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Abstract

Background: Anemia is linked to neurocognitive impairment (NCI) in people with HIV (PWH), 

but its impact within specific ability domains, and in diverse populations with HIV, is uncertain.

Methods: Participants included 1,339 PWH enrolled in observational HIV cohort studies with a 

mean of 3 comprehensive neurocognitive assessments over 30 months. Global and domain-specific 

neurocognitive function were assessed by the Global and Domain Deficit Score (GDS and 

DDS, respectively), or as GDS- or DDS-defined NCI (GDS≥0.5, DDS>0.5). Time-dependent 

associations of anemia or red-cell indices with neurocognitive function were evaluated by 

multivariable regression.

Results: Mean age at entry was 43.6 years (85% male, 23.9% Hispanic, 16.7% African-ancestry 

by self-report, 69.8% virally suppressed). Anemia occurred at entry in 297 (22.2%) and developed 

subsequently in another 129 (9.6%). Anemia (present in 26.8% of cognitively impaired PWH at 

entry) and lower hemoglobin were associated with higher (worse) GDS values; the association 

for anemia persisted after multivariable adjustment and in virally suppressed persons (p<0.0001). 

Anemia was also associated with reduced processing speed, motor function, learning, delayed 

recall, working memory (all p<0.01), executive function (p=0.021), and verbal fluency (p=0.035), 

and these findings persisted in longitudinal analyses (adjusted p<0.01 for all domains, except 
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verbal fluency). Higher mean corpuscular volume and mean corpuscular hemoglobin were 

associated with less impairment in learning and recall (all p<0.05).

Conclusions: Anemia in diverse and virally suppressed PWH associates with reduced 

neurocognitive performance in multiple domains, cross-sectionally and over time. The impact 

of identifying and treating anemia to prevent or slow neurocognitive decline in PWH should be 

prospectively evaluated.
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INTRODUCTION

People with HIV (PWH) on effective antiretroviral therapy (ART) experience a near-normal 

life expectancy but develop aging-related diseases such as neurocognitive (NC) impairment 

(NCI) at higher age-adjusted rates than the general population.1,2 NCI occurs in 30–50% 

of PWH,3 often with deficits in multiple ability domains. HIV infection of perivascular 

macrophages and glia, leading to virus latency and chronic inflammation within the central 

nervous system (CNS), contributes to, but does not fully explain, the continued high 

prevalence of NCI in treated PWH.4

Anemia is a significant risk factor for morbidity and mortality in PWH.5,6 Anemia is 

often classified according to whether erythrocyte indices (e.g., mean corpuscular volume, 

or MCV) are high, normal, or low: macrocytic (high-MCV) anemias may be due to 

micronutrient deficiencies or associated with the use of nucleoside reverse-transcriptase 

inhibitors like zidovudine;7 microcytic (low-MCV) anemias may result from iron-deficient 

erythropoiesis, other iron-related disorders, thalassemias, or efavirenz use.8 Systemic 

effects of anemia depend upon its duration and severity: reduced oxygen transport to 

the CNS can depress synaptic activity and promote neuronal-cell death in regions such 

as the hippocampus, basal ganglia, neocortex and thalamus.9 Pre-ART-era and largely 

cross-sectional studies identified associations between anemia and worse NC performance 

in PWH but included participants who were ART-naïve or not receiving contemporary 

ART. We had reported the association of anemia and erythrocyte indices with worse 

NC performance in an observational cohort of PWH, the majority of whom were on 

ART.10 Another study also found that lower hematocrit values predicted future NC 

decline.6 The purpose of this study was to confirm and expand upon prior findings in an 

independent, largely virally suppressed (VS), HIV cohort of diverse race/ethnicity on ART. 

We hypothesized that participants with anemia and altered erythrocyte indices would have 

worse domain-specific as well as global NC function at entry and follow-up.

METHODS

Study Design

We analyzed data from 1,339 adults with HIV and a total of 4,266 visits across several 

observational cohort studies of the HIV Neurobehavioral Research Program (HNRP) at 

the University of California San Diego (UCSD). Participants were assessed between July 
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1999 and June 2017, reported receiving ART at all visits, and all underwent comprehensive 

neuromedical and NC evaluations and laboratory testing at each visit. PWH who had current 

or prior CNS opportunistic infections, or specific conditions which prevent attribution of 

NCI to HIV (e.g., head injury with prolonged loss of consciousness, learning disability or 

developmental delay, untreated seizure disorder or psychosis, active substance use), were 

excluded.11 Of evaluated participants, 784 (58.6%) had two or more NC assessments.

