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Abstract

Objective

Red cell distribution width (RDW) is associated with mortality and bloodstream infection risk

in the critically ill. In vascular surgery patients surviving critical care it is not known if RDW

can predict subsequent risk of all-cause mortality following hospital discharge. We hypothe-

sized that an increase in RDW at hospital discharge in vascular surgery patients who

received critical care would be associated with increased mortality following hospital

discharge.

Design, setting, and participants

We performed a two-center observational cohort study of critically ill non-cardiac vascular

surgery patients surviving admission 18 years or older treated between November, 1997,

and December 2012 in Boston, Massachusetts.

Exposures

RDW measured within 24 hours of hospital discharge and categorized a priori as�13.3%,

13.3–14.0%, 14.0–14.7%, 14.7–15.8%, >15.8%.

Main outcomes and measures

The primary outcome was all cause mortality in the 90 days following hospital discharge.

Results

The cohort included 4,715 patients (male 58%; white 83%; mean age 62.9 years). 90 and

365-day post discharge mortality was 7.5% and 14.4% respectively. In the cohort, 47.3%

were discharged to a care facility and 14.8% of patients were readmitted within 30 days.
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After adjustment for age, gender, race, Deyo-Charlson comorbidity Index, patient type,

acute organ failures, prior vascular surgery and vascular surgery category, patients with a

discharge RDW 14.7–15.8% or >15.8% have an adjusted OR of 90-day post discharge mor-

tality of 2.52 (95%CI, 1.29–4.90; P = 0.007) or 5.13 (95%CI, 2.70–9.75; P <0.001) relative to

patients with a discharge RDW�13.3%. The adjusted odds of 30-day readmission in the

RDW >15.8% group was 1.52 (95%CI, 1.12–2.07; P = 0.007) relative to patients with a dis-

charge RDW�13.3%. Similar adjusted discharge RDW-outcome associations are present

at 365 days following hospital discharge and for discharge to a care facility.

Conclusions

In critically ill vascular surgery patients who survive hospitalization, an elevated RDW at hos-

pital discharge is a strong predictor of subsequent mortality, hospital readmission and place-

ment in a care facility. Patients with elevated RDW are at high risk for adverse out of hospital

outcomes and may benefit from closer post discharge follow-up and higher intensity

rehabilitation.

Introduction

Survivors of critical illness suffer from significant long-term morbidity and mortality [1]. Post-

hospital discharge mortality in intensive care unit (ICU) survivors is over 15% at one year and

near 40% at three years [2, 3]. Little is known about the post-hospital survival for critically ill

vascular surgery patients in general or the specific risk factors for adverse outcomes in this

population. The existing studies on risk factors and predictive models of outcomes following

vascular surgery are not focused on those requiring critical care [4–7].

Inflammation is central for the initiation and propagation of vascular disease [8]. Vascular

surgery patients have high inflammatory activation as surgery induces additional pro-

inflammatory cytokines [9]. Inflammatory mediators correlate with Red cell distribution

width (RDW), a measure of the variation in circulating red cell size commonly reported in the

complete blood count [10–12]. RDW is robustly associated with markers of chronic subclinical

inflammation, elevated oxidative stress, malnutrition, C-reactive protein, interleukin-6, eryth-

rocyte sedimentation rate and beta-natriuretic peptide [10–13]. Patients with elevated RDW

have a significantly higher risk of peripheral artery disease [14, 15], hypertension [16], and cor-

onary artery disease event rates [17].

Our prior cohort studies in medical and surgical patients demonstrate that RDW is also

associated with critical illness outcomes when measured at hospital admission and at hospital

discharge [18, 19]. Our critical illness outcome studies did not focus on the vascular surgery

population where RDW is associated with vascular disease presence [14–17]. As the vascular

surgery population has increased complications, mortality and readmissions following hospital

discharge [20], we sought to determine the relationship between RDW at hospital discharge

and post-hospital outcomes in vascular surgery patients who required critical care. We

hypothesized that elevated RDW at hospital discharge would be associated with increased all

cause 90-day post-hospital discharge mortality. To test this hypothesis, we performed a two-

center observational cohort study of 4,715 adults who underwent vascular surgery and were

treated with critical care and survived hospitalization.
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Materials and methods

Source population

We extracted administrative and laboratory data from patients admitted to two Boston hospi-

tals: Brigham and Women’s Hospital (BWH), with 777 beds and Massachusetts General Hos-

pital (MGH) with 999 beds. The two hospitals provide primary as well as tertiary care to an

ethnically and socioeconomically diverse population within eastern Massachusetts and the sur-

rounding region.

Data sources

Data on all patients admitted to BWH or MGH between November 2, 1997 and December 31,

2012 were obtained through the Research Patient Data Registry (RPDR), a computerized regis-

try which serves as a central data warehouse for all inpatient and outpatient records at Partners

HealthCare sites which includes BWH and MGH. The RPDR has been used for other clinical

research studies [18, 19, 21, 22]. This study was approved by the Partners Human Research

Committee, the Institutional Review Board (IRB) of Partners HealthCare. Informed consent of

study subjects was not obtained. The IRB approval included a waiver of the requirement to

obtain informed consent because the risk to study subjects, including risk to privacy, was

deemed to be minimal, obtaining informed consent of study subjects was not feasible and the

rights and welfare of the subjects would not be adversely affected by the waiver.

Study population

During the study period there were 7,608 unique patients, age� 18 years, who received critical

care, were assigned Current Procedural Terminology (CPT) codes for vascular surgery in the

six days prior to ICU admission to 2 days after (S1 Appendix), and were assigned a Diagnostic

Related Group code. ICU admission was determined by assignment of the CPT code 99291

(critical care, first 30–74 minutes) during hospitalization admission, a validated approach for

ICU admission in the RPDR database [23]. Exclusions included: 3 patients who had white

blood cells over 150,000/μl as a high white blood cell count may skew the automatically calcu-

lated RDW [24]; 961 patients who died as in-patients; 76 patients with End Stage Renal Dis-

ease; and 1,853 patients who did not have RDW drawn within 24 hours of hospital discharge.

Thus, 4,715 patients constituted the total study population.

