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Abstract

Cognitive impairment has been associated with anemia and iron deficiency; however,

brain electrophysiological studies correlating red blood cell (RBC) indices and iron sta-

tus to cognition in adulthood are scarce. We aimed to assess neurocognitive function

in young adults of the general population and its correlation with RBC indices and iron

status. Neurocognitive function was investigated using scalp-recorded event-related

potentials (ERPs) within the context of a task-switching paradigm. ERPs and test per-

formance were also compared across groups of “high”/“low” RBC and iron indices.

Working memory was examined using the digit span test, in which mean corpuscular

hemoglobin (MCH), mean corpuscular volume (MCV), and ferritin were found to be

significant predictors of test performance, with higherMCH/MCV/ferritin being asso-

ciatedwith better test scores. In the switching task, MCH,MCV, and ferritinwere found

to be significant predictors of task performance, with higherMCH/MCV/ferritin levels

associatedwith a lower percentage of errors. Electrophysiological results showed that

MCH andMCV were significant predictors of ERPs amplitude, with lower MCH/MCV

levels associated with greater amplitude, which may reflect compensatory processes.

P1, N1, P2, and P3 were greater for the low MCH/MCV groups. This is the first evi-

dence of association between levels ofMCH/MCV and brain functionwhile engaged in

an executive function task; possibly reflecting brain iron availability.
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INTRODUCTION

Anemia and iron deficiency (ID) are major public health problems

affecting populations in developing and developed countries, with
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great implications for quality of life. ID is the top-ranking cause of

anemia and is more prevalent in young children and childbearing age

women; but can also occur in young males.1 Other causes of anemia

include anemia due to chronic disease; anemia with normal iron status
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such as caused by hemodilution, typically seen among athletes; and

anemia observed in carriers of inherited hemoglobinopathies, for

example, β-thalassemia carriers.2

The prevalence of anemia, ID, and iron deficiency anemia (IDA)

among young adults varies among different countries and populations.

Several studies performed on young healthy Israeli adults (military

recruits) reported a significant incidence of ID (10.2–31% in males

and 15–61% in females), anemia (7.7–28% in males and 18–24% in

females), and IDA (1.8–9% in males and 10–16.3% in females).3–6 In

Israel, screening and iron supplementation for the prevention of ID and

IDA is only universally applied to infants7 and recommended in preg-

nant women. The high prevalence of ID and IDA among young adults

emphasizes the need for detection, prevention, and treatment in this

age group as well.8

ID and IDA have been reported to decrease cognitive performance

and to delay mental and motor development in infancy and early

childhood, principally during the period of brain growth, with possi-

ble long-term effects.9–14 Whilemost evidence comes fromvery young

children, it has been suggested that hemoglobin (HB) and iron status

play an important role during nondevelopmental periods of life as well.

Relatively few studies have focused on the effect of anemia, IDA, and

ID on cognitive function in young adulthood.15–18 Cognitive function

has been studied mainly in young women and it was found that IDA

and ID are key factors in cognitive performance and that iron sup-

plementation and naturally iron-rich food improves certain aspects of

cognition.17,19–28

HB levels and iron status may affect brain function; however, very

little is known about the possible neural mechanisms that under-

lie and/or mediate ID-related and anemia-related cognitive deficits.

Scalp-recorded event-related potentials (ERPs) provide a noninvasive

means for recording, analyzing, and characterizing the dynamic elec-

trophysiological activity of the living brain with an excellent temporal

resolution, and have great value in studying the relations between

cognitive function and neural processes in various populations. ERP

studies in the field of ID, anemia, and cognition are scarce; thus, fur-

ther investigation in this area is required. To our knowledge, only three

studies have evaluated cognitive function and brain ERPs in other-

wise healthy young adults with IDA.21,29,30 The study by Khedr et al.21

included 28 patients with IDA and 25 controls. Compared to con-

trols, patients demonstrated lower scores on different cognitive tests

and showed significant improvement after treatment. Prolongation

of ERPs’ latencies (N200 and P300) and reduction in their ampli-

tudes (P200 and P300) were identified, with a significant increase

in amplitude that occurred after treatment. The study of Kececi and

Degirmenci29 included 51 patients with IDA, who were tested before

and after oral iron therapy. After therapy, central N1 amplitude and

parietal P2 amplitude were increased. N2 latencies were shortened in

frontal and central regions. P3 latencieswere shortened in frontal, cen-

tral, and parietal areas and P3 amplitude was increased in the parietal

region. Both these studies used auditory stimuli in the context of a rel-

atively simple oddball task. In the study by Wenger et al.,30 27 young

women consumed iron-biofortified beans and 28 consumed compar-

ison beans daily for 18 weeks. They found improvement in several

cognitive tasks, accompanied by ERP (P1, N1, and P2) positive changes

in the treated group comparedwith the control group.