This study was approved by the UCSD Human Research Protections Program. All 

participants provided written informed consent for use of their data in research. The majority 

of PWH were enrolled in studies of the National Institute of Mental Health (NIMH)-funded 

HIV Neurobehavioral Research Center (HNRC, n=765) or the National Institute on Drug 

Abuse (NIDA)-funded Translational Methamphetamine AIDS Research Center (TMARC, 

n=190).

Clinical and NC Assessments

Information on demographic, neuromedical, and HIV-disease and treatment factors was 

collected. Not collected were dietary questionnaire data or specific information on iron 

intake. Common comorbidities that contribute to vascular causes of NC impairment, 

such as diabetes mellitus, hypertension, and hyperlipidemia, and hepatitis C virus 

(HCV) seropositivity, were included as covariates in our analyses.12 Leukocyte and 

erythrocyte numbers, hemoglobin concentration, and erythrocyte indices [mean corpuscular 

volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin 

concentration (MCHC)] were determined by Coulter counter. Anemia was defined as a 

hemoglobin <13.5 g/dL in males and <12 g/dL in females.13 Erythrocyte indices were 

categorized as follows: a) MCV ≤80 fL (“low”) and MCV ≥100 fL (“high”); b) MCH 

≤27 pg/cell (“low”), and c) MCHC ≤32 g/dL (“low”). (High MCH and MCHC categories 

were not included, because they do not provide any additional clinically useful information 

beyond what is provided by the MCV.) Other measures included: CD4+ T-cell count by flow 

cytometry, and plasma HIV RNA by reverse-transcriptase PCR (Roche Amplicor), with a 

lower limit of quantification of 50 copies/mL.

Assessments of NC Function

Participants underwent a standardized battery of NC tests to evaluate NC abilities in 

domains known to be affected by HIV infection: executive function, processing speed, 

learning, delayed recall, working memory/attention, verbal fluency, and motor function.11 

Test scores were transformed into demographically-adjusted T-scores after adjusting for 

age, education, sex, and self-reported race/ethnicity.14 In addition, test scores from second 

or subsequent assessments were corrected for practice effects, as described in Cysique et 

al.15 The Global Deficit Score (GDS) and Domain Deficit Score (DDS) were calculated as 

previously described, with higher scores (ranging from 0 to 5) indicating worse NC function, 

and NCI defined by a GDS ≥0.5 or a DDS >0.5.14

Statistical Analyses

Statistical analyses were performed using SPSS version 24 and JMP Statistical Software 

version 14.0, with two-sided α=0.05. Standard parametric (Student’s t-test) or non-
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parametric (Fisher’s exact or Pearson’s chi-square) tests were used to compare variables 

between groups. Linear regression was used to determine associations of anemia, 

erythrocyte indices, and other variables with the GDS or DDS (as continuous variables) 

at baseline (entry) in univariate analyses. Other variables of interest included: age, 

sex, self-reported race/ethnicity, HIV-disease variables, ART, comorbidities (e.g., HCV 

serostatus), and cohort membership (e.g., HNRC, TMARC, or other). Variables with p-
values ≤0.10 in univariate analyses were included as candidate covariates in multiple linear 

regression analyses at entry, and stepwise backward model selection using minimum Akaike 

Information Criteria (AIC), and p-values >0.05, were used to determine final models. Effect 

sizes were estimated using Cohen’s d.

Regression analyses of longitudinal NC outcomes (e.g., continuous GDS) were performed 

by generalized linear mixed-effects modeling, with participants as a random effects, 

adjusting for the duration (time) of observation. Variables with p≤0.10 in univariate analyses 

were included as candidate covariates in multivariable models. Again, backward model 

selection was performed to remove covariates with p-values >0.05, to determine final 

models.

Generalized estimating equations (GEE) were also applied as a more general approach, 

using repeated measures at different time-points to evaluate binary outcomes (GDS- or 

DDS-defined NCI) in longitudinal analyses. Analyses were repeated in virally suppressed 

(VS) participants with plasma HIV RNA values <200 copies/mL (n=1,034), to better reflect 

contemporary ambulatory HIV+ populations on treatment. Similar models were used to 

explore relationships of erythrocyte indices or anemia with global and domain-specific NCI 

at entry and over time.

