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Abstract

Rationale: Red cell distribution width (RDW) is a prognostic
factor in many diseases; however, its clinical utility remains limited
because the relative value of RDW as a biomarker across disease
states has not been established.

Objectives: To establish an unbiased RDW disease hierarchy to
guide the clinical use of RDW and to assess its relationship to
cardiovascular hemodynamic and structural parameters.

Methods: We performed phenome-wide association studies for
RDW in discovery and replication cohorts derived from a
deidentified electronic health record in nonanemic individuals.
RDW values obtained within 30 days of echocardiogram or right
heart catheterization were tested for association with structural and
hemodynamic variables.

Results: RDW was associated with 263 phenotypes in both men
and women in the discovery cohort (n =121,530), 48 of which
replicated in an independent cohort (# =2,039). The strongest
associations were observed with pulmonary arterial hypertension
(odds ratio [OR], 2.1; 95% confidence interval [CI], 1.9-2.3), chronic

pulmonary heart disease (OR, 2.0; 95% CI, 1.9-2.2), and congestive
heart failure (OR, 1.9; 95% CI, 1.8-2.0); P <1 X 10" "* for all.

By echocardiography, RDW was higher in the setting of right
ventricular dysfunction than left ventricular dysfunction (P < 0.001).
Measured invasively, mean pulmonary arterial pressure was
associated with RDW (21 vs. 33 mm Hg at 25th vs. 75th percentile
RDW; P<1X 10~7) and remained strongly significant even when
controlling for mean pulmonary capillary wedge pressure (21 vs.
29 mm Hg at 25th vs. 75th percentile RDW; P <1 X 10 7).

Conclusions: Among 1,364 coded medical conditions, increased
RDW was strongly associated with pulmonary hypertension and
heart failure. Hemodynamic and echocardiographic phenotyping
confirmed these associations and underscored that the most
clinically relevant phenotype associated with RDW was pulmonary
hypertension. These hypothesis-generating findings highlight the
potential shared pathophysiology of pulmonary hypertension and
elevated RDW. Elevated RDW in the absence of anemia should alert
clinicians to the potential for underlying cardiopulmonary disease.
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A query of PubMed with “red cell
distribution width” (RDW) and “prognosis”
yields more than 1,300 publications,
highlighting the prognostic ability of RDW
in a broad assortment of diseases. RDW is
calculated from the width of the red blood
cell (RBC) volume histogram and thus is a

measure of RBC volume variability. It has
long been used in the diagnosis of anemias,
but within the last decade RDW was
discovered to be a potent predictor of
mortality in both hospitalized and
community-dwelling populations (1, 2). The
mortality signal in those studies was not

explained by hematologic conditions, thus
extending the role of RDW beyond
hematology. Among nonhematologic
conditions, the relationship between RDW
and cardiovascular disease has been the
most extensively studied, linking elevated
RDW to mortality in patients with
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congestive heart failure, coronary artery
disease, and atrial fibrillation (3, 4).
Despite its prognostic value, the clinical
utility of RDW is limited because it is
unclear which clinical conditions are most
strongly associated with RDW. In contrast,
other seemingly nonspecific biomarkers,
such as C-reactive protein and uric acid, are
clinically useful, because diseases with which
they are most strongly associated have been
established. We hypothesized that an
unbiased analysis of disease associations
with RDW would establish a clinically useful
hierarchy of RDW-disease associations.
The phenome-wide association study
(PheWAS) is a powerful agnostic approach
for identifying disease—exposure
relationships (5). The PheWAS approach
uses clinical phenotypes identified from
approximately 18,000 International
Classification of Disease, Ninth Revision
(ICD-9) billing codes and condenses them
into 1,815 hierarchical phenotypes, which is
representative of the medical phenome. The
PheWAS approach was first leveraged to test
genotype—phenotype associations, but it has
since been adapted to examine phenotypic
associations with other variables, including
laboratory values (6). We adapted this
technique to test the association of RDW
values in nonanemic subjects with ICD-
coded diseases. Left and right heart failure
were the strongest associated clinical
phenotypes, and pulmonary arterial
hypertension had the greatest magnitude of
effect among significant phenotypes. We
confirmed these associations in using raw
hemodynamic and echocardiographic data.

Methods

PheWAS Study Populations

Individuals in the Synthetic Derivative, a
deidentified mirror image of Vanderbilt’s
electronic health record, were divided into
discovery and replication cohorts on the
basis of the availability of genetic data as
described below. The rationale for
preserving a replication cohort with genetic
data is that principal components could be
used to better control for race, which is
known to influence RDW (7).