Exposure of interest and comorbidities

The exposure of interest was RDW within 24 hours of hospital discharge and categorized a pri-

ori as�13.3%, 13.3–14.0%, 14.0–14.7%, 14.7–15.8%, and>15.8%. For the duration of the

study, the RDW was determined directly from the red blood cell histogram and expressed as

coefficient of variation (CV) via automated hematology analyzers. Sepsis was defined as the

presence of International Classification of Diseases, Ninth Revision, Clinical Modification

(ICD-9-CM) codes 038, 995.91, 995.92, or 785.52, 3 days prior to critical care initiation to

7 days after critical care initiation [25]. We utilized the Deyo-Charlson index to assess the bur-

den of chronic illness [26] employing ICD-9-CM coding algorithms which are well studied

and validated [27, 28]. History of hypertension was identified using ICD-9-CM codes (401.0,

401.1, 401.9, 405, 405.01, 405.09, 405.1, 405.11, 405.19, 405.9, 405.91, and 405.99) [29]. Patient

Type is defined as Medical or Surgical and incorporates the Diagnostic Related Grouping

(DRG) methodology [30] and is published by the Centers for Medicare & Medicaid Services

(CMS) [31]. Number of organs with failure was adapted from Martin et al [32] and defined by

a combination of ICD-9-CM and Current Procedural Terminology (CPT) codes relating to
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PLOS ONE | https://doi.org/10.1371/journal.pone.0199654 September 5, 2018 3 / 13

https://doi.org/10.1371/journal.pone.0199654


acute organ dysfunction assigned from 3 days prior to critical care initiation to 30 days after

critical care initiation [33, 34]. Noncardiogenic acute respiratory failure was identified by the

presence of ICD-9-CM codes for respiratory failure or pulmonary edema (518.4, 518.5, 518.81,

and 518.82) and mechanical ventilation (96.7×), excluding congestive heart failure (428.0–

428.9) following hospital admission [24]. Changes from the expected hospital length of stay

(LOS) were computed as the difference between the actual LOS and the geometric mean LOS

for each DRG as determined by the Centers for Medicare & Medicaid Services [13].

Patients were considered to have exposure to inotropes and vasopressors if pharmacy rec-

ords in the 3 days prior to the 7 days after critical care initiation showed evidence of the use of

dopamine, dobutamine, epinephrine, norepinephrine, phenylephrine, milrinone or vasopres-

sin. As adding exogenous red blood cells through repeated transfusions is reported to skew the

RDW [24], transfusion data was obtained via blood bank reports. The number of packed red

blood cell units transfused in the 48 hours prior to critical care initiation through the hospital

stay was recorded.

Assessment of mortality

Information on vital status for the study cohort was obtained from the Social Security Admin-

istration Death Master File. The accuracy of the Social Security Administration Death Master

File for in-hospital and out of hospital mortality in our administrative database is validated

[23]. 100% of the cohort had vital status present at 365 days following hospital discharge.

Study outcomes

The primary outcome was all-cause 90-day post-discharge mortality. Secondary outcomes

included 365-day post-discharge mortality, unplanned 90-day hospital readmission [35, 36]

and discharge to a care facility. Hospital readmission was determined from RPDR hospital

admission data as previously described [37] and defined as a subsequent or unscheduled

admission to BWH or MGH following the index hospitalization associated with the critical

care exposure [37–39]. We excluded readmissions with DRG codes that are commonly associ-

ated with planned readmissions in addition to DRGs for transplantation, procedures related to

pregnancy, and psychiatric issues [3, 37]. Discharge care facility data was determined from

hospital records [40].

Power calculations and statistical analysis

Based on our prior work [19], we assume that absolute 90-day post-hospital discharge mortal-

ity will increase 12.7% in patients with discharge RDW>15.8% compared to those with dis-

charge RDW�13.3%. Using Stata 14.1MP statistical software (College Station, TX), we

estimated the sample size for two-sample comparison of proportions. With an alpha error

level of 5% (two-sided) and a power of 90%, the sample size thus required for our primary end

point (90-day post-hospital discharge mortality) is 114 in the RDW>15.8% group and 114 in

the RDW�13.3% group.

Categorical variables were described by frequency distribution, and compared across RDW

groups using contingency tables and chi-square testing. Continuous variables were examined

graphically (histogram, box plot) and in terms of summary statistics (mean, standard devia-

tion, median, interquartile range), and then compared across exposure groups using one-way

analysis of variance (ANOVA). Unadjusted associations between covariates and mortality

were estimated by bivariable logistic regression models. Adjusted odds ratios were estimated

by multivariable logistic regression models with inclusion of a priori determined covariate

High red cell distribution width and poor non-cardiac vascular surgery outcomes
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terms thought to plausibly associate with both RDW levels and 90-day post-discharge mortal-

ity. Overall model fit was assessed using the Hosmer Lemeshow test.

We assessed possible effect modification of sepsis, creatinine, white blood count, hematocrit

and transfusion on the risk of mortality using the likelihood-ratio test. We evaluated for con-

founding by individually running the adjusted model with and without terms for creatinine,

white blood count, transfusion, hematocrit, vasopressors/inotropes or mechanical ventilation.

Receiver operator characteristic (ROC) curves were constructed to analyze the discriminating

power of discharge RDW for predicting 90-day post-discharge mortality, and the areas

under each ROC curve were compared. An empirical estimation of the optimal ROC cutoff

point was performed with the cutpt command in Stata utilizing bootstrapping [41]. The con-

tinuous crude and adjusted relationship between discharge RDW level and risk of 90-day

post-discharge mortality was graphically represented utilizing the coefplot command [42]. All

p-values are two-tailed, with values<0.05 were considered statistically significant. All analyses

were performed using Stata 14.1MP statistical software (College Station, TX).

Results

Table 1 shows characteristics of the study population. Most patients were male (58%), white

(83%) and the majority had surgically related DRGs (84%). The mean age at hospital admis-

sion was 62.6 (SD 16.9) years. Post-hospital discharge mortality rates were 3.9% at 30-days,

7.5% at 90 days and 14.4% at 365 days. 90-day readmission rate was 23%. The vascular surgery

procedure classes in the cohort included abdomen (36%), amputations (2%), compartment

syndrome (2%), lower extremity (8%), neck (8%), upper extremity (31%) and venous (13%).

Fifty-four percent of the vascular procedures were endovascular. Age, Deyo-Charlson Index,

acute organ failure, malignancy, acute kidney injury, sepsis, RDW at hospital discharge,

change in expected length of stay, discharge to care facility and hospital readmission are signif-

icant predictors of 90-day mortality (Table 1).

Patient characteristics of the study cohort were stratified according to discharge RDW levels

(Table 2).

Most factors significantly differed between stratified groups including 90-day post-dis-

charge mortality.

Primary outcome

RDW at hospital discharge was a strong predictor of 90-day post-discharge mortality following

multivariable adjustment for relevant confounders (Fig 1 and Table 3).

In model 1 adjusting for age, race, patient type, Deyo-Charlson index, Number of organs

with acute failure, sepsis, prior vascular surgery and vascular surgery class, the odds of 90-day

mortality in the RDW 14.7–15.8% and RDW >15.8% groups was 5 and 12-fold higher than

the RDW� 13.3% group respectively. Discharge RDW remained a significant predictor of

odds of mortality after adjustment for age, gender, race, DRG type, Deyo-Charlson index,

acute organ failure, sepsis, prior vascular surgery and vascular surgery category. The adjusted

odds of 90-day mortality in the RDW 14.7–15.8% and RDW >15.8% groups was 2.5 and

5-fold respectively that of those with RDW� 13.3%. The AUC for the prediction model 1 for

90 day post-discharge mortality was 0.80 (95%CI 0.78–0.83). The prediction model 1 showed

good calibration (HL χ2 9.2, P = 0.33) (Table 3). The optimal cut point for 90-day post-dis-

charge mortality was RDW = 15.45 (95%CI 15.01–15.88).