RESULTS

Participant Characteristics

Among 1,339 PWH evaluated, the mean number of NC assessments was 3.2, and the mean 

duration of follow-up was 30.3 months. Table 1 summarizes participant demographic and 

clinical characteristics, stratified by anemia at the baseline (entry) visit. Anemia occurred 

at entry in 297 PWH (22.2%), and developed during follow-up in another 128 (9.6%). 

Anemia was not associated with age or biological sex, and up to two-thirds of anemic 

persons were VS. However, anemic PWH were significantly less likely be VS (p<0.001). 

Anemia was also more frequent in PWH of African ancestry, and anemia in females was 

more often moderately severe (hemoglobin 8.0–10.9 g/dL) vs. mild, compared to males 

(34.9% vs. 5.5%, respectively, p<0.05). Anemic PWH had a higher prevalence of AIDS, 

diabetes mellitus, zidovudine or lamivudine use and were more likely to have lower nadir 

and current CD4+ T-cell counts. At least one abnormal erythrocyte index was present in 

206 anemic PWH (69.1%), compared with 508 non-anemic study participants (48.8%). 

Anemic PWH were also less likely to be receiving tenofovir- or emtricitabine-containing 

ART. Clinical characteristics of anemic PWH at baseline, stratified by self-reported race/

ethnicity (excluding “Other” and Asian ethnicities due to low numbers), are shown in Table 

S1, Supplemental Digital Content. Hemoglobin values among anemic persons were similar 

across racial/ethnic groups, with over 50% in each group having undetectable HIV RNA in 
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plasma. Anemic Black PWH were significantly more likely to have microcytic anemia, and 

anemic whites were more likely to have macrocytic anemia, compared with other groups 

(both p-values<0.01). Anemic Hispanic PWH tended more often to be female (21.4% vs. 
12.3%, p=0.059) than other anemic PWH, whereas anemic White PWH were much less 

likely to be female (8.9% vs. 19.9%, p=0.007) and more likely to be older (mean age 47.1 

vs. 41.8 years, p=0.002). With regard to antiretroviral regimens, anemic White individuals 

were less likely to be on tenofovir (38.4% vs. 52.6%, p=0.002) and much more likely to be 

on zidovudine (34.3% vs. 16.1%, p<0.001).

Associations of Anemia with NCI and Global and Domain Deficit Scores at Entry

NCI was significantly more common in anemic than non-anemic PWH at baseline (49.2% 

vs. 38.3%, respectively, p<0.001, Table 1). Mean hemoglobin values in cognitively impaired 

PWH in this sample (mean hemoglobin 14.1 ± 1.5 g/dL) were not significantly different 

at baseline from hemoglobin values in unimpaired PWH, and mean MCV was 97.4 ± 9.8 

femtoliters in the impaired group. However, the distribution of hemoglobin values differed 

significantly by cognitive impairment status: the proportion of cognitively impaired PWH 

with anemia was 26.8%, compared with 19.0% of cognitively normal individuals (p=0.001). 

This difference was actually most pronounced among cognitively impaired, VS PWH, 

23.1% of whom were were anemic vs. 14.9% of cognitively normal, VS PWH (p=001, 

Supplemental Table 2). Worse GDS values were also associated with older age, self-reported 

non-African ancestry, longer duration of HIV infection, use of first ART regimen, ritonavir 

use, and certain comorbidities (all p-values<0.05). Lower hemoglobin (p=0.006) and anemia 

(p<0.0001) were each associated with higher (worse) GDS values at baseline in univariate 

analyses (Table 2). In multivariable-adjusted analyses, worse GDS values were associated 

with anemia (p<0.0001), older age (p=<0.0001), non-African ethnicity (p<0.0001), use of 

the first ART regimen (p=0.010), and ritonavir use (p=0.004). Similar associations were 

observed in VS participants (p<0.0001 for anemia; model R2 = 0.06, p=0.0003; Table S3, 

Supplemental Digital Content).