Discovery cohort: All included
individuals were at least 18 years old at date
of last interaction with the electronic health
record. At the time these data were
extracted, the Synthetic Derivative included
more than 2.8 million unique patient
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records. To exclude individuals with an
inadequate amount of clinical data, we
required included individuals to have at least
two RDW measurements between the years
2000 and 2018 and documented sex and
race. Sex was extracted from administrative
data that are collected at the time care is
initiated. Because acute or chronic changes
in red cell populations will increase RDW,
we excluded individuals with anemia
(defined as presence of any hemoglobin
measurement less than 12 g/dl for women
and less than 13.5 g/dl for men) (8).

Replication cohort: Vanderbilt has a
DNA biorepository (BioVU) linked to the
Synthetic Derivative (9). At the time of the
study 13,076 individuals in the Synthetic
Derivative also had genotype information
on the Illumina Multi-Ethnic Genotyping
Array (MEGA) chip, which had been
obtained as part of other research initiatives.
Individuals who had previously been
genotyped on the MEGA chip were
excluded from the discovery cohort. A
PheWAS analysis was performed on this
replication cohort after removing
individuals who did not meet the same
criteria as described above: at least two
RDW measurements and no hemoglobin
measurement less than 12 g/dl for women
and less than 13.5 g/dl for men (8).

As no Health Insurance Portability and
Accountability Act identifiers are available
in the Synthetic Derivative database, this
study met criteria for nonhuman subjects
research.

Red Blood Cell Distribution

Trait Measurement

Over the time period of this study, it was
standard practice for our clinical chemistry
laboratory to measure complete blood
counts using tubes containing EDTA
(ethylenediaminetetraacetic acid). Clinical
measurements were typically performed
within 1 hour of blood draw. All blood
samples were run on automated hematology
analyzers (Sysmex, models XN, XE, and XT).

PheWAS of Selected RDW Values

The PheWAS approach is a well-established
method to identify attribute—phenotype
associations in clinical cohorts (10-13). To
limit the possibility that an RDW value was
obtained far before a coded condition, the
median RDW spanning the preceding 10
years from date of last record for each
individual was calculated. PheWAS R
software package was used to test the
association of RDW across the breadth of
the medical phenome as ascertained by
curated aggregations of ICD-9 codes (ICD-9
to phecode mapping available here: https://
phewascatalog.org/phecodes) (12-14).
Covariates used are listed in the statistical
section below. Phenotypes with fewer than
100 total cases were excluded from analyses
in the discovery cohort to avoid false-
positive associations with low-frequency
diseases. Phenotypes with at least 100 cases
that met Bonferroni corrected P value for
association with RDW were then ordered by
odds ratio (OR) to identify the most

Table 1. Demographics and comorbidities of discovery and replication phenome-wide

association study populations

Age, mean (SD)

Race, white

Male

RDW, median (IQR)

Hemoglobin, mean (SD)

Atrial fibrillation

Chronic kidney disease

Chronic obstructive pulmonary disease
Chronic pulmonary heart disease
Coronary artery disease
Diabetes mellitus

Congestive heart failure
Hypertension

Obesity

Pulmonary arterial hypertension

Discovery Cohort

Replication Cohort

(n =121,530) (n =2,039)
49.52 (16.70) 64.46 (11.06)
104,468 (86) 2,039 (100)
48,344 (40) 937 (46)
13.1 (12.7-13.6) 13.3 (12.8-13.8)
14.32 (1.13) 14.52 (1.08)
4,381 (4) 465 (23)
1,481 (1) 76 (4)
4,664 (4) 184 (9)
965 (1) 128 (6)
8,212 (7) 705 (35)
11,726 (10) 342 (17)
3,530 (3) 349 (17)
36,298 (30) 1,388 (68)
13,737 (11) 352 (17)
365 (0.3) 46 (2)

Definition of abbreviations: IQR = interquartile range; RDW = red cell distribution width; SD = standard

deviation.

Data presented as n (%) unless otherwise noted.
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clinically significant associations. In the A
smaller replication cohort, phenotypes with 145 Male
fewer than 10 total cases were excluded from 140 @ Congestive heart failure, NOS ,
. T e 135 - @ Congestive heart failure, nonhypertensive
analysis to limit risk of false-positive 130 A
associations. Results were organized by 125 A
magnitude of effect to identify clinically ﬁg ]
significant association. Ordering by 110 -
magnitude of effect had the added benefit of 150 . _ Respiratory failure, insufficiency, arrest
mitigating the effect of more prevalent g5 | Chronic pulmonary heart disease °
phenotypes being more powered to identify o Pulmonary heart disease .
RDW-phenotype associations. S 80 - *
: . .
Echocardiogram Measurements T 65+ *
The population used for RDW and gg ] - N 4 . &
echocardiography association analyses - "
consisted of patients referred for an
echocardiogram as part of clinical
practice, as described previously (15).
Echocardiograms were interpreted
at a single laboratory by expert
echocardiographers. We excluded

individuals who did not have an RDW
measurement within 30 days of the
echocardiogram. If a subject was referred for
multiple echocardiograms, data from the
first study were used for analysis.