There was no significant effect modification of the RDW-90-day post-discharge mortality

association on the basis of sepsis (P-interaction = 0.23), hospital (P-interaction = 0.09), chronic

kidney disease (P-interaction = 0.52) or transfusion (P-interaction = 0.48). Though the effect
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sizes differed, the direction of the estimates and overall significance of the RDW-post-dis-

charge mortality association was not materially altered by hospital. Additional adjustment of

the model for hospital, endovascular repair, calendar quarter of hospital discharge or Red

Blood Cell Transfusions did not materially alter the point estimates. Similar robust crude and

adjusted discharge RDW-mortality associations are present at 365 days following hospital dis-

charge (data not shown).

Secondary outcomes

The adjusted odds of 90-day readmission in the RDW 14.7–15.8% and RDW>15.8% groups

was 1.9 and 2.1 fold higher respectively that of those with RDW� 13.3% (Table 4).

Table 1. Characteristics and Unadjusted association of potential prognostic determinants with 90-day post discharge mortalitya.

Characteristics Alive

N = 4,361

Expireda

N = 354

Total

N = 4,715

P-value Unadjusted OR (95%CI) for 90-day Post Discharge Mortality

Age years-mean±SD 61.8 ± 16.9 71.9 ± 13.2 62.6 ± 16.9 <0.001† 1.05 (1.04, 1.06)

Male Gender-no.(%) 2,528 (58) 194 (55) 2,722 (58) 0.25 0.88 (0.71, 1.09)

Non-White Race-no.(%) 768 (18) 52 (15) 820 (17) 0.16 0.81 (0.59, 1.09)

Surgical Patient Type-no.(%) 3,666 (84) 296 (84) 3,962 (84) 0.83 0.97 (0.72, 1.30)

Prior Vascular Surgery-no.(%) 529 (12) 50 (14) 579 (12) 0.27 1.19 (0.87, 1.63)

Deyo-Charlson index-no.(%) <0.001

0–1 1,012 (23) 25 (7) 1,037 (22) 1.00 (Referent)

2–3 1,914 (44) 104 (29) 2,018 (43) 2.20 (1.41, 3.43)

4–6 1,230 (28) 179 (51) 1,409 (30) 5.89 (3.84, 9.03)

�7 205 (5) 46 (13) 251 (5) 9.08 (5.46, 15.12)

Number of organs with acute failure-no.(%) <0.001

0 1,309 (30) 48 (14) 1,357 (29) 1.00 (Referent)

1 1,546 (35) 124 (35) 1,670 (35) 2.19 (1.55, 3.08)

2 950 (22) 107 (30) 1,057 (22) 3.07 (2.16, 4.36)

3 385 (9) 52 (15) 437 (9) 3.68 (2.45, 5.54)

�4 171 (4) 23 (7) 194 (4) 3.67 (2.18, 6.18)

Malignancy-no.(%) 731 (17) 136 (38) 867 (18) <0.001 3.10 (2.47, 3.89)

Hypertension-no.(%) 976 (22) 39 (11) 1,015 (22) <0.001 0.43 (0.31, 0.60)

Acute Kidney Injury-no.(%) b 247 (7) 38 (14) 285 (7) <0.001 2.38 (1.65, 3.43)

Sepsis-no.(%) 188 (4) 31 (9) 219 (5) <0.001 2.13 (1.43, 3.17)

Noncardiogenic acute respiratory failure-no.(%) 387 (9) 30 (8) 417 (9) 0.80 0.95 (0.64, 1.40)

Vasopressors/Inotropes-no.(%) 2,203 (51) 167 (47) 2,370 (50) 0.23 0.88 (0.70, 1.09)

Acute Organ Failure Score-mean±SD c 8.0 ± 3.8 10.8 ± 3.6 8.2 ± 3.8 <0.001† 1.20 (1.17, 1.24)

RDW at Hospital Discharge-mean±SD 14.8 ± 1.7 16.2 ± 2.1 14.9 ± 1.8 <0.001† 1.38 (1.31, 1.44)

Change in Expected Length of Stay-median
[IQR]

3.7 [0.4,

10.4]

8.5 [1.1,

19.4]

4.0 [0.4,

11]

<0.001‡ 1.02 (1.02, 1.03)

Discharge to Care Facility-no.(%) 1,991 (89) 235 (11) 2,226 (47) <0.001 2.35 (1.87, 2.95)

90-Day Readmission-no.(%) 965 (22) 121 (34) 1,086 (23) <0.001 1.83 (1.45, 2.30)

Data presented as no. (%) unless otherwise indicated. P determined by chi-square except for † determined by ANOVA or ‡ determined by Kruskal-Wallis test.
a. Expired within 90-days following hospital discharge
b. Acute Kidney Injury is RIFLE class injury or failure and available on 3,989 patients.
c. The Acute Organ Failure score is a severity of illness risk-prediction score ranging from 0–30 points with 30 having the highest risk for mortality

https://doi.org/10.1371/journal.pone.0199654.t001
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Further, the adjusted odds of discharge to a facility rather than to home (i.e., rehabilitation

and long-term acute care) in the RDW 14.7–15.8% and RDW> 15.8% groups was 1.7 and 2.1

fold higher, respectively, compared with RDW� 13.3% group (Table 4).

Discussion

The main finding of our study is the graded relationship between increased RDW at hospital

discharge in vascular surgery patients who survive critical care and adverse outcomes follow-

ing hospital discharge. Elevated RDW at hospital discharge is significantly associated with

90-day mortality following adjustment for potential confounders. Further, discharge RDW is

associated with placement in a care facility and 90-day unplanned hospital readmission.

Table 2. Patient characteristics by RDW category group.

Characteristic Discharge RDW

�13.3 13.3–14.0 14.0–14.7 14.7–15.8 >15.8 P-value

N 692 1,023 885 949 1,166

Age-mean±SD 55.72 ± 17.83 61.92 ± 16.39 64.43 ± 16.56 63.91 ± 17.23 62.57 ± 16.87 <0.001†

Male Gender-no.(%) 454 (66) 624 (61) 502 (57) 544 (57) 2,722 (58) <0.001

Non-White Race-no.(%) 122 (18) 164 (16) 148 (17) 170 (18) 820 (17) 0.59

Surgical Patient Type-no.(%) 488 (71) 828 (81) 780 (88) 848 (89) 3,962 (84) <0.001

Prior Vascular Surgery-no.(%) 52 (8) 98 (10) 110 (12) 128 (13) 191 (16) <0.001

Endovascular-no.(%) 442 (64) 599 (59) 458 (52) 436 (46) 614 (53) <0.001

Deyo-Charlson index-no.(%) <0.001

0–1 269 (39) 260 (25) 171 (19) 186 (20) 151 (13)

2–3 328 (47) 477 (47) 408 (46) 400 (42) 405 (35)

4–6 87 (13) 255 (25) 264 (30) 309 (33) 494 (42)

�7 8 (1) 31 (3) 42 (5) 54 (6) 116 (10)

Number of organs with acute failure -no.(%) <0.001

0 348 (50) 390 (38) 243 (27) 182 (19) 194 (17)

1 248 (36) 396 (39) 328 (37) 318 (34) 380 (33)

2 69 (10) 174 (17) 216 (24) 282 (30) 316 (27)

