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Abstract

Increased red blood cell (RBC) volume variation (RDW) has recently been shown to predict a
wide range of mortality and morbidity: death due to cardiovascular disease, cancer, infection,
renal disease, and more; complications in heart failure and coronary artery disease, advanced stage
and worse prognosis in many cancers, poor outcomes in autoimmune disease, and many more. The
mechanisms by which all of these diseases lead to increased RDW are unknown. Here we use a
semi-mechanistic mathematical model of in vivo RBC population dynamics to dissect the factors
controlling RDW and show that elevated RDW results largely from a slight reduction in the in
vivo rate of RBC turnover. RBCs become smaller as they age, and a slight reduction in the rate of
RBC turnover allows smaller cells to continue circulating, expanding the low-volume tail of the
RBC population’s volume distribution, and thereby increasing RDW. Our results show that mildly
extended RBC lifespan is a previously unrecognized homeostatic adaptation common to a very
wide range of pathologic states, likely compensating for subtle reductions in erythropoietic output.
A mathematical model-based estimate of the clearance rate may provide a novel early-warning
biomarker for a wide range of morbidity and mortality.

Introduction

The complete blood count (CBC) is one of the most widely-used clinical tests, helping guide
the diagnosis and treatment of almost all diseases. It summarizes basic features of
circulating blood cell populations, including the variation in the volume of individual red
blood cells (RBCs), quantified by its coefficient of variation (CV) and called the red cell
distribution width or RDW. Recently, higher RDW has been found to be significantly
associated with increased risk for a remarkably wide range of morbidity and mortality: all-
cause mortality, mortality from heart disease, pulmonary disease, sepsis, and cancer;
complications in heart failure and severity of coronary artery disease; advanced stage and
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grade for many cancers; development of diabetes, chronic obstructive pulmonary disease,
stroke, anemia, and many more [1-8]. RDW thus represents a biomarker with tremendous
potential to inform clinical practice as well as our understanding of the early stages of a
wide range of fundamental disease processes, but we first must understand the
pathophysiologic mechanisms linking these disparate disease processes to increased
variation in RBC volume. Here we use a semi-mechanistic model of in vivo red blood cell
population dynamics [9] to show that a delay in the in vivo clearance of RBCs is the major
mechanism leading to elevated RDW. We find that RBC clearance rate is exquisitely
controlled in healthy individuals and that it is reduced in a range of adverse clinical
situations. Because RBCs become smaller as they age, this delay in clearance expands the
low-volume tail of the volume distribution and increases RDW. Our study shows that RBC
clearance is a previously unrecognized fundamental control point for human physiology,
presumably adapting to subtle reductions in erythropoietic output to maintain circulating red
cell mass in a wide range of the most important pathologic conditions.

New RBCs enter the circulation of a healthy human adult at a rate of more than 2 million per
second, with equally massive flux through RBC maturation and clearance processes. Each
RBC circulates for about 100-120 days, with its volume decreasing by about 30% during
that time from an initial ~115 fl to a final ~80 fl [10-13]. See Fig. 1A for a schematic. The
major intracellular RBC constituent is hemoglobin, and the typical RBC’s hemoglobin mass
drops by about 20% from an initial ~35 pg on day 1 to a final ~28 pg 100-120 days later
[10-13]. The RBC hemoglobin concentration increases slightly and is tightly regulated to
ensure efficient oxygen delivery to the tissues. While the molecular and cellular mechanisms
controlling these maturation and clearance processes are not fully understood [14], their net
effects have been clearly established using RBC labeling and other studies [10,12-16,33—
35], and it is therefore possible to estimate the rate of RBC clearance even in the absence of
an accepted molecular clearance mechanism.

The coefficient of variation in RBC volume (RDW) has historically been useful in
distinguishing some causes of anemia such as iron deficiency but otherwise plays a marginal
role in general medical diagnosis [8,17]. Reports in 2007 found a surprising significant
association between elevated RDW and increased risk of poor prognosis in heart failure and
coronary artery disease [2,4]. Hundreds of studies have followed finding remarkable
associations between elevated RDW and a very wide range of morbidity and mortality [1-
8]. The pathophysiologic processes common to all of these clinical states and leading to an
increase in RBC volume variation are unknown.