Semiquantitative (i.e., normal, mild, Phenotypes

moderate, etc.) assessments of chamber size

were extracted from echocardiogram B Female

reports as interpreted by expert readers and 1727 Obesity ®

condensed to a 0 to 5 scale, with increasing 1621 ® Morbid obesity

numbers representing larger chambers 155 -

(0: normal size, 1: mildly dilated, 2: mild to ]22 ] @ Congestive heart failure, NOS
moderately dilated, 3: moderately dilated, -}gg ] . . ® Congestive heart failure: nonhypertensive
4: moderate to severely dilated; 5: severely 189 7 Chronic pulmonary heart disease

dilated). Semiquantitative assessments of 120 1 . -

ventricular function were similarly 110 -

extracted, and degree of dysfunction was 1987

condensed into normal, mild, moderate, or % o]

severe for each individual. All continuous _? 8] o ®

echocardiographic values (i.e., left atrial
diameter, right ventricular systolic
pressure) were extracted directly from
the report in the medical record.
Nonphysiologic outliers were removed as
previously described (15).

Right Heart Catheterization Data

The development of the right heart
catheterization (RHC) cohort used for these
analyses was performed as previously
described (16-18). Briefly, the Synthetic
Derivative was queried to identify all
individuals who underwent initial RHC. We

manually reviewed charts of all patients Phenotypes

meeting the consensus hemodynamic

definition of pulmonary arterial Figure 1. Association plots of red cell distribution width (RDW)-phenotype relationships that are
hypertension to confirm this diagnosis (19).  associated with RDW in both (4) men and (B) women. Colors represent distinct phenotype categories,
Comorbidities were determined by the which are organized by organ system. NOS = not otherwise specified.
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presence of at least two instances of ICD-9
codes for a given diagnosis in an individual’s
medical record. Mean hemoglobin
measurements were calculated using the
available value closest to the date of
catheterization for each individual.

Association studies of RHC variables
and RDW values were limited to individuals
who had RDW values measured within 30
days of the procedure. If there were multiple
RDW values available for an individual, the
RDW value closest to date of the procedure
was used.

In follow-up analyses to compare the
mean RDW value for right versus left heart
failure, the RHC cohort was divided into the
subgroups on the basis of catheterization
profile, as previously described (16). The
first analyses compared the following
groups: individuals without left heart failure
or pulmonary hypertension (mean
pulmonary artery pressure [mPAP] < 25
and pulmonary capillary wedge pressure
[PCWP] < 15), left heart failure without
pulmonary hypertension (mPAP < 25 and
PCWP = 15), left heart failure with isolated
postcapillary pulmonary hypertension
(mPAP = 25, PCWP = 15, diastolic
pressure gradient [DPG]) <7 mm Hg, and
pulmonary vascular resistance [PVR] <3
Wood units), and precapillary pulmonary
hypertension without left heart failure
(mPAP = 25, PCWP < 15, and PVR > 3
Wood units). Next, individuals with left
heart failure and pulmonary hypertension
were divided into those with combined pre-
and postcapillary pulmonary hypertension
(mPAP = 25, PCWP = 15, DPG = 7mm
Hg, and PVR > 3 Wood units) versus
isolated postcapillary pulmonary
hypertension (mPAP = 25, PCWP = 15,
DPG <7 mm Hg, and PVR < 3 Wood
units). These cutoffs were determined using
the 2015 European Society of Cardiology
and the European Respiratory Society
guidelines for diagnosis of pulmonary
hypertension (20).

Informed Consent
All studies were approved by the Vanderbilt
Institutional Review Board. Informed

consent was waived because all data are
deidentified.

Statistical Analyses

Our PheWAS analyses tested for the
association of RDW (as a continuous
variable) and each clinical phenotype by
logistic regression and adjusted for the
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covariates age at last record and race
(self-declared race for the discovery cohort
and race by principal components 1 through
3 in the replication cohort). PheWAS
analyses were stratified by sex, because
many clinical phenotypes are sex specific.
The Bonferroni corrected P value for the
PheWAS of each sex was calculated for
number of phenotypes with at least 100
cases for the discovery cohort (1,179
phenotypes for women: Bonferroni

P value = 4.2 X 10~°; 913 phenotypes for
men: Bonferroni P value =5.5 X 107°)
and at least 10 cases for the replication
cohort (649 phenotypes for women:

A
B MALE

Primary pulmonary hypertension

Chronic pulmonary heart disease
Congestive heart failure (CHF) NOS
Polycythemia vera

Respiratory failure

Pulmonary heart disease

Congestive heart failure; nonhypertensive
Respiratory failure, insufficiency, arrest

Acute renal failure

Bonferroni P value =7.7 X 10™°; 494
phenotypes for men: Bonferroni P value =
1X10°%Y).

