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Abstract

Background/Aims: Anemia is common in patients with advanced chronic kidney disease
(CKD). A proportion of patients present with macrocytic anemia, manifested by elevated mean
corpuscular volume (MCV), which has been associated with worse outcomes in CKD patients.
However, it is unknown whether elevated MCV is associated with higher mortality risk in incident
hemodialysis (HD) patients.

Methods: This retrospective observational cohort study examined all-cause, cardiovascular, and
infectious mortality associations with both baseline and time-varying MCV in 109,501 incident
HD patients using Cox proportional hazards models with three levels of hierarchical multivariable
adjustment. Odds ratios of high versus low baseline MCV were evaluated using logistic regression.
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Results: The mean age of patients was 6515 (SD) years and the cohort was 44% female, 58%
diabetic, and 31% African American. Higher MCV was associated with older age, female sex,
non-Hispanic white race-ethnicity, alcohol consumption, and having a decreased albumin or
protein intake. Patients with higher MCV levels (>98 fl) had a higher all-cause, cardiovascular,
and infectious mortality risk in both baseline and time varying models, and across all levels of
adjustment. In the fully adjusted models, compared to a reference of MCV 92-<94 fl, patients with
a baseline MCV>100+ fl had a 28% higher risk of all-cause mortality (HR: 1.28, 95%Cl: 1.22,
1.34), 27% higher risk of cardiovascular mortality (HR: 1.27, 95%CI: 1.18, 1.36), and 18% higher
risk of infectious mortality (HR: 1.18, 95%CI: 1.02, 1.38). These associations persisted across all
examined subgroups of clinical characteristics.

Conclusions: Higher MCV was associated with higher all-cause, cardiovascular, and infectious
mortality in HD patients. Further investigation is necessary to understand the underlying nature of
the observed association.

INTRODUCTION

Anemia is common in patients with advanced chronic kidney disease (CKD) with a
prevalence of about 53% in CKD stage 5 [1]. Erythrocyte size in anemia can be
differentially diagnosed into microcytic, normocytic, or macrocytic anemia by the index of
mean corpuscular volume (MCV) [2]. Anemia in CKD patients is usually normocytic and
normochromic [3], characterized by reduced erythropoietin production [4], and is associated
with reduced red blood cell survival [5]. Some patients with advanced CKD present with
macrocytosis [3]. Elevated MCV (generally 100+ fl) (macrocytic anemia) is often
characteristic of underlying conditions such as nutritional deficiencies, drug use, or primary
bone marrow disorders [2,6-8], and has been associated with worse outcomes in patients
with acute decompensated heart failure [9] and patients undergoing coronary intervention
[10].

In a recent study investigating a small cohort of 1,439 Taiwanese patients with stages 3-5
CKD, Hsieh et al., found that over a median of 1.9 years of follow up, patients with higher
MCV (defined as greater than the median value of 90.8 fl) had a higher risk of all-cause,
cardiovascular, and infection-related mortality, compared to patients with MCV levels below
the median [11]. Additionally, an earlier prospective, single-center study including 150
prevalent Canadian dialysis patients found an association between higher MCV (defined as
>102 fl) and mortality over nine months of follow up [12]. However, whether higher MCV is
associated with mortality in incident hemodialysis patients is still unknown. We
hypothesized that in a large nationally representative cohort of incident hemodialysis
patients in the US, higher MCV levels would be associated with a higher risk of mortality.

METHODS

Study Population and Data Source

We examined the data from a total of 208,820 patients with end stage renal disease who
initiated dialysis therapy from January 1, 2007 to December 31, 2011 within a large dialysis
care organization in the United States. This cohort has been previously described [13]. We
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excluded 46,156 patients who had <60 days of total treatment during their total follow-up
time, 29,502 for receiving treatment with a modality other than in-center hemodialysis,
21,145 for not having treatment data in the first patient quarter (91 days from patient first
dialysis date), and 2,516 for not having MCV data in the first patient quarter. The final
analytical cohort consisted of 109,501 incident hemodialysis patients (Figure S1).

