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The Journal of Infectious Diseases

M A J O R A R T I C L E

Anemia and Red Blood Cell Indices Predict HIV-
Associated Neurocognitive Impairment in the Highly
Active Antiretroviral Therapy Era
Asha R. Kallianpur,1 Quan Wang,3 Peilin Jia,3 Todd Hulgan,4 Zhongming Zhao,3 Scott L. Letendre,5 Ronald J. Ellis,6 Robert K. Heaton,7 Donald R. Franklin,5

Jill Barnholtz-Sloan,2 Ann C. Collier,8 Christina M. Marra,9 David B. Clifford,10 Benjamin B. Gelman,11 Justin C. McArthur,12 Susan Morgello,13

David M. Simpson,13 J. A. McCutchan,5 and Igor Grant7; for the CHARTER Study Groupa

1Department of Genomic Medicine/Lerner Research Institute and Medicine Institute, Cleveland Clinic Foundation, Department of Molecular Medicine, Cleveland Clinic Lerner College of Medicine of
Case Western Reserve University, and 2Department of Epidemiology and Biostatistics, Case Western Reserve University, Cleveland, Ohio; Departments of 3Biomedical Informatics, and 4Medicine,
Vanderbilt University School of Medicine, Nashville, Tennessee; Department of 5Medicine, 6Neurosciences, and 7Psychiatry, University of California, San Diego; Departments of 8Medicine, and
9Neurology, University of Washington, Seattle; 10Department of Neurology, Washington University School of Medicine, St Louis, Missouri; 11Department of Pathology, University of Texas Medical
Branch, Galveston; 12Department of Neurology, Johns Hopkins University School of Medicine, Baltimore, Maryland; and 13Department of Neurology, Icahn School of Medicine of Mount Sinai,
New York, New York

Background. Anemia has been linked to adverse human immunodeficiency virus (HIV) outcomes, including dementia, in the
era before highly active antiretroviral therapy (HAART). Milder forms of HIV-associated neurocognitive disorder (HAND) remain
common in HIV-infected persons, despite HAART, but whether anemia predicts HAND in the HAART era is unknown.

Methods. We evaluated time-dependent associations of anemia and cross-sectional associations of red blood cell indices with
neurocognitive impairment in a multicenter, HAART-era HIV cohort study (N = 1261), adjusting for potential confounders, includ-
ing age, nadir CD4+ T-cell count, zidovudine use, and comorbid conditions. Subjects underwent comprehensive neuropsychiatric
and neuromedical assessments.

Results. HAND, defined according to standardized criteria, occurred in 595 subjects (47%) at entry. Mean corpuscular volume
and mean corpuscular hemoglobin were positively associated with the global deficit score, a continuous measure of neurocognitive
impairment (both P < .01), as well as with all HAND, milder forms of HAND, and HIV-associated dementia in multivariable anal-
yses (all P < .05). Anemia independently predicted development of HAND during a median follow-up of 72 months (adjusted hazard
ratio, 1.55; P < .01).

Conclusions. Anemia and red blood cell indices predict HAND in the HAARTera and may contribute to risk assessment. Future
studies should address whether treating anemia may help to prevent HAND or improve cognitive function in HIV-infected persons.

Keywords. human immunodeficiency virus (HIV); anemia; red blood cell indices; mitochondrial dysfunction; HIV-associated
neurocognitive disorder; neurocognitive impairment; iron metabolism.

Anemia is associated with increased morbidity and mortal-
ity rates in human immunodeficiency virus (HIV)–infected
individuals, primarily in populations with limited access to
highly active antiretroviral therapy (HAART) [1]. In the pre-
HAART era, anemia was also linked to HIV-associated demen-
tia (HAD) [2]. Because anemia may be caused by inflammation
via effects of the iron-regulatory hormone hepcidin on iron
transport [1, 3], inflammatory comorbid conditions potentially

confound observed associations between anemia and HIV-
related outcomes. Older nucleoside reverse-transcriptase inhibi-
tors, notably zidovudine (ZDV), cause anemia and macrocytosis
owing to direct effects on iron metabolism [4]. Few studies,
however, have ascertained the independent impact of anemia on
complications of HIV disease during HAART, such as HIV-
associated neurocognitive disorder (HAND) [5, 6]. Although
anemia and/or systemic iron levels are associated with neuro-
cognitive disorders in non–HIV-infected persons [7–9], similar
studies in HAND are lacking. Two pre-HAART-era studies
demonstrated links between anemia and HAD, but HAD is a
relatively uncommon form of HAND today [2, 10].

Despite a shift to milder forms of neurocognitive impairment
(NCI), HAND still occurs in one-third to one-half of HIV-
infected individuals, even in the absence of detectable virus
[11]. A “legacy” of neuroinflammation from the acute infection,
persistent immune activation, treatment-related mitochondrial
toxicity, metabolic derangements, and cerebrovascular disease
are implicated to varying degrees, but the pathogenesis of
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HAND remains perplexing [12, 13]. The nadir CD4+ T-cell
count achieved during the course of disease and age at serocon-
version remain the most consistently identified risk factors, but
significant intraindividual variation in risk suggests the contri-
bution of other factors [6, 12, 14].

