.

Statistical analysis

Descriptive statistics were constructed with the use of frequencies and proportions for categor-

ical data and means and standard deviations (SD) for continuous variables. Categorical vari-

ables were compared using the chi-square test or Fisher Exact test, whereas the continuous

variables were compared using a two-tailed student’s t-test. Variables of patient and hospital

characteristics which were available through Premier databases, along with all comorbidities

defined by the Charlson Comorbidity Index (CCI) such as myocardial infarction, congestive

heart failure, dementia, chronic obstructive pulmonary disease (COPD), rheumatoid arthritis,

peptic ulcer disease, paralysis, chronic renal failure, cancer, metastatic solid tumor, AIDS,

Predictors of CPRA during opioid and sedative therapy
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obesity, diabetes, hypertension, peripheral vascular disease, cardiovascular disease, mild liver

disease and moderate-severe liver disease were selected for a multivariable logistic regression

model. Final variables for the multivariable model included: opioid and sedative administra-

tion, patient information such as age, gender, race, comorbid conditions described above, his-

tory of opioid usage, sleep disorder, smoking, admission type (elective or emergency), and

hospital characteristics including region, bed size, rural vs. urban, and teaching vs. non-teach-

ing. The medical and surgical patients with and without opioids and sedatives were analyzed

separately. The adjusted odds ratio (OR) for each level of covariate was estimated by multivari-

able logistic regression model and c-statistic was used to evaluate the model’s predictive accu-

racy. All analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, NC). Results

with a p-value of less than 0.05 were considered statistically significant.

Results

Incidence of CPRA

Among 14,504,809 medical patient and 6,771,882 surgical patient discharges, there were a total

of 96,554 CPRA events (see Table 1). The CPRA rate per admission was almost two times

higher for surgical patients as compared to medical patients (6.17 vs. 3.77 events per 1000

admissions; Relative Risk: 1.64 [95%CI: 1.62–1.66; p<0.0001). Among all hospital deaths,

25.7% vs. 14.4% were preceded by CPRA in the surgical vs. medical patient population, respec-

tively. During hospital admission, 57% of all medical patients (8,251,842 patients) were placed

on either sedative or opioid medications. The number of surgical patients managed with either

sedatives or opioids reached 90% (6,105,167 surgical patients). In both groups, the highest inci-

dence of CPRA occurred in patients managed by a combined treatment with both type of

drugs (see Table 1). In the medical patient group exposed to both sedative and opioid treat-

ment, the CPRA rate increased to 7.54 per 1000 admissions as compared to 2.08 per 1000

admissions in medical patients without this treatment. Surgical patients on both sedatives and

opioids had an even higher CPRA rate of 9.59 per 1000 admissions vs. 5.30 for those who were

exposed to neither of these medications.

Demographic and clinical characteristics

The demographics of the surgical and medical in-hospital patients were similar (see S3 Table).

The mean ages were 57.7 and 56.4 years old for the medical group and the surgical group,

respectively. In the medical group, there was a higher representation of patients above 80 years

Table 1. Incidence of CPRA in medical vs. surgical patients on sedatives, opioids, both sedatives and opioids, or neither sedatives nor opioids.

Variable Medical Patients Only Surgical Patients Only

All Medical

Patients

Sedatives

Only

Opioids

Only

Opioids and

Sedatives

No Opioids or

Sedatives

All Surgical

Patients

Sedatives

Only

Opioids

Only

Opioids and

Sedatives

No Opioids or

Sedatives

Total Patients 14,504,809 2,619,567 3,184,007 2,448,268 6,252,967 6,771,882 411,355 3,487,766 2,206,046 666,715

% of Whole

Group

100 18.06 21.95 16.88 43.11 100 6.07 51.50 32.58 9.85

Total # of CPRA 54,745 9,489 13,775 18,451 13,030 41,809 3,832 13,282 21,147 3,548

% of Whole

Group

100 17.33 25.16 33.70 23.80 100 9.17 31.77 50.58 8.49

CPRA rate /

1000 admissions

3.77 3.62 4.33 7.54 2.08 6.17 9.32 3.81 9.59 5.30

CPRA = cardiopulmonary or respiratory arrest.

https://doi.org/10.1371/journal.pone.0194553.t001

Predictors of CPRA during opioid and sedative therapy

PLOS ONE | https://doi.org/10.1371/journal.pone.0194553 March 22, 2018 4 / 13

https://doi.org/10.1371/journal.pone.0194553.t001
https://doi.org/10.1371/journal.pone.0194553


old (18.2% vs. 10.6%) and patients of the black race (14.7% vs. 10.6%) compared to the surgical

group. In general, medical patients were sicker than surgical patients, with a higher proportion

of individuals with a higher Charlson Comorbidity Index (CCI >2 in 25.1% of medical

patients vs. 17.4% of surgical patients) and more advanced severity of the illness according to

All Patients Refined Diagnosis Related Groups classification (the “major” and “extreme” APR

severity levels included 34.9% of medical patients vs. 24.5% of surgical patients). Medical

patients were more commonly admitted on a non-elective basis (84.3% vs. 45.5%). The most

common pathologies in both medical and surgical groups were hypertension, diabetes, and

COPD.