3 23 (3) 50 (4.89) 70 (8) 116 (12) 178 (15)

�4 4 (1) 13 (1) 28 (3) 51 (5) 98 (8)

Malignancy-no.(%) 73 (11) 140 (14) 143 (16) 197 (21) 314 (27) <0.001

Hypertension-no.(%) 94 (14) 202 (20) 216 (24) 219 (23) 284 (24) <0.001

Acute Kidney Injury-no.(%)� 12 (2) 25 (3) 38 (5) 67 (9) 143 (15) <0.001

Sepsis-no.(%) 4 (1) 15 (1) 22 (2) 55 (6) 219 (5) <0.001

Noncardiogenic acute respiratory failure -no.(%) 36 (5) 72 (7) 71 (8) 105 (11) 417 (9) <0.001

Vasopressors/Inotropes -no.(%) 237 (34) 483 (47) 438 (49) 548 (58) 2,370 (50) <0.001

Acute Organ Failure Score-mean±SD 6.61 ± 3.53 7.43 ± 3.58 8.12 ± 3.55 8.75 ± 3.79 8.23 ± 3.83 <0.001

Change in Expected Length of Stay-median[IQR] 1.4 [-1.4, 4.4] 2.4 [-0.1, 6.4] 3.9 [0.6, 9.5] 6.4 [1.5, 15] 8.9 [2.2, 21.9] <0.001‡

Discharge to Care Facility-no.(%) 187 (27) 386 (38) 417 (47) 512 (54) 724 (62) <0.001

90-day Readmission-No.(%) 112 (16) 178 (17) 193 (22) 257 (27) 346 (30) <0.001

90-day post-discharge Mortality-no.(%) 11 (2) 37 (4) 49 (6) 71 (7) 186 (16) <0.001

365-day post-discharge Mortality-no.(%) 35 (5) 77 (8) 103 (12) 142 (15) 320 (27) <0.001

Data presented as n (%) unless otherwise indicated. P determined by chi-square except for † determined by ANOVA or ‡ determined by Kruskal-Wallis test.

� Acute Kidney Injury is RIFLE class injury or failure. Information on acute kidney injury available on 3,898 patients

https://doi.org/10.1371/journal.pone.0199654.t002
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Elevated RDW at hospital discharge may identify patients who are at a high risk for adverse

outcomes following hospital discharge.

Existing studies on the risk factors for non-cardiac vascular surgery outcomes focus on

short-term and in-hospital mortality and emphasize demographics, clinical variables and the

American Society of Anesthesiologist score [4, 43, 44]. Studies on post-hospital outcomes in

vascular surgery are emerging and include the identification of risk factors and consequences

of hospital readmission [45–48], surgical site infections [49] and unplanned reoperations [50].

In surgical ICU survivors, elevated RDW at hospital discharge is significantly associated with

out of hospital mortality [19].

Biomarkers of systemic inflammation are commonly elevated in vascular surgery patients

and are also correlated with elevated RDW [10–13]. Inflammation alters erythropoiesis via

increased red cell apoptosis, erythroid precursor myelosuppression, decreased erythropoietin

production, decreased iron bioavailability, and erythropoietin resistance [51–54]. In critical ill-

ness survivors erythropoiesis suppression persists in combination with hypo-active bone-

Fig 1. Coefficient plot. Plot representing crude (black) and multivariate (grey) estimates of the discharge RDW-mortality association with confidence intervals

(dashes). Multivariate estimates adjusted for age, race, patient type, Deyo-Charlson index, Number of organs with acute failure, sepsis, prior vascular surgery and

vascular surgery class.

https://doi.org/10.1371/journal.pone.0199654.g001
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marrow from ongoing inflammation [38]. Ultimately inflammation and oxidative stress alter

erythrocyte homeostasis resulting in decreased RBC survival time, greater variations in RBC

cell sizes and a higher RDW.

RDW is a widely available and cost-effective laboratory test commonly measured within a

complete blood count. Patients with an elevated RDW at hospital discharge may benefit from

more intensive follow-up regimes in the outpatient clinic and at rehabilitation. Also, discharge

RDW may be valuable as prognostic information in patient-provider discussions regarding

goals and palliative services. The low cost, wide availability, quick turn-around time, and facile

interpretation of the RDW would tend to favor its adoption over more cumbersome and sub-

jective assessments in these circumstances.

Our study may be limited by potential unmeasured confounding, residual confounding

and reverse causation. The generalizability of our results may be limited as our cohort is from

Table 3. Unadjusted and adjusted associations between RDW category and 90-day post-discharge mortality (N = 4,715).

�13.3 13.3–14.0 14.0–14.7 14.7–15.8 >15.8 AUC HL-χ2

90-day post-discharge mortality OR (95% CI)

P

OR (95% CI)

P

OR (95% CI)

P

OR (95% CI)

P

OR (95% CI)

P

Crude 1.00 (Referent)a 2.32 (1.18, 4.59)

0.015

3.63 (1.87, 7.03)

<0.001

5.01 (2.63, 9.52)

<0.001

11.75 (6.35, 21.76)

<0.001

0.70 0.99

Adjustedb 1.00 (Referent)a 1.61 (0.81, 3.21)

0.18

2.09 (1.06, 4.12)

0.033

2.52 (1.29, 4.90)

0.007

5.13 (2.70, 9.75)

<0.001

0.80 0.33

Adjustedc 1.00 (Referent)a 1.65 (0.83, 3.31)

0.16

2.21 (1.12, 4.37)

0.022

2.62 (1.35, 5.12)

0.005

5.27 (2.77, 10.05)

<0.001

0.82 0.77

Adjustedd 1.00 (Referent)a 1.62 (0.81, 3.26) 0.17 1.99 (1.00, 3.96) 0.049 2.36 (1.21, 4.62) 0.012 4.49 (2.34, 8.60) <0.001 0.82 0.13

Note: AUC is the area under the receiver operating characteristic curve; HL- χ2 is the Hosmer-Lemeshow χ2 goodness-of-fit test; BIC is Bayesian information criterion
a. Referent in each case is RDW�13.3
b. Model 1: Estimates adjusted for age, race, patient type, Deyo-Charlson index, Number of organs with acute failure, sepsis, prior vascular surgery and vascular surgery

class.
c. Model 2: Estimates adjusted for age, race, patient type, Deyo-Charlson index, hypertension, Number of organs with acute failure, sepsis, prior vascular surgery and

vascular surgery class.
d. Model 3: Estimates adjusted for covariates in Model 1 and additionally for change in expected length of stay, malignancy and calendar quarter.

https://doi.org/10.1371/journal.pone.0199654.t003

Table 4. Unadjusted and adjusted associations between RDW category, discharge to facility and hospital readmission (N = 4,715).