Red blood cell (RBC) indices, such as the mean corpuscular
volume (MCV) and mean corpuscular hemoglobin (MCH),
RBC count, and hemoglobin level are indicators of systemic
iron status [15, 16]. Specific measures of RBC size such as
MCV, which depend on redox homeostasis and normal bio-
synthesis of RBC membrane lipids, may also reflect mitochon-
drial dysfunction [17, 18]. In HIV infection, anemia continues
to be observed in individuals with suppressed viremia during
HAART, with or without macrocytosis, and it is unexplained
by ZDV use [1, 19]. Because iron homeostasis is critical for
maintenance of mitochondrial energetics, lipid metabolism,
and overall brain function [20] and anemia was a prominent
predictor of HAD in the pre-HAART era, we examined the in-
dependent contributions of anemia and RBC indices to the risk
of HAND in a HAART-era cohort.

PATIENTS AND METHODS

Study Population
The CNS HIVAntiretroviral Therapy Effects Research (CHAR-
TER) Study is a US-based, prospective, observational study of
neurobehavioral outcomes of HIV disease, which enrolled am-
bulatory, HIV-infected adults from 2003 to 2007 at 6 medical
centers. Study subjects underwent detailed, structured inter-
views and laboratory assessments to obtain information on
complete blood cell counts, RBC indices, nadir CD4+ T-cell
counts, HAART history, exposure to nucleoside reverse-
transcriptase inhibitors, history of a major depressive disorder,
substance use/dependency, comorbid conditions, and demo-
graphics. Data were also collected on current CD4+ T-cell
count, HIV RNA levels in plasma, and hepatitis C virus serology.
Details regarding CHARTER study eligibility criteria, enroll-
ment, and follow-up procedures are published elsewhere [11,
21]. CHARTER is approved by the institutional review boards
of all participating sites and abides by the Declaration of Helsinki;
all study subjects provided written informed consent.

Assessment of Neurocognitive Function and Comorbid Conditions
All participants underwent comprehensive neurocognitive
assessments in 7 cognitive domains known to be commonly af-
fected by HIV. Effects of age, education, sex, and race/ethnicity
were accounted for in the CHARTER test battery, which incor-
porates the best available normative standards. Composite test
scores (global deficit score [GDS]) were derived from demographi-
cally corrected standardized scores (T scores) on individual test
measures. The GDS is a continuous measure (continuous GDS,
cGDS) that reflects the number and severity of impairments
on the test battery. A diagnosis of HAND was defined either

by a dichotomous GDS-based variable (GDS, ≥0.5 for global
NCI vs <0.5 for neurocognitively normal), or by well-
established Frascati criteria [11].

To determine the presence and severity of HAND, CHAR-
TER applied a published algorithm that has demonstrated ex-
cellent interrater reliability in previous studies [11]. This
diagnostic algorithm required (1) absence of confounding neu-
romedical conditions that preclude a diagnosis of HAND, (2)
presence of impairment in ≥2 of 7 ability domains assessed
by the neurocognitive battery, and (3) assessment of functional
impairment by self-report and performance-based criteria. By
these criteria, HAND was classified as asymptomatic NCI,
mild neurocognitive disorder (MND), or HAD, in order of in-
creasing severity. Test scores at follow-up visits were corrected
for practice effects.

Individuals with neuropsychiatric and severe comorbid con-
ditions that could confound diagnosis of HAND (eg, ongoing
substance abuse, prior stroke or cardiovascular complications
without return to normal cognition after the event, severe de-
pression with suboptimal effort in cognitive testing, decompen-
sated liver disease) were excluded from analyses. Conditions
deemed “incidental/minimal” or “contributing” to NCI were al-
lowed: the latter included chronic stable systemic illness (eg,
asthma, hypertension, or diabetes, with mild cognitive and/or
functional impairment but with subsequent clear, additional
cognitive and functional decline in the context of HIV) [11].
Anemia was defined relatively stringently as a hemoglobin
level <11.5 g/dL in women and <13 g/dL in men [22].

Psychiatric Examination
Psychiatric diagnoses were assessed using the computer-assisted
Composite International Diagnostic Interview [23], a structured
instrument widely used in psychiatric research, which classifies
current and lifetime diagnoses of mood disorders and substance
use disorders, as well as other mental disorders. Current mood
also was assessed with the Beck Depression Inventory-II [11].

Statistical Methods
Normality of variable distributions was evaluated using the
Shapiro–Francia test, and summary statistics were presented as
means (standard deviations) or medians (interquartile ranges).
Standard parametric (t test) or nonparametric statistics (Wilcoxon
test for continuous variables and χ2 or Fisher exact test for discrete
variables) were used to compare variables at baseline.