We recently demonstrated impairments in cognitive function and

ERP alterations associated with the HB levels in adult patients with

β-thalassemia major (β-TM; in β-TM patients, the anemia is caused by

inefficient erythropoiesis with concomitant iron overload, and they

are treated with blood transfusion and iron chelation). β-TM patients

had significantly lower total performance IQ scores compared with

healthy controls. Significant differences were also found in contin-

uous performance test scores as a function of blood transfusion.

Before transfusion, while they are more anemic, patients had higher

rates of errors and slower response times (RTs).31 In another study,

results indicated the poorer executive function of β-TM patients (task-

switching paradigm). HB levels were negatively correlated with error

rates and RTs. Electrophysiological results indicated significant alter-

ations in peak amplitudes of the ERP components P1, N1, and P2

in β-TM patients relative to controls; and negative correlations were

found between HB levels and P2 amplitude.32 In yet another study,

we examined attention and response inhibition function (using a stop-

signal task). Results showed impaired cognitive performance in β-TM
patients and HBwas negatively correlated with RTs. Electrophysiolog-

ical results indicated significant β-TM–related alterations in neuronal

activity, reflected in greater peak amplitudes of P1, N1, and P3. Nega-

tive correlationswere foundbetween levels ofHBand the amplitudeof

all ERP components; the lower the HB, the more pronounced the ERP

amplitude.33

We hypothesize that cognitive function is affected by HB levels

and iron status not only in pathological states/clinical populations but

also in the general asymptomatic population. Reduced HB and iron

availability are expected to negatively affect cognitive function and

alter ERP patterns. The present study aimed to assess neurocognitive

function in young adults and its correlation with red blood cell (RBC)

indices and iron status. We investigated neural correlates of cognitive

executive function using scalp-recorded ERPs and a rather complex

visual task-switching paradigm; in which participants had to quickly

and effectively switch between two different task sets. Correlations

between ERPs and test performance (error rates and RTs) and various

RBC indices (e.g., HB, mean corpuscular hemoglobin [MCH], mean cor-

puscular volume [MCV], and red cell distribution width [RDW]), and

iron status (e.g., serum iron, transferrin, and ferritin) were examined. In

addition, ERP amplitudes and test performance were compared across

groups of high versus low RBC and iron indices. Working memory

function was also examined, usingWechsler’s digit span test.

METHODS

Participants

The sample included 108 first-grade undergraduate students, native

Hebrewspeakers, recruited fromMaxSternYezreel-ValleyCollege and

Tel-Hai College (mean age: 24.8± 2.46 years; age range: 20–34 years).

Thirty-five were males (mean age: 26.05 ± 2.58 years; age range:
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TABLE 1 Red blood count and iron status characteristics of samples

Measure

Males (n= 35)

Mean± SD

(Sample range; reference values)

Females (n= 73)

Mean± SD

(Sample range; reference values)

RBC (M/μl) 4.99± 0.36

(4.28–5.69; 4.5–5.5)

4.45± 0.27

(3.85–5; 4–5)

HB (g/dl) 14.75± 1.04

(13.2–17; 14–17)

12.86± 0.73

(10.2–14.4; 12–15)

HCT (%) 43.75± 2.99

(38.4–50.8; 40–54)

38.49± 2.21

(32.50–42.80; 37–47)

MCV (fl) 87.74± 3.26

(81.9–95.8; 80–94)

86.59± 4.10

(77.30–95.90; 80–95)

MCH (pg) 29.57± 0.92

(27.8–31.2; 27–31)

28.95± 1.45

(25–33.10; 27–31)

RDW (%) 12.83± 0.47

(12.3–14.3; 11.5–14.5)

12.86± 0.62

(11.9–15.1; 11.5–14.5)

Serum iron (μg/dl) 108.52± 40.91

(43.1–210.2; 60–160)

86.58± 36.58

(25–172; 40–145)

Serum transferrin (mg/dl) 253.91± 26.76

(210–316; 200–360)

300.57± 53.27

(211–446; 200–360)

Transferrin saturation (%) 30.67± 11.63

(11.4–62.4; 20–50)

22.07± 11.05

(4.9–54.3; 15–50)

Ferritin (ng/ml) 101.25± 58.46

(23.9–201.3; 22–322)

30.80± 20.13

(6.6–101.5; 10–291)

Note: Of the 108 participants, 15 femalesmet criteria for the diagnosis of iron deficiency (ID; ferritin<15,Hb>12) and three for iron deficiency anemia (IDA;

ferritin < 15, Hb ≤ 12). None of the male participants met the criteria for ID or IDA (based on the 2020WHO guideline on the use of ferritin concentrations

to assess iron status in individuals and populations. https://www.who.int/publications/i/item/9789240000124).