Sample collection and clinical laboratory measurement

We measured CBCs and reticulocyte counts for more than 60,000 blood samples randomly
selected from among those sent to the Massachusetts General Hospital (MGH) Clinical
Laboratory. All reticulocyte and CBCs used in modeling were measured on an Abbott Cell-
DYN Sapphire 4000 automated hematology analyzer (Abbott Hematology, Santa Clara,
CA). All human studies were approved by the Partners Healthcare Institutional Review
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Board. See Supporting Information for more detail on patient cohorts and additional clinical
laboratory testing.

Modeling of RBC population dynamics

Results

We used a mathematical model of in vivo RBC population dynamics [9,34] to infer single-
RBC rates of maturation and clearance for individual patients from single-RBC
measurements of volume and hemoglobin content. See Fig. 1 and Supporting Information
Figs. S-1 and S-2 for more detail. RBCs become smaller and lose hemoglobin as they age,
with an initial fast phase of reduction followed by a slow phase [10,13,15,33]. The rates of
the initial fast phase are quantified for each individual by model parameters B, and B,. The
model quantifies the slower rate with the parameter . Rates of volume and hemoglobin
reduction vary for a single RBC over time and from one RBC to the next in the population.
The model enables estimation of the magnitude of variation in rates of both hemoglobin
(D) and volume reduction (D). The molecular trigger and mechanism for RBC clearance
are not fully understood [14], but common proposed mechanisms and empirical
measurements of RBC populations such as those in Fig. 1 (red contours) show that the
probability of clearance is correlated with an RBC’s volume and hemoglobin, and the true
clearance function can be approximated as a threshold function of RBC volume and
hemoglobin. The probability of clearance for a particular RBC increases rapidly as the cell
nears the clearance threshold, a line perpendicular to and intersecting the MCHC (mean
corpuscular hemoglobin concentration) line at a volume equal to v.. An RBC with a
hemoglobin concentration equal to the MCHC is most likely to be recycled when its volume
reaches v.. RBCs with higher hemoglobin concentrations will circulate until reaching
slightly lower volumes, and RBCs with lower hemoglobin concentrations will be cleared at
slightly higher volumes. Details of model derivation, validation, and parameter estimation
have previously been published [9]. All data analysis and modeling was done in MATLAB
(MathWorks, Natick, Massachusetts). See “Modeling RBC Population Dynamics” in
Supporting Information for more detail.

variance(V)
Because RPW= mean(V) - an increase in RDW must mathematically be caused by an

increase in RBC volume variance or a decrease in mean volume (MCV), or both. The causes
of increased volume variance can be categorized based on when they act during the RBC
lifecycle: an increased variance in the volume of young RBCs called reticulocytes [18]
exiting the bone marrow, an increase in the accumulation of volume variation during RBC
maturation in the circulation, or a delay in the clearance of senescent RBCs. Thus, the cause
of increased RDW must be one of the following four possibilities:

1. Decreased mean volume.
2. Increased reticulocyte volume variance.

3. Increased heterogeneity in the rate of RBC volume reduction occurring in the
peripheral circulation.
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4. Delayed RBC clearance.

A combination of these sources may also be involved, but we first investigate each
separately.