Multivariable analysis

To determine which risk factors are associated with the increased odds in development of

CPRA, a multivariable logistics regression analysis was performed. In both the medical and

surgical groups, the use of opioids and sedatives were found to be independent and significant

predictors of the occurrence of CPRA (Table 2). In the medical group the use of opioids alone

was associated with a higher risk of CPRA as compared to sedatives (adjusted OR of 2.24 [95%

CI: 2.18–2.29] vs. 1.80 [95% CI: 1.75–1.85], respectively). In contrast, in the surgical group,

sedatives alone conveyed a higher risk than opioids alone (adjusted OR of 1.58 [95% CI: 1.51–

1.66] vs. 1.12 [95% CI: 1.07–1.16], respectively). In both groups, however, the highest risk of

developing CPRA was associated with the patients receiving both opioids and sedatives

(adjusted ORs of 3.83 [95% CI: 3.74–3.92] in medical patients and 2.34 [95% CI: 2.25–2.42] in

surgical patients)(Table 2).

The patient population on both opioids and sedatives was separately analyzed with a multi-

variable logistic regression analysis to determine which of the risk factors might contribute to

CPRA in patients. A total of four groups were analyzed: medical and surgical patients that

received either opioids and sedatives or neither of them (see S4 Table). Table 3 summarizes

data on independent predictors that increase the risk of CPRA only in medical or surgical

patients on opioids and sedatives. These specific risk factors were not present in patients taking

Table 2. Multivariable logistic regression analysis of the incidence of CPRA.

Patient Population Variable Sedatives Only Opioids Only Both Opioids and Sedatives Neither Opioids nor Sedatives

Medical Patients

(c-statistic = 0.763)

With CPRA (n = 54,745) n 9,489 13,775 18,451 13,030

row % 17.33 25.16 33.70 23.80

Without CPRA (n = 14,450,064) n 2,610,078 3,170,232 2,429,817 6,239,937

row % 18.06 21.94 16.82 43.18

Adjusted Odds Ratio (95% CI) a 1.80 (1.75, 1.85) 2.24 (2.18, 2.29) 3.83 (3.74, 3.92) ref.

P-value <0.0001 <0.0001 <0.0001

Surgical Patients

(c-statistic = 0.812)

With CPRA (n = 41,809) n 3,832 13,282 21,147 3,548

row % 9.17 31.77 50.58 8.49

Without CPRA (n = 6,730,073) n 407,523 3,474,484 2,184,899 663,167

row % 6.06 51.63 32.46 9.85

Adjusted Odds Ratio (95% CI) a 1.58 (1.51, 1.66) 1.12 (1.07, 1.16) 2.34 (2.25, 2.42) ref.

P-value <0.0001 <0.0001 <0.0001

a The adjusted OR (odds ratio) was estimated by a multivariable logistic regression analysis, which included opioid usage, age, gender, race, comorbidity conditions,

admission type, and hospital characteristics (including region, bed size, rural vs. urban, and teaching vs. non-teaching hospital) for medical and surgical patients,

respectively.

CI = confidence interval; CPRA = cardiopulmonary or respiratory arrest; ref. = reference.

https://doi.org/10.1371/journal.pone.0194553.t002
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neither of these drugs. As seen in Table 3, there were risk factors for CPRA that were unique to

medical and surgical patient groups as well as risk factors common to both groups.

Survival in patients with CPRA

Over 71% of CPRA cases led to death for medical patients as compared to 46% for surgical

patients. For medical patients who developed CPRA, the odds ratio of surviving was only

about one third of surgical CPRA patients (OR 0.343 [95% CI: 0.334–0.352]). A similar odds

ratio of survival in medical vs. surgical patients was noted in patients on opioid and sedatives

who developed CPRA (OR 0.346 [95% CI: 0.332–0.360]).

Discussion

The main finding of the study was the demonstration that both medical and surgical patients

had an elevated risk of in-hospital CPRA when treated with opioids and sedatives. Opioids

and sedatives had an independent and additive effect on the risk of developing CPRA in each

clinical group of patients (see Table 2). As compared to patients who received treatment with

opioids only, those who received additional sedative medications had a twofold increase in the

risk of developing CPRA (a 2.0- and. 1.7-times increase in risk in the surgical and the medical

group, respectively; see Table 2). Medical and surgical patients treated with opioid and sedative

therapy were shown to have the specific risk factors of CPRA, which were not present in

patients taking neither of these drugs (see Table 3). The present study also confirmed a high

Table 3. Specific independent predictors of CPRA in medical vs. surgical patients on opioid and sedative therapy.

Medical Patients Surgical Patients

Predictors for Increased Risk of CPRA Adjusted OR a

(95% CI)

Predictors for Increased Risk of CPRA Adjusted OR a

(95% CI)

Hispanic race b 1.31 (1.20, 1.42) Male Gender c 1.45 (1.41, 1.49)

Mild liver disease 1.25 (1.15, 1.36) Age: 61–70 d 1.41 (1.35, 1.48)

Obesity 1.12 (1.06, 1.17) Hispanic race b 1.32 (1.22, 1.42)

Peptic ulcer disease 1.10 (1.00, 1.20) Cancer 1.29 (1.23, 1.36)

COPD 1.09 (1.06, 1.13) Race–other b 1.24 (1.19, 1.29)

Mild liver disease 1.21 (1.08, 1.35)

Age: 51–60 d 1.20 (1.15, 1.26)

COPD 1.16 (1.13, 1.20)

Metastatic solid tumor 1.16 (1.08, 1.25)

Urban—Hospital Location e 1.16 (1.10, 1.22)

Obesity 1.08 (1.04, 1.11)

Diabetes 1.08 (1.04, 1.13)

Sleep disorder 1.07 (1.01, 1.12)

a The adjusted OR (odds ratio) estimation was based on a multivariable logistic regression analysis, which included opioid usage, age, gender, race, comorbidity

condition, admission type, and hospital characteristics (including region, bed size, rural vs. urban, and teaching vs. non-teaching hospital). For reference, see a complete

description of the models in S4 Table in the Supplemental Section.
b “Race–other” includes patients who do not identify themselves as white race, black race, or Hispanic origin; reference group: white race
c Reference group: female
d Reference group: age 18–50
e Reference group: rural hospital.