Additionally, we created three subcohorts for sensitivity analysis where we further restricted
the analytical cohort based on the availability of the covariate of interest: () we excluded
100,208 incident hemodialysis patients for missing folate in patient quarter 1, which led to a
subcohort of 9,293 patients with averaged MCV and folate measurements in patient quarter
1, (I1) for the second subcohort, 98,810 incident hemodialysis patients were excluded for
missing vitamin B12 (B12) measurements in patient quarter 1, which resulted in a total of
12,691 patients with MCV and B12 measurements in the first patient quarter, and finally
(11) 73,167 patients were excluded for missing residual renal urea clearance (KRU) values
in patient quarter 1, and therefore the third subcohort consisted of 36,334 incident
hemodialysis patients.

All data were obtained from electronic records of the dialysis organization. ICD-9 codes
listed in patient electronic medical records were used to determine the following conditions:
alcohol abuse, arteriosclerotic heart disease (ASHD), cerebrovascular disease (CBVD),
congestive heart failure (CHF), chronic obstructive pulmonary disease (COPD), diabetes
mellitus, dyslipidemia, history of cancer, hypertension, liver disease, human
immunodeficiency virus (HIV), other cardiovascular disease and substance abuse. Blood
samples were drawn using standardized techniques in all dialysis clinics and were
transported to a central laboratory in Deland, Florida, typically within 24 hours. All
laboratory values were measured using automated and standardized methods. Serum
creatinine, phosphorus, calcium, albumin, bicarbonate, total iron-binding capacity, and red
cell distribution width (RDW) were measured monthly. Serum intact parathyroid hormone
(iPTH) and ferritin were measured at least quarterly. Hemoglobin was measured weekly to
biweekly in most patients. Delivered dialysis dose was estimated by single-pool Kt/V
(spKt/V) using the urea kinetic model [14]. Body mass index (BMI) was calculated as post-
hemodialysis body weight in kilograms divided by height in meters squared. MCV was
routinely reported in femtoliters (fl, or 10715L) along with complete blood cell count and
was calculated by dividing the Hematocrit (Hct) by the red blood cell count (RBC) as
follows: MCVI[fl] = (Hct [%] / RBC [in million per pL]).

To minimize variability, variables with repeated measures within each three-month period
(91-day intervals) were averaged to obtain a single quarterly mean value. Measurements
taken during the first 91 days on dialysis therapy, referred to as the “first patient quarter,”
were used as baseline values.

The study was approved by the institutional review committees of the University of
California, Irvine, and was exempt from informed written consent due to its nonintrusive
nature and anonymity of patients.
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Exposure and Outcome Ascertainment

MCV was the primary exposure of interest. All-cause, cardiovascular, and infectious
mortality were examined as the primary and secondary outcomes, respectively. For the
definition of cardiovascular and infectious mortality, please refer to Table S1A and S1B.
Patients were divided into nine groups of MCV spaced into equal intervals of two fl: <86,
86-<88, 88-<90, 90— <92, 92-<94 (reference), 94-<96, 96-<98, 98-<100, and 100+.
Associations of MCV with mortality outcomes were examined in both baseline and time-
varying models. Patients were followed from the first date of hemodialysis (HD) treatment
until the patients were censored through one of the following events: death, kidney
transplantation, transfer to another dialysis provider, or end of the study period.

Statistical Analyses

Baseline patient characteristics were summarized across baseline MCV groups using
proportions, mean (z standard deviation (SD)) for parametric variables, or median (inter-
quartile range (IQR)) for non-parametric variables, and were compared using tests-for-trend.
Odds ratios for high (MCV =93 fl) vs. low (MCV <93 fl) baseline MCV were calculated
using logistic regression. Linear regression and correlation coefficients (Spearman or
Pearson as appropriate) were also calculated to evaluate serum laboratory values and
medication dosage associations with baseline MCV.

To illustrate trajectories of quarterly averaged MCV across 20 patient quarters, we used a
mixed-effects regression model and stratified trajectories by the baseline MCV groups,
baseline median weekly erythropoiesis stimulating agent (ESA) dose groups, or baseline
cumulative monthly intravenous (IV) iron dose groups. The cut points for the median weekly
ESA dose groups and cumulative monthly IV iron dose groups were data derived. We further
performed time-varying adjustment for weekly median ESA dose and cumulative monthly
IV iron dose in the MCV baseline stratified model, weekly median ESA dose in the baseline
ESA stratified model, and monthly cumulative IV iron dose in the baseline IV iron stratified
model.