If one of these four factors is dominant in elevating RDW, it must be narrowly distributed in
healthy people, i.e., sufficiently specific to show robust independent association with a wide
range of morbidity and mortality. A possible role for MCV in mortality and morbidity risk
has been assessed in some of the studies identifying RDW associations [1-8], and it is
unlikely to be the dominant factor in RDW elevation. The second possible cause of elevated
RDW is increased reticulocyte volume variation (rRDW). rRDW is not narrowly distributed
in healthy people, fluctuating significantly with a CV of more than 8% (see Supporting
Information Fig. S-4). The third and fourth potential causes, heterogeneity of the volume
reduction processes occurring while RBCs circulate, and the rate of RBC clearance, have not
been possible to quantify routinely until now. We use a recently developed mathematical
model of in vivo RBC population dynamics [9] to estimate the heterogeneity in volume
reduction (Dy), and to estimate the rate of RBC clearance as a threshold function of an
RBC’s volume and hemoglobin (v;). See Supporting Information “Reticulocyte and
Complete Blood Counts” and “Modeling RBC Population Dynamics” for more detail. D,
varies significantly in a healthy population with a CV > 20% (Supporting Information Fig.
S-4) and is unlikely to be the dominant cause. In contrast, the rate of RBC clearance as
estimated by a threshold function (v;) is exquisitely controlled in healthy individuals with a
CV of about 1%, as compared to CVs of 4% for RDW and 7% for HCT and HGB (see Fig.
1B-D and Supporting Information Fig. S-3). RBC clearance delay is therefore a good
candidate for the mechanism underlying elevations of RDW in many diseases.

We now provide the following additional evidence that delayed RBC clearance, as estimated
by v, causes elevated RDW in general and in many pathologic conditions: (1) decreased vV,
correlates with RDW much more strongly than the other potential causes; (2) individuals
with increased RDW have a mild increase in average RBC age that only a causal
relationship between clearance delay and elevated RDW can explain; (3) decreased v
correlates with all-cause mortality risk just as strongly as RDW; (4) among individuals with
normal CBCs a low \; is associated with a higher odds ratio for future RDW-associated
pathology like anemia; and (5) individuals with low v, have a higher relative risk for current
latent pathology like decreased iron stores, supporting the conclusion that in response to this
sort of pathologic state, RBC clearance is delayed, temporarily compensating for decreased
erythropoietic output, and over time causing an increase in RDW.

Delayed RBC clearance is strongly correlated with elevated RDW

Delayed clearance enables RBCs to continue circulating with smaller volumes than would
be possible otherwise, expanding and extending the low-volume tail of the RBC volume
distribution. The MCV will decrease slightly, but the major effect is an elevation in the
variance, increasing the RDW, as we will demonstrate. Figure 2A shows the volume and
hemoglobin distribution for a healthy individual with a v, of 0.80. Using the model of RBC
population dynamics, we simulated the effect of delaying RBC clearance by lowering v to
0.76 (Fig. 2B). The low-volume tail expands beyond the original v, marked with a gray
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plane at 0.80. This decrease in v, raises the RDW from 11.75% to 12.5% (Fig. 2C). If
delayed clearance is the major mechanism for increases in RDW, we would expect to find a
strong correlation between v, and RDW. Figure 3A shows that the correlation coefficient
between v, and RDW is —0.91 in a randomly selected population of 450 patients receiving
blood counts at Massachusetts General Hospital. See “Random Selection of Complete Blood
Counts (Correlation Cohort)” in Supplementary Methods for more detail. The correlation
between RDW and v, is much stronger than the correlation between RDW and any of the
other three possible causes of an increased RDW: —-0.23 for MCV, 0.64 for rRDW, and 0.41
for Dy, as shown in Supporting Information Fig. S-6.

Delayed RBC clearance and elevated RDW are associated with increased mean RBC age