All the risk factors are shown are ranked by adjusted odds ratio (OR; p<0.05) shown in a decreasing order of the effect size. Bold font identifies factors similar between

medical and surgical patients.

COPD = chronic obstructive pulmonary disease; CPRA = cardiopulmonary or respiratory arrest.

https://doi.org/10.1371/journal.pone.0194553.t003
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mortality risk for patients who developed CPRA. In the United States and other developed

countries, as much as 3.4% to 6% of in-hospital death is preventable [18]. OIRD represents

one of the major causes of the preventable in-hospital death. In 2012, The Joint Commission

issued a sentinel event alert on safe use of opioids in hospitals [7]. This document underscores

the importance of considering an elevated risk of opioids in various groups of patients to avoid

the potential for oversedation and respiratory depression. The knowledge of which patients

require special attention is needed to improve the safe use of opioid and sedative therapy [19].

There were some similarities and differences in the characteristics between in-hospital

medical and surgical patients in the presentation of the specific patterns of CPRA risk while

being on opioid and sedative therapy. Surgical patients had a greater exposure to opioids and

sedatives, a higher rate of CPRA, and a greater survival from CPRA than medical patients. In

part, a better survival could be attributed to a better health status of the surgical patients. In

our multivariable analysis for both medical and surgical groups, four factors came up as inde-

pendent predictors increasing the risk of developing CPRA while on opioid and sedative ther-

apy: Hispanic origin, obesity, mild liver disease, and COPD. We did not observe these

associations in the related control groups of patients without opioid and sedative medications.

There is a paucity of data on the incidence of ICHA in different racial and ethnic popula-

tions [20]. In our study, patients of Hispanic origin on opioids and sedatives, in both medical

and surgical groups, had a higher unadjusted incidence of CPRA (7.56 and 10.12 per 1000

admission, respectively) as compared to the patients of a white race (6.87 and 8.50 per 1000

admission, respectively). Patients of a black race had an even higher rate of CPRA than other

ethnic groups (10.19 and 16.07 per 1000 medical and surgical admission, respectively). How-

ever, the black race as a risk-adjusted predictor of CPRA was significant across all groups and

independent of the use of opioids and sedatives. The increased risk of the Hispanic population

may be explained by differences in socioeconomic factors, individual characteristics, or ele-

ments of the health care system [20]. It has been reported that Hispanics have less exposure to

opioids by having less prescription medication [21] and slightly less current illicit drug use

[22] as compared to whites. Our study observation confirms that Hispanics were less exposed

to in-hospital opioid and sedative therapy as compared to whites in both medical (13.5 vs.

18.0%) and surgical wards (26.9 vs. 34.7%). The reason this patient population is more vulner-

able to CPRA with the opioid and sedative treatment needs further evaluation.

Obesity has long been an important public health priority [23]. It raises the risk for all-

cause and cardiovascular mortality [24], and predisposes patients to post-anesthesia critical

respiratory events [25]. Identification of obesity as a risk factor for obstructive sleep apnea

(OSA) [26] became an important aspect in managing patients during the perioperative period

and in those receiving opioids for pain control [27, 28]. In our study, however, obesity was a

risk predictor for CPRA, independent of other important clinical confounders including a

sleep disorder. Further predispositions in the obese patient population to the complications

from opioid and sedative medications include a higher frequency of daily pain [29], an altered

response of the endogenous opioid system [30], different pharmacokinetics of sedative and

pain control medications [31], and obesity hypoventilation syndrome [32].

Liver disease may impair the metabolism and excretion of many opioid and sedative medi-

cations [33], thereby lowering the threshold for overdose. Child-Pugh and the model for end-

stage liver disease (MELD) classifications of the severity of liver disease became useful clinical

indices in predicting mortality for these patients and their perioperative outcomes [33, 34]. In

our study, moderate to severe liver disease was a major comorbidity factor with the highest

risk for developing in-hospital CPRA across all groups and independent of the use of opioids

and sedatives. Interestingly, our results bring particular attention to the group of medical and

surgical patients with the mild form of liver disease. They had no additional risk of developing
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in-hospital CPRA unless they received opioids and sedatives. A recent study of Veterans’

Health Administration population on opioid prescription [35] has found that pre-existing

mild liver disease was associated with elevated risk for serious opioid-induced respiratory

depression and overdose events.

COPD is one of the leading causes of mortality and a major contributor to hospital admis-

sion [36]. Drug-induced respiratory depression makes patients with preexisting respiratory

disease and COPD susceptible to opioid overdose [37] in both outpatient [35] and in-hospital

settings [38]. A recent Swedish study of COPD patients [39] revealed that benzodiazepines and

higher dose opioids are associated with elevated mortality risks, especially when used concur-

rently. Our study has demonstrated that use of both opioids and sedatives increases the risk

CPRA in both medical and surgical patients with COPD.