Because the distributions of the majority
of the echocardiogram and RHC parameters
were highly skewed, we conducted ordinal
regressions (with logit link) to examine the
relationships between RDW (as a continuous
variable) and each echocardiogram or RHC
parameter. Compared with ordinary least
squares regression, ordinal regression has no
assumption for the distribution of outcome,
and parameter estimates are robust to
extreme outcome values. Semiparametric
ordinal regression is highly robust and

Discovery Cohort RDW PheWAS

Replication Cohort RDW PheWAS

B W MALE

Primary pulmonary hypertension

Chronic pulmonary heart disease
Congestive heart failure (CHF) NOS
Polycythemia vera

Respiratory failure

Pulmonary heart disease

Congestive heart failure; nonhypertensive
Respiratory failure, insufficiency, arrest

Acute renal failure

FEMALE
: 4.7
| —
| .
-
| a
e
T 1
1 1.5 2
Odds Ratio
FEMALE
D g———
=
R S
| m
——
Tl
T T T T T T T T T T 1
115 2 25 3 35 4 45 5 55 6 6.5
Odds Ratio

Figure 2. Top phenotypes associated with red cell distribution width (RDW) by phenome-wide association
study (PheWAS) analyses. (A) PheWAS results for RDW in the discovery cohort stratified by sex. All displayed
phenotypes from the discovery cohort had a lower 95% confidence interval above 1.5. (B) PheWAS results
for RDW from the replication cohort, limited to the phenotypes identified in the discovery cohort. Mean odds
ratios and 95% confidence intervals are shown. NOS = not otherwise specified.
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efficient and has a special advantage over the
other methods, as it is invariant to
transformations of the dependent variable
and particularly robust to outliers (21).
Covariates were age at echocardiogram, sex,
and self-declared race for the analysis. The
ORs (OR of comparing the 75th percentile
vs. the 25th percentile of RDW) with their
95% confidence intervals (CIs) were
presented for these analyses. A significant
OR greater than 1 represents larger size for
ventricular measurements. Because we
examined multiple outcomes, the P values
for RDW in each model were adjusted by
Bonferroni method. The Bonferroni
corrected P value for both the
echocardiogram analyses (15 variables) and
RHC hemodynamic analyses (23 variables)
were 0.003 and 0.002, respectfully. RDW
values were compared between subgroups of
the RHC cohort using one-way analysis of
variance with uncorrected Dunn’s post hoc
multiple comparisons testing. The
comparison of combined pre- and
postcapillary versus postcapillary
pulmonary hypertension was performed
using the Mann-Whitney test. In follow-up
RHC analyses, the pulmonary hypertension
group was tested for interaction with RDW-
mPAP and RDW-PVR associations using
linear regression analysis adjusted for age,
sex, and self-declared race.

Results

PheWAS of RDW

The discovery cohort included 121,530
individuals (60% women, 49 * 17 yr).
Demographics and comorbidities are shown
in Table 1. PheWAS analyses of both
cohorts were stratified by sex, given the
presence of multiple sex-specific
phenotypes. RDW was associated with 263
phenotypes in both men (P <5.5 X 10 °,
913 phenotypes with at least 100 cases) and
women (P <4.2 X 107>, 1,179 phenotypes
with at least 100 cases; Figure 1). The
strongest associations per 1% increase in
RDW for men were congestive heart failure
(OR, 1.9; 95% CI, 1.82-2.01; P=6 X

10~ '*%), respiratory failure (OR, 1.8; 95% ClI,
1.67-1.86, P=1 X 10~ %%), and chronic
pulmonary heart disease (OR, 2.0; 95% CI,
1.88-2.15; P=1 X 10~ **). The strongest
associations for women were obesity (OR,
1.4; 95% CI, 1.37-1.45; P=4 X 10" 7"),
congestive heart failure (OR, 1.7; 95% CI,
1.63-1.77; P=4 X 10~ '**), and chronic

Thayer, Huang, Levinson, et al.: PheWAS of RDW: Key Association with Pulmonary HTN

pulmonary heart disease (OR, 1.8; 95% CI,
1.73-1.91; P=9 X 10~ '*%).