We then evaluated domain-specific NC performance at baseline to identify specific NC 

domains which might be compromised by anemia. Figure 1 summarizes anemia associations 

with GDS as well as DDS values at baseline in all study participants. In addition to its 

association with worse global NC performance (higher GDS, p<0.0001, Cohen’s d=0.32), 

anemia was also associated with significantly worse performance in every NC ability 

domain, including processing speed (p<0.0001, d=0.36), motor function (p<0.0001, d=0.25), 

learning (p=0.001, d=0.23), delayed recall (p=0.001, d=0.23), working memory (p=0.001, 

d=0.21), executive function (p=0.021, d=0.15), and verbal fluency (p=0.035, d=0.14). These 

effects are small-to-medium in magnitude.

Longitudinal Associations of Anemia with NC Performance: Global and Domain Deficit 
Scores

Results of univariate and multivariable mixed-model analyses of the NC performance over 

time are summarized in Table 3. Anemia (p<0.0001), as well as older age, non-African 

ancestry, diabetes, hypertension, higher plasma HIV RNA, use of first ART regimen, 

and ritonavir use (all p-values≤0.05) were each associated with worse longitudinal GDS 
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values in multivariable analyses. Similarly, in VS PWH, associations observed in the entire 

cohort were not significantly altered (p<0.0001 for anemia, Table S4, Supplemental Digital 

Content).

Furthermore, lower hemoglobin was associated with more DDS-defined NCI over time in 

executive function (p=0.008), processing speed (p<0.0001), learning (p=0.040), attention/

working memory (p=0.046) and motor (p<0.0001) domains, but not verbal and recall ability 

(Table S5, Supplemental Digital Content). Anemia showed similar associations, including 

a nearly-significant association with worse recall. Erythrocyte indices were generally not 

associated with GDS-defined NCI over time. However, hypochromia (lower MCH or 

MCHC) was associated with more impairment in learning, recall, and/or working memory 

(p<0.01 for association of “low MCH” with impaired learning and delayed recall and 

p-values<0.01 for associations of lower MCHC values or “low MCHC” with impaired 

working memory). Higher MCV values tended to associate with less impairment in learning 

and recall domains (both p-values<0.05).

DISCUSSION

In this multi-cohort study, 22% of PWH met criteria for anemia at baseline or during 

follow-up. Anemia was associated with self-reported African ancestry, but surprisingly 

not with biological sex, AIDS status, lower CD4+ T-cell count, or higher plasma viral 

load. Use of zidovudine and lamivudine and, conversely, the absence of tenofovir- and 

emtricitabine-containing ART, were also associated with anemia. Importantly, anemia was 

associated with worse global and domain-specific NC performance in both cross-sectional 

and longitudinal analyses (except for verbal and possibly, learning and recall domains in 

longitudinal analyses).

Results from this study confirm prior associations of the GDS with anemia in the 

CHARTER Study.6,10 We are unaware of other longitudinal analyses evaluating associations 

of erythrocyte characteristics and anemia with performance across NC ability domains. 

While the use of ART has dramatically reduced morbidity and mortality in PWH, some 

antiretroviral drugs have been implicated in anemia. In the past, zidovudine was one of 

the most common causes of macrocytic anemia, due to its dose-dependent inhibition of 

hemoglobin synthesis, globin-gene transcription and erythroid progenitor-cell differentiation 

and proliferation.16 Consistent with these effects, nearly a fifth of our study participants had 

a history of zidovudine use. Lamivudine use was also associated with anemia, possibly due 

to its common co-formulation with zidovudine.

The frequency of anemia defined by sex-specific norms was higher in PWH of self-

reported African ancestry. In some previous studies, including the CHARTER Study, 

African-ancestry PWH had better NC performance than other subgroups; our findings in 

this multi-cohort analysis were similar.10 Nevertheless, in all PWH, including persons of 

African ancestry, anemia was associated with significantly worse NC performance. This 

may be partly explained by the fact that non-African-ancestry PWH in our sample had 

a significantly higher prevalence of comorbidities such as diabetes and hyperlipidemia 

(contributors to vascular causes of NCI) than PWH of other ancestries. Genetic differences 
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might also confer greater ability to compensate for anemia in African-ancestry PWH. 

Finally, it is possible that differences in anemia prevalence by race are artefactual, owing 

to newly recognized differences in the normal ranges for hemoglobin (and cut-offs for 

anemia) by race, which have yet to be translated into different reference intervals for these 

subpopulations in routine patient care.17

As noted earlier, anemia was equally prevalent in females and males with HIV at entry. 