Peptic ulcer disease (PUD) was shown in this study to be associated with an increased risk

of CPRA only for medical patients on opioids and sedatives. The nature of this association is

unclear and might reflect a link between PUD and an elevated risk for gastrointestinal bleeding

in critically ill patients on sedation protocols [40]. In a subpopulation of surgical patients

treated with opioids and sedatives, PUD did not present itself as a specific risk predictor of

CPRA.

In patients receiving opioids and sedatives, surgical patients appear to have a different pat-

tern of risk factors for CPRA, compared to medical patients (see Table 3). This includes certain

demographic factors, comorbidities, and hospital settings. Previously, it has been reported that

male gender and older age have been associated with postsurgical opioid-related adverse

events [41]. The same demographic factors were also implied as risk factors for OSA [38]. In

our multivariable model adjusted for confounders, we demonstrated that male gender and

older age are risk predictors of CPRA, independent of the presence of a sleep disorder. While

elderly patients over 70 years old were at risk for CPRA in all patient groups, the surgical

cohort incurs an elevated risk after 50 years of age. Another demographic risk factor specific

for the surgical group of patients was a race other than white, black, or Hispanic origin. This

finding is of interest and needs further investigation to determine other ethnic groups at risk;

further elucidation of race is not available within the Premier database.

Surgical patients with cancer or a metastatic solid tumor exhibited a higher risk of CPRA

when receiving opioid and sedative therapy. Management of cancer patients after surgery

often results in increased use of opioid since many are tolerant from opioid treatment of

chronic pain [42]. However, we found opioid tolerant postsurgical patients to have a decreased

risk for CPRA (see chronic pain patients in S4 Table). This may be due to the induction of

enzymes that metabolize opioids, increasing margin of safety. Thus, within surgical chronic

pain patients, cancer patients may represent a distinct subgroup in their response to opioid

and sedative therapy, which makes them prone to the increase CPRA risk. This could be

explained by the increased complexity and length of oncologic surgical procedures and recon-

structions [43], requiring longer duration of anesthesia and more challenging postoperative

recovery.

Diabetes and diabetic autonomic neuropathy predispose patients to perioperative hemody-

namic instability and cardiac arrest [44]. In our study, only the diabetic surgical patients on

opioid and sedative medications exhibited a higher risk of developing CPRA. Evidence impli-

cating OSA in the pathogenesis of insulin resistance, glucose intolerance, type 2 diabetes, and

the metabolic syndrome is accumulating [45]. Some diabetic features including a reduced hyp-

oxic-induced ventilator drive [46], impaired immune system responses [47], and gastroparesis

might predispose these patients to adverse cardiorespiratory events after surgery. Opioid

induced respiratory depression [28], immunosuppression [48], and slowing gastrointestinal

Predictors of CPRA during opioid and sedative therapy

PLOS ONE | https://doi.org/10.1371/journal.pone.0194553 March 22, 2018 8 / 13

https://doi.org/10.1371/journal.pone.0194553


motility, may further contribute to poor perioperative outcomes in this patient population. In

addition, patients with diabetic neuropathic pain [49] may require higher analgesic doses.

In our study, sleep disorder was associated with an elevated risk for CPRA in the surgical

group of patients on opioid and sedative therapy. Sleep-related breathing disorders, especially

OSA, are known risk factors for opioid induced respiratory depression and CPRA in the peri-

operative environment [7, 8, 26–28]. Partial or complete periodic obstruction of the airway

associated with OSA leads to hypoxia and hypercarbia episodes, as well as cardiovascular dys-

function. Recognizing the major morbidity and mortality risks in OSA patients on opioids,

recent professional guidelines [27, 28, 38] consider early recognition of patients at risk and the

use of more vigilant monitoring of respiratory function and sedation levels for safe periopera-

tive management of these patients.

We found that patients in urban hospitals had a higher risk of developing of CPRA when

placed on opioid and sedative therapy. In outpatient settings, mortality as a result of opioid

overdose was reported higher in rural areas [50]. A recent study of critical access hospitals

[51], which serve mainly rural areas, has demonstrated that for the most common general sur-

geries, the risk for developing a major complication after surgery, such as pulmonary failure

and myocardial infarction, was lower at rural hospitals, as compared to hospitals serving

urban areas. In light of this data, our findings revealing the role of opioid and sedative medica-

tions in the perioperative period may provide some insight to the differences in cardiorespira-

tory outcomes between surgical patients in urban and rural areas. Further understanding the

differences in hospital care between different hospitals could help develop targeted strategies

of care in patients under the risk of IHCA [52, 53].

As a retrospective administrative database analysis, this study does not establish the causal-

ity or the temporality of the events but rather determines statistically significant associations

between the clinical factors and outcomes. Drawing clinical inferences from an administrative

database, has known limitations [14, 41]. Administrative databases capture only billing claims.

It is possible that some clinical data might not be available. Data, such as the chronology of

events, family history, severity of most disorders, laboratory data, vital signs, medication dos-

ages, and “Do not resuscitate” status, are not listed in the administrative database. These addi-

tional features would provide more insight to identifications of specific risks associated with

in-hospital opioid and sedative treatment. However, in this study, the important information

about cardiopulmonary arrest is not likely to be overlooked. As shown in a study of Makadia

and Ryan [54], the Premier database can be successfully used for the assessment of the quality

of hospital care where the quality metrics of the study rely on information contained within

the inpatient encounter. While many medications have sedative properties, we have limited

our analysis to opioids and sedatives commonly used on hospital wards and previously shown

to be associated with the development of inpatient CPRA [14]. It is unknown how the inclu-

sion (or exclusion) of specific medications from the analysis would impact the findings. Our

study has strength related to the exceptionally large number of the patients analyzed. The

results are applicable to the diverse set of hospital conditions. Since the Premier database

includes privately and publically insured, as well as, uninsured patients, it is more representa-

tive of the national patient population compared to data from Medicare or private insurance

databases.