After establishing statistical significance
adjusted for multiple comparisons, we
prioritized associations on the basis of effect
size to identify the most clinically relevant
associations. Among significantly
associated phenotypes, pulmonary arterial
hypertension (men: OR, 2.1; 95% CI, 1.9-
2.3; P=2X 10" women: OR, 1.77; 95%
CI, 1.66-1.88; P=2 X 10" "*) and chronic
pulmonary heart disease (men: OR, 2.0;
95% CI, 1.88-2.15; P=1 X 10" "% women:
OR, 1.8;95% CI, 1.73-1.91; P=9 X 10 '%%)
had the largest magnitude of effect per 1%
increase in RDW in both men and women.
Figure 2, top, displays the phenotypes
associated with RDW that have an OR of at
least 1.5 per 1% increase in RDW and a
significant adjusted P value. Phenotypes
previously established to be positively
associated with RDW were recapitulated in
both cohorts by PheWAS, including
chronic kidney disease, cirrhosis, atrial
fibrillation, and obesity (P <1 X 10~ "®
for all) (22-25). Phenotypes that were
negatively associated with RDW were
strongly enriched with relatively benign
conditions, such as gingivitis, myopia, and
benign neoplasm of the skin (P <1 X
10~ for all; see Figure E1 in the online
supplement). Full tabular results for
men and women are provided in Tables
El and E2.

The replication cohort comprised
2,049 individuals previously genotyped
on the MEGA chip. Demographics and

comorbidities are shown in Table 1.
PheWAS analyses of the replication cohort
were performed identically as for the
discovery cohort, except for the replacement
of self-identified race for race by principal
components (full tabular results for men
and women are shown in Tables E3 and E4).
The phenotype with the highest OR per 1%
increase in RDW was pulmonary arterial
hypertension in both sexes (men: OR, 6.0;
95% CI, 3.1-13.0; P=5 X 10" ’; women:
OR, 2.2; 95% CI, 1.6-3.1; P=8 X 10").
Forty-eight phenotypes replicated in the
replication cohort (P < 0.05, Table E5) and
12 phenotypes met Bonferroni correction in
both sexes and both cohorts (Table 2).
Analyses of phenotypes in the replication
cohort identified in the discovery cohort
with an OR lower 95% CI of at least 1.5 are
displayed in Figure 2, bottom.

RDW Was Associated with
Echocardiographic Measurements of
Right Heart Dysfunction

We identified 4,880 individuals with no
history of anemia who had RDW values
obtained within 30 days of a clinically
indicated echocardiogram (median, —2.9 d;
interquartile range [IQR], —7 to 0 d). The
cohort had a mean age of 56 years; 61% were
women, 5% had pulmonary arterial
hypertension, and 20% had congestive heart
failure (Table 3). RDW values were tested
for association with available
echocardiographic measurements in an
unbiased analysis. Increasing RDW was
most strongly associated with right

Table 2. Phenotypes associated with red cell distribution width by Bonferroni correction
for multiple comparisons in both sexes in both cohorts

Phenotype

Primary pulmonary hypertension

Chronic pulmonary heart disease

Congestive heart failure NOS

Respiratory failure

Pulmonary heart disease

Respiratory failure, insufficiency, arrest

Congestive heart failure; nonhypertensive

Cardiomegaly

Morbid obesity

Chronic airway obstruction

Obesity

Overweight, obesity, and other
hyperalimentation

Weighted Mean OR P Value
and 95% CI per 1% RDW
2.00 (1.75-2.40) 2x1077
1.95 (1.79-2.13) 9x10" 128
1.81 (1.70-1.93) 7 x 107144
1.79 (1.68-1.92) 4x107%
1.76 (1.64-1.90) 6x10" 118
1.71 (1.62-1.81) 2x107 10
1.70 (1.61-1.80) 4x1071%7
1.56 (1.46-1.68) 4x10° 72
1.54 (1.48-1.61) 5x 107167
1.47 (1.40-1.55) 6x10°%
1.40 (1.35-1.44) 4x107 171
1.30 (1.26-1.34) 1x107"7

Definition of abbreviations: Cl = confidence interval; NOS = not otherwise specified; OR = odds ratio;

RDW = red cell distribution width.