A delay in RBC clearance will not only increase RDW, it will also enable cells to circulate
beyond the time when they would ordinarily have been cleared, thus increasing the average
RBC age and lifespan. None of the other three possible causes of increased RDW will have
a consistent effect on RBC age. We can use the model to estimate the magnitude of the
expected clearance delay required to generate the ~0.5% increase in RDW shown to be
broadly associated with morbidity and mortality [3,19]. Model simulations show that a delay
in clearance of <3%, for instance a drop in v; from 0.79 to 0.77, can increase the RDW by
~0.5% (e.g., from 13.2 to 13.7%) and the mean RBC age by 3-7% (e.g., from 50 to 51.5-
53.5 days). We therefore sought to test this model-generated prediction of increased mean
RBC age by estimating mean RBC age and Vv;. There are a number of ways to estimate mean
RBC age, and the best method depends on a number of factors, including whether an
absolute or relative estimate is needed. To test the hypothesis of clearance delay, we need to
estimate only the change in mean RBC age relative to an individual’s baseline. We do not
need an absolute estimate of mean RBC age, which likely varies by 20% in healthy
individuals and more in those with chronic illness [14]. Labeling studies are required for
estimates of absolute mean RBC age and life span, but the glycated hemoglobin fraction can
be used to estimate mean RBC age relative to baseline in non-diabetic individuals. The
glycated hemoglobin fraction (hemoglobin Alc or HbAlc) is routinely measured to assess
glucose control in diabetic patients. HbA1c is proportional to the mean plasma glucose
concentration and to the mean RBC age [20-22]. In non-diabetic individuals, HbAlc is
linearly dependent on mean RBC age [14,20,23-27]. We can therefore test the prediction
that elevated RDW is associated with elevated mean RBC age by measuring v; and HbAlc
in non-diabetics.

Based on published estimates of in vivo glycation rates in nondiabetics, a ~3—-7% increase in
RBC lifespan would be expected to increase HbAlc by about 0.2-0.3% (e.g., from 5.3% to
about 5.5% or 5.6%) [20]. Figure 3B compares HbAlc for a nondiabetic group with normal
V¢ (median 0.80) and a nondiabetic group with low v, (median 0.77). See “Prospective Study
of Dependence of Glycated Hemoglobin Fraction on v, (‘Alc Cohort’)” in Supplementary
Methods for more detail. The normal v, group had a median HbA1c of 5.3% and a median
RDW of 12.9%. The low v, group with an estimated 3-7% increase in average RBC age had
a median HbA1lc of 5.5% and a median RDW of 14.6%. We find that delayed RBC
clearance and increased RDW in non-diabetics is associated with elevated HbAlc and thus
increased mean RBC age, supporting the conclusion that delayed RBC clearance is the
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predominant cause of elevated RDW. Because v, and RDW are so strongly correlated (Fig.
3A), we are able to find additional support for our prediction that delayed clearance and
elevated RDW are associated with increased mean RBC age in studies that measured HbAlc
and RDW in non-diabetics. At least two recent independent studies of 15,343 nondiabetics
in the United States and 4,845 nondiabetics in Sweden find this same association between
increased RDW and increased HbA1c with high statistical significance [28,29]. We thus
find evidence in three independent studies of more than 20,000 non-diabetics that RBC
clearance delay and increased RDW are significantly associated with increased HbAlc and
thus increased mean RBC life span. See Supplementary Methods “Prospective Study of
Dependence of Glycated Hemoglobin Fraction on v, (Alc Cohort)” for more detail.

Delayed RBC clearance is associated with increased odds of all-cause mortality

If delayed RBC clearance elevates RDW in disease, then we would expect low v, to be as
predictive of all-cause mortality as elevated RDW. In a case-control study of 900 patients,
we fit a logistic regression model for odds of death as a function of the patient’s v.. A
decrease in v, of 1 standard deviation (SD), for instance from 0.79 to 0.78, increases the
odds of death by about €923 = 1.26 or 26% (P value < 10710). An increase of 1 SD in RDW,
for instance from 12.5 to 13.1%, increases the odds of death by about the same 26% (P
value < 10710), The logistic regression coefficients for v, and RDW have a correlation
coefficient of —0.99, strongly supporting the hypothesis that reductions in v; explain the
association between increased RDW and increased risk of all-cause mortality. See Table |
and Supplementary Methods “Case Control Study of RDW and v Association with All-
Cause Mortality (‘Mortality Rate Cohort”)” for more detail.