In conclusion, opioids and sedatives are independent and additive predictors of CPRA in

both medical and surgical in-hospital patients. Using the risk stratification identified by this

study, judicious use of the combination of opioids with sedative medications, opioids sparing

analgesic techniques, and more precise monitoring of selected high-risk patients may help pre-

vent these catastrophic events.

Predictors of CPRA during opioid and sedative therapy

PLOS ONE | https://doi.org/10.1371/journal.pone.0194553 March 22, 2018 9 / 13

https://doi.org/10.1371/journal.pone.0194553


Supporting information

S1 Table. Exclusionary ICD-9-CM codes.

(DOCX)

S2 Table. Types of medications included in the study.

(DOCX)

S3 Table. Demographic, clinical, and provider characteristics in studied medical and surgi-

cal inpatients.

(DOCX)

S4 Table. Adjusted odds ratios for CPRA for medical and surgical patients on opioids and

sedatives or neither of them.

(DOCX)

Author Contributions

Conceptualization: Igor Izrailtyan, Jiejing Qiu, Frank J. Overdyk, Mary Erslon, Tong J. Gan.

Data curation: Jiejing Qiu.

Formal analysis: Jiejing Qiu.

Investigation: Igor Izrailtyan, Jiejing Qiu.

Methodology: Igor Izrailtyan, Frank J. Overdyk, Mary Erslon, Tong J. Gan.

Writing – original draft: Igor Izrailtyan, Jiejing Qiu, Mary Erslon, Tong J. Gan.

Writing – review & editing: Igor Izrailtyan, Jiejing Qiu, Frank J. Overdyk, Mary Erslon, Tong

J. Gan.

References
1. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, et al. Heart disease and stroke

statistics—2015 update: a report from the American Heart Association. Circulation. 2015; 131(4):e29–

322. https://doi.org/10.1161/CIR.0000000000000152 PMID: 25520374

2. Atwood C, Eisenberg MS, Herlitz J, Rea TD. Incidence of EMS-treated out-of-hospital cardiac arrest in

Europe. Resuscitation. 2005; 67(1):75–80. https://doi.org/10.1016/j.resuscitation.2005.03.021 PMID:

16199289

3. Merchant RM, Yang L, Becker LB, Berg RA, Nadkarni V, Nichol G, et al. Incidence of treated cardiac

arrest in hospitalized patients in the United States. Critical care medicine. 2011; 39(11):2401–6. https://

doi.org/10.1097/CCM.0b013e3182257459 PMID: 21705896

4. Kronick SL, Kurz MC, Lin S, Edelson DP, Berg RA, Billi JE, et al. Part 4: Systems of Care and Continu-

ous Quality Improvement: 2015 American Heart Association Guidelines Update for Cardiopulmonary

Resuscitation and Emergency Cardiovascular Care. Circulation. 2015; 132(18 Suppl 2):S397–413.

5. Morrison LJ, Neumar RW, Zimmerman JL, Link MS, Newby LK, McMullan PW Jr., et al. Strategies for

improving survival after in-hospital cardiac arrest in the United States: 2013 consensus recommenda-

tions: a consensus statement from the American Heart Association. Circulation. 2013; 127(14):1538–

63. https://doi.org/10.1161/CIR.0b013e31828b2770 PMID: 23479672

6. Nolan J. Commentary: IHCA: Catching up with Advances Made in Out-Of-Hospital Cardiac Arrest

http://my.americanheart.org/professional/ScienceNews/IHCA-Catching-up-with-Advances-Made-in-

Out-Of-Hospital-Cardiac-Arrest_UCM_450079_Article.jsp-.VkuGFt-rQi4 2013 [updated 2014 Aug 5].

7. The Joint Comission. Safe use of opioids in hospitals. Sentinel Event Alert: 2012 Aug 8. Report No.:

Issue 49.

8. Lee LA, Caplan RA, Stephens LS, Posner KL, Terman GW, Voepel-Lewis T, et al. Postoperative opi-

oid-induced respiratory depression: a closed claims analysis. Anesthesiology. 2015; 122(3):659–65.

https://doi.org/10.1097/ALN.0000000000000564 PMID: 25536092

Predictors of CPRA during opioid and sedative therapy

PLOS ONE | https://doi.org/10.1371/journal.pone.0194553 March 22, 2018 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194553.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194553.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194553.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194553.s004
https://doi.org/10.1161/CIR.0000000000000152
http://www.ncbi.nlm.nih.gov/pubmed/25520374
https://doi.org/10.1016/j.resuscitation.2005.03.021
http://www.ncbi.nlm.nih.gov/pubmed/16199289
https://doi.org/10.1097/CCM.0b013e3182257459
https://doi.org/10.1097/CCM.0b013e3182257459
http://www.ncbi.nlm.nih.gov/pubmed/21705896
https://doi.org/10.1161/CIR.0b013e31828b2770
http://www.ncbi.nlm.nih.gov/pubmed/23479672
http://my.americanheart.org/professional/ScienceNews/IHCA-Catching-up-with-Advances-Made-in-Out-Of-Hospital-Cardiac-Arrest_UCM_450079_Article.jsp-.VkuGFt-rQi4
http://my.americanheart.org/professional/ScienceNews/IHCA-Catching-up-with-Advances-Made-in-Out-Of-Hospital-Cardiac-Arrest_UCM_450079_Article.jsp-.VkuGFt-rQi4
https://doi.org/10.1097/ALN.0000000000000564
http://www.ncbi.nlm.nih.gov/pubmed/25536092
https://doi.org/10.1371/journal.pone.0194553


