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Abstract

The iron status of blood donors is a subject of concern for blood establishments. The Finnish

Red Cross Blood Service addresses iron loss in blood donors by proposing systematic iron

supplementation for demographic at-risk donor groups. We measured blood count, ferritin

and soluble transferrin receptor (sTfR) and acquired lifestyle and health information from

2200 blood donors of the FinDonor 10000 cohort. We used modern data analysis methods

to estimate iron status and factors affecting it with a special focus on the effects of the blood

service’s iron supplementation policy. Low ferritin (< 15 μg/L), an indicator of low iron stores,

was present in 20.6% of pre-menopausal women, 10.6% of post-menopausal women and

6% of men. Anemia co-occurred with iron deficiency more frequently in pre-menopausal

women (21 out of 25 cases) than in men (3/6) or post-menopausal women (1/2). In multivari-

able regression analyses, lifestyle, dietary, and blood donation factors explained up to 38%

of the variance in ferritin levels but only ~10% of the variance in sTfR levels. Days since pre-

vious donation were positively associated with ferritin levels in all groups while the number

of donations during the past 2 years was negatively associated with ferritin levels in pre-

menopausal women and men. FRCBS-provided iron supplementation was negatively asso-

ciated with ferritin levels in men only. Relative importance analyses showed that donation

activity accounted for most of the explained variance in ferritin levels while iron supplemen-

tation explained less than 1%. Variation in ferritin levels was not significantly associated with

variation in self-reported health. Donation activity was the most important factor affecting

blood donor iron levels, far ahead of e.g. red-meat consumption or iron supplementation.

Importantly, self-reported health of donors with lower iron stores was not lower than self-

reported health of donors with higher iron stores.

Introduction

Recent studies have indicated that blood donation may be associated with iron depletion but

only a few studies have systematically scrutinized which donor-related factors predominantly

explain this depletion [1–5]. Iron deficiency, if left untreated, leads to iron deficient
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erythropoiesis, and, finally, to anemia [6]. While anemia or low hemoglobin (Hb) can be

detected with point-of-care tests [7], these tests cannot detect iron-deficiency in donors who

still maintain normal Hb levels. Policies used by blood establishments to minimize the risk of

iron deficiency include minimum inter-donation intervals, ferritin screening, and targeted

iron supplementation [8–13]. Iron supplementation has been shown to improve and accelerate

the replacement of iron stores in blood donors [14–18], but there is currently no retrospective

study specifically investigating the population-level effect of targeted iron supplementation for

at-risk groups.

There are only a few blood donation establishments who have implemented a systematic

population-level supplementation policy to manage iron deficiency in blood donors

[8,10,19,20]. In Denmark, guided iron supplementation is provided to at-risk donors identi-

fied through a Hb and ferritin screening program [9,19]. The Finnish Red Cross Blood Service

(FRCBS) has implemented since the 1980s an iron supplementation policy targeted towards

at-risk donor groups determined as a function of demographics and donation activity. Iron

tablets are provided at donation time to all female donors under the age of 50 and to all other

donors whose preceding donation was less than 4 months ago. While previous retrospective

studies have reported on the effect of iron supplementation on iron stores of blood donors

with contrasted results [1,5], they did not directly address the effect of a systematic iron supple-

mentation policy. Investigating donor iron status in Finland can provide novel insights on the

population-level effect of a large-scale targeted iron supplementation.

Iron levels are affected not only by blood donation activity but also by other physiological,

lifestyle, and dietary factors. Age [21], BMI [21–23], alcohol [22] and meat consumption

[21,24] have been positively associated with iron stores [1], whereas dairy products [25,26] and

menstruation[25] have been negatively associated with iron stores both in the general popula-

tion and in blood donors[1]. However, to determine the practical relevance for blood donor

iron stores of targeted iron supplementation and lifestyle and dietary recommendations,

deeper data and statistical analyses are needed. In the present study, we estimate the amount of

inter-individual variance in iron levels explained by blood donation activity as well as by die-

tary and lifestyle factors, and can therefore compare their impact on a blood donor

population.