Associations of MCV with all-cause, cardiovascular, and infectious mortality outcomes were
estimated using Cox proportional hazards models for both baseline and time-varying
models. The proportionality assumption was checked using plots of log (—log(survival rate))
against log(survival time). We additionally explored potentially non-linear relationships
between MCV and mortality outcomes using restricted cubic spline models with four knots
placed at the 51, 35t 65! and 95t percentile values of MCV. Mortality associations of
high vs. low MCV were also examined across a priori selected subgroups in fully adjusted
models, and were tested for interactions using the Wald test. In sensitivity analyses, we used
competing risk regression to further explore the association between MCV and
cardiovascular and infectious mortality, with cardiovascular or infectious death as the event
of interest and non-cardiovascular or non-infectious mortality as the competing event,
respectively.

All models were examined across three levels of hierarchical multivariable adjustment. The
first level was unadjusted and included only MCV as the exposure. The second level was
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case-mix adjusted, which additionally included demographic data (age and sex), race-
ethnicity (non-Hispanic white, African American, Hispanic, Asian, and other), comorbid
conditions (alcoholism, ASHD, CBVD, CHF, COPD, diabetes mellitus, dyslipidemia,
history of cancer, hypertension, liver disease, other cardiovascular disease, and substance
abuse), insurance type (Medicare, Medicaid, private/other), hemodialysis access type
(central venous catheter, arteriovenous fistula, arteriovenous graft, other), and spKt/V. The
third level (fully adjusted model) added markers of the malnutrition-inflammation complex
syndrome (MICS), for which we used 17 surrogates of nutritional and inflammatory status:
hemoglobin, serum albumin, calcium, phosphorus, intact PTH (iPTH), iron saturation, total
iron-binding capacity, ferritin, bicarbonate, white blood cell count, lymphocyte percentage,
creatinine, alkaline phosphatase (ALP), BMI, normalized protein catabolic rate (hnPCR),
cumulative monthly 1V iron dose per quarter, and ESA quarterly median dose per week.

In logistic regression analyses, models were restricted to patients that had the risk factor of
interest, and were adjusted for all other components in the fully adjusted model minus the
exposure. In time-varying models MCV, access type, laboratory values, and medication use
were time updated. In additional analyses, we adjusted for (1) folate, (11) B12 and (111) KRU
individually, to evaluate potential confounding by these covariates in models restricted to
patients with available data on these variables in the first patient quarter.

For most covariates including laboratory markers, baseline data were <1% missing for the
total cohort. Folate, B12, and KRU were missing at 92%, 88%, and 67%, respectively, and
therefore were only included in subgroup analyses. In time varying analyses, MCV values
were carried forward until subsequent updated values were reported. Missing values were
handled by imputation by median for quantitative variables, or creation of a missing
category for categorical data. All analyses were implemented using Stata, version 13.1 (Stata
Corporation, College Station, TX).

Study Population

The analytical cohort included 109,501 HD patients and total cohort median (IQR) follow-
up time was 494 (230, 922) days. Baseline characteristics stratified by the nine MCV
categories are shown in Table 1. MeanSD age of the cohort was 63+15 years. The cohort
was comprised of 44% females, 58% diabetic patients, and 31% African American patients.

At baseline, patients with higher MCV were more likely to be female, older, non-diabetic,
non-Hispanic White, on Medicare, and have comorbidities of alcoholism, COPD, history of
cancer, liver disease, and other cardiac disease. Patients with lower MCV were more likely
to have comorbidities of congestive heart failure (CHF) and hypertension. At higher levels of
MCV, ALP, calcium, ferritin, folate, serum iron, iron saturation, and spKt/V increased while
albumin, creatinine, iPTH, KRU, lymphocyte, phosphorous, and total iron binding capacity
decreased. Patients with lower levels of MCV were also more likely to receive higher doses
of IV iron.
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Predictors of Higher MCV

Odds ratios of having MCV levels above the median (=93 fl) in 109,501 HD patients are
shown in Table 2 for unadjusted, case-mix adjusted, and fully adjusted (case-mix plus MICS
adjusted) models. In fully adjusted models, odds of higher baseline MCV were associated
with older age, female sex, alcohol consumption, COPD, and higher ALP. Conversely, being
diabetic, being not of non-Hispanic White race-ethnicity (in particular African American
race-ethnicity), having higher albumin, or having higher nPCR, was associated with lower
likelihood of having a baseline MCV above the median.