Biological sex was not associated with the GDS at baseline or longitudinally in this study, 

but other investigators have reported sex differences in NC performance and vulnerability to 

NCI.18 For example, a cross-sectional study found higher rates of NCI in males, while other 

studies have suggested that females may have greater cognitive vulnerability.19,20 Only 15% 

of participants in this study were females, however, limiting power to assess the impact of 

sex on associations of anemia and erythrocyte indices with NC outcomes.

The effect of anemia on global NC performance in PWH has been previously studied, 

but not its influence on individual ability domains: this is a unique element of the current 

analysis. Anemia was associated with worse NC performance in all domains at baseline 

and four of seven domains longitudinally; associations with two other domains showed 

near-statistical significance. Systemic diseases commonly associated with anemia, like 

the metabolic syndrome, have been previously associated with worse learning, executive 

function, and motor skills.21 Low-grade inflammation persists in PWH on ART, particularly 

in the presence of comorbidities that are strongly linked to NCI in the published 

literature. Inflammation due to comorbidities causes iron re-distribution and iron-deficient 

erythropoiesis, which are often reflected by reduced MCV and MCHC. Our findings are 

consistent with the concept that different underlying conditions affect different NC domains 

and their underlying neuronal circuits. Factors such as the duration of HIV disease, changes 

in ART, and the timing of NC assessments could also have influenced our results,22 although 

we adjusted for potential confounders in our analyses, and the median number of visits did 

not differ between anemic and non-anemic persons (median of 2 visits in both groups, IQR 

1–4).

Chronic anemia, even if mild, may significantly impact NC function, despite tightly 

regulated adaptations such as the upregulation of hypoxia-inducible factors (HIFs), vascular 

endothelial growth factors (VEGFs), erythropoietin and erythropoietin receptors, and nitric 

oxide production to mitigate the effects of reduced oxygenation on brain function. 23–25 

Erythropoietin, a hormone produced mainly in the kidneys, induces erythropoiesis and may 

also be neuroprotective by preventing axonal degeneration and neuronal death.26,27 Lower 

erythropoietin levels in PWH have been reported in some studies, and others have advocated 

the use of erythropoietin to reduce anemia28 and possibly, neuronal injury.29,30

Lower MCH and MCV indices were associated with more global and domain-specific 

NCI over time, differing from prior findings confined to the CHARTER Study.10 An 

important difference, however, is that all participants in this study were receiving ART 

by design, compared with 66% of CHARTER Study participants, and the reasons for 

hypochromia and/or altered MCV (e.g., inflammation, mitochondrial dysfunction, alcohol 

use) may have differed.10 Prior studies have reported associations of higher MCV 
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with ART-induced mitochondrial dysfunction and blood lactate levels.31–32 Our study 

population had a lower prevalence of current/prior zidovudine use and possibly, less heavy 

alcohol use (causes of macrocytic anemia) and a higher prevalence of iron deficiency 

than prior studies. Erythrocyte size depends on both hemoglobin content and membrane 

lipid biosynthesis, but hypochromia typically indicates defective hemoglobin production 

in, and/or incorporation into, developing erythrocytes. Iron homeostasis is essential for 

hemoglobin synthesis and diverse cellular metabolic functions.33 Thus, iron dysregulation 

disrupts a multitude of processes, leading to anemia and ultimately organ dysfunction. 

Studies in children, adolescents, and women without HIV have associated altered 

iron status with NC function,34 including reduced working memory35 and attention.36 

Dysregulated iron transport is commonly observed in chronic inflammatory diseases like 

HIV, due to increased synthesis of the master iron-regulatory hormone, hepcidin. Hepcidin 

promotes iron sequestration within the monocyte-macrophage compartment and reduces iron 

bioavailability for erythropoiesis.37 Although a majority of the PWH we studied are likely to 

have had anemia of chronic inflammation, we cannot be certain of the cause of the anemia 

in these individuals based on the available data, and this constitutes a limitation of the 

present study. Higher hepcidin levels are reported in PWH, even during ART, compared with 