The health effects of iron deficiency without anemia are still debated[27,28]. In previous

blood donor research, ferritin levels did not affect self-reported health[29] or the presence of

restless leg syndrome [30]. However, decreased ferritin levels have been associated with the

presence of undesirable side-effects of donation [11]. In the present study, we used ferritin and

sTfR to investigate the iron status of Finnish blood donors, to quantify the effect of targeted

iron supplementation on iron levels across these individuals, and to assess the influence of

donor iron levels on self-reported health.

Methods

Study population and data collection

FinDonor 10 000 is a prospective longitudinal cohort study initiated by the FRCBS. An ethical

approval was obtained from the Helsinki and Uusimaa Hospital District Review Board

(approval number 282/13/03/00/14). Participants gave written informed consent before the

beginning of the standard blood donation procedure. The study ran from May 18th 2015 to

December 8th 2017. All prospective whole-blood donors (ages 18–70) in the three donation

sites located in the Helsinki area were invited to participate in the study. Data were collected

from 2584 whole-blood donors. Details of the FinDonor cohort, sample collection, laboratory

analyses, and quality issues are described elsewhere [31]. Blood samples were collected when
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donors visited donation centers for whole-blood donations regardless of whether the donation

attempt succeeded. Permanent deferral was the only exclusion criteria. Donors with low

hemoglobin (Hb< 125 g/L for women and< 135 g/L for men) were deferred from donation

as per FRCBS policy. For successful donations, samples were collected from the diversion

pouch at the beginning of the donation. For deferred donations, separate venous samples were

drawn. The blood count, C-reactive protein (CRP), ferritin, and soluble transferrin receptor

(sTfR) were measured. Participants answered an electronic questionnaire at the donation site

during their enrollment visit. This questionnaire included 28 questions about general health,

current and past medical conditions, dietary habits, smoking, alcohol use, physical activity,

and sleep. Once enrolled, donors could provide blood samples at each one of their whole-

blood donation attempt in a participating donation center. For the purposes of this specific

study, we analyzed data from donors’ first study blood sample.

Participants were offered iron supplementation according to the standard operating proce-

dure of the FRCBS. Blood donation staff is instructed to offer iron supplementation to 1) all

women under 50 years old at all donations and to 2) all other donors donating every 4 months

or more frequently. Donors were primarily offered 20 daily tablets containing 25 mg of ferrous

fumarate and 350 mg of animal hemoglobin, or alternatively 30 daily tablets containing 100

mg of ferrous sulfate. Participants were asked in the electronic questionnaire if they had been

offered iron supplementation at their previous donation and, if they had, how much of the

offered iron they had ingested. Donors were queried in separate questions regarding their self-

administered nutritional supplement intake (iron, vitamin C, multivitamins).

Statistical analyses

Statistical analyses were performed using R statistical software[32]. Analysis code is available

at https://github.com/FRCBS/iron_levels_of_blood_donors. Data will be made available to

individual researchers upon reasonable request. Population characteristics were described by

mean and standard deviation (SD) for normally distributed continuous variables, median and

interquantile range (IQR) for non-normally distributed variables and as the percentage of the

frequency distribution for each category for categorical variables. We performed pair-wise

comparisons of population characteristics between men, pre-menopausal and post-meno-

pausal women using two-sample t-tests for normally distributed variables, Wilcoxon rank sum

tests for non-normally distributed variables and chi-squared tests for categorical variables. We

report the adjusted p-values after Holm-Bonferroni correction for multiple comparisons for

these comparisons and use an alpha-level of 0.05 to identify significant comparisons.