Note: Reference values were taken from the hematology laboratory of EmekMedical Center, Israel.

Note: Based on participants’ ethnic origin and blood test results, none of them seemed to be a carrier of thalassemia.

20–34 years) and 73 females (mean age: 24.18± 2.17 years; age range:

20–34 years). None of them had a prior history of physical, hematolog-

ical, neurological, or psychiatric disorders. None of them were taking

medications at the time of testing. Blood samples were taken from all

participants, including complete blood count, serum iron, serum trans-

ferrin, and ferritin (Table 1). Within a week of the blood test, they

arrived at the psychobiological laboratory for the experimental cog-

nitive and ERP session. The experimenters who conducted the tests

were blind to the results of the blood tests. Written informed consent

was obtained from all participants and they were given course credit

according to their academic requirements. The study was approved by

the Emek Medical Center Helsinki committee (EMC 0017/71) and by

the Yezreel Valley College and Tel-Hai College Review Boards.

Measures

Digit span test

A subtest taken from the Wechsler Adult Intelligence Scale – Third

Edition (WAISIII)34 was designed to evaluate working memory. A

sequence of numbers is read out to the participant. The participant

is then told to repeat the numbers that were read to them. This pro-

cess continues until the participant can no longer remember either

the full sequence of numbers or the correct order (maximum score =

16). In the reverse trial of the digit span test, the experimenter reads

a series of numbers to the participant, and the participant is asked to

repeat the sequence in the reverse order. This sequence is also con-

tinued until the participant makes an error (maximum score= 14). The

scorer must add the total number of correct sequences, backward and

forward (maximum score= 30).

Switching task

Digits between 1 and 9 (except for 5) were used as stimuli. The task

consisted of 200 trials; in half of the trials, the digit appeared in black,

and in the other half, it appeared in blue. In each trial, a single black or

blue digit was presented at the center of a computer screen for 500ms

followed by a blank screen for an inter-trial interval of 2000 ms.

Participants had to switch between performing two tasks according to

the color of the digit. In black-digit trials, they had to indicate whether

the digit is smaller/greater than 5 by pressing the left (smaller) or right

(greater) button of a computer mouse. In blue-digit trials, they had to

indicate whether the digit is odd or even by pressing the left (odd) or

right (even) button. Participants were instructed to respond as quickly

as possible without compromising accuracy. The sequence of trials

was unpredictable and controlled for an equal number of switch and

https://www.who.int/publications/i/item/9789240000124
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non-switch (repeat) trials. In non-switch trials, the color of the concur-

rent stimulus was the same as in the previous trial, and in the switch

trials, the color of the concurrent stimulus changed from the previous

trial. RTs and error rates were recorded for the switch and non-switch

trials. The experiment was preceded by a short practice with each pure

smaller/greater (eight trials) and odd/even (eight trials) task.

Electroencephalogram/ERP recording and data
acquisition

During the ERP session, participants were comfortably seated in a

dimly lit room at a distance of 80 cm from a 19’’ computer screen. They

were instructed to focus their gaze on the stimuli presented at the

center of the screen and to refrain, as much as possible, from blinking

or making eye movements during the session. The electroencephalo-

gram (EEG) was recorded continuously using a 128-channel HydroCel

Geodesic SensorNet,NetAmps400amplifier, andNet Station, Version

5.2 software (Electrical Geodesics Inc., Eugene, OR, USA) at 1000 Hz

with 0.1 Hz high-pass filtering. All channels were referenced to Cz dur-

ing the acquisition. After the acquisition, during offline processing, the

continuous EEG was referenced to an average reference, filtered with

a 0.1–30 Hz bandpass filter and segmented by condition into 900 ms

stimulus-locked epochs, ranging from 100 ms prestimulus to 800 ms

poststimulus. Epochs contaminated with vertical eye movement (eye

blinks; ±140 μV) and horizontal eye movement (±55 μV) artifacts, as
identified by a computerized algorithm and verified by visual inspec-

tion, were eliminated. In addition, a recording segment was marked

as bad if it contained more than 10 bad channels (bad channel:

±200 μV for the entire segment). Individual bad channels were

replaced on a segment-by-segment basis with spherical spline inter-

polation. Averaged ERP data were baseline-corrected. All stimulus

presentations and behavioral responses collectionswere controlled by

a PC running E-prime professional 2.0 software (Psychology Software-

Tools Inc., Sharpsburg, PA, USA).