Associations of RBC indices with cGDS were analyzed using
multiple linear regression, adjusting for age, sex, HAART use,
nadir CD4+ T-cell count, ZDV use, plasma HIV RNA concen-
tration, Wide Range Achievement Test III score at entry (an
estimate of reading ability, IQ, and educational level), self-
reported race/ethnicity, and comorbid conditions (conditions
deemed contributing vs incidental to NCI). Logistic regression
analyses were conducted to evaluate associations of RBC indices
with GDS-defined NCI and HAND, adjusting for the same
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covariates, to estimate odds ratios (ORs) and their 95% confi-
dence intervals. Similarly adjusted regression analyses were
also performed in a subset of participants who were receiving
HAART continuously during follow-up.

A time-dependent, Cox proportional-hazards analysis of
HAND (defined by dichotomous GDS) as a function of anemia
at baseline was conducted to incorporate multiple covariates. Of
1261 study participants, 804 who were unimpaired at baseline
were followed up longitudinally and eligible for analysis. The esti-
mated hazard ratio (HR) for anemiawas adjusted for age, sex, race/
ethnicity, HAART, nadir CD4+ T-cell count, ZDV use, MCV at
baseline, premorbid IQ (Wide-Range Achievement Test III
score), and comorbid conditions (contributing vs incidental).

RESULTS

General Characteristics of the Study Population
Baseline neurocognitive performance data, RBC indices, and
hemoglobin levels were available in 1261 CHARTER subjects
without neurologically confounding conditions (median age,
43 years; 23% women; median CD4+ T-cell nadir, 181/μL). In
this group, 886 (70.3%) of subjects were receiving HAART.
The prevalence of current ZDV use was 18% among those re-
ceiving HAART at entry. GDS-defined NCI was present in 457
CHARTER subjects (36.2%) at the baseline visit (Table 1).
HAND was diagnosed in 595 (47.2%), and 37 (6.2%) of these
persons met criteria for HAD. At baseline, nadir CD4+ T-cell

counts, plasma HIV RNA concentrations, and premorbid IQ
were slightly lower among individuals classified as impaired.
Contributing (vs incidental) comorbid conditions [11],
HAART and ZDV use at baseline, and Hispanic ethnicity
were more prevalent among GDS-impaired individuals (all
P < .05); impairment by both GDS and Frascati criteria was
less common among non-Hispanic blacks. The proportion of
impaired women was slightly higher (P = .06). Alcohol abuse
or dependency at baseline occurred in 22 subjects (1.8%) overall
and in 1% of impaired subjects. Approximately 15% of subjects
with or without NCI at entry were anemic.

Associations of RBC Count and RBC Indices With Neurocognitive
Impairment
As presented in Table 2, the RBC count was lower and the MCV
and MCH were higher in study participants with GDS-defined
NCI than in unimpaired individuals (median [interquartile
range] RBC count, 4.4 × 106/μL [4.0–4.8] vs 4.5 × 106/μL [4.1–
4.9]; MCV, 94 [88–100] vs 92 [87–97] fL; and MCH, 32 [30–34]
vs 31 [29–33] pg/cell; all P < .01). Participants with asymptom-
atic NCI or MND also had lower RBC counts than those with-
out HAND, and all HAND subgroups had higher MCV and
MCH values than individuals without HAND (all P < .05) be-
fore multivariable adjustment.

Results of separate multivariable-adjusted linear regression
models of cGDS on RBC count, hemoglobin, and RBC indices
are shown in Table 3. MCV was independently and positively

Table 1. Characteristics of CHARTER Study Participants at Baseline by Neurocognitive Impairment Statusa

Variable

Not Impaired
(n = 804)

(GDS <0.5)

Impaired
(n = 457)

(GDS ≥0.5) P Valueb
No HANDc

(n = 665)
ANI or MND
(n = 558)

HAD
(n = 37)

Age, mean (SD), y 43 (9) 43 (8) .53 43 (9) 43 (9) 44 (6)

Sex, No. (%) women 171 (21) 119 (26) .06 150 (23) 131 (24) 8 (22)

Race/ethnicity, No. (%)d

Non-Hispanic black 416 (52) 174 (38) <.01e 351 (53) 230 (41) 8 (22)

Non-Hispanic white 318 (40) 200 (44) .17 261 (39) 235 (42) 22 (59)

Hispanic 53 (7) 70 (15) <.05e 35 (5) 82 (15) 6 (16)

Nadir CD4+ T-cell count, median (IQR), cells/µL 190 (56–329) 162 (41–277) <.01e 196 (59–332) 150 (34–265) 123 (50–190)

Plasma HIV RNA, median (IQR), log10 copies/mL 2.5 (1.7–4.1) 2.1 (1.7–3.8) .01e 2.5 (1.7–4.1) 2.2 (1.7–3.9) 1.9 (1.7–3.7)