9. Fecho K, Jackson F, Smith F, Overdyk FJ. In-hospital resuscitation: opioids and other factors influenc-

ing survival. Therapeutics and clinical risk management. 2009; 5:961–8. PMID: 20057895

10. Overdyk FJ, Guerra JJ. Improving outcomes in med-surg patients with opioid-induced respiratory

depression. American Nurse Today. 2011; 6(11):26–31.

11. Carlisle H. The case for capnography in patients receiving opioids. American Nurse Today. 2014; 9

(9):22–7.

12. Chen LH, Hedegaard H, Warner M. Drug-poisoning Deaths Involving Opioid Analgesics: United States,

1999–2011. NCHS Data Brief. 2014(166):1–8.

13. Dowell D, Haegerich TM, Chou R. CDC Guideline for Prescribing Opioids for Chronic Pain—United

States, 2016. MMWR Recomm Rep 2016; 65(No. RR-1):1–49.

14. Overdyk FJ, Dowling O, Marino J, Qiu J, Chien H-L, Erslon M, et al. Association of Opioids and Seda-

tives with Increased Risk of In-Hospital Cardiopulmonary Arrest from an Administrative Database.

PLoS ONE. 2016; 11(2):e0150214. https://doi.org/10.1371/journal.pone.0150214 PMID: 26913753

15. Overdyk FJ. Postoperative opioids remain a serious patient safety threat. Anesthesiology. 2010; 113

(1):259–60; author reply 60–1. https://doi.org/10.1097/ALN.0b013e3181e2c1d9 PMID: 20574235

16. Churpek MM, Yuen TC, Winslow C, Hall J, Edelson DP. Differences in vital signs between elderly and

nonelderly patients prior to ward cardiac arrest. Critical care medicine. 2015; 43(4):816–22. https://doi.

org/10.1097/CCM.0000000000000818 PMID: 25559439

17. Stokes ME, Ye X, Shah M, Mercaldi K, Reynolds MW, Rupnow MF, et al. Impact of bleeding-related

complications and/or blood product transfusions on hospital costs in inpatient surgical patients. BMC

health services research. 2011; 11:135. https://doi.org/10.1186/1472-6963-11-135 PMID: 21627788

18. Hogan H, Healey F, Neale G, Thomson R, Vincent C, Black N. Preventable deaths due to problems in

care in English acute hospitals: a retrospective case record review study. BMJ quality & safety. 2012;

21(9):737–45.

19. Sessler DI. Preventing respiratory depression. Anesthesiology. 2015; 122(3):484–5. https://doi.org/10.

1097/ALN.0000000000000565 PMID: 25502066

20. Strategies to Improve Cardiac Arrest Survival: A Time to Act. Robert Graham MAM, and Schultz Andrea

M., Editors; Committee on the Treatment of Cardiac Arrest: Current Status and Future Directions;

Board on Health Sciences Policy; Institute of Medicine, editor. Washington, D.C.: The National Acad-

emy of Sciences Press; 2015.

21. Frenk SM, Porter KS, Paulozzi LJ. Prescription Opioid Analgesic Use Among Adults: United States,

1999–2012. NCHS Data Brief. 2015(189):1–8.

22. Substance Abuse and Mental Health Services Administration. Results from the 2013 National Survey

on Drug Use and Health: Summary of National Findings. 2013 Sep 16. Report No.: Pub id: SMA14-

4863.

23. National Center for Health Statistics. Health, United States, 2014: With Special Feature on Adults Aged

55–64, table 55. Hyattsville, MD 2014. 473 p.

24. Jensen MD, Ryan DH, Apovian CM, Ard JD, Comuzzie AG, Donato KA, et al. 2013 AHA/ACC/TOS

Guideline for the Management of Overweight and Obesity in AdultsA Report of the American College of

Cardiology/American Heart Association Task Force on Practice Guidelines and The Obesity Society.

Journal of the American College of Cardiology. 2014; 63(25_PA).

25. Rose DK, Cohen MM, Wigglesworth DF, DeBoer DP. Critical respiratory events in the postanesthesia

care unit. Patient, surgical, and anesthetic factors. Anesthesiology. 1994; 81(2):410–8. PMID: 8053592

26. Chung SA, Yuan H, Chung F. A systemic review of obstructive sleep apnea and its implications for

anesthesiologists. Anesthesia and analgesia. 2008; 107(5):1543–63. https://doi.org/10.1213/ane.