Delayed RBC clearance has increased odds of future RDW-associated pathology

If delayed RBC clearance causes elevated RDW in response to latent or incipient pathology,
then a decrease in v, should precede both the elevation in RDW and the future clinical
appearance of RDW-associated pathologic conditions. Risk of all-cause anemia is one
condition associated with elevated RDW [5,6]. We first assessed the predictive value of v,
for anemia relative to the reference range for v; in Fig. 1D, defining “low” as beneath the
5th percentile (0.7798). Among people with normal CBCs, we expect that those with low v,
have delayed RBC clearance as compensation for some latent pathophysiologic process.
Because some of these underlying disease processes will lead to anemia, we expect the odds
of future anemia in the low v group to be higher than that in a control group with normal v,.
We identified 299 patients with normal CBCs who went on to develop anemia in the
subsequent 3 months due to any cause. At the time of their normal CBC as many as 3
months prior to anemia, 15% (44/299) had a low v;. In contrast, in a separate group of 98
patients with normal CBCs and no decrease in HCT in the subsequent year, only 3% (3/98)
had a low v;. The odds ratio for the association between low v and future anemia is 4.8,
with 95% confidence interval (1.5, 15.8), supporting the conclusion that delayed RBC
clearance precedes pathologic conditions associated with elevated RDW like all-cause
anemia. See Supplementary Methods “Case Control Study of v.-based Prediction of All-
Cause Anemia (‘Anemia Prediction Cohort”)” for more detail.
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If delayed RBC clearance causes elevations in RDW, then changes in v should precede
changes in existing CBC indices independent of any reference range. We tested this
hypothesis in the same patient population by comparing the predictive accuracy of varying
thresholds of v, to the predictive accuracy of varying thresholds of existing CBC indices:
HCT, HGB, MCV, RDW, MCH, and MCHC. We find v is highly predictive of future
anemia almost regardless of the specific threshold chosen, reaching a maximum odds ratio
of more than 8.0. The existing CBC indices have no thresholds yielding an odds ratio
statistically different from 1.0, with the exception of RDW, for which there were a minority
of thresholds with significant odds ratios, none of which surpassed 2.0. See Supplementary
Methods “Odds Ratios of Future Anemia for Thresholds of CBC parameters and v.” and
Supporting Information Table S-3 for additional detail. v, thus adds substantial quantitative
predictive power to existing CBC indices even for entirely normal CBCs, supporting the
hypothesis that delayed RBC clearance is an early response to a wide range of pathologic
conditions and the major cause of elevated RDW.

A delay in RBC clearance may represent either adaptation or maladaptation. We believe
RBC clearance delay adaptively compensates for the mild anemia associated with many of
the diseases linked to elevated RDW, maintaining circulating red cell mass and oxygen
carrying capacity despite reduced erythropoietic output. Prior studies have shown that
increases on the order of 0.5% in RDW (e.g., from 13.2% to 13.7%) are associated with
increased morbidity and mortality risk [3,19]. Our modeling suggests that this 0.5% increase
in RDW can be caused by a delay in RBC clearance that increases mean RBC age by as
little as 3%, e.g., from a mean age of 50 days to a mean age of 51.5 days. Modeling also
predicts that this magnitude of clearance delay will additionally cause a slight decrease in
MCV, a finding also commonly seen with elevated RDW [3]. We hypothesize that this ~3%
delay in RBC clearance relative to the individual’s baseline is adaptive compensation for a
corresponding ~3% decrease in erythropoietic output. A ~3% reduction in erythropoietic
output implies a ~3% reduction in reticulocyte production relative to baseline, e.g., a
reduction in reticulocyte count from 1.00% to 0.97%. In a typical complete blood count of
~50,000 RBCs, the absolute number of reticulocytes would drop from 500 to 485. This ~3%
relative drop in reticulocyte count (~15 fewer absolute reticulocytes counted per 50,000
RBCs in a CBC) is far too small to be detected by current reticulocyte count assays which
show >3x more imprecision (~10%) even on repeat measurements of the same patient blood
sample and have coefficients of variation in healthy populations of at least 30% based on our
own results and those previously published [30].