Receiving HAART, No. (%) 534 (66) 352 (77) <.01e 442 (66) 410 (73) 33 (89)

ZDV use, No. (%)f 122 (15) 95 (24) .03e 109 (16) 100 (21) 7 (21)

WRAT-III (IQ) score, median (IQR) 97 (87–105) 90 (79–102) <.01e 98 (87–105) 92 (81–103) 87 (77–98)

Contributing comorbid condition, No. (%)g 239 (30) 215 (47) <.01e 191 (29) 238 (43) 25 (68)

Current alcohol abuse, No. (%) 18 (2) 4 (1) .11 18 (3) 4 (1) 0 (0)

Anemia, No. (%)h 117 (15) 74 (16) .46 91 (14) 86 (15) 4 (11)

Abbreviations: ANI, asymptomatic neurocognitive impairment; CHARTER, CNS HIV Antiretroviral Therapy Effects Research; GDS, global deficit score; HAART, highly active antiretroviral
therapy; HAD, HIV-associated dementia; HAND, HIV-associated neurocognitive disorder; HIV, human immunodeficiency virus; IQR, interquartile range; MND, mild neurocognitive disorder;
SD, standard deviation; WRAT, Wide-Range Achievement Test; y, years; ZDV, zidovudine.
a Data are presented as means (SDs) for normally distributed variables or medians (IQRs) if skewed.
b P values represent comparison between normal and impaired groups.
c One study participant was missing data on HAND assessment.
d A small number of individuals (1% of impaired and 3% of unimpaired subjects) self-identified their race/ethnicity as “other.”
e Statistically significant differences (P< .05; Wilcoxon rank sum test for continuous variables and χ2 or Fisher exact test for discrete variables).
f Data on ZDV use was available in all but 1 subject; 199 subjects were HAART-naive.
g All other comorbid conditions were deemed minimal and unlikely to contribute to neurocognitive impairment.
h Anemia was defined as a hemoglobin level <11.5 g/dL in women and <13 g/dL in men.
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associated with cGDS (Table 3; adjusted β = .006; P < .01).
Lower premorbid IQ, contributing comorbid conditions, and
race/ethnicity were also significant factors in this model. (Be-
cause alcohol can influence MCV and cognitive function, cur-
rent alcohol abuse/dependence was tested for its impact on
regression models that evaluated MCV associations with
HAND, but this variable was dropped owing to low prevalence
in the study sample and lack of impact on results.) Similarly ad-
justed models of cGDS on MCH showed that MCH was also
positively associated with cGDS, independent of other factors
(Table 3; β = .014; P < .01). No association of cGDS with base-
line hemoglobin level was observed, but lower RBC counts tend-
ed to be associated with higher cGDS values, indicating more
severe NCI (β =−.052; P = .07).

In logistic regression models, hemoglobin level at baseline was
not associated with GDS-defined NCI or HAND, as shown in
Table 4. Though not associated with overall GDS impairment

or HAD, higher RBC counts predicted a lower risk of MND
(OR, 0.59; P < .05). Adjusted ORs for MCV were 1.03 and 1.06
for association with MND and HAD, respectively (both
P < .05), compared with individuals without HAND. Similarly,
MCH was associated with GDS-defined impairment and MND
(adjusted OR, 1.03 and 1.11, respectively; both P < .01). The as-
sociation of MCH with HAD was close to statistical significance
(OR, 1.14; P = .06). These results indicate a 3% increase in risk of
MND and a 6% increase in the risk of HAD per 1-fL rise in
MCV; each picogram-per-cell increase in MCH was likewise as-
sociated with a 3% increase in risk of GDS-defined HAND and
an 11%–14% increase in risk of HAND by Frascati criteria.

Multivariable-Adjusted, Time-Dependent Associations of Anemia With
Neurocognitive Impairment
The likelihood of incident NCI (defined as GDS ≥0.5) was es-
timated by means of Cox proportional-hazards regression

Table 2. Relationship of RBC Count and RBC Indices to Neurocognitive Impairment and Diagnosis of HAND in CHARTER Subjects

RBC Measure

Not Impaired
(n = 804)

(GDS <0.5)

Impaired
(n = 457)

(GDS ≥0.5) P Valuea
No HAND
(n = 665)b

ANI or MND
(n = 558) P Valuea

HAD
(n = 37) P Valuea

RBC count, median (IQR), ×106/μL 4.5 (4.1–4.9) 4.4 (4.0–4.8) <.01c 4.5 (4.1–4.9) 4.4 (4.0–4.8) <.05c 4.6 (4.0–4.9) .55

MCV, median (IQR), fL 92 (87–97) 94 (88–100) <.01c 92 (87–97) 93 (89–99) <.05c 95 (90–100) <.05c

MCH, median (IQR), pg/cell 31 (29–33) 32 (30–34) <.01c 31 (29–33) 32 (30–34) <.05c 32 (30–35) <.05c

Abbreviations: ANI, asymptomatic neurocognitive impairment; CHARTER, CNS HIV Antiretroviral Therapy Effects Research; GDS, global deficit score; HAD, human immunodeficiency virus
(HIV)–associated dementia; HAND, HIV-associated neurocognitive disorder; IQR, interquartile range; MCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume; MND, mild
neurocognitive disorder; RBC, red blood cell.
a P values represent comparisons of impaired versus not impaired groups or either ANI/MND or HAD versus no HAND.
b HAND was subclassified as ANI, MND, or HAD.
c Significant difference (univariate P < .05; t test or Wilcoxon rank sum test).