Linear regression analysis and correlations showed similar results (Table S2). MCV had
positive correlations with values for ALP, B12, calcium, ferritin, folate, hemoglobin, serum
iron, iron saturation, and spKt/V. It had negative correlations with albumin, creatinine, iPTH,
KRU, lymphocyte, nPCR, phosphorous, RDW, total iron binding capacity, white blood cell
count, and IV iron. However, the correlations between MCV and various laboratory
variables were very weak. The strongest correlation was found between MCV and iron
saturation. With every percent increase in iron saturation, MCV increased by 0.15 fl
(correlation coefficient and p-value, 0.23 and <0.001).

MCV trajectories over 20 Patient Quarters

Overall, patients showed a gradual increasing trend towards higher MCV levels over 20
patient quarters. The hierarchical order of the baseline MCV groups were maintained, and
the differences between groups remained relatively constant (Figure S2A). Adjustment for
time-varying cumulative IV iron dose and median ESA dose did not substantially change the
course of the trajectory (Figure S2B). Additionally, after stratifying patients according to
their baseline ESA dose into four groups, MCV increased during 20 patient quarters and
showed very little variance across ESA strata (Figure S2C). The trajectory remained
consistent after adjusting for patient quarter median weekly ESA dose (Figure S2D).
Likewise, we stratified patients into four strata for baseline cumulative monthly IV iron
dose, and found no significant difference in mean MCV level across iron strata over the
course of 20 patient quarters (Figure S2E), which was not altered after adjustment for time
varying monthly cumulative IV iron dose (Figure S2F).

All-Cause Mortality

All-cause mortality rates increased linearly across the nine groups of MCV and more than
doubled from the group with the lowest MCV (<86 fl) to the group with the highest MCV
(=100 fl) (117 deaths versus 250 deaths per 1,000 person-years, Table S3). In baseline
unadjusted hazard ratio models, MCV was linearly associated with mortality risk (Figure
1A), where patients with MCV =100 fl had a 65% higher risk of mortality compared to the
referent (hazard ratio (HR): 1.65, 95%CIl: 1.58, 1.72). After case-mix or case-mix plus
MICS covariate adjustments, the protective benefit of lower MCV was attenuated, where
patients with MCV below the referent had a similar mortality risk to the referent. In fully
adjusted models, patients with high MCV maintained a higher mortality risk, with the
highest risk for patients having MCV 100+ fl (HR: 1.28, 95%Cl: 1.22, 1.34).
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In the three subcohorts including (1) 9,293 incident hemodialysis patients with baseline
folate and MCV measurements, (11) 12,691 incident hemodialysis patients with baseline B12
and MCV measurements, and (I11) 36,334 incident hemodialysis patients with baseline KRU
and MCV measurements, the MCV-mortality association was similar to the main cohort in
the case-mix plus MICS adjusted model. Further adjustment, separately for (1) folate, (I1)
B12 and (111) KRU, as shown in Figure S3A-C, did not attenuate the association of higher
MCV with mortality.

Time-varying models followed a similar pattern as the baseline MCV-mortality association.
Higher MCV was associated with higher short term risk of all-cause mortality across all
levels of adjustment; however, lower MCV had no protective benefit compared to the
referent (Figure 1D, Table S4). Restricted cubic splines modeling hazard ratios for baseline
(Figure S4A-C) and time-varying (Figure SS5A-C) associations showed similar results and
did not suggest a presence of non-linear relationships between MCV and all-cause mortality.