0b013e318187c83a PMID: 18931212

27. Practice Guidelines for the Perioperative Management of Patients with Obstructive Sleep Apnea. An

Updated Report by the American Society of Anesthesiologists Task Force on Perioperative Manage-

ment of Patients with Obstructive Sleep Apnea. Anesthesiology. 2014; 120(2):268–86. https://doi.org/

10.1097/ALN.0000000000000053 PMID: 24346178

28. Practice Guidelines for the Prevention, Detection, and Management of Respiratory Depression Associ-

ated with Neuraxial Opioid Administration. An Updated Report by the American Society of Anesthesiolo-

gists Task Force on Neuraxial Opioids and the American Society of Regional Anesthesia and Pain

Medicine. Anesthesiology. 2016; 124(3):535–52. https://doi.org/10.1097/ALN.0000000000000975

PMID: 26655725

29. Stone AA, Broderick JE. Obesity and Pain Are Associated in the United States. Obesity. 2012; 20

(7):1491–5. https://doi.org/10.1038/oby.2011.397 PMID: 22262163

Predictors of CPRA during opioid and sedative therapy

PLOS ONE | https://doi.org/10.1371/journal.pone.0194553 March 22, 2018 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/20057895
https://doi.org/10.1371/journal.pone.0150214
http://www.ncbi.nlm.nih.gov/pubmed/26913753
https://doi.org/10.1097/ALN.0b013e3181e2c1d9
http://www.ncbi.nlm.nih.gov/pubmed/20574235
https://doi.org/10.1097/CCM.0000000000000818
https://doi.org/10.1097/CCM.0000000000000818
http://www.ncbi.nlm.nih.gov/pubmed/25559439
https://doi.org/10.1186/1472-6963-11-135
http://www.ncbi.nlm.nih.gov/pubmed/21627788
https://doi.org/10.1097/ALN.0000000000000565
https://doi.org/10.1097/ALN.0000000000000565
http://www.ncbi.nlm.nih.gov/pubmed/25502066
http://www.ncbi.nlm.nih.gov/pubmed/8053592
https://doi.org/10.1213/ane.0b013e318187c83a
https://doi.org/10.1213/ane.0b013e318187c83a
http://www.ncbi.nlm.nih.gov/pubmed/18931212
https://doi.org/10.1097/ALN.0000000000000053
https://doi.org/10.1097/ALN.0000000000000053
http://www.ncbi.nlm.nih.gov/pubmed/24346178
https://doi.org/10.1097/ALN.0000000000000975
http://www.ncbi.nlm.nih.gov/pubmed/26655725
https://doi.org/10.1038/oby.2011.397
http://www.ncbi.nlm.nih.gov/pubmed/22262163
https://doi.org/10.1371/journal.pone.0194553


30. Karlsson HK, Tuominen L, Tuulari JJ, Hirvonen J, Parkkola R, Helin S, et al. Obesity is associated with

decreased mu-opioid but unaltered dopamine D2 receptor availability in the brain. The Journal of neuro-

science: the official journal of the Society for Neuroscience. 2015; 35(9):3959–65.

31. De Baerdemaeker LE, Mortier EP, Struys MM. Pharmacokinetics in obese patients. Continuing Educa-

tion in Anaesthesia, Critical Care & Pain. 2004; 4(5):152–5.

32. Mokhlesi B, Kryger MH, Grunstein RR. Assessment and Management of Patients with Obesity Hypo-

ventilation Syndrome. Proceedings of the American Thoracic Society. 2008; 5(2):218–25. https://doi.

org/10.1513/pats.200708-122MG PMID: 18250215

33. Verbeeck RK. Pharmacokinetics and dosage adjustment in patients with hepatic dysfunction. European

journal of clinical pharmacology. 2008; 64(12):1147–61. https://doi.org/10.1007/s00228-008-0553-z

PMID: 18762933

34. Lee SS, Liu H. Cardiovascular determinants of survival in cirrhosis. Gut. 2007; 56(6):746–8. https://doi.

org/10.1136/gut.2006.112169 PMID: 17519479

35. Zedler B, Xie L, Wang L, Joyce A, Vick C, Brigham J, et al. Development of a Risk Index for Serious Pre-

scription Opioid-Induced Respiratory Depression or Overdose in Veterans’ Health Administration

Patients. Pain Medicine. 2015; 16(8):1566–79. https://doi.org/10.1111/pme.12777 PMID: 26077738

36. Mannino DM, Buist AS. Global burden of COPD: risk factors, prevalence, and future trends. The Lancet.

2007; 370(9589):765–73.

37. World Health Organization. Community management of opioid overdose. 2014. 88p.

38. Jarzyna D, Jungquist CR, Pasero C, Willens JS, Nisbet A, Oakes L, et al. American Society for Pain

Management Nursing guidelines on monitoring for opioid-induced sedation and respiratory depression.

Pain management nursing: official journal of the American Society of Pain Management Nurses. 2011;

12(3):118–45.e10.

39. Ekstrom MP, Bornefalk-Hermansson A, Abernethy AP, Currow DC. Safety of benzodiazepines and opi-

oids in very severe respiratory disease: national prospective study. BMJ (Clinical research ed). 2014;

348:g445.

40. Cook DJ, Fuller HD, Guyatt GH, Marshall JC, Leasa D, Hall R, et al. Risk factors for gastrointestinal

bleeding in critically ill patients. Canadian Critical Care Trials Group. The New England journal of medi-

cine. 1994; 330(6):377–81. https://doi.org/10.1056/NEJM199402103300601 PMID: 8284001

41. Kessler ER, Shah M, Gruschkus SK, Raju A. Cost and quality implications of opioid-based postsurgical

pain control using administrative claims data from a large health system: opioid-related adverse events

and their impact on clinical and economic outcomes. Pharmacotherapy. 2013; 33(4):383–91. https://

doi.org/10.1002/phar.1223 PMID: 23553809

42. Huxtable CA, Roberts LJ, Somogyi AA, MacIntyre PE. Acute pain management in opioid-tolerant

patients: a growing challenge. Anaesthesia and intensive care. 2011; 39(5):804–23. PMID: 21970125

43. Korc-Grodzicki B, Downey RJ, Shahrokni A, Kingham TP, Patel SG, Audisio RA. Surgical consider-

ations in older adults with cancer. Journal of clinical oncology: official journal of the American Society of

Clinical Oncology. 2014; 32(24):2647–53.