We determined the prevalence of iron deficiency (ID), low hemoglobin and anemia in each

donor groups. ID was defined either as ferritin< 15 μg/L[33] (IDFerritin) or as sTfR� 4.4 mg/L for

women or� 5.0 mg/L for men (IDsTfR)[34]. Low hemoglobin was defined according to FRCBS

low hemoglobin deferral rules, i.e. Hb< 125 g/L for women and< 135 g/L for men. Anemia was

defined according to WHO standards as Hb<120 g/L for women and<130 g/L for men.

Multivariable analyses of ferritin and sTfR levels

We investigated predictors of ferritin and sTfR levels using multiple ordinary least squares (OLS)

linear regression and robust linear regression analyses. Robust regression [35,36] is an alternative

to OLS regression when data is contaminated with overly influential observations. Robust regres-

sion coefficient estimates are less affected by the presence of influential observations. Robust

regression and associated p-values were computed using the MASS[37] and the sfsmic[38] pack-

ages respectively. We used bootstrapping (boot package[39]) to determine the 95% Bias Corrected

and Accelerated Confidence Intervals[40] (BCa CIs) for regression coefficients.
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Covariates related to blood donation history were the number of days since the last dona-

tion and the number of donations in the last two years. To account for the non-linear relation-

ship between ferritin levels and the number of donations in the last two years in at least one

stratified group, a quadratic term was added. Continuous covariates related to physiologic fac-

tors were age, BMI, and CRP. Ferritin and CRP were log-transformed while the number of

days since last donation was log transformed and divided by log(2) to facilitate coefficient

interpretation. Binary covariates were smoking status (Yes/No), and, for women, nulliparous

status (Yes/No).

Iron supplementation, dietary factors and alcohol consumption were also entered in the

model. As one of the main goals of this study was to assess the efficiency of the FRCBS iron

supplementation policy, we only took under consideration reported intake of FRCBS-provided

iron supplementation. Iron supplementation was recoded to a 1 to 4 numeric scale with 1 cor-

responding to no FRCBS supplementary iron intake (not offered or not taken), 2 to limited

compliance (less than half the provided course taken), 3 to partial compliance (at least half the

provided course taken) and 4 to full compliance (all or almost all the provided course taken).

Consumption frequency for dietary factors was recoded to a numeric scale from 1 (never) to 4

(daily or more). Iron supplementation, dietary factors and alcohol consumption were entered

in the regression models as continuous variables[41].

We quantified the relative importance[42], i.e. the proportionate contribution of each

covariate to the total model R2 taking into account both its direct effect and its effect when

combined with other covariates, in predicting ferritin and sTfR levels for covariates that were

consistently significant for both OLS and robust regressions in at least one donor group. We

used PMVD as a measure of relative importance and used the relaimpo package[42] to com-

pute it and its bootstrapped 95% BCa CIs.

Multivariable analyses of self-reported health

Self-reported health was assessed using the question “How would you rate your recent health

in general” to which participants answered on a 5 point scale ranging from poor to excellent.

This very general, seemingly subjective, simple question is one of the most commonly used in

health interview surveys as a public health indicator[43]. We used multivariable ordinal logis-

tic models to test the association of ferritin and self-reported health in men and women; pre-

menopausal and post-menopausal women were collapsed to improve statistical power. We

adjusted for age, BMI, CRP, number of donations in the last two years, number of days since

the last donation and physical activity (both groups) and menopausal status (women). We log

transformed the ferritin values and further divided it by log(2) to facilitate interpretation of

regression coefficients. We used the rms[44] package to run ordinal logistic regression analyses

and the brms[45] package to fit Bayes ordinal models. We report odds-ratio and their boot-

strapped 95% Bca confidence intervals for ordinal logistic regression and odds-ratios and their

95% highest density intervals (HDI) for Bayesian ordinal models. In addition, we evaluated

whether a model including ferritin had a better predictive accuracy (defined as elpd, expected

log pointwise predictive density) of donor self-reported health than a model without ferritin

using leave-one-out cross-validation[46]. Better predictive accuracy can be inferred when the

differences between model elpds are positive and orders of magnitude larger than the standard

error.