�13.3 13.3–14.0 14.0–14.7 14.7–15.8 >15.8

OR (95% CI)

P

OR (95% CI)

P

OR (95% CI)

P

OR (95% CI)

P

OR (95% CI)

P

30-day hospital readmission

Crude 1.00 (Referent)a 0.97 (0.71, 1.32) 0.83 1.13 (0.83, 1.54) 0.44 1.60 (1.19, 2.13) 0.002 2.02 (1.53, 2.66) <0.001

Adjustedb 1.00 (Referent)a 0.91 (0.66, 1.24) 0.55 0.99 (0.72, 1.37) 0.96 1.32 (0.96, 1.80) 0.084 1.53 (1.12, 2.07) 0.007

90-day hospital readmission

Crude 1.00 (Referent)a 1.09 (0.84, 1.41) 0.51 1.44 (1.12, 1.87) 0.005 1.92 (1.50, 2.46) <0.001 2.19 (1.72, 2.77) <0.001

Adjustedb 1.00 (Referent)a 1.04 (0.80, 1.35) 0.78 1.29 (0.98, 1.69) 0.066 1.61 (1.24, 2.10) <0.001 1.66 (1.27, 2.16) <0.001

Discharge to Facility

Crude 1.00 (Referent)a 1.64 (1.33, 2.02) <0.001 2.41 (1.94, 2.98) <0.001 3.16 (2.56, 3.91) <0.001 4.42 (3.60, 5.43) <0.001

Adjustedb 1.00 (Referent)a 1.26 (1.01, 1.58) 0.043 1.50 (1.19, 1.89) 0.001 1.70 (1.35, 2.15) <0.001 2.10 (1.67, 2.65) <0.001

a. Referent in each case is RDW�13.3
b. Estimates adjusted for age, race, patient type, Deyo-Charlson index, Number of organs with acute failure, sepsis, prior vascular surgery and vascular surgery class.

https://doi.org/10.1371/journal.pone.0199654.t004
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two academic medical centers from the same region. The limitations of RDW include the for-

mula [RDW-CV = 1 SD� (MCV × 100)], the time since blood draw and RDW determination

and RDW elevations in the context of iron, folate or B12 deficiency related anemia, as well as

Sickle cell disease, and Myelodysplastic syndrome [55]. Further, we can only include readmis-

sions to the two hospitals under study. Though these hospitals have a large regional catchment

we cannot but account for all readmissions to all hospitals. Reliance on ICD-9-CM codes to

determine covariates may underestimate the true incidence or prevalence [56]. Excluding par-

ticular variables from our a priori regression model that are associated with the outcome may

introduce bias by not adjusting for confounding of that particular variable. The strengths of

the study include large sample size, adequate study power and complete follow-up for mortal-

ity at 365 days.

Conclusion

In vascular surgery patients surviving critical illness, the red cell distribution width at hospital

discharge is a predictor of out of hospital mortality and hospital readmission. Vascular surgery

patients with elevated RDW at discharge are at high-risk for subsequent adverse outcomes.

Measuring RDW at hospital discharge is inexpensive and may provide a cost-effective way to

identify patients at high risk for subsequent adverse outcomes. This study provides support for

future vascular surgery investigations to consider adding RDW to other established predictive

models to stratify critically ill vascular surgery patients at risk for adverse events.

Supporting information

S1 Appendix. Supplemental methods. Current Procedural Terminology (CPT) codes utilized

to define vascular surgery.

(DOCX)

Acknowledgments

This manuscript is dedicated to the memory of our dear friend and colleague Nathan Edward

Hellman, MD, PhD. The authors thank Shawn Murphy and Henry Chueh and the Partners

HealthCare Research Patient Data Registry group for facilitating use of their database.

Author Contributions

Conceptualization: Gerdine C. I. von Meijenfeldt, Maarten J. van der Laan, Clark J. A. M.

Zeebregts, Kenneth B. Christopher.

Data curation: Kenneth B. Christopher.

Formal analysis: Kenneth B. Christopher.

Funding acquisition: Kenneth B. Christopher.

Investigation: Kenneth B. Christopher.

Methodology: Gerdine C. I. von Meijenfeldt, Kenneth B. Christopher.

Project administration: Gerdine C. I. von Meijenfeldt.

Resources: Kenneth B. Christopher.

Software: Kenneth B. Christopher.

Supervision: Maarten J. van der Laan, Clark J. A. M. Zeebregts.

High red cell distribution width and poor non-cardiac vascular surgery outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0199654 September 5, 2018 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199654.s001
https://doi.org/10.1371/journal.pone.0199654


Writing – original draft: Gerdine C. I. von Meijenfeldt, Maarten J. van der Laan, Clark J. A.

M. Zeebregts, Kenneth B. Christopher.

Writing – review & editing: Gerdine C. I. von Meijenfeldt, Maarten J. van der Laan, Clark J.

A. M. Zeebregts, Kenneth B. Christopher.

References
1. Desai SV, Law TJ, Needham DM. Long-term complications of critical care. Critical care medicine. 2011;

39(2):371–9. https://doi.org/10.1097/CCM.0b013e3181fd66e5 PMID: 20959786.

2. Purtle SW, Moromizato T, McKane CK, Gibbons FK, Christopher KB. The association of red cell distri-

bution width at hospital discharge and out-of-hospital mortality following critical illness*. Critical care

medicine. 2014; 42(4):918–29. https://doi.org/10.1097/CCM.0000000000000118 PMID: 24448196.

3. Wunsch H, Guerra C, Barnato AE, Angus DC, Li G, Linde-Zwirble WT. Three-year outcomes for Medi-

care beneficiaries who survive intensive care. Jama. 2010; 303(9):849–56. https://doi.org/10.1001/

jama.2010.216 PMID: 20197531.

4. Kehlet M, Jensen LP, Schroeder TV. Risk Factors for Complications after Peripheral Vascular Surgery

in 3,202 Patient Procedures. Annals of vascular surgery. 2016. https://doi.org/10.1016/j.avsg.2016.02.

028 PMID: 27354321.

5. von Meijenfeldt GC, Ultee KH, Eefting D, Hoeks SE, ten Raa S, Rouwet EV, et al. Differences in mortal-

ity, risk factors, and complications after open and endovascular repair of ruptured abdominal aortic

aneurysms. European journal of vascular and endovascular surgery: the official journal of the European

Society for Vascular Surgery. 2014; 47(5):479–86. https://doi.org/10.1016/j.ejvs.2014.01.016 PMID:

24560648.

6. Visser A, Geboers B, Gouma DJ, Goslings JC, Ubbink DT. Predictors of surgical complications: A sys-

tematic review. Surgery. 2015; 158(1):58–65. https://doi.org/10.1016/j.surg.2015.01.012 PMID:

25731783.

7. Lindholm EE, Aune E, Seljeflot I, Otterstad JE, Kirkeboen KA. Biomarkers of inflammation in major vas-

cular surgery: a prospective randomised trial. Acta anaesthesiologica Scandinavica. 2015; 59(6):

773–87. https://doi.org/10.1111/aas.12466 PMID: 25626738.

8. Sprague AH, Khalil RA. Inflammatory cytokines in vascular dysfunction and vascular disease. Biochem

Pharmacol. 2009; 78(6):539–52. https://doi.org/10.1016/j.bcp.2009.04.029 PMID: 19413999.

9. Lin E, Calvano SE, Lowry SF. Inflammatory cytokines and cell response in surgery. Surgery. 2000;

127(2):117–26. https://doi.org/10.1067/msy.2000.101584 PMID: 10686974.