Table 3. Multivariable-Adjusted Regression Analyses of GDS on Hemoglobin and RBC Indices at Baseline

Variable β Coefficient (95% CI)a P Value Model P Value (Model R2)

Regression of GDS on MCV 1.230 × 10−15(0.086)

MCV .006 (.002 to .009) <.01b . . .

Age .0003 (−.003 to .004) .88 . . .

Sex −.045 (−.116 to .027) .22 . . .

Receiving HAART .095 (−.006 to .196) .06 . . .

Nadir CD4+ T-cell count (per cell/μL ) −5.7 × 10−5 (−.0002 to .0001) .56 . . .

ZDV use −.054 (−.139 to .032) .22 . . .

Plasma HIV RNA (per log10copies/mL) .008 (−.022 to .037) .61 . . .

WRAT-III (premorbid IQ) score −.004 (−.006 to −.002) <.01b . . .

Race/ethnicity −.235 (−.337 to −.134) <.01b . . .

Comorbid condition −.167 (−.228 to −.105) <.01b . . .

Regression of GDS on hemoglobin, RBC count, and MCH

Hemoglobin level .008 (−.013 to .029) .47 1.044 × 10−13 (0.078)

RBC −.052 (−.109 to .005) .07 3.102 × 10−14 (0.080)

MCH .014 (.005 to .024) <.01b 1.569 × 10−15 (0.086)

Abbreviations: CI, confidence interval; GDS, global deficit score; HAART, highly active antiretroviral therapy; HIV, human immunodeficiency virus; MCH, mean corpuscular hemoglobin; MCV,
mean corpuscular volume; RBC, red blood cell; WRAT, Wide-Range Achievement Test; ZDV, zidovudine.
a Data shown are adjusted β coefficients in separate regression models of GDS on MCV and GDS on hemoglobin, RBC count, or MCH. Each model was adjusted for age, sex (male vs female),
HAART (on vs off), nadir CD4+ T-cell count, ZDV use (yes vs no), plasma HIV RNA concentration, WRAT-III score, self-reported race/ethnicity, and comorbid condition (incidental vs contributing).
b Statistically significant differences (P< .05).
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analysis, using repeated assessments from follow-up visits at
approximately 6-month intervals and sex-specific cutoffs for
anemia (Figure 1). After exclusion of 457 participants with
GDS-defined NCI at entry and 5 without available hemoglobin,
ZDV, and/or MCV data, 799 persons with a median follow-up
of 72 months were evaluable for incident NCI. Baseline and lon-
gitudinal follow-up data, including blood cell counts and RBC
indices, were available for 2545 visits. Anemic subjects were at

significantly higher risk of incident, GDS-defined NCI (adjusted
HR for anemia, 1.55; 95% confidence interval, 1.13–2.12;
P = .003).

Stratified Analyses
Multivariable-adjusted regression modeling of cGDS and
HAND on MCH and MCV and time-to-impairment analyses
of anemia were also conducted in a subset of individuals receiv-
ing continuous HAART; results for RBC indices are shown in
Table 5 and Table 6. MCV and MCH were associated with
cGDS and with all HAND (GDS ≥0.5 vs <0.5), MND, and
HAD (n = 862; cross-sectional analysis). MCH was strongly as-
sociated with cGDS (Table 5; β = .020; P = 8 × 10−5), as was the
MCV (β = .08; P = 4 × 10−5). Risk estimates for HAND associ-
ated with MCV and MCH were similar to estimates in unstrat-
ified analyses (Table 6). Each 1-fL rise in MCV conferred a 2%
increase in risk of HAND, a 4% increase in risk of MND (OR,
1.04; P < .01), and a 6% increase in risk of HAD (OR, 1.06;
P = .02). Each picogram-per-cell increase in MCH was associat-
ed with a 5% increase in risk of HAND (OR, 1.05; P = .03), a
14% increase in risk of MND (OR 1.14; P = .002), and a 16%

Figure 1. Multivariable-adjusted Cox proportional-hazards analysis of neurocog-
nitive impairment as a function of anemia. This analysis included 799 CHARTER
(CNS HIVAntiretroviral Therapy Effects Research) study participants who were neu-
rocognitively normal at baseline and had longitudinal follow-up and data from 2545
visits. Global deficit scores (GDS) obtained after the baseline visit were adjusted for
practice effects. Time-dependent, Cox proportional-hazards regression models were
adjusted for age, sex, race/ethnicity, highly active antiretroviral therapy (on or off ),
nadir CD4+ T-cell count, zidovudine use, mean corpuscular volume at baseline, pre-
morbid IQ (Wide-Range Achievement Test III score), and non–human immunodefi-
ciency virus–related comorbid conditions at entry.