Results

A total of 2584 donors enrolled the study and the data collected during the first study visit of

each donor were used. We excluded from data analyses first-time donors (N = 41), donors
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missing ferritin, sTfR or CRP measurements (N = 7), and donors who did not answer to the

items of the questionnaire included in the present data analysis (N = 245). Women of 45 years

of age or older reporting amenorrhea formed the post-menopausal group. Women under 45

years of age reporting amenorrhea were excluded from all analyses (N = 81). Women of all

ages reporting the presence of menstruation formed the pre-menopausal group. In addition,

we removed from all analyses donors (N = 10) with extreme physiologic outliers (BMI > 50,

Ferritin > 400 and CRP > 20).

Complete data were available from 2200 donors: 846 pre-menopausal women, 452 post-

menopausal women and 902 men. Characteristics of the study population are presented in

Table 1. 65% of pre-menopausal women, 43% of post-menopausal women and 35% of men

reported being provided with iron at their previous blood donation visit (S1 Fig). Smoking fre-

quency and milk consumption were the only variables with no between-group differences, for

all other variables at least one significant difference was found.

Prevalence of iron deficiency, low hemoglobin and anemia in Finnish blood

donors

The majority of blood donors had ferritin and sTfR values in the normal range (Fig 1). We

determined the percentage of ID, with ID defined as ferritin < 15 μg/l and/or sTfR > 4.4 mg/L

for women and> 5 mg/L for men (Table 2). Iron deficiency was most prevalent in pre-meno-

pausal women, followed by post-menopausal women and men. Only 5 to 8% of donors had

both low ferritin and high sTfR (Fig 1). We determined the percentage of blood donors with

anemia as defined by the WHO (Venous Hb< 120 g/l for women and< 130 g/L for men) and

low hemoglobin as defined by low hemoglobin deferral thresholds (Venous Hb< 125 g/l for

women and< 135 g/L for men). Anemia and low hemoglobin were, similar to iron deficiency,

most prevalent in pre-menopausal women, then post-menopausal women and then men. Iron

deficiency (low ferritin and/or high sTfR) was present in 84% (21 of 25), 50% (1 of 2) and 50%

(3 of 6) of anemic pre-menopausal women, post-menopausal women, and men, respectively.

Furthermore, iron deficiency was present in 66.2% (47 of 71), 41.7% (10 of 24) and 31.4% (11

of 35) of low hemoglobin pre-menopausal women, post-menopausal women, and men,

respectively.

Text in quadrants indicates the percentage of donors with isolated low ferritin (bottom

left), isolated high sTfR (top right) and concurrent low ferritin and high sTfR (top left). Color

represents hemoglobin concentration. Red circles highlight donors with low hemoglobin. Red

asterisks represent anemic donors.

Determinants of iron status in Finnish blood donors

Multivariable linear regression analyses were carried out to identify factors associated with var-

iation in iron status as measured by serum ferritin and sTfR. Analyses were run separately for

pre-menopausal women, post-menopausal women and men. As influential observations were

present (S2 and S3 Figs), we carried out both Ordinary Least Squares (OLS) (S1 and S2 Tables)

and robust regression (Tables 3 and 4). We report both regression coefficients (Tables) and

standardized coefficients (Fig 2). Results were qualitatively similar for both model types for

most covariates (Fig 2A).

The amount of variance in iron levels explained by the chosen factors varied not only

between ferritin and sTfR but also amongst the three groups (Fig 2B). Models with sTfR as an

outcome variable explained only a limited amount of variance (pre-menopausal women: R2 =

0.12, post-menopausal women: R2 = 0.06 and men: R2 = 0.10). The overall model was signifi-

cant solely for pre-menopausal women and men (S2 Table). STfR could not be well predicted
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by the available covariates (S3 Fig). We therefore only report extensively the results for ferritin

for which the amounts of variance explained by the models were consistent with small to

medium effect sizes (S1 Table). Fig 3 shows the relationship between ferritin and sTfR respec-

tively for factors related to blood donation activity (number of donations in the last two years

and Time since last donation) and to iron intake (red meat consumption and iron supplemen-

tation) as these factors relate directly to FRCBS policies and/or recommendations made to

donors. The relationship between ferritin and other factors are presented in S5 Fig and S6 Fig

for factors significant in at least 2 demographic groups.