HIV-negative persons.38 While we did not measure circulating iron or hepcidin levels in this 

study, it is well-established that low hemoglobin levels generally reflect reduced iron levels 

and/or bioavailability.39

Another potential limitation of this study is that data were combined from multiple cohorts; 

despite similar assessments and adjustment for cohort membership in our analyses, cohort 

heterogeneity may have influenced our results. Secondly, the models did not explain a 

large amount of variance in NC outcomes, despite their strong statistical significance. In 

306 (22.9%) of the assessed visits, study participants also had detectable plasma virus. To 

determine whether viral suppression, which is associated with higher levels of inflammation, 

impacted our findings, we performed analyses limited to VS PWH, and the anemia (and 

hemoglobin) associations with NC performance and NCI persisted. As we did not have 

reliable information on substance (including alcohol) use disorders, we could not adjust 

for them in analyses, and they remain a possible source of confounding. While residual 

confounding is possible due to differences in comorbidity across cohorts, however, the 

persistence of observed associations in all analyses after adjusting for major comorbidities 

linked to inflammation lends validity to our findings. Estimated effect sizes for associations 

of hemoglobin and anemia with NC outcomes were modest but similar to the effect sizes 

reported for known risk factors for NCI in PWH, such as age and the nadir CD4+ T-cell 

count.40

In conclusion, this study confirms prior associations of anemia and erythrocyte indices with 

global NC performance and shows that anemia remains very common even among VS 

PWH. Importantly, these findings also extend our knowledge of the impact of anemia on NC 

function by demonstrating that anemia is independently associated with worse performance 

across multiple NC ability domains, cross-sectionally and over time, in diverse PWH. Future 

investigations of iron metabolism (e.g., with measurement of hepcidin, and/or specific iron-

transport proteins) may provide new insights into the observed associations. Hemoglobin 

and erythrocyte indices are inexpensive and routinely available measures and may be useful 
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for screening and risk stratification of PWH. Further studies are now indicated, aimed at 

understanding the causes and reversibility of anemia in PWH on contemporary ART, and 

on determining the value of early, aggressive treatment of anemia in PWH to reduce NC 

decline.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements:

We gratefully acknowledge the selfless contributions of all PWH in this study and also key contributions of 
the following individuals and resource-building National Institutes of Health grants: I. Grant (DA012065 and 
DA026306); D. Moore (DA031058 and MH078785); D. Moore and D. V. Jeste (MH099987).

Funding sources:

This work was directly supported by National Institutes of Health R01 grants MH062512 to R.K. Heaton, and 
MH124530 to A. Kallianpur.

REFERENCES

1. Hogg R, Lima V, Sterne J, et al. Antiretroviral therapy cohort collaboration: life expectancy of 
individuals on combination antiretroviral therapy in high-income countries: a collaborative analysis 
of 14 cohort studies. Lancet. 2008; 372:293–299. [PubMed: 18657708] 

2. Kearns A, Gordon J, Burdo TH, Qin X. HIV-1-Associated Atherosclerosis: Unraveling the Missing 
Link. J Am Coll Cardiol. 2017; 69:3084–3098. [PubMed: 28641798] 

3. K Heaton R, Franklin D, Deutsch R, et al. Neurocognitive Change in the Era of HIV Combination 
Antiretroviral Therapy: The Longitudinal CHARTER Study. Clin Infect Dis. 2015; 60:473–80 
[PubMed: 25362201] 

4. Ghafouri M, Amini S, Khalili K, Sawaya BE. HIV-1 associated dementia: symptoms and causes. 
Retrovirology. 2006; 3:28–28. [PubMed: 16712719] 

5. Marquine MJ, Umlauf A, Rooney AS,et al. The Veterans Aging Cohort Study Index is Associated 
With Concurrent Risk for Neurocognitive Impairment. J Acquir Immune Defic Syndr. 2014;65:190–
197. [PubMed: 24442225] 

6. Heaton RK, Franklin DR Jr., Deutsch R, et al. Neurocognitive change in the era of HIV combination 
antiretroviral therapy: the longitudinal CHARTER study. Clin Infect Dis. 2015; 60:473–480. 
[PubMed: 25362201] 

7. Genn é D, Sudre P, Anwar D, Saa ï C, Hirschel B. Causes of Macrocytosis in HIV-infected Patients 
not Treated with Zidovudine. J Infect. 2000; 40:160–163. [PubMed: 10841093] 