Displayed P values are lowest found in either cohort and sex.
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Table 3. Demographics and comorbidities of nonanemic patients referred for
echocardiography or right heart catheterization

Age, mean (SD)

Race, white

Male

RDW, mean (SD)

Hemoglobin, mean (SD)

Days from RDW to TTE/RHC, median (IQR)
Atrial fibrillation

Chronic kidney disease

Chronic obstructive pulmonary disease
Chronic pulmonary heart disease
Coronary artery disease

Diabetes mellitus

Congestive heart failure

Hypertension

Obesity

Pulmonary arterial hypertension

TTE cohort RHC cohort
(n =4,880) (n =705)
56 (18) 55 (15)
3,941 (81) 618 (88)
1,878 (39) 308 (44)
14.32 (1.17) 14.54 (1.31)
13.55 (1.22) 15.86 (12.39)
4.1 (1-5) 2.9 (7-0)
910 (19) 140 (20)
111 (2) 19 (3)
414 (9) 58 (8)
474 (10) 382 (54)
1,099 (23) 281 (40)
588 (12) 94 (13)
952 (20) 325 (46)
2,451 (50) 348 (49)
498 (10) 115 (16)
248 (5) 217 (31)

Definition of abbreviations: |QR = interquartile range; RDW = red cell distribution width; RHC = right
heart catheterization; SD = standard deviation; TTE = transthoracic echocardiogram.

Data presented as n (%) unless otherwise noted.

ventricular systolic pressure (RVSP)
(predicted median RVSP was 27.5 and
33.1 mm Hg at 25th and 75th percentile
of RDW, respectively) and right atrial
pressure (predicted median right atrial
pressure was 4.6 and 7.3 mm Hg at 25th
and 75th percentile of RDW, respectively;
P <1X10"'° for both; Figure 3, left
panel). Although RDW was associated

A

with both right and left ventricular
dysfunction as assessed by expert
sonographers (P <2 X 10> by ordinal
regression), RDW was higher in the
setting of right ventricular failure than
left ventricular failure (Figure 2, bottom;
P < 0.001). Full tabular results for
RDW-echocardiographic associations are
shown in Table E6.

RDW and Echocardiogram Measurements

Right ventricular outflow tract acceleration time

Left ventricular ejection fraction
Mitral valve inflow deceleration time
Aortic root diameter

Interventricular septum thicknes at end diastole
Right ventricular internal diameter at end diastole
Left ventricular posterior wall thickness at end diastole

Left ventricular internal diameter end systole
Left ventricular internal diameter end diastole
Left atrial size

Left ventricular size

Right atrial size

Right ventricular size

Right atrial pressure estimate

Right ventricular systolic pressure

RDW Was Associated with
Measurements of Right Heart
Afterload by Invasive Hemodynamics
We identified 705 individuals referred for
RHC who met our prespecified criteria for
RDW values (median interval between RHC
and RDW value, —4.1 d; IQR, —5 to —1 d).
The mean age of the RHC cohort was
55 years; 56% were women, 31% had
pulmonary arterial hypertension, and 46%
had congestive heart failure (Table 3).
RDW was most strongly positively
associated with pulmonary artery mean
pressure (21 mm Hg vs. 33 mm Hg, at 25th
vs. 75th percentile RDW; P < 1 X 10~7) and
negatively associated with pulmonary artery
saturation (73% vs. 67%, at 25th vs. 75th
percentile RDW; P < 1 X 10~7) in addition
to other parameters obtained at RHC
(Figure 4). Multiple hemodynamic
surrogates of pulmonary vascular
remodeling were positively associated with
rising RDW, including transpulmonary
pressure gradient (10 vs. 17 mm Hg, at 25th
vs. 75th percentile RDW; P <1 X 1077),
pulmonary vascular resistance (1.9 vs. 2.7
Wood units, at 25th vs. 75th percentile
RDW,; P < 1 X 10~ 7), and diastolic pressure
gradient (1.9 mm Hg vs. 6 mm Hg, at 25th
vs. 75th percentile RDW; P <1 X 1077).
RDW remained strongly associated with
mPAP even when controlling for
pulmonary capillary wedge pressure

B
-
-
17 1
- — Right Ventricle
P<0.001
- — Left Ventricle
- 16
—a—
- > 15 A
[a)
B o
- 14 A
—a—
. 13 A
-
- 12 T T T T
None Mild Mod Severe
—a—
Dysfunction
—a—
0.5 1 1.5 2
QOdds ratio

Figure 3. The association of red cell distribution width (RDW) with multiple parameters of cardiac structure and function by echocardiography. (A) for each
variable, the boxes represent the odds ratio comparing 25th versus 75th percentile of RDW. Horizontal lines represent 95% confidence intervals. Analyses
performed by ordinal regression adjusting for age at echocardiogram, sex, and self-declared race. (B) Mean RDW by degree of ventricular dysfunction.
P value calculated by two-way analysis of variance. Vertical bars represent standard error of the mean.
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RDW and Right Heart Catheterization Measurements

Pulmonary artery oxygen saturation
Stroke volume
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Right atrial oxygen saturation
Aortic oxygen saturation
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Systolic blood pressure

Mean arterial pressure
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Diastolic blood pressure
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Figure 4. The association of red cell distribution width (RDW) with hemodynamic measurements by right heart catheterization. For each variable, the boxes
represent the odds ratio comparing 25th versus 75th percentile of RDW. Horizontal lines represent 95% confidence intervals. Analyses performed by ordinal
regression adjusting for age at echocardiogram, sex, and self-declared race. RC = resistance-compliance.