Only some of the factors significantly co-varied with ferritin levels and many of them were

significant only in one or two of the three study groups. Increased age and BMI were

Table 1. Basic characteristics of study groups.

Pre-menopausal women Post-menopausal women Men (1) vs (2) (1) vs (3) (2) vs (3)

N 846 452 902

age� 34 (10) 58 (6) 45 (14) p < .0001 p < .0001 p < .0001

BMI �� 24.2 (22.1, 28.1) 25.2 (23.0, 28.3) 25.7 (23.9, 28.1) p < .05 p < .0001 n.s.

Smoking (yes) 13.6% 9.3% 10.5% n.s. n.s. n.s.

Pregnancy = yes (%) 30% 77% p < .0001

Hemoglobin� 135.5 (8.4) 138.2 (8.6) 150.6 (9.4) p < .0001 p < .0001 p < .0001

Ferritin �� 26 (16, 41) 34 (22, 52) 42 (25, 68) p < .0001 p < .0001 p < .0001

sTfR �� 3.3 (2.7, 4.2) 3.1 (2.5, 3.8) 3.4 (2.7, 4.1) n.s. p < .0001 p < .01

CRP �� 2.9 (2.9, 2.9) 2.9 (2.9, 2.9) 2.9 (2.9, 2.9) p < .01 n.s. p < .001

Number of donations (2 years)� 2.6 (1.7) 3.5 (1.9) 4.6 (2.7) p < .0001 p < .0001 p < .0001

Time to previous donation (days) �� 177 (112, 325) 140 (104, 241) 111 (78, 203) p < .001 p < .0001 p < .0001

Iron supplementation ƚ 42, 12, 9, 38 62, 5, 5, 28 67, 6, 4, 22 p < .0001 p < .0001 n.s.

Red meat ǂ 16, 15, 58, 12 8, 25, 63, 4 5, 10, 71, 15 p < .0001 p < .0001 p < .0001

Vegetables ǂ 0, 1, 26, 73 0, 1, 19, 80 0.1, 2, 43, 55 n.s. p < .0001 p < .0001

Fruit and berries ǂ 0, 4, 37, 59 0.2, 2, 24, 74 0.3, 8, 48, 44 p < .0001 p < .0001 p < .0001

Milk ǂ 5, 6, 21, 68 5, 6, 18, 72 5, 7, 23, 66 n.s. n.s. n.s.

Fruit juices ǂ 14, 48, 28, 10 22, 40, 22, 16 9, 34, 36, 21 p < .001 p < .0001 p < .0001

Coffee ǂ 17, 5, 8, 70 9, 2, 5, 85 13, 4, 7, 76 p < .0001 n.s. p < .05

Tea ǂ 13, 29, 30, 28 14, 27, 23, 37 19, 33, 24, 24 n.s. p < .001 p < .0001

Beer ǂǂ 61, 32, 7, 0.2 64, 27, 9, 0.4 28, 37, 31, 4 n.s. p < .0001 p < .0001

Wine ǂǂ 32, 55, 13, 0.4 30, 45, 23, 2 38, 46, 14, 1 p < .0001 p < .01 p < .01

Liquor ǂǂ 83, 16, 0.4, 0.1 92, 7, 1, 0 65, 31, 5, 0.1 p < .001 p < .0001 p < .0001

Daily physical activity ǂǂǂ 3, 19, 48, 30 4, 13, 41, 43 6, 21, 42, 31 p < .001 n.s. p < .001

Exercise frequency ǂǂǂǂ 7, 8, 18, 67 5, 6, 17, 72 8, 9, 22, 61 n.s. n.s. p < .05

� Normally distributed variable are summarized as mean (SD).