Table 4. Multivariable-adjusted ORs for Associations of Hemoglobin, RBC Count, and RBC Indices With GDS Impairment or a HAND Diagnosis at
Baselinea

Variable

All Neurocognitive Impairment,
OR (95% CI)
(n = 457) P Valueb

MND, OR (95% CI)
(n = 103) P Valueb

HAD, OR (95% CI)
(n = 37) P Valueb

Hemoglobin 1.03 (0.94–1.14) .48 0.96 (.82–1.13) .65 1.26 (.96–1.68) .10

RBC count 0.93 (0.72–1.21) .60 0.59 (.38–0.90) <.05c 1.02 (.49–2.06) .96

MCV 1.01 (0.99–1.03) .21 1.03 (1.00–1.06) <.05c 1.06 (1.00–1.11) <.05c

MCH 1.03 (0.99–1.07) .18 1.11 (1.03–1.19) <.01c 1.14 (1.00–1.30) .06

Abbreviations: CI, confidence interval; GDS, global deficit score; HAD, human immunodeficiency virus (HIV)–associated dementia; HAND, HIV-associated neurocognitive disorder; MCH, mean
corpuscular hemoglobin; MCV, mean corpuscular volume; MND, mild neurocognitive disorder; OR, odds ratio. RBC, red blood cell.
a Data shown are for separate logistic regression models of RBC, MCV, and MCH, each adjusted for age, sex, highly active antiretroviral therapy (on or off), nadir CD4+ T-cell count, zidovudine
use, HIV RNA concentration (plasma), Wide-Range Achievement Test III score, race/ethnicity, and non–HIV-related comorbid conditions that may affect cognition. The “All Neurocognitive
Impairment” category was defined as GDS ≥0.5.
b Referent groups for P values are those with no impairment (GDS < 0.5) or no HAND.
c Statistically significant differences (P < .05).

Table 5. Multivariable Analyses Associating RBC Indices With GDS as a
Continuous Variable Among 862 Individuals Continuously Receiving
HAART, With Use of Repeated Measures During Follow-upa

Variable β Coefficient (95% CI) P Value

GDS

MCV 0.008 (.004–.011) <.01b

MCH 0.020 (.010–.030) <.01b

Abbreviations: CI, confidence interval; GDS, global deficit score; HAART, highly active
antiretroviral therapy; MCH, mean corpuscular hemoglobin; MCV, mean corpuscular
volume; RBC, red blood cell.
a Regression models were adjusted for the baseline value of MCV (or MCH), age, sex, CD4+

T-cell nadir, zidovudine use, plasma human immunodeficiency virus (HIV) RNA
concentration, Wide-Range Achievement Test III score (baseline), self-reported race/
ethnicity, and non–HIV-related comorbid conditions (incidental or contributing to
neurocognitive impairment).
b Significant difference (P< .05, from multiple linear regression analyses).
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increase in risk of HAD (OR, 1.16; P < .05) among subjects re-
ceiving HAART.

In individuals with detectable viremia (n = 479), anemia was
associated with an even higher incidence of GDS-defined NCI
(adjusted HR, 1.82; 95% confidence interval, 1.24–2.66;
P = .002). In the smaller subset with undetectable viral load
(n = 314), only 46 were anemic at baseline, and the anemia ef-
fect was no longer detectable, but power was low for covariate
adjustment in this group; among 492 individuals receiving con-
tinuous HAART, most of whom had suppressed viremia, the
point estimate for anemia remained in the same direction (ad-
justed HR, 1.39; P = .14; data not shown).

DISCUSSION

This is the first HAART-era, prospective study to show that ane-
mia predicts HAND, independent of known risk factors for
NCI, in HIV-infected persons. Furthermore, routinely available
RBC indices (MCV and MCH) were positively associated with
GDS-defined HAND. Anemia occurred in approximately 15%
of subjects at baseline, lower than previously reported preva-
lences, although it has been noted that cutoffs used to define
anemia (ours being relatively stringent) and proportions of
women in older studies have varied considerably [1].McArthur
et al [2] reported that anemia was independently associated with
rapid neurocognitive decline in individuals with AIDS, treated
largely before the advent of HAART, and that pre-AIDS hemo-
globin was the most significant predictor of dementia. The con-
tribution of anemia to HAND in the HAART era has not been
well studied, however, possibly because anemia is perceived to
be uncommon. Nevertheless, anemia remains one of the most
common hematological abnormalities in patients living with
HIV infection and is consistently associated with poorer clinical
outcomes and more rapid disease progression in both retrospec-
tive and prospective studies [1]