Target-evoked ERP components

Based on the literature regarding switching tasks–related

ERPs,32,35–37 and following a visual inspection of the grand averaged

ERPs, we quantified the mean amplitudes of four ERP components

within specified latency windows: P1 (70−120 ms poststimulus), N1

(120–180 ms poststimulus), P2 (190–250 ms poststimulus), and P3

(260−320 ms poststimulus). Mean amplitudes of P1, N1, P2, and P3

were quantified for 16 channels at the posterior-parietal scalp location

(average of channels 65, 66, 67, 69, 70, 71, 72, 74, 75, 76, 77, 82, 83,

84, 89, and 90), and 12 channels at the frontal scalp location (average

of channels 3, 4, 5, 10, 11, 12, 16, 18, 19, 23, and 24). These electrodes

were selected based on the scalp topography of the ERP components

chosen for analysis as well as previous relevant studies.32,36,38 For the

electrode array, see Figure 1.

Statistical analysis

RBC and iron indices were standardized relative to the mean scores of

the current sample, separately for males and females, and all statistical

analyses were performed on the resulting standardized scores. To test

the relations between blood count results and iron status and behav-

ioral and ERP responses, the sample was divided into two groups of

“low” and “high” for each of the blood indices according to the median

value. Notice that participants were classified into the low and high

groups based only on themedian of the present sample taken from the

general population. That is not to say that theyhave lowerorhigher lev-

els of blood and iron indices thanwhat is considered normal. In fact, the

averages of both the low and high groups fell within the normal range.

Digit span test

A hierarchical regression analysis was conducted to analyze the effect

of gender and blood indices standard scores on test performance.

The first step of the regression consisted of gender, and blood indices

(e.g., ferritin) were added as the second step. Univariate general linear

model (GLM) analyseswith gender as a covariatewere used to examine

differences in test performance between groups of low and high in the

relevant blood indices.

Switching task

Behavioral results

A hierarchical regression analysis was conducted to analyze the effect

of gender and blood indices standard scores on test performance

(percent of errors) in the switch and non-switch conditions of the

task. The first step of each regression consisted of gender, and blood

indices were added as the second step. To examine group differences

in error rates and RTs, we conductedmixed-model 2× 2ANOVAs, with

Condition (switch/non-switch) as the within-subject factor, and Group

(low/high) as the between-subject factor.

ERP results

A hierarchical regression analysis was conducted to analyze the effect

of gender and blood indices standard scores on ERPs (P1, N1, P2, and

P3) mean amplitude at frontal and posterior-parietal locations in the

switch and non-switch conditions of the task. The first step of each

regression consisted of gender, and blood indices were added as the

second step. To further assess the relationship between blood indices

and brain activity, we used mixed-model 2 × 2 ANOVAs to analyze

mean amplitudes for the preselected ERP components at the frontal

and posterior-parietal channels. Condition (switch/non-switch) was

the within-subject factor, and Group (low/high) was the between-

subject factor. Throughout the behavioral and electrophysiological

analyses, the Bonferroni correction was used where appropriate

to control for multiple comparisons. Only results that remained
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F IGURE 1 Layout of the electrode array and electrodes chosen for analysis.

statistically significant after the correction are reported. SPSS-25 was

used to perform statistical analyses and Excel was used to produce

figures.

RESULTS

Digit span test

Regression analyses showed that gender was a significant predictor

of memory test performance, with higher test scores in males. After

controlling for gender,MCH,MCV, and ferritin were found to be signif-

icant predictors of test performance, with higher MCH/MCV/ferritin

being associatedwithbetter test scores (Table 2).UnivariateGLManal-

yses with gender as covariate revealed significant differences in test

performance between groups of low and high MCH (F(1,105) = 13.75,

p < 0.001, ηp2 = 0.12), MCV (F(1,105) = 7.47, p = 0.007, ηp2 = 0.07),

and ferritin (F(1,105) = 6.49, p = 0.012, ηp2 = 0.06), such that the low

MCH/MCV/ferritin group had poorer test performance (Figure 2).

Switching task

Behavioral results

Regression analyses showed that gender was not a predictor of per-

formance on the switching task; absolutely no correlation was found

between gender and percentage of errors. However, MCH, MCV, and

ferritin were all found to be significant predictors of switching task

performance, with higher MCH/MCV/ferritin levels associated with

a lower percentage of errors (i.e., better test performance) (Table 3).