Cardiovascular Mortality

Associations of MCV with cardiovascular mortality showed similar patterns to those in all-
cause mortality models. In both baseline and time-varying models, the protective effect of
lower MCV was attenuated by covariate adjustments (Figure 1B, 1E, Table S5, S6). Patients
with higher MCV maintained a higher mortality risk across all levels of adjustment. In
baseline fully adjusted models, patients with MCV 100+ fl had a 27% higher cardiovascular
mortality risk compared to the referent (HR: 1.27, 95%CI: 1.18, 1.36). Competing risk
regression subhazard ratios (Table S7) showed that the same patterns hold after accounting
for non-cardiovascular mortality as a competing event.

Restricted cubic splines for baseline (Figure S4D—F) and time-varying (Figure S5D-F)
cardiovascular mortality hazard ratios did not suggest the presence of non-linear
relationships between MCV and cardiovascular mortality.

Infectious Mortality

Patterns for infectious mortality were less consistent than those for all-cause or
cardiovascular mortality. The highest group of baseline MCV was associated with a higher
risk of infectious mortality across all levels of adjustment (Figure 1C, Table S8), with an
18% increased risk of infectious mortality for MCV 100+ fl compared to the referent (HR:
1.18, 95%CIl: 1.02, 1.38) in the fully adjusted model. Associations of lower baseline MCV
with lower infectious mortality risk were found, but only persisted after all levels of
adjustment for MCV groups 86—-<88 and 88—<90. One group above the referent, MCV
94-<96, also had reduced risk of infectious mortality. Competing risk regression subhazard
ratios (Table S10) showed that after accounting for non-infectious mortality as a competing
event, the same three MCV groups maintained reduced infectious mortality risk, and the
highest group maintained increased risk.

In time varying analysis (Figure 1F, Table S9), no association was observed between lower
levels of MCV and infectious mortality, but the two highest MCV levels were associated
with higher mortality.
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Restricted cubic splines for baseline (Figure SAG-I) and time-varying (Figure S5G-I)
infectious mortality hazard ratios did not suggest the presence of non-linear relationships
between MCV and infectious mortality.

Subgroup Analyses

MCV above or equal to the median (=93 fl) versus below the median (<93 fl) was
consistently associated with higher all-cause, cardiovascular, and infectious mortality across
substrata (Figure 2, Table S11). Associations of higher MCV with all-cause mortality were
stronger for patients who had diabetes or who were receiving a lower dialysis dose. Dialysis
dose also similarly modified the association of higher MCV with cardiovascular mortality.

For all-cause mortality, significant interactions between MCV =93 fl and subgroups were
observed for race, BMI, diabetes, and dialysis dose (Table S12). For cardiovascular
mortality, interactions were observed for CHF and dialysis dose subgroups. No significant
interactions were observed for infectious mortality.

DISCUSSION

In a large nationally representative cohort of 109,501 adult incident HD patients, our
primary finding was a robust and consistent relationship between higher MCV with higher
risk of all-cause, cardiovascular, and infectious mortality in both baseline and time-varying
models, independent of malnutrition and inflammatory status. Patients with higher MCV
tended to be older, female, alcoholic, non-diabetic, of non-Hispanic white race, and had
elevated markers of poor nutrition, namely lower baseline albumin, nPCR, phosphorus
concentrations, serum creatinine, and BMI. Furthermore, KRU was lower in patients with
higher MCV levels.

Macrocytosis may be a surrogate for an end-stage malnutrition-related poor health condition.
While hypoalbuminemia is associated with malnutrition and inflammation [15], lower nPCR
and phosphorus may be indicative of low protein intake [16,17]. Lower serum creatinine
correlates with a lower muscle mass [18,19] in dialysis patients and declining residual
kidney function may be a factor in malnutrition and inflammation[20]. In fact, protein-
energy wasting and inflammation are commonly found in dialysis patients [21,22]. It has
been postulated that malnutrition could lead to a change in osmotic pressure contributing to
erythrocyte swelling and a higher MCV [11]. Malnutrition may partially confound the
relationship between MCV and mortality, but the association of higher MCV with mortality
persisted after MICS adjustment. Additionally, adjusting for residual kidney function in a
subset of patients did not remove the association. Therefore we conclude that malnutrition
alone cannot fully explain the association between high MCV and mortality.