Previous studies evaluating the impact of anemia on HIV
outcomes focused on overall mortality or outcomes of non-
HIV infections [24–26], and most were conducted in popula-
tions with limited access to HAART and/or a high prevalence

of AIDS and other comorbid conditions. Anemia due to non–
HIV-related inflammation, general illness, thalassemias, or mal-
nutrition may be challenging to distinguish from anemia di-
rectly attributable to HIV in such studies [27]. Causes of
anemia in HAART-naive and HAART-exposed subjects may
also differ, with drug regimen and duration of HAART predom-
inating in the latter, as opposed to inflammatory or infectious
causes [28]. In this study, the prevalence of AIDS was low, and
we adjusted our analyses for the presence of comorbid conditions
classified by expert clinicians as either minimal or contributory to
NCI. Although residual confounding is possible, hematocrit
emerged as an independent predictor of neurocognitive decline
in a longitudinal substudy of CHARTER (n = 436), despite inclu-
sion of persons with severe comorbid conditions [21].

In a published study of approximately 600 HIV-infected adults
in the United States, the Veterans Aging Cohort Study (VACS)
index was associated with concurrent risk of global NCI; in
addition to older age and lower CD4+ T-cell count, hemoglobin
<12 g/dL was one of the components of the VACS index asso-
ciated with impairment status [6]. The VACS study was not de-
signed to evaluate the independent impact of anemia on HAND,
however, and it incorporated a cross-sectional analysis in which
non–HIV-related comorbid conditions and demographic factors
previously linked to HAND, such as ethnicity and cardiovascular
disease [12, 21], were not included. In this study, anemia was a
significant independent predictor of neurocognitive decline. We
provide more precise estimates of its impact by excluding severe
and likely confounding comorbid conditions [11].

Potential mechanisms linking anemia or RBC indices to NCI in
this population include systemic and/or neuroinflammation due
to HIV infection [29] and altered cellular iron metabolism that af-
fects brain oxygenation and/or mitochondrial function. Iron
transport within the macrophage-monocyte compartment is pro-
foundly influenced by HIV infection as a result of numerous fac-
tors including inflammation, hepcidin release, direct actions of
viral proteins such as Nef (which benefit intracellular viral repli-
cation), and the effects of antiretroviral drugs [4,30,31].Hepcidin-
mediated iron sequestration within macrophage-monocytes may

Table 6. Multivariable Analyses Associating RBC Indices With HAND Among 862 Subjects Continuously Receiving HAART, With Use of Repeated
Measures During Follow-up

Variable
All HAND,

OR (95% CI) P Value MND, OR (95% CI) P value HAD, OR (95% CI) P value

HANDb

MCV 1.02 (1.00–1.03) <.05c 1.04 (1.01–1.07) <.01c 1.06 (1.01–1.12) .02c

MCH 1.05 (1.01–1.10) .03c 1.14 (1.05–1.23) <.01c 1.16 (1.01–1.34) .04c

Abbreviations: CI, confidence interval; HAART, highly active antiretroviral therapy; HAD, human immunodeficiency virus (HIV)–associated dementia; HAND, HIV-associated neurocognitive
disorder; MCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume; MND, mild neurocognitive disorder; OR, odds ratio; RBC, red blood cell.
a Regressionmodels were adjusted for the baseline value ofMCV (or MCH), age, sex, CD4+ T-cell nadir, zidovudine use, plasma HIV RNA concentration,Wide-Range Achievement Test III score
(baseline), self-reported race/ethnicity, and non–HIV-related comorbid conditions (incidental or contributing to neurocognitive impairment).
b HAND was defined according to Frascati criteria.
c Significant difference (P < .05, from logistic regression analyses).
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contribute to global mitochondrial dysfunction and white mat-
ter damage, which are associated with HAND, because iron is
essential for mitochondrial energy metabolism [32–34].

Although dysregulation of iron transport may also occur with
the use of antiretrovirals such as ZDV, a drug recognized early
in the HAART era to cause macrocytic anemia, our analyses ad-
justed for ZDV use. Suppressing viral replication by initiating
HAART may correct the anemia associated with HIV infection
[1], and most studies suggest that the benefits of eliminating de-
tectable virus from the plasma and cerebrospinal fluid outweigh
potential adverse effects of HAART [35, 36]. The lack of statis-
tical significance of anemia as a predictor of NCI in subgroups
continuously receiving HAART or with only undetectable vire-
mia in this study is probably due to the significant loss of sam-
ple size for multivariable-adjusted analyses.

Micronutrient deficiencies (eg, iron, folic acid, or vitamin
B12), which may underlie anemia and/or changes in erythrocyte
indices in HIV-infected persons, deserve mention. We did not
measure micronutrient levels in this study, but prior studies
showed poor correlation between low serum vitamin B12 levels
in HIV infection and true deficiency and a low likelihood that
deficiency of this vitamin commonly contributes to HIV-asso-
ciated neurological disease [37, 38].