10. Forhecz Z, Gombos T, Borgulya G, Pozsonyi Z, Prohaszka Z, Janoskuti L. Red cell distribution width in

heart failure: prediction of clinical events and relationship with markers of ineffective erythropoiesis,

inflammation, renal function, and nutritional state. American heart journal. 2009; 158(4):659–66. https://

doi.org/10.1016/j.ahj.2009.07.024 PMID: 19781428.

11. Allen LA, Felker GM, Mehra MR, Chiong JR, Dunlap SH, Ghali JK, et al. Validation and potential mecha-

nisms of red cell distribution width as a prognostic marker in heart failure. J Card Fail. 2010; 16(3):

230–8. https://doi.org/10.1016/j.cardfail.2009.11.003 PMID: 20206898.

12. Lippi G, Targher G, Montagnana M, Salvagno GL, Zoppini G, Guidi GC. Relation between red blood cell

distribution width and inflammatory biomarkers in a large cohort of unselected outpatients. Archives of

pathology & laboratory medicine. 2009; 133(4):628–32.

13. Patel KV, Semba RD, Ferrucci L, Newman AB, Fried LP, Wallace RB, et al. Red cell distribution width

and mortality in older adults: a meta-analysis. The journals of gerontology Series A, Biological sciences

and medical sciences. 2010; 65(3):258–65. https://doi.org/10.1093/gerona/glp163 PMID: 19880817.

14. Zalawadiya SK, Veeranna V, Panaich SS, Afonso L. Red cell distribution width and risk of peripheral

artery disease: analysis of National Health and Nutrition Examination Survey 1999–2004. Vasc Med.

2012; 17(3):155–63. https://doi.org/10.1177/1358863X12442443 PMID: 22615191.

15. Ye Z, Smith C, Kullo IJ. Usefulness of red cell distribution width to predict mortality in patients with

peripheral artery disease. Am J Cardiol. 2011; 107(8):1241–5. https://doi.org/10.1016/j.amjcard.2010.

12.023 PMID: 21296321.

16. Ozcan F, Turak O, Durak A, Isleyen A, Ucar F, Ginis Z, et al. Red cell distribution width and inflamma-

tion in patients with non-dipper hypertension. Blood Press. 2013; 22(2):80–5. https://doi.org/10.3109/

08037051.2012.707336 PMID: 22835009.

17. Tonelli M, Sacks F, Arnold M, Moye L, Davis B, Pfeffer M, et al. Relation Between Red Blood Cell Distri-

bution Width and Cardiovascular Event Rate in People With Coronary Disease. Circulation. 2008;

117(2):163–8. https://doi.org/10.1161/CIRCULATIONAHA.107.727545 PMID: 18172029.

High red cell distribution width and poor non-cardiac vascular surgery outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0199654 September 5, 2018 11 / 13

https://doi.org/10.1097/CCM.0b013e3181fd66e5
http://www.ncbi.nlm.nih.gov/pubmed/20959786
https://doi.org/10.1097/CCM.0000000000000118
http://www.ncbi.nlm.nih.gov/pubmed/24448196
https://doi.org/10.1001/jama.2010.216
https://doi.org/10.1001/jama.2010.216
http://www.ncbi.nlm.nih.gov/pubmed/20197531
https://doi.org/10.1016/j.avsg.2016.02.028
https://doi.org/10.1016/j.avsg.2016.02.028
http://www.ncbi.nlm.nih.gov/pubmed/27354321
https://doi.org/10.1016/j.ejvs.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24560648
https://doi.org/10.1016/j.surg.2015.01.012
http://www.ncbi.nlm.nih.gov/pubmed/25731783
https://doi.org/10.1111/aas.12466
http://www.ncbi.nlm.nih.gov/pubmed/25626738
https://doi.org/10.1016/j.bcp.2009.04.029
http://www.ncbi.nlm.nih.gov/pubmed/19413999
https://doi.org/10.1067/msy.2000.101584
http://www.ncbi.nlm.nih.gov/pubmed/10686974
https://doi.org/10.1016/j.ahj.2009.07.024
https://doi.org/10.1016/j.ahj.2009.07.024
http://www.ncbi.nlm.nih.gov/pubmed/19781428
https://doi.org/10.1016/j.cardfail.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/20206898
https://doi.org/10.1093/gerona/glp163
http://www.ncbi.nlm.nih.gov/pubmed/19880817
https://doi.org/10.1177/1358863X12442443
http://www.ncbi.nlm.nih.gov/pubmed/22615191
https://doi.org/10.1016/j.amjcard.2010.12.023
https://doi.org/10.1016/j.amjcard.2010.12.023
http://www.ncbi.nlm.nih.gov/pubmed/21296321
https://doi.org/10.3109/08037051.2012.707336
https://doi.org/10.3109/08037051.2012.707336
http://www.ncbi.nlm.nih.gov/pubmed/22835009
https://doi.org/10.1161/CIRCULATIONAHA.107.727545
http://www.ncbi.nlm.nih.gov/pubmed/18172029
https://doi.org/10.1371/journal.pone.0199654


18. Bazick HS, Chang D, Mahadevappa K, Gibbons FK, Christopher KB. Red cell distribution width and all-

cause mortality in critically ill patients. Crit Care Med. 2011; 39(8):1913–21. https://doi.org/10.1097/

CCM.0b013e31821b85c6 PMID: 21532476.

19. Purtle SW, Moromizato T, McKane CK, Gibbons FK, Christopher KB. The association of red cell distri-

bution width at hospital discharge and out-of-hospital mortality following critical illness. Crit Care Med.

2014; 42(4):918–29. https://doi.org/10.1097/CCM.0000000000000118 PMID: 24448196.

20. Fernandes-Taylor S, Berg S, Gunter R, Bennett K, Smith MA, Rathouz PJ, et al. Thirty-day readmission

and mortality among Medicare beneficiaries discharged to skilled nursing facilities after vascular sur-

gery. J Surg Res. 2018; 221:196–203. https://doi.org/10.1016/j.jss.2017.08.041 PMID: 29229128.

21. Hivert MF, Grant RW, Shrader P, Meigs JB. Identifying primary care patients at risk for future diabetes

and cardiovascular disease using electronic health records. BMC Health Serv Res. 2009; 9:170. Epub

2009/09/24. https://doi.org/10.1186/1472-6963-9-170 PMID: 19772639.

22. Hug BL, Lipsitz SR, Seger DL, Karson AS, Wright SC, Bates DW. Mortality and drug exposure in a 5-

year cohort of patients with chronic liver disease. Swiss Med Wkly. 2009; 139(51–52):737–46. Epub

2009/11/20.

23. Zager S, Mendu ML, Chang D, Bazick HS, Braun AB, Gibbons FK, et al. Neighborhood poverty rate

and mortality in patients receiving critical care in the academic medical center setting. Chest. 2011;

139(6):1368–79. Epub 2011/04/02. https://doi.org/10.1378/chest.10-2594 PMID: 21454401.