Mixed-model 2×2ANOVAs revealed significantwithin-subject effects

of Condition for MCH (F(1,106) = 84.98, p < 0.001, ηp2 = 0.45), MCV

(F(1,106) = 86.37, p < 0.001, ηp2 = 0.45), and ferritin (F(1,106) = 84.72,

p < 0.001, ηp2 = 0.45) with higher error rates on switch trials than on

non-switch trials. More importantly, there was a significant between-

subject effect of Group (low/high) for MCH (F(1,106) = 5.07, p = 0.026,

ηp2 = 0.05), MCV (F(1,106) = 6.27, p = 0.014, ηp2 = 0.06), and fer-

ritin (F(1,106) = 8.00, p = 0.006, ηp2 = 0.07). On average, participants

with lower levels of MCH, MCV, and ferritin had higher error rates
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F IGURE 2 Mean digit span test scores for
groups of high and lowMCH,MCV, and ferritin.
Error bars represent SEM.

TABLE 2 Regression analyses showing gender and
MCH/MCV/ferritin, as predictors of performance (scores) on the digit
span test

Cumulative Simultaneous

Variable R2 change F change β p

Step 1

Gender 0.05 F(1,106) = 5.43 −0.22 0.02

Step 2

MCH 0.14 F(1,105) = 18.08 0.37 0.000

Step 2

MCV 0.09 F(1,105) = 10.80 0.30 0.001

Step 2

Ferritin 0.03 F(1,105) = 3.78 0.18 0.05

Note: Gender: 1, male; 2, female.

Note: Results of “step 1” are the same for the three regression analyses

performed.

(poorer performance) comparedwith thosewith high levels (Figure 3).a

No interaction effects were found between Condition and Group. No

between-groupmain effects or interactions were found for RTs.

Electrophysiological results

Gender was not found as a predictor of ERP amplitude in any of the

regression analyses performed. MCH and MCV were found to be sig-

nificant predictors of ERP amplitude, with lower MCH/MCV levels

a SincenoCondition×Group interactionsemerged, the switchandnon-switch conditionswere

combined for the purpose of graphical presentation.

associatedwith greater amplitude (more positive at posterior-parietal,

i.e., negative correlation, and more negative at frontal channels,

i.e., positive correlation); especially in the switch condition, which is the

more challenging part of the task where executive function ability is

being put to the test. Notice that almost all cases where no significant

correlations were foundwere in the non-switch condition (which is the

easier, less challenging part of the task) (Table 4).

Mixed-model 2 × 2 ANOVAs revealed significant between-group

differences in ERP mean amplitudes for MCH and MCV at frontal and

posterior-parietal locations. Results are presented in Table 5. Figure 4

depicts the grand averaged ERPs to switch and non-switch conditions

by low MCV and high MCV groups over posterior-parietal (A) and

frontal (B) channels.

P1, P2, andP3meanamplitudes to switch andnon-switch conditions

were greater (more positive at posterior-parietal channels and more

negative at frontal channels) for the low MCH/MCV group compared

with the high MCH/MCV group. N1 amplitude was more negative

at posterior-parietal channels and more positive at frontal channels

for the high MCH/MCV group compared with the low MCH/MCV

group. Figures 5–8 represent the mean amplitudes of P1 (Figure 5),

N1 (Figure 6), P2 (Figure 7), and P3 (Figure 8) at posterior-parietal and

frontal locations within the low and high MCH and MCV groups.b The

pattern of ferritin resultswas very similar to that ofMCHandMCVbut

did not reach statistical significance.

b Since no within-subject effects of Condition (switch/non-switch) nor Condition × Group

interactions emerged, the switch and non-switch conditions were combined for the purpose

of graphical presentation.
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TABLE 3 Regression analyses showing gender andMCH/MCV/ferritin, as predictors of performance (percent of errors) on the switching task

Switch condition Non-switch condition

Cumulative Simultaneous Cumulative Simultaneous

Variable R2 change F change β p R2 change F change β p

Step 1

Gender 0.00 F(1,106) = 0.17 0.04 N.S. 0.00 F(1,106) = 0.08 0.03 N.S.

Step 2

MCH 0.09 F(1,105) = 9.77 −0.29 0.002 0.06 F(1,105) = 7.17 −0.25 0.009

Step 2

MCV 0.04 F(1,105) = 4.78 −0.21 0.03 0.03 F(1,105) = 3.15 −0.17 N.S.