Delayed RBC clearance is associated with a higher relative risk for current latent

pathology

Some patients become anemic due to iron deficiency. Iron deficiency anemia is associated
with elevated RDW at the time of diagnosis [6]. If RBC clearance delay is an adaptive
response to subtle decreases in erythropoietic output, then low v, should signal decreasing
iron availability—even in some individuals whose HCT has not decreased at all, precisely
because their delayed RBC clearance is compensating for any diminished erythropoietic
output. We tested this hypothesis in a distinct group of healthy patients, none of whom was
anemic. We measured ferritin levels in these individuals with normal CBCs and low v, and
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compared them to controls with v, above the median. See Supplementary Methods
“Prospective Study of Ferritin Levels (‘Ferritin Cohort’)” for more detail. Because we
believe that RBC clearance delay is a common response to a wide range of pathologic
conditions in addition to iron deficiency, we would expect many randomly selected
individuals with normal CBCs and low Vv to be compensating for pathologic conditions
other than decreasing iron stores. We therefore expect the absolute prevalence of decreased
iron stores to be modest, but we also expect higher relative prevalence of decreased iron
stores in individuals with low v, as compared to that for individuals with higher v.. We
found decreased iron stores (ferritin in the bottom 5% of the normal range or below) in
10/68 (16%) patients with low v and in 4/132 (3%) patients with v above the median.
Thus, among patients with entirely normal CBCs, the relative risk of decreased iron stores
for those with low v is 4.9 with a 95% confidence interval of (1.6, 14.7), supporting the
conclusion that low v, and the delayed RBC clearance it estimates represent a compensatory
response to this pathologic condition. It is possible that the mild decrease in ferritin found in
the low v, individuals leads to an iron-restricted erythropoiesis which directly alters RBC
morphology in a way that mimics a low v, without actually extending the RBC lifespan.
HbA1c provides an estimate of mean RBC age in non-diabetics [14,20,23-27]. We
measured hemoglobin Alc levels in the nondiabetics among these individuals with
decreased ferritin and low v, and found a statistically significant increase relative to the
nondiabetics in the group with normal ferritin and v, supporting the conclusion that the
decreased ferritin is in fact associated with delayed RBC clearance. See Supporting
Information Fig. S-7. Calculating v, may thus help identify patients with delayed RBC
clearance who would benefit from further diagnostic workup for diseases often underlying
iron deficiency such as occult Gl bleeding due to undiagnosed colon cancer, or insufficient
dietary intake during important developmental periods [31,32]. The predictive accuracy of
V¢ in these particular study populations with these specific current and future pathologic
states needs to be validated in other populations with other latent disease or future
pathology. Model parameter estimation is robust to the mild erythropoietic perturbations
expected for many of the diverse conditions shown to be associated with elevated RDW.
Estimated parameters are less accurate in rapidly changing or severe conditions such as
acute blood loss or significant hemolysis.

Discussion

We propose that modulation of the RBC clearance threshold is a fundamental adaptation
central to the homeostatic response to a very wide range of pathologic conditions
presumably involving decreased erythropoietic output. The mathematical model makes
assumptions about incompletely understood pathophysiologic processes, and while the
model has been extensively tested, it will be less accurate in conditions where the
assumptions are less valid. Future studies motivated by this work uncovering new molecular
and dynamic details of the processes controlling RBC maturation and clearance will enable
model improvements which will likely enhance predictive accuracy. We have focused on v,
because it is the dominant overall cause of elevated RDW, but it is likely that other potential
contributors to RDW, including MCV, rRDW, and D,,, will also be relevant and even more
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important in some particular conditions and for some particular patients, and characterizing
their contributions in addition to that of v; will provide additional insight.

Calculating v, enables the estimation of the RBC clearance rate and therefore the
identification of cohorts of patients in the latent or incipient stage of many important
diseases, while the disease or its complications are still invisible to current clinical methods.
Translational studies of these newly-accessible patient cohorts are likely to reveal new
mechanisms of disease as well as even more powerful biomarkers for specific diseases and
their treatments, both those in routine practice and those in development. The broad
predictive value of increased RDW suggests that there are many different molecular signals
funneled through the common cellular-scale homeostatic adaptation of delayed RBC
clearance. Our study shows how mathematical modeling of large amounts of clinical
laboratory data can lead to new understanding of human pathophysiology, revealing the
mechanistic basis for statistical association between existing biomarkers and important
clinical outcomes, and providing a conceptual foundation for more detailed mechanistic
investigations and for the rational development of novel predictors with even more robust
clinical diagnostic power and utility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
RBC population dynamics and determinants of volume variation. Reticulocytes enter the