24. Evans TC, Jehle D. The red blood cell distribution width. The Journal of emergency medicine. 1991;

9 Suppl 1:71–4. PMID: 1955687.

25. Pierce CN, Larson DF. Inflammatory cytokine inhibition of erythropoiesis in patients implanted with a

mechanical circulatory assist device. Perfusion. 2005; 20(2):83–90. https://doi.org/10.1191/

0267659105pf793oa PMID: 15918445.

26. Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of classifying prognostic comorbidity

in longitudinal studies: development and validation. J Chronic Dis. 1987; 40(5):373–83. Epub 1987/01/

01. PMID: 3558716.

27. Quan H, Sundararajan V, Halfon P, Fong A, Burnand B, Luthi JC, et al. Coding algorithms for defining

comorbidities in ICD-9-CM and ICD-10 administrative data. Med Care. 2005; 43(11):1130–9. Epub

2005/10/15. PMID: 16224307.

28. Quan H, Li B, Couris CM, Fushimi K, Graham P, Hider P, et al. Updating and validating the Charlson

comorbidity index and score for risk adjustment in hospital discharge abstracts using data from 6 coun-

tries. Am J Epidemiol. 2011; 173(6):676–82. Epub 2011/02/19. https://doi.org/10.1093/aje/kwq433

PMID: 21330339.

29. Teixeira PL, Wei WQ, Cronin RM, Mo H, VanHouten JP, Carroll RJ, et al. Evaluating electronic health

record data sources and algorithmic approaches to identify hypertensive individuals. J Am Med Inform

Assoc. 2017; 24(1):162–71. https://doi.org/10.1093/jamia/ocw071 PMID: 27497800.

30. Rapoport J, Gehlbach S, Lemeshow S, Teres D. Resource utilization among intensive care patients.

Managed care vs traditional insurance. Arch Intern Med. 1992; 152(11):2207–12. Epub 1992/11/01.

PMID: 1444680.

31. Research Statistics Data and Systems/ Statistics Trends and Reports: Centers for Medicare & Medicaid

Services https://www.cms.gov/Research-Statistics-Data-and-Systems/Statistics-Trends-and-Reports/

MedicareFeeforSvcPartsAB/downloads/DRGdesc08.pdf.

32. Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology of sepsis in the United States from 1979

through 2000. The New England journal of medicine. 2003; 348(16):1546–54. https://doi.org/10.1056/

NEJMoa022139 PMID: 12700374.

33. Beier K, Eppanapally S, Bazick HS, Chang D, Mahadevappa K, Gibbons FK, et al. Elevation of blood

urea nitrogen is predictive of long-term mortality in critically ill patients independent of "normal" creati-

nine. Critical care medicine. 2011; 39(2):305–13. https://doi.org/10.1097/CCM.0b013e3181ffe22a

PMID: 21099426.

34. Muller MC, Juffermans NP. Anemia and blood transfusion and outcome on the intensive care unit. Criti-

cal care. 2010; 14(1):438; author reply https://doi.org/10.1186/cc9191 PMID: 20804562.

35. Casey K, Hernandez-Boussard T, Mell MW, Lee JT. Differences in readmissions after open repair ver-

sus endovascular aneurysm repair. Journal of vascular surgery. 2013; 57(1):89–95. https://doi.org/10.

1016/j.jvs.2012.07.005 PMID: 23164606.

36. Martin RC, Brown R, Puffer L, Block S, Callender G, Quillo A, et al. Readmission rates after abdominal

surgery: the role of surgeon, primary caregiver, home health, and subacute rehab. Annals of surgery.

2011; 254(4):591–7. PMID: 22039606.

High red cell distribution width and poor non-cardiac vascular surgery outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0199654 September 5, 2018 12 / 13

https://doi.org/10.1097/CCM.0b013e31821b85c6
https://doi.org/10.1097/CCM.0b013e31821b85c6
http://www.ncbi.nlm.nih.gov/pubmed/21532476
https://doi.org/10.1097/CCM.0000000000000118
http://www.ncbi.nlm.nih.gov/pubmed/24448196
https://doi.org/10.1016/j.jss.2017.08.041
http://www.ncbi.nlm.nih.gov/pubmed/29229128
https://doi.org/10.1186/1472-6963-9-170
http://www.ncbi.nlm.nih.gov/pubmed/19772639
https://doi.org/10.1378/chest.10-2594
http://www.ncbi.nlm.nih.gov/pubmed/21454401
http://www.ncbi.nlm.nih.gov/pubmed/1955687
https://doi.org/10.1191/0267659105pf793oa
https://doi.org/10.1191/0267659105pf793oa
http://www.ncbi.nlm.nih.gov/pubmed/15918445
http://www.ncbi.nlm.nih.gov/pubmed/3558716
http://www.ncbi.nlm.nih.gov/pubmed/16224307
https://doi.org/10.1093/aje/kwq433
http://www.ncbi.nlm.nih.gov/pubmed/21330339
https://doi.org/10.1093/jamia/ocw071
http://www.ncbi.nlm.nih.gov/pubmed/27497800
http://www.ncbi.nlm.nih.gov/pubmed/1444680
https://www.cms.gov/Research-Statistics-Data-and-Systems/Statistics-Trends-and-Reports/MedicareFeeforSvcPartsAB/downloads/DRGdesc08.pdf
https://www.cms.gov/Research-Statistics-Data-and-Systems/Statistics-Trends-and-Reports/MedicareFeeforSvcPartsAB/downloads/DRGdesc08.pdf
https://doi.org/10.1056/NEJMoa022139
https://doi.org/10.1056/NEJMoa022139
http://www.ncbi.nlm.nih.gov/pubmed/12700374
https://doi.org/10.1097/CCM.0b013e3181ffe22a
http://www.ncbi.nlm.nih.gov/pubmed/21099426
https://doi.org/10.1186/cc9191
http://www.ncbi.nlm.nih.gov/pubmed/20804562
https://doi.org/10.1016/j.jvs.2012.07.005
https://doi.org/10.1016/j.jvs.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/23164606
http://www.ncbi.nlm.nih.gov/pubmed/22039606
https://doi.org/10.1371/journal.pone.0199654


37. Jelkmann W. Proinflammatory cytokines lowering erythropoietin production. Journal of interferon &

cytokine research: the official journal of the International Society for Interferon and Cytokine Research.

1998; 18(8):555–9. https://doi.org/10.1089/jir.1998.18.555 PMID: 9726435.

38. Bateman AP, McArdle F, Walsh TS. Time course of anemia during six months follow up following inten-

sive care discharge and factors associated with impaired recovery of erythropoiesis. Critical care medi-

cine. 2009; 37(6):1906–12. Epub 2009/04/23. https://doi.org/10.1097/CCM.0b013e3181a000cf PMID:

19384207.

39. Rogiers P, Zhang H, Leeman M, Nagler J, Neels H, Melot C, et al. Erythropoietin response is blunted in

critically ill patients. Intensive care medicine. 1997; 23(2):159–62. PMID: 9069000.

40. Semba RD, Patel KV, Ferrucci L, Sun K, Roy CN, Guralnik JM, et al. Serum antioxidants and inflamma-

tion predict red cell distribution width in older women: the Women’s Health and Aging Study I. Clinical

nutrition. 2010; 29(5):600–4. https://doi.org/10.1016/j.clnu.2010.03.001 PMID: 20334961.