(21 vs. 29 mm Hg at 25th vs. 75th percentile
RDW; P <1 X 10~ 7). In addition, there was
no interaction of pulmonary hypertension
group and RDW-mPAP association

(P value for interaction, 0.14).

To assess relative mean RDW by heart
failure and pulmonary hypertension status,
individuals were categorized into four
clinical groups by mean pulmonary artery
pressure (<25 mm Hg or not) and
pulmonary capillary wedge pressure
(<15 mm Hg or not). Mean RDW was
higher in heart failure without pulmonary
hypertension compared with individuals
without either heart failure or pulmonary

Thayer, Huang, Levinson, et al.: PheWAS of RDW: Key Association with Pulmonary HTN

hypertension and higher still in pulmonary
hypertension (pre- or postcapillary)
compared with either heart failure or those
without either heart failure or pulmonary
hypertension (Figure 5, left panel). We next
stratified patients with postcapillary
pulmonary hypertension to those with
isolated postcapillary pulmonary
hypertension and those with combined pre-
and postcapillary pulmonary hypertension
(on the basis of diastolic pressure

gradient = 7); mean RDW values were
14.3 = 1.4 and 15.2 =* 2, respectfully
(P=0.02; Figure 5, right panel). These data
support the conclusion that RDW is more

strongly associated with hemodynamic
evidence of pulmonary vascular disease
compared with either postcapillary
pulmonary hypertension or left heart
failure without pulmonary hypertension.
Full tabular results for RDW-
catheterization associations are listed in
Table E7.

Discussion
In unbiased analyses of codable medical

diagnoses in two independent populations,
RDW was most strongly associated with
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Figure 5. Red cell distribution width (RDW) values by clinical phenotype as determined by right heart catheterization. (A) RDW values in individuals without
heart failure (HF, defined by mean pulmonary capillary wedge pressure [MPWP] = 15 mm Hg) or pulmonary hypertension (PH, defined by mean pulmonary
artery pressure [mMPAP] = 25 mm Hg) compared with HF without PH, isolated postcapillary PH (Ipc-PH: mPWP = 15 mm Hg, mPAP = 25 mm Hg, diastolic
pressure gradient [DPG] <7 mm Hg, and pulmonary vascular resistance [PVR] < 3 Wood units), and precapillary PH (Pre-cap: mPWP <15 mm Hg,

mPAP = 25 mm Hg, and PVR = 3 Wood units; i.e., group 1 PH). (B) Right: Individuals with postcapillary PH stratified by isolated postcapillary pulmonary
hypertension versus individuals with combined pre- and postcapillary PH (Cpc-PH: PVR < 3 or >3 Wood units, respectively, and DPG < 7 or =7 mm Hg,
respectively). Left panel statistical analyses were executed using Kruskal-Wallis test (P < 0.001) with Dunn’s post hoc multiple comparisons testing. Right

panel analyses performed using Mann-Whitney test. Error bars represent standard error of the mean.

multiple cardiopulmonary conditions,
including pulmonary arterial hypertension,
congestive heart failure, and chronic
pulmonary heart disease. Previously
identified RDW-phenotype associations,
including obesity, coronary artery disease,
chronic kidney disease, and cirrhosis, were
replicated in this study, which provides
internal validity to our study sample and
discovery approach (22, 23, 25, 26).
Ordering significant RDW-phenotype
associations by magnitude of effect
revealed that pulmonary arterial
hypertension and chronic pulmonary heart
disease were the most clinically relevant
associated phenotypes with high RDW.In a
cohort of individuals referred for
echocardiography, RDW was strongly
associated with sequela of long-standing
pulmonary hypertension, including
elevated RVSP and reduced RV function.
Analyses in patients referred for RHC
revealed that RDW was associated with
higher mPAP and hemodynamic markers
of pulmonary vascular remodeling. Thus,
increased RDW is associated with clinical,
echocardiographic, and hemodynamic
assessments of right heart failure and
pulmonary vascular remodeling.