circulation from the bone marrow (Panel A, top right). The volume and hemoglobin
distribution for reticulocytes from a typical healthy individual is shown as blue contours
enclosing 75, 50, and 25% of reticulocytes with a blue circle at the means. Reticulocytes
mature into RBCs, circulating for ~100-120 days, becoming ~30% smaller and losing ~20%
of their hemoglobin, with simulated trajectories shown as black arrows. The healthy
individual’s total RBC volume and hemoglobin distribution is shown as red contours
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enclosing 90, 75, 50, and 25% of cells, with means shown as a red circle. Senescent RBCs
are cleared and recycled before reaching a threshold that depends on the cell’s volume and
hemoglobin, with v, (bottom left) designating that threshold for the typical RBC with
hemoglobin concentration equal to the population mean. The variation in the RBC volume
distribution (red histogram) is quantified by its coefficient of variation, called the red cell
distribution width or RDW. The RDW is determined by (1) the mean volume, (2) the
coefficient of variation in reticulocyte volume (rRDW), (3) the degree of heterogeneity in
volume dynamics (black arrows) during maturation, and (4) the location of the clearance
threshold (v;). See Supplementary Figs. S-1 and S-2 for additional schematics. Panels B-D
show that v, is more tightly regulated (CV = 1.1%) in a healthy population (See “Healthy
Patient Cohort” in Supplementary Methods n = 600) than HGB (CV = 7.9%), RDW (Cy =
4.5%), or HCT (7.5% in Supporting Information Fig. S-3). x axis widths are the same
fraction of the means.
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Figure 2.
Delayed RBC clearance increases RDW. Panel A shows the RBC volume and hemoglobin

distribution for a healthy individual with an estimated RBC clearance threshold v, = 0.80.
Volume and hemoglobin are scaled by their means. Contours enclose 95, 75, 50, and 25% of
RBCs. A gray plane and black line show the clearance threshold. A gray diagonal line
through the origin shows the mean RBC hemoglobin concentration (MCHC). Panel B
models the effect of lowering that individual’s clearance threshold by 5% to 0.76 (thick

Am J Hematol. Author manuscript; available in PMC 2016 May 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Patel et al.

Page 15

black line). The gray plane remains at the original v, and shows that the low-volume tail
expands through that plane, increasing the RDW from 11.5 to 12.25 (Panel C).
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Figure 3.
RDW and glycated hemoglobin depend on v.. Panel A shows RDW and v for 450 randomly

selected patients with CBCs at Massachusetts General Hospital. See “Correlation Cohort” in
Methods. The correlation coefficient (p) is —0.91. Panel B shows boxplots of glycated
hemoglobin for 74 non-diabetic individuals with v, < 0.775 (median v, = 0.77) and 115
individuals with v, > 0.79 (median v; = 0.80). See “Alc Cohort” in Methods for more detail.
The red horizontal lines show the medians of each group (5.5% and 5.3%). These medians
are different according to a Kruskall-Wallis test with P < 0.002. The low v, group had a
median RDW of 14.6%, and the high v, group had a median RDW of 12.9%. The notches
show the 95% confidence intervals for the medians. The boxes extend from the 25th to the
75th percentile for each group.
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TABLE |
Odds of All-cause Mortality as a Function of v; and RDW

Oddsratiofor 1 SD change Coefficient Standard error P value
log (odds of death) = Constant+f; - v
Constant 17.6 1.4 <1010
Ve 1.26 -22.8 1.8 <10-10
log (odds of death) = Constant+§, - RDW
Constant -6.50 0.43 <10710
RDW 1.26 0.44 0.03 <10710

Page 17

Logistic regression modeling shows v contains the same predictive information as RDW for all-cause mortality. It is not possible to fit a model

containing both RDW and v as predictors, because they are strongly collinear, as would be expected from Fig. 3A.
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