Low vitamin B12 levels are also much less prevalent in the
HAART era, probably reflecting improved immune status
[37]. Others have argued against a major role for nutrient defi-
ciencies in causing macrocytosis or anemia in HIV-infected in-
dividuals. For example, pediatric studies have reported that
HIV-associated anemia is less likely to be related to iron or vi-
tamin B12 deficiency than to inflammation [1, 39, 40]. Increased,
not decreased, MCV and MCH were related to NCI in our
study; therefore, these associations are not due to iron defi-
ciency. Furthermore, anemia remained significantly associated
with incident GDS impairment after adjustment for baseline
MCV, again suggesting that micronutrient deficiencies alone
are unlikely to explain our findings. Anemia independently pre-
dicted incident dementia in a large cohort of older, non–HIV-
infected adults in the United States, in whom adjustment for
MCV and RBC distribution width, sensitive indicators of iron
and B-vitamin deficiencies, did not alter the associations [7].
At least 1 prior study also excluded a major role for B-vitamin
deficiency in HIV-associated macrocytosis [19].

RBC indices are often abnormal in HIV-infected individuals
receiving HAART, and MCV has been proposed as a marker
of treatment adherence [41]. Indeed, RBC indices are sensitive in-
dicators of changes in iron availability, inflammation, and dysme-
tabolism [15, 16, 42]. Although RBCs are devoid of mitochondria,
increased cell size (MCV) may be a marker for subclinical mito-
chondrial dysfunction, which is linked to HAND [34, 43]. In-
creased MCV correlates with hepatic mitochondrial function
measured by the methionine breath test in HIV-infected patients
receiving nucleoside reverse-transcriptase inhibitors [17].

RBCs also represent an important component of the antiox-
idant capacity of blood, owing to both enzymatic and nonenzy-
matic intracellular antioxidants, and studies demonstrating that
transfusion of younger RBCs into aged mice results in slower
aging suggest a possible role for erythrocytes or their membrane
constituents in supporting neurocognitive function that is unre-
lated to their oxygen-carrying capacity [44]. Anemia may also
be a manifestation of the accelerated aging in HIV-infected per-
sons due to chronic immune activation and for which epigenet-
ic evidence has recently been reported [45]. Because increases in
proinflammatory cytokines are associated with both HAND
and aging, effects attributable to anemia may be inextricably
linked to those of inflammation and aging, so-called “inflam-
maging” [1, 29, 46].

Protease inhibitors have been linked to dyslipidemia and ce-
rebral small-vessel disease, elevated RBC indices [47], and, more
recently, HAND [13]. Elevated MCV and MCH indices may in-
dicate HAART neurotoxicity mediated via lipid dysmetabolism.
Associations found between MCV or MCH and HAND in our
study could reflect subtle mitochondrial toxicity or lipid de-
rangements during HAART, which in turn promote HAND.
Dideoxynucleoside analogues besides ZDV are also associated
with macrocytosis [19, 48] with or without anemia, suggesting
that even in the absence of serious mitochondrial toxic effects of
these drugs, such as lactic acidosis and hepatic dysfunction, mi-
tochondrial dysfunction may yet occur, predisposing to HAND.

Notably, substituting other antiretroviral drugs for ZDV does
not always resolve macrocytosis. In a 2012 study of 20 HIV-in-
fected subjects, Wobeser et al [49] reported that the MCV cor-
related strongly with fasting serum lactate levels and was
significantly higher in subjects receiving HAART than in
those not receiving antiretroviral therapy, or HIV-negative con-
trols. These and other studies support the concept that erythro-
cyte size and membrane biology may be a sensitive indicator of
low-level mitochondrial dysfunction, lipid dyshomeostasis,
and/or antiretroviral toxicity. Although subjects in the study
by Wobeser et al [49] had a history of ZDV exposure, none
was receiving ZDV at the time of the study; antiretroviral regi-
mens were not specified. In the study by McArthur et al [2], the
impact of pre-AIDS ZDV use, on HAND was also found to be
minimal.

In conclusion, anemia and RBC indices are significant inde-
pendent predictors of HAND in the HAART era. Although the
contributions of MCH and MCV to HAND risk seem small in
absolute terms, changes in these indices may reflect mitochon-
drial toxicity and/or lipid dysmetabolism during treatment,
which could have important implications for neurocognitive
function over time. Further studies are needed to determine
the precise mechanisms underlying these associations. Inexpen-
sive and noninvasive biomarkers are urgently needed for diag-
nosis, risk stratification, and monitoring of HAND, particularly
in low-resource settings; to this end, RBC indices may constitute
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adjuncts to the clinical armamentarium. Studies are also needed
to determine whether treatment of anemia and inflammation in
HIV-infected individuals, for example with newer erythropoietic
agents that address both [50], may reduce the risk of HAND or
ameliorate NCI.
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