Step 2

Ferritin 0.07 F(1,105) = 8.14 −0.27 0.005 0.08 F(1,105) = 8.51 −0.27 0.004

Note: Gender: 1, male; 2, female.

Note: Results of “step 1” are the same for the three regression analyses performed.
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F IGURE 3 Mean error rates of the
switching task for groups of high and low
MCH,MCV, and ferritin. The switch and
non-switch conditions are combined.
Error bars represent SEM.

DISCUSSION

The aim of the present study was to examine the relationship between

RBC indices levels, body iron status, and neurocognitive function in

young adults. Results of the digit span test, which evaluates working

memory, showed that MCH, MCV, and ferritin were positively cor-

related with test performance. When the sample is divided into two

groups of “high” and “low” according to the median of each of these

indices, we find that thosewith higher levels ofMCH,MCV, and ferritin

score significantly better on thememory test.

Results of the switching task, designed to evaluate a higher executive

function, showed that MCH, MCV, and ferritin levels were negatively

correlated with percentage of errors made in the test; the higher the

level ofMCH,MCV, and ferritin, the lower the percentage of errors (i.e.,

the better the test performance). This trend of results recurred when

groups of low and high were compared; the high MCH/MCV/ferritin

groups had significantly lower error rates on the switching task com-

pared with the low MCH/MCV/ferritin groups. These results are

consistent with other studies that have reported associations between

iron status and cognitive function in young adults.18,21,23,39–41

Significant findings regarding MCH and MCV also emerged upon

analysis of the electrophysiological results: lower levels of MCH and

MCVwere correlatedwith greater (more positive at posterior-parietal

and more negative at frontal channels) P1, N1, P2, and P3 amplitude.

Moreover, these correlations were more pronounced and consistent

for the more difficult and demanding part of the task, the switching

condition, which is considered an indicator of executive function abil-

ity. Further corroboration for this pattern of results emerges when

splitting the sample into high and low MCH/MCV groups; the low

MCH/MCV groups had significantly more negative (i.e., −μV) ERPs
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TABLE 4 Regression analyses showingMCH andMCV as predictors of ERPs (P1, N1, P2, and P3) mean amplitude for switch and non-switch
stimuli at frontal and posterior-parietal scalp locations, after controlling for gender

Switch condition Non-switch condition

Cumulative Simultaneous Cumulative Simultaneous

Variable (Step 2) R2 change F change β p R2 change F change β p

P1-Frontal

MCH 0.08 F(1,102) = 8.51 0.28 0.004 0.06 F(1,102) = 6.45 0.25 0.013

MCV 0.04 F(1,101) = 4.70 0.21 0.033 0.01 F(1,101) = 1.15 0.10 N.S.

P1-Posterior-parietal

MCH 0.04 F(1,102) = 4.72 −0.21 0.032 0.04 F(1,102) = 4.16 −0.20 0.044

MCV 0.04 F(1,101) = 4.14 −0.20 0.045 0.01 F(1,101) = 1.13 −0.11 N.S.

N1-Frontal

MCH 0.10 F(1,102) = 11.18 0.31 0.001 0.10 F(1,102) = 11.23 0.32 0.001

MCV 0.05 F(1,101) = 4.94 0.22 0.028 0.00 F(1,101) = 0.32 0.05 N.S.

N1-Posterior-parietal

MCH 0.07 F(1,102) = 7.15 −0.26 0.009 0.07 F(1,102) = 8.05 −0.27 0.006

MCV 0.04 F(1,101) = 4.08 −0.20 0.046 0.02 F(1,101) = 1.54 −0.12 N.S.

P2-Frontal

MCH 0.07 F(1,102) = 7.48 0.26 0.007 0.04 F(1,102) = 4.51 0.21 0.036

MCV 0.05 F(1,101) = 5.21 0.22 0.025 0.00 F(1,101) = 0.02 0.01 N.S.

P2-Posterior-parietal

MCH 0.06 F(1,102) = 5.95 −0.23 0.016 0.02 F(1,102) = 1.58 −0.12 N.S.

MCV 0.06 F(1,101) = 6.05 −0.24 0.016 0.04 F(1,101) = 3.81 −0.19 N.S.

P3-Frontal

MCH 0.07 F(1,102) = 6.66 0.25 0.011 0.05 F(1,102) = 5.15 0.22 0.025

MCV 0.04 F(1,101) = 4.15 0.20 0.044 0.03 F(1,101) = 3.47 0.18 N.S.

P3-Posterior-parietal

MCH 0.04 F(1,102) = 3.50 −0.18 N.S. 0.02 F(1,102) = 2.38 −0.15 N.S.