8. Bissinger R, Bouguerra G, Al Mamun Bhuyan A, Waibel S, Abbès S, Lang F. Efavirenz Induced 
Suicidal Death of Human Erythrocytes. Cell Physiol Biochem. 2015; 37(6):2496–2507. [PubMed: 
26699137] 

9. Mukandala G, Tynan R, Lanigan S, O’Connor JJ. The Effects of Hypoxia and Inflammation on 
Synaptic Signaling in the CNS. Brain Sci. 2016; 6:6. [PubMed: 26901230] 

10. Kallianpur AR, Wang Q, Jia P, et al. Anemia and Red Blood Cell Indices Predict HIV-Associated 
Neurocognitive Impairment in the Highly Active Antiretroviral Therapy Era. The J Infect Dis. 
2016; 213:1065–1073. [PubMed: 26690344] 

11. Heaton RK, Clifford DB, Franklin DR, et al. HIV-associated neurocognitive disorders persist in the 
era of potent antiretroviral therapy: CHARTER Study. Neurology. 2010; 75:2087–2096. [PubMed: 
21135382] 

12. Tedaldi EM, Minniti NL, Fischer T. HIV-associated neurocognitive disorders: the relationship 
of HIV infection with physical and social comorbidities. Biomed Res Int. 2015; 2015:641913. 
[PubMed: 25815329] 

Okwuegbuna et al. Page 9

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2024 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. Beutler E, Waalen J. The definition of anemia: what is the lower limit of normal of the blood 
hemoglobin concentration? Blood. 2006, 107:1747–1750. [PubMed: 16189263] 

14. Blackstone K, Moore DJ, Franklin DR, et al. Defining Neurocognitive Impairment in HIV: Deficit 
Scores Versus Clinical Ratings. Clin Neuropsychol. 2012, 26:894–908. [PubMed: 22708483] 

15. Cysique LA, Franklin D Jr., Abramson I, et al. Normative data and validation of a regression based 
summary score for assessing meaningful neuropsychological change. J Clin Exp Neuropsychol. 
2011; 33:505–522. [PubMed: 21391011] 

16. D’Andrea G, Brisdelli F, Bozzi A. AZT: an old drug with new perspectives. Curr Clin Pharmacol 
2008; 3:20–37. [PubMed: 18690875] 

17. Lim E, Miyamura J, Chen JJ. Racial/Ethnic-Specific Reference Intervals for Common Laboratory 
Tests: A Comparison among Asians, Blacks, Hispanics, and White. Hawaii J Med Public Health. 
2015; 74:302–310. [PubMed: 26468426] 

18. Rubin LH, Maki PM. Neurocognitive Complications of HIV Infection in Women: Insights from the 
WIHS Cohort. Curr Top Behav Neurosci. 2021; 50:175–191. [PubMed: 31396894] 

19. Sundermann EE, Heaton RK, Pasipanodya E, et al. Sex differences in HIV-associated cognitive 
impairment. AIDS. 2018; 32:2719–2726. [PubMed: 30407251] 

20. Qiao X, Lin H, Chen X, et al. Sex differences in neurocognitive screening among adults living with 
HIV in China. J Neurovirol. 2019; 25:363–371. [PubMed: 30758812] 

21. Yu B, Pasipanodya E, Montoya JL, et al. Metabolic Syndrome and Neurocognitive Deficits in HIV 
Infection. J Acquir Immune Defic Syndr. 2019; 81:95–101. [PubMed: 30664077] 

22. Mind Exchange Working G Assessment, diagnosis, and treatment of HIV-associated 
neurocognitive disorder: a consensus report of the mind exchange program. Clin Infect Dis. 2013; 
56:1004–1017. [PubMed: 23175555] 

23. El Hasnaoui-Saadani R Adaptations to Chronic Hypoxia Combined with Erythropoietin Deficiency 
in Cerebral and Cardiac Tissues. In: Hypoxia and Human Disease.s 2017;2:161.