41. Fluss R, Faraggi D, Reiser B. Estimation of the Youden Index and its associated cutoff point. Biom J.

2005; 47(4):458–72. PMID: 16161804.

42. Jann B. Plotting regression coefficients and other estimates. The Stata Journal. 2014; 14(4):708–37.

43. Brothers TE, Zhang J, Mauldin PD, Tonnessen BH, Robison JG, Vallabhaneni R, et al. Predicting out-

comes for infrapopliteal limb-threatening ischemia using the Society for Vascular Surgery Vascular

Quality Initiative. Journal of vascular surgery. 2016; 63(1):114–24.e5. https://doi.org/10.1016/j.jvs.

2015.08.063 PMID: 26432282.

44. Von Meijenfeldt GC, Van Der Laan MJ, Zeebregts CJ, Balm R, Verhagen HJ. Risk assessment and risk

scores in the management of aortic aneurysms. The Journal of cardiovascular surgery. 2016; 57(2):

162–71. PMID: 26698033.

45. Gupta PK, Fernandes-Taylor S, Ramanan B, Engelbert TL, Kent KC. Unplanned readmissions after

vascular surgery. Journal of vascular surgery. 2014; 59(2):473–82. https://doi.org/10.1016/j.jvs.2013.

09.002 PMID: 24239519.

46. Davenport DL, Zwischenberger BA, Xenos ES. Analysis of 30-day readmission after aortoiliac and infra-

inguinal revascularization using the American College of Surgeons National Surgical Quality Improve-

ment Program data set. Journal of vascular surgery. 2014; 60(5):1266–74. https://doi.org/10.1016/j.jvs.

2014.05.051 PMID: 24973287.

47. Iannuzzi JC, Chandra A, Kelly KN, Rickles AS, Monson JR, Fleming FJ. Risk score for unplanned vas-

cular readmissions. Journal of vascular surgery. 2014; 59(5):1340–7.e1. https://doi.org/10.1016/j.jvs.

2013.11.089 PMID: 24447543.

48. Brooke BS, Goodney PP, Kraiss LW, Gottlieb DJ, Samore MH, Finlayson SR. Readmission destination

and risk of mortality after major surgery: an observational cohort study. Lancet. 2015; 386(9996):884–

95. https://doi.org/10.1016/S0140-6736(15)60087-3 PMID: 26093917.

49. Calderwood MS, Kleinman K, Bratzler DW, Ma A, Kaganov RE, Bruce CB, et al. Medicare claims can

be used to identify US hospitals with higher rates of surgical site infection following vascular surgery.

Med Care. 2014; 52(10):918–25. https://doi.org/10.1097/MLR.0000000000000212 PMID: 25185638.

50. Kazaure HS, Chandra V, Mell MW. Unplanned reoperations after vascular surgery. Journal of vascular

surgery. 2016; 63(3):730–6. https://doi.org/10.1016/j.jvs.2015.09.046 PMID: 26553950.

51. Ghali JK. Anemia and heart failure. Curr Opin Cardiol. 2009; 24(2):172–8. Epub 2009/06/18. https://doi.

org/10.1097/HCO.0b013e328324ecec PMID: 19532104.

52. Laftah AH, Sharma N, Brookes MJ, McKie AT, Simpson RJ, Iqbal TH, et al. Tumour necrosis factor

alpha causes hypoferraemia and reduced intestinal iron absorption in mice. Biochem J. 2006; 397(1):

61–7. Epub 2006/03/29. https://doi.org/10.1042/BJ20060215 PMID: 16566752.

53. Pierce CN, L D. Inflammatory cytokine inhibition of erythropoiesis in patients implanted with a mechani-

cal circulatory assist device. Perfusion. 2005; 20:83–90. https://doi.org/10.1191/0267659105pf793oa

PMID: 15918445

54. Scharte M, Fink MP. Red blood cell physiology in critical illness. Critical care medicine. 2003;

31(12 Suppl):S651–7. Epub 2004/01/16. https://doi.org/10.1097/01.CCM.0000098036.90796.ED

PMID: 14724462.

55. Constantino BT. Red Cell Distribution Width, Revisited. Laboratory Medicine. 2013; 44(2):e2–e9.

56. Linde-Zwirble WT, Angus DC. Severe sepsis epidemiology: sampling, selection, and society. Crit Care.

2004; 8(4):222–6. Epub 2004/08/18. https://doi.org/10.1186/cc2917 PMID: 15312201.

High red cell distribution width and poor non-cardiac vascular surgery outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0199654 September 5, 2018 13 / 13

https://doi.org/10.1089/jir.1998.18.555
http://www.ncbi.nlm.nih.gov/pubmed/9726435
https://doi.org/10.1097/CCM.0b013e3181a000cf
http://www.ncbi.nlm.nih.gov/pubmed/19384207
http://www.ncbi.nlm.nih.gov/pubmed/9069000
https://doi.org/10.1016/j.clnu.2010.03.001
http://www.ncbi.nlm.nih.gov/pubmed/20334961
http://www.ncbi.nlm.nih.gov/pubmed/16161804
https://doi.org/10.1016/j.jvs.2015.08.063
https://doi.org/10.1016/j.jvs.2015.08.063
http://www.ncbi.nlm.nih.gov/pubmed/26432282
http://www.ncbi.nlm.nih.gov/pubmed/26698033
https://doi.org/10.1016/j.jvs.2013.09.002
https://doi.org/10.1016/j.jvs.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24239519
https://doi.org/10.1016/j.jvs.2014.05.051
https://doi.org/10.1016/j.jvs.2014.05.051
http://www.ncbi.nlm.nih.gov/pubmed/24973287
https://doi.org/10.1016/j.jvs.2013.11.089
https://doi.org/10.1016/j.jvs.2013.11.089
http://www.ncbi.nlm.nih.gov/pubmed/24447543
https://doi.org/10.1016/S0140-6736(15)60087-3
http://www.ncbi.nlm.nih.gov/pubmed/26093917
https://doi.org/10.1097/MLR.0000000000000212
http://www.ncbi.nlm.nih.gov/pubmed/25185638
https://doi.org/10.1016/j.jvs.2015.09.046
http://www.ncbi.nlm.nih.gov/pubmed/26553950
https://doi.org/10.1097/HCO.0b013e328324ecec
https://doi.org/10.1097/HCO.0b013e328324ecec
http://www.ncbi.nlm.nih.gov/pubmed/19532104
https://doi.org/10.1042/BJ20060215
http://www.ncbi.nlm.nih.gov/pubmed/16566752
https://doi.org/10.1191/0267659105pf793oa
http://www.ncbi.nlm.nih.gov/pubmed/15918445
https://doi.org/10.1097/01.CCM.0000098036.90796.ED
http://www.ncbi.nlm.nih.gov/pubmed/14724462
https://doi.org/10.1186/cc2917
http://www.ncbi.nlm.nih.gov/pubmed/15312201
https://doi.org/10.1371/journal.pone.0199654