MCV 0.04 F(1,101) = 3.95 −0.20 0.05 0.02 F(1,101) = 2.48 −0.16 N.S.

Note: Genderwas not found as a significant predictor of ERPs amplitude in any of the regression analyses performed; therefore, the results of “step 1” are not

shown in Table 4.

TABLE 5 Between-group results of ANOVAs of ERPsmean amplitude within high and lowMCH andMCV groups at frontal and
posterior-parietal location

MCH MCV

ERP component Scalp location F(1,102) p ηp2 F(1,101) p ηp2

P1 Frontal 13.95 0.000 0.12 12.23 0.001 0.11

Posterior-parietal 8.19 0.005 0.07 12.60 0.001 0.11

N1 Frontal 18.57 0.000 0.16 13.63 0.000 0.12

Posterior-parietal 14.15 0.000 0.12 13.64 0.000 0.12

P2 Frontal 10.40 0.002 0.09 8.20 0.005 0.08

Posterior-parietal 7.37 0.008 0.07 10.15 0.002 0.09

P3 Frontal 7.61 0.007 0.07 7.61 0.007 0.07

Posterior-parietal 4.98 0.028 0.05 7.12 0.009 0.07
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responses at the frontal location and more positive (i.e., +μV) ERPs
responses at the posterior-parietal location than the high MCH/MCV

groups.

Of all the blood indices examined in this study, MCH and MCV

yielded the most consistent and unequivocal findings and were

found to be the most sensitive to changes in cognitive and brain

function. As mentioned, ferritin results, while not statistically sig-

nificant, were quite similar to those of MCH and MCV. MCH is a

measure of the average amount of HB in the RBCs, irrespective of

cell size. MCV measures the average size of RBCs. Both measures are

related to HB and mainly to iron status and may aid in determining

the etiology of anemia. Lower than normal levels of MCH and MCV

are commonly seen in iron-deficient anemia; therefore, these mea-

sures had been suggested as potentially important parameters for

screening and detecting IDA.42–46 Very few studies directly exam-

ined the relations between MCH and MCV and cognitive function

in young and middle-aged healthy adults. For example, Winchester

et al.47 found in a very large sample of healthy adults that MCH

(together with RDW) was the RBC measure most strongly associated

with cognitive outcomes; lower MCH was associated with lower

verbal–numeric reasoning and lower numeric memory performance

and slower reaction times. Using Mendelian randomization, they

also showed that MCH has a causative relationship with cognitive

performance.
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Brain ERP studies correlating HB and iron status to cognition

in adulthood are extremely scarce, and ERP studies concerning

MCH/MCV that are related mainly to ID are completely lacking in the

literature. As far as we know, this is the first evidence of an associa-

tion between levels of MCH/MCV and brain function while engaged in

a rather complicated executive function task. The difference between

the high and lowMCH/MCV groups is noticeable throughout the con-

tinuous ERP waveform (from the early P1 to the later P3) both at the

frontal and posterior-parietal scalp locations.