44. Vinik AI, Erbas T, Casellini CM. Diabetic cardiac autonomic neuropathy, inflammation and cardiovascu-

lar disease. Journal of diabetes investigation. 2013; 4(1):4–18. https://doi.org/10.1111/jdi.12042 PMID:

23550085

45. Punjabi NM. Do sleep disorders and associated treatments impact glucose metabolism? Drugs. 2009;

69 Suppl 2:13–27.

46. Sobotka PA, Liss HP, Vinik AI. Impaired hypoxic ventilatory drive in diabetic patients with autonomic

neuropathy. The Journal of clinical endocrinology and metabolism. 1986; 62(4):658–63. https://doi.org/

10.1210/jcem-62-4-658 PMID: 3081568

47. Geerlings SE, Hoepelman AI. Immune dysfunction in patients with diabetes mellitus (DM). FEMS immu-

nology and medical microbiology. 1999; 26(3–4):259–65. PMID: 10575137

48. Brack A, Rittner HL, Stein C. Immunosuppressive effects of opioids—clinical relevance. Journal of neu-

roimmune pharmacology: the official journal of the Society on NeuroImmune Pharmacology. 2011; 6

(4):490–502.

49. Huizinga MM, Peltier A. Painful Diabetic Neuropathy: A Management-Centered Review. Clinical Diabe-

tes. 2007; 25(1):6–15.

50. Fala L, Welz JA. New Perspectives in the Treatment of Opioid-Induced Respiratory Depression. Ameri-

can health & drug benefits. 2015; 8(6 Suppl 3):S51–63.

51. Ibrahim AM, Hughes TG, Thumma JR, Dimick JB. Association of Hospital Critical Access Status With

Surgical Outcomes and Expenditures Among Medicare Beneficiaries. Jama. 2016; 315(19):2095–103.

https://doi.org/10.1001/jama.2016.5618 PMID: 27187302

Predictors of CPRA during opioid and sedative therapy

PLOS ONE | https://doi.org/10.1371/journal.pone.0194553 March 22, 2018 12 / 13

https://doi.org/10.1513/pats.200708-122MG
https://doi.org/10.1513/pats.200708-122MG
http://www.ncbi.nlm.nih.gov/pubmed/18250215
https://doi.org/10.1007/s00228-008-0553-z
http://www.ncbi.nlm.nih.gov/pubmed/18762933
https://doi.org/10.1136/gut.2006.112169
https://doi.org/10.1136/gut.2006.112169
http://www.ncbi.nlm.nih.gov/pubmed/17519479
https://doi.org/10.1111/pme.12777
http://www.ncbi.nlm.nih.gov/pubmed/26077738
https://doi.org/10.1056/NEJM199402103300601
http://www.ncbi.nlm.nih.gov/pubmed/8284001
https://doi.org/10.1002/phar.1223
https://doi.org/10.1002/phar.1223
http://www.ncbi.nlm.nih.gov/pubmed/23553809
http://www.ncbi.nlm.nih.gov/pubmed/21970125
https://doi.org/10.1111/jdi.12042
http://www.ncbi.nlm.nih.gov/pubmed/23550085
https://doi.org/10.1210/jcem-62-4-658
https://doi.org/10.1210/jcem-62-4-658
http://www.ncbi.nlm.nih.gov/pubmed/3081568
http://www.ncbi.nlm.nih.gov/pubmed/10575137
https://doi.org/10.1001/jama.2016.5618
http://www.ncbi.nlm.nih.gov/pubmed/27187302
https://doi.org/10.1371/journal.pone.0194553


52. Kolte D, Khera S, Aronow WS, Palaniswamy C, Mujib M, Ahn C, et al. Regional variation in the inci-

dence and outcomes of in-hospital cardiac arrest in the United States. Circulation. 2015; 131(16):1415–

25. https://doi.org/10.1161/CIRCULATIONAHA.114.014542 PMID: 25792560

53. Anderson ML, Nichol G, Dai D, Chan PS, Thomas L, Al-Khatib SM, et al. Association Between Hospital

Process Composite Performance and Patient Outcomes After In-Hospital Cardiac Arrest Care. JAMA

cardiology. 2016; 1(1):37–45. https://doi.org/10.1001/jamacardio.2015.0275 PMID: 27437652

54. Makadia R, Ryan PB. Transforming the Premier Perspective Hospital Database into the Observational

Medical Outcomes Partnership (OMOP) Common Data Model. EGEMS (Washington, DC). 2014; 2

(1):1–10.

Predictors of CPRA during opioid and sedative therapy

PLOS ONE | https://doi.org/10.1371/journal.pone.0194553 March 22, 2018 13 / 13

https://doi.org/10.1161/CIRCULATIONAHA.114.014542
http://www.ncbi.nlm.nih.gov/pubmed/25792560
https://doi.org/10.1001/jamacardio.2015.0275
http://www.ncbi.nlm.nih.gov/pubmed/27437652
https://doi.org/10.1371/journal.pone.0194553