Associations between high MCV and B12 and folic acid deficiencies have been well
established [6,23,24]. Soochoo et al.[25] studied B12- and folate-mortality associations using
the same database as was used in this study. They concluded that higher B12 (B12=550
pg/ml) and lower folate (folate<6.2 ng/ml) were associated with higher all-cause mortality.
However, in additional analysis including only a subset of our analytical cohort, we found
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that high MCV was associated with higher all-cause mortality even after adjusting for folate
and B12.

Another potential source of residual confounding is the impact of ESA therapy. ESA can
lead to an increase in the reticulocyte population[12], which can thereby lead to increased
MCV. A previous study described an association between MCV >102 fl and higher
darbepoetin to hemoglobin ratio in maintenance hemodialysis patients [12], while in another
study the MCV-mortality association was not significantly altered after adjustment for
medication therapy including ESA [11]. Even though we adjusted for ESA in our baseline
and time-varying models, one can argue that this may not account for the time to effect of
ESA, since the ESA dose and MCV levels were measured in the same patient quarter.
However, the trajectory model of mean MCV over 20 patient quarters stratified by baseline
MCV group was not altered by ESA and IV iron adjustment.

Another potential explanation for the association between elevated MCV and mortality may
be linked to the molecular aging process. In our study, older age was associated with higher
MCV, which is consistent with other studies [26]. Relationships of leukocyte telomere length
with heart disease, cancer, infections, and overall mortality have been previously described
[27-29]. With every division, DNA polymerase cannot fully replicate the 3” end of a DNA
strand; thus the telomere length becomes shorter and eventually reaches a critical length that
can lead to cell death [27]. Kozlitina and Garcia measured the length of genomic DNA
isolated from circulating leukocytes in 3,157 subjects that were enrolled in the Dallas Heart
Study 2. Using a multiple regression model they found that shorter telomeres were
significantly associated with larger MCV [30]. Furthermore, shorter telomeres may be
related to infectious diseases [31,32]. In our analysis, associations of higher MCV with
mortality were only slightly attenuated after adjustment for age; however, we were unable to
account for differing telomere length.

Furthermore, red blood cell metabolism and homeostasis strongly affect the antioxidant
properties of the whole body, and alteration of the erythrocytes membrane may result in a
reduction of its antioxidant capacity [9,33,34]. Solak et al. showed that MCV was associated
with endothelial dysfunction, independent of inflammation, suggesting that the harmful
impact of higher MCV level on endothelial function may be a consequence of the
compromised antioxidant potential of macrocytic erythrocytes [34]. Interestingly,
overproduction of reactive oxygen species may play a causative role in the development and
progression of cardiovascular disease [9].

We were unable to account for these factors in our cohort analysis, and thus recommend
future studies with the ability to capture data on oxidative stress explore this possibility. The
precise mechanisms by which MCV and mortality are related are yet to be determined.

Strengths of this study include the large sample size, thorough adjustment for common
markers of malnutrition and inflammation, and refined categories of MCV that allowed us to
examine non-linear relationships. Limitations include the possibility of residual confounding
and our inability to infer causality due to the retrospective observational study design. We
also lacked data on certain confounders, namely measures of C-reactive protein, reactive
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oxygen species, other inflammatory markers, the number of blood transfusions, and
medications known to induce macrocytosis. Moreover, we cannot provide any information
on pre-ESRD treatment such as ESA dose or IV iron, which might confound the baseline
MCV-mortality association. For our baseline models, monthly cumulative IV iron and
weekly median ESA use were documented after dialysis initiation over a 90-day period,
during the same time frame as the baseline MCV measurement.

In conclusion, in a large national cohort of incident HD patients in the US, higher MCV
levels were associated with higher risk of all-cause, cardiovascular, and infectious mortality.
Further studies are needed to understand the pathophysiology underlying this relationship,
and the potential advanced utility of evaluating MCV level in clinical practice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Subgroup analysis of all-cause (A and B) and cardiovascular (C and D) mortality hazard

ratios (and 95%CI error bars) of high MCV (MCV=93 fl) vs low MCV (MCV <93 fl) across
three levels of multivariable adjustment.

Abbreviations: BMI, body mass index; CHF, congestive heart failure; nPCR, normalized
protein catabolic rate; RDW, red cell distribution width; TIBC, total iron binding capacity;
iv, intravenous; B12, vitamin B12
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