24. Hare GM, Mazer CD, Mak W, et al. Hemodilutional anemia is associated with increased cerebral 
neuronal nitric oxide synthase gene expression. J Appl Physiol. (1985) 2003; 94:2058–2067. 
[PubMed: 12533500] 

25. Hare GM, Tsui AK, McLaren AT, Ragoonanan TE, Yu J, Mazer CD. Anemia and cerebral 
outcomes: many questions, fewer answers. Anesth Analg. 2008; 107:1356–1370. [PubMed: 
18806052] 

26. Digicaylioglu M, Lipton SA. Erythropoietin-mediated neuroprotection involves cross-talk between 
Jak2 and NF-κB signalling cascades. Nature. 2001; 412:641–647. [PubMed: 11493922] 

27. Keswani SC, Leitz GJ, Hoke A. Erythropoietin is neuroprotective in models of HIV sensory 
neuropathy. Neurosci Lett. 2004; 371:102–105. [PubMed: 15519737] 

28. Tsiakalos A, Routsias JG, Kordossis T, Moutsopoulos HM, Tzioufas AG, Sipsas NV. Fine 
Epitope Specificity of Anti-erythropoietin Antibodies Reveals Molecular Mimicry With HIV-1 
p17 Protein: A Pathogenetic Mechanism for HIV-1–Related Anemia. JID. 2011; 204:902–911. 
[PubMed: 21849287] 

29. Digicaylioglu M, Kaul M, Fletcher L, Dowen R, Lipton SA. Erythropoietin protects 
cerebrocortical neurons from HIV-1/gp120-induced damage. Neuroreport. 2004; 15:761–763. 
[PubMed: 15073510] 

30. Lipton SA. Erythropoietin for neurologic protection and diabetic neuropathy. N Engl J Med. 2004; 
350:2516–2517. [PubMed: 15190146] 

31. Sternfeld T, Lorenz A, Schmid M, et al. Increased red cell corpuscular volume and hepatic 
mitochondrial function in NRTI-treated HIV infected patients. Curr HIV Res. 2009; 7:336–339. 
[PubMed: 19442131] 

32. Wobeser W, Morgan E, Rumman A, Ford PM. Macrocytosis is a predictor of resting lactate 
concentrations in persons on dideoxynucleoside therapy for HIV infection. Int J Infect Dis. 2012; 
16:e225–227. [PubMed: 22325033] 

33. Beard JL. Iron Biology in Immune Function, Muscle Metabolism and Neuronal Functioning. J of 
Nutrition. 2001; 131:568S–580S. [PubMed: 11160590] 

34. Ji X, Cui N, Liu J. Neurocognitive Function Is Associated With Serum Iron Status in Early 
Adolescents. Biol Res Nurs. 2017; 19:269–277. [PubMed: 28196427] 

Okwuegbuna et al. Page 10

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2024 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Lambert A, Knaggs K, Scragg R, Schaaf D: Effects of iron treatment on cognitive performance and 
working memory in non-anaemic, iron-deficient girls. NZ J Psychol. 2002; 31(1):19.

36. Cook RL, O’Dwyer NJ, Parker HM, et al. Iron deficiency anemia, not iron deficiency, is associated 
with reduced attention in healthy young women. Nutrients. 2017; 9:1216 [PubMed: 29113086] 

37. Chang H-C, Bayeva M, Taiwo B, Palella FJ Jr., Hope TJ, Ardehali H: Short communication: high 
cellular iron levels are associated with increased HIV infection and replication. AIDS Res Hum 
Retroviruses. 2015; 31:305–312. [PubMed: 25291189] 

38. Armitage AE, Stacey AR, Giannoulatou E, et al. Distinct patterns of hepcidin and iron regulation 
during HIV-1, HBV, and HCV infections. Proc Natl Acad Sci USA. 2014; 111:12187–12192. 
[PubMed: 25092293] 

39. Abbaspour N, Hurrell R, Kelishadi R. Review on iron and its importance for human health. J Res 
Med Sci. 2014; 19(2):164–174. [PubMed: 24778671] 

40. Ellis RJ, Badiee J, Vaida F, et al. CD4 nadir is a predictor of HIV neurocognitive impairment in the 
era of combination antiretroviral therapy. AIDS. 2011; 25(14):1747–1751. [PubMed: 21750419] 

Okwuegbuna et al. Page 11

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2024 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Associations of Global or Domain-Specific Deficit Scores and Anemia Status at Baseline 

in 1,339 People with HIV. Bars indicate the mean global deficit score and error bars are 

the standard error of the mean. Effect sizes, as indicated by Cohen’s d (d), are in the 

small-to-medium range. Values above the dotted line are in the impaired range.
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