�� Non-normally distributed variable are summarized as median (25th, 75th percentile).

ƚ Shown as percentage of the frequency distribution of the categories: 1 (“Not provided or none ingested”, 2 (“Less than half of course ingested”), 3 (“At least half of

course ingested”, 4 (All of nearly all the course ingested”).

ǂ Shown as percentage of the frequency distribution of the categories: 1 (“Never”), 2 (“Less than once weekly”), 3 (“From 1 to 6 times per week”), 4 (“Daily or more

often”)

ǂǂ Shown as percentage of the frequency distribution of the categories: 1 (“Rarely or never”), 2 (“A few per month”), 3 (“A few per week”), 4 (“Daily or almost”)

ǂǂǂ Shown as percentage of the frequency distribution of the categories: 1 (“Less than 15 min”), 2 (“15 to 30 min”), 3 (“30 to 60 min”), 4 (“Longer than one hour”)

ǂǂǂǂ Shown as percentage of the frequency distribution of the categories: 1(“Less than monthly”), 2 (“Once to twice monthly”), 3 (“Once weekly”), 4 (“Twice weekly or

more often”)

Group differences are tested with an independent two-sample t-test for normally distributed variables, with a Mann-Whitney test for non-normally distributed variables

and chi-squared test for categorical variables.

https://doi.org/10.1371/journal.pone.0220862.t001
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consistently associated with increased ferritin levels. For post-menopausal women, age was a

significant co-variate only for the OLS model, suggesting that the effect in that group could be

driven by a few influential observations. Smoking was significantly positively correlated with

ferritin levels for pre-menopausal women only.

The factors related to blood donation affected ferritin levels differently between the three

study groups. The number of donations in the last two years was negatively associated with fer-

ritin levels only in pre-menopausal women and men, with a 5.7% and 8.5% decrease, respec-

tively, in ferritin levels for each additional donation (Fig 3A). The squared number of

donations in the last two years was positively associated with ferritin levels only in men. The

combination of a negative correlation for the covariate and a positive correlation for the

squared covariate indicates that the negative effect of increased blood donation activity on fer-

ritin levels was larger for donors who donated rarely than for donors who donated frequently.

Doubling the number of days since the previous donation was associated with 14%, 26% and

18% increases in ferritin levels for pre-menopausal women, post-menopausal women and

men, respectively (Fig 3B).

Iron supplementation had a significant influence on ferritin levels only in men (Fig 3C): an

increase in iron supplementation was associated with lower ferritin levels. On average, men

who reported taking at least half of the iron supplementation had ferritin levels 4% lower than

those who reported not being offered or not taking the offered supplementation. The pattern

of results for iron supplementation was similar both qualitatively and quantitatively when

analyses were run with both FRCBS-provided and self-administered iron supplementation

were collapsed into a binary (no iron / at least some iron) predictor (data not shown).

The majority of dietary factors did not have any effect on ferritin levels. The only effect con-

sistently significant across all three groups was a positive association between red meat con-

sumption and ferritin levels (Fig 3D). Increased milk consumption was associated with

decreased ferritin levels in pre-menopausal women only. Beer and wine consumptions were

associated with increased ferritin levels in men and post-menopausal women.

To assess the relative importance of each covariate in explaining variation in ferritin levels,

we computed the relative importance of the covariates significant in at least one study group

(Fig 2B). For pre-menopausal women, the number of days since previous donation and age

had the largest relative importance, with lower relative importance values for red meat and

BMI. For post-menopausal women, the number of days since previous donation was the only

covariate with a relative importance above 2%. For men, the number of days since the previous

donation and the number of donations in the previous two years had similar relative impor-

tance, with lower relative importance for BMI. Overall, donation activity was the main source

of variability in ferritin levels in our models. Iron supplementation explained less than one per-

cent of variance for all groups.