The most common cause of right heart
failure is pulmonary hypertension and, in
our studies, RDW was strongly associated
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with both pulmonary arterial hypertension
and chronic pulmonary heart disease. Two
previous studies identified the prognostic
value of RDW in subjects with pulmonary
arterial hypertension (27, 28). Rhodes and
colleagues systematically studied the
prognostic value of five biomarkers (RDW,
growth differentiation factor 15,
interleukin-6, creatinine, and N-terminal
pro-brain natriuretic peptide) among 139
subjects with idiopathic pulmonary arterial
hypertension compared with matched
healthy control subjects (29). RDW emerged
as the biomarker that best predicted survival
by receiver operating characteristic analyses
in this cohort. No associations between
RDW and hemodynamics were identified in
that study, which did not include subjects
without pulmonary hypertension or subjects
with pulmonary hypertension of other
etiologies. By contrast, we examined all
nonanemic subjects referred for invasive
catheterization without respect to
pulmonary hypertension status or etiology,
which allowed for increased power to
identify RDW-hemodynamic relationships
irrespective of pulmonary hypertension
status. In a cohort of individuals with
chronic thromboembolic pulmonary
hypertension, RDW was positively
associated with pulmonary vascular
resistance and negatively associated with

cardiac index in parallel to our findings (29).
By extending RDW-hemodynamic analyses
to subjects with and without pulmonary
hypertension, we identified new RDW-
hemodynamic associations with mPAP,
pulmonary vascular resistance, and
pulmonary artery saturation. Moreover, our
echocardiographic analyses detected a
strong association with right ventricular
dysfunction, which highlights the ability of
RDW to report on elevated pulmonary
artery pressures and its consequences.

The mechanism by which RDW carries
a strong prognostic value across many
diseases is unclear. Focusing on the
strongest RDW-phenotype association in
our study, right heart failure, may provide
mechanistic clues as to how RDW is
capturing valuable physiologic information.
The clinical sequelae of right heart failure
include both systemic hypoxia and total
body fluid overload. Chronic intermittent
hypoxemia is associated with elevated
RDW, possibly via intermittent surges in
erythropoietin (30). Although fluid overload
has not been directly linked to elevated
RDW, fluid shifts have been shown to affect
RDW values, such as those during the
chloride shift that occurs as RBCs pass
through the pulmonary vasculature and
exchange bicarbonate for chloride (31). In a
genome-wide association study of RDW in a
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Hispanic population, the strongest associated
single-nucleotide polymorphism was in
Na-K-Cl cotransporter 1, which is a
ubiquitously expressed solute cotransporter
responsible for individual cell volume
regulation (32). Because RDW can capture
such microshifts in volume, it is possible that
macroshifts that occur during fluid overload
conditions also affect RDW. Previous studies
have found an association of RDW with
brain natriuretic peptide level (a sensitive
biomarker for intravascular volume
overload), which we recapitulated in our
cohort (data not shown) (33, 34). Additional
mechanisms that may be increasing RDW
values and pulmonary hypertension severity
include subclinical iron deficiency and bone
marrow abnormalities, both of which have
previously been linked to pulmonary
hypertension pathophysiology (35-37).
Given our cohort is a clinical population,
ascertainment bias in the availability of iron
studies precluded controlling for iron status

from a single tertiary care hospital
network and carry the limitations that
come with a single-center study. Also,
PheWAS analyses determine phenotypes
based on ICD codes, which can misclassify
diagnoses and are influenced by the
prevalence of disease. In addition,
relatively benign conditions will be
undercoded in patients with serious
diagnoses that will justify inpatient and
outpatient billing more robustly. We
attempted to mitigate the limitation of
ICD coding-based phenotyping and add
specificity to our cardiopulmonary
findings by testing associations between
RDW and echocardiographic and
hemodynamic measurements. We
would have liked to analyze our
echocardiographic cohort by pulmonary
hypertension subgroup; however, the
specificity of ICD coding for pulmonary
hypertension subgroups is low (65% in
one study), which precluded this analysis
(38). A further limitation of our work is

Our unbiased association studies of
RDW with phenotypic, echocardiographic,
and hemodynamic data in nonanemic
individuals provide a framework for
clinicians and researchers alike to interpret
elevated RDW. Clinically, RDW remains
ignored outside of the context of anemia,
and these studies demonstrate that
clinicians should consider that an elevated
RDW value in the absence of anemia may
signal the presence of cardiopulmonary
dysfunction. These findings are hypothesis
generating, as they highlight the potential
shared pathophysiology of pulmonary
hypertension and elevated RDW. Further
work is needed to understand the
mechanisms that drive the association
between pulmonary vascular remodeling
and elevated RDW. l

Author disclosures are available with the text
of this article at www.atsjournals.org.

in our analyses. Further mechanistic studies
of RDW in the pulmonary hypertension
population are warranted.

There are multiple limitations of our
work. The data used for our analyses were

extracted from an electronic health record  descent.

that the populations studied were
predominantly of European descent,
which may limit the generalizability of our
findings to populations not of European
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