The P1 component is generated by extrastriate visual areas in the

perceptual stage of information processing. It is the first component

of the visual ERP waveform to be reliably modulated by voluntary

attention and is considered an indexof attention-relatedprocesses and

mobilization of attentional resources. Augmentation of P1 is thought

to reflect the recruitment of additional brain resources for perceptual

processing of stimuli.48–50 The N1 component is considered an index

of selective attention. It is considered to reflect the operation of a dis-

criminative process. The N1 attention effect seems to be found only

when subjects are required to make a discrimination, and it is absent

when subjects must merely detect the presence of a stimulus. Selec-

tive attention mechanisms regulate which information has the most

impact on behavior by enhancing the sensory processing of relevant

information and suppressing that of irrelevant information. Selectivity

prevents us from reacting reflexively to stimuli in the environment and

enables behavioral flexibility. Whereas the P1 may reflect the rather

exogenous facilitation of early sensory processing within the focus of

attention, the N1 may reflect additional top–down modulation of this

early sensory processing.51 P2 is thought to represent inhibition of

further processing of sensory input via automatic stimulus identifica-

tion and discrimination/classification, or inhibition of other channels of

information competing for attention and further processing. In the con-

text of switching tasks, it has been reported that the amplitude of P2 is

greater for switch trials than for repeat trials. This suggests that the

effect of task switching on the P2 reflects the recruitment of processes

that are generally related to switching a task set.37,52 To explain this,

Brown et al.52 suggested a “change detector” process, which is thought

to operate through a phasic change in neural activity associated with

an alternation in the task set that leads to updating the representa-

tion of the task set. P3 is assumed to reflect endogenous or cognitive

aspects of “context updating,” that is, the comparison of the attributes

of incoming stimuli with an internal model and the subsequent revi-

sion of the model. In task switching, the larger P3 for switch than for

repetition trials has been interpreted as reflecting updating of task sets

in workingmemory.53,54

Switching tasks involve high perceptual loads. Perceptual load

elicits greater mobilization of attentional resources and calls for a

higher level of concentrated resources for information processing and

response planning and initiation.51 In the present study, the lower

MCH/MCV groups exhibited overall larger ERP amplitudes than the

higher MCH/MCV groups. Increased brain activity was correlated

with poorer switching performance, possibly reflecting compensatory

processes recruited in thosewith lowerMCH/MCV.55 A possible inter-

pretation of these results is that lower levels of MCH and MCV, which

may reflect low brain iron, are associated with the recruitment of addi-

tional brain resources when dealing with a rather difficult cognitive

challenge, such as a switching task. Our findings may indicate lower

efficiency of neural activation associated with poorer cognitive per-

formance among individuals with lower MCH/MCV. Interestingly, the

present findings are generally in line with our previous study con-

ducted on β-thalassemia major patients.32 β-TM is characterized by

chronic severehemolytic anemiawithout ID.β-TM is also characterized

by microcytosis (low MCV). We found that HB levels were negatively

correlated with error rates and RTs, and that β-TM patients had higher

error rates compared to healthy controls. Electrophysiological results

indicated significant alterations in amplitudes of the ERP components

in β-TM patients relative to controls such that the continuous ERP

waveform (from the early to later components) was more positive at

posterior-parietal region for the β-TM group compared with healthy

controls.

Interpretation of the present findings should be taken with caution.

At this point, the underlyingmechanisms of the observed cognitive and

neural associations with HB and iron-reflecting RBC indices (with an

emphasis on MCH and MCV) are not clear enough. Additional stud-

ies are needed to replicate, confirm, extend, and explain these results.

Importantly, this studywas conducted on a general asymptomatic pop-

ulation of young adults. Comparisons in this study were not made

between extreme groups of anemia, ID, or IDA sufferers versus healthy

controls. For example, mean MCV for the low group was 83.98 fl and

for the high group, it was 93.18 fl; both fall within the normal range

of MCV. The same is true for MCH where the low group had a normal

mean of 28.13 pg and the high group had a normal mean of 30.23 pg.

Given the fact that significant and consistent cognitive and neural find-

ings have emerged despite the relatively small overall sample variance,

and the relatively small between-groups blood indices differences, it is

possible that even more salient effects would be found should more

distinct/extreme groups be compared. It is also possible that compar-

ison between more extreme groups will yield significant findings for

additional indices (e.g., significant ERP results not only for MCH and

MCV but also for HB, RDW, and ferritin). The measure of HB (g/dl)

did not correlate with any of the cognitive or ERP variables studied

here. It is suggested that in a normal, nonanemic population, MCH and

MCV may provide more sensitive indicators for subclinical ID. This is

in line with a recent study conducted on a large nonanemic sample,56

which found significant differences in MCH and MCV between sub-

clinical iron deficiency (SID) and non-SID groups. The authors noted

that MCH was the best discriminator of SID in both males and

females.

Looking at the behavioral results of both the digit span test and

the switching task raises the possibility that it is the iron status that

contributes most to the alterations in neurocognitive function, since,

aside from MCH and MCV, results were also found for ferritin, and

partly for serum iron, transferrin saturation, and serum transferrin.

Microcytic hypochromic anemia (i.e., below normal range of MCV

and MCH) secondary to ID is the most common type of anemia and

has been linked to cognitive dysfunction.18,57 Currently, there is not

enough knowledge on whether the total body iron sources are directly
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correlated with the iron content of brain neurons. The brain iron

metabolism requires very small amounts of iron compared to the iron

required for normal erythropoiesis. Then, the results of the present

study may suggest that low brain iron, not detected by low serum fer-

ritin, affects cognition. Subsequently, the findings of the present study

conducted on a general normative population highlight the utility and

sensitivity of theMCH andMCV indices in detecting subtle alterations

in the efficacy and quality of neurocognitive function. The question

remains whether MCH and MCV reflect brain iron availability, which

ultimately affects cognitive function,58 and the possibility of correcting
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early ID to maximize cognitive activity. More studies are needed to

elucidate the complicated relations between RBC and iron indices and

neurocognitive outcomes in adulthood.
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