Fig 1. Scatterplots of sTFR concentration as a function of ferritin concentration show that anemic donors are not

systematically iron deficient.

https://doi.org/10.1371/journal.pone.0220862.g001

Table 2. Percentage of donors with abnormal hemoglobin, ferritin or sTfR values.

Pre-menopausal

women

Post-menopausal

women

Men

Anemia 3 (2–4.3) 0.4 (0.1–1.6) 0.7 (0.3–1.4)

Low hemoglobin 8.4 (6.7–10.5) 5.3 (3.6–7.8) 3.9 (2.8–5.3)

Low ferritin 20.6 (18–23.4) 10 (7.5–13.1) 6 (4.6–7.7)

High sTfR 18.9 (16.4–21.7) 9.7 (7.3–12.8) 8.2 (6.6–10.2)

https://doi.org/10.1371/journal.pone.0220862.t002
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Table 3. Multiple robust regression results for ferritin levels.

Pre-menopausal women Post-menopausal women Men

Coefficient (95% CI) p-values Coefficient (95% CI) p-values Coefficient (95% CI) p-values

Age 0.07 (0.04, 0.10) <0.0001 0.05 (-0.003, 0.10) 0.072 0.02 (0.01, 0.04) 0.004

BMI 0.02 (0.01, 0.03) 0.0005 0.02 (0.005, 0.03) 0.006 0.04 (0.03, 0.05) <0.0001

CRP 0.06 (-0.08, 0.21) 0.367 0.06 (-0.18, 0.29) 0.601 -0.02 (-0.26, 0.19) 0.883

Smoking(yes) 0.09 (0.001, 0.18) 0.047 0.08 (-0.06, 0.20) 0.273 0.08 (-0.01, 0.16) 0.080

Pregnancy(Yes) 0.02 (-0.06, 0.10) 0.649 -0.004 (-0.09, 0.08) 0.929

Nb donations (2 years) -0.06 (-0.10, -0.02) 0.002 -0.03 (-0.07, 0.01) 0.105 -0.09 (-0.11, -0.07) <0.0001

(Nb donations (2 years))2 0.01 (-0.005, 0.03) 0.165 0.01 (-0.01, 0.02) 0.450 0.01 (0.002, 0.01) 0.004

Time since last donation (days) 0.13 (0.08, 0.19) <0.0001 0.23 (0.16, 0.31) <0.0001 0.17 (0.12, 0.21) <0.0001

Iron supplementation -0.002 (-0.03, 0.03) 0.895 -0.02 (-0.06, 0.03) 0.450 -0.04 (-0.08, -0.01) 0.005

Red meat 0.13 (0.08, 0.19) <0.0001 0.11 (0.03, 0.19) 0.006 0.10 (0.04, 0.16) 0.001

Vegetables -0.01 (-0.13, 0.10) 0.822 0.03 (-0.11, 0.17) 0.735 0.03 (-0.05, 0.10) 0.433

Fruit and Berries 0.03 (-0.07, 0.13) 0.505 -0.14 (-0.27, 0.001) 0.034 0.01 (-0.05, 0.08) 0.737

Milk -0.06 (-0.11, -0.004) 0.038 -0.04 (-0.11, 0.03) 0.269 -0.04 (-0.08, 0.01) 0.120

Fruit Juices -0.004 (-0.06, 0.05) 0.889 -0.001 (-0.06, 0.05) 0.959 -0.02 (-0.06, 0.02) 0.373

Coffee 0.02 (-0.02, 0.06) 0.347 -0.003 (-0.07, 0.06) 0.915 0.01 (-0.03, 0.05) 0.484

Tea -0.03 (-0.07, 0.01) 0.185 0.04 (-0.01, 0.09) 0.112 0.01 (-0.02, 0.04) 0.563

Beer 0.01 (-0.06, 0.08) 0.740 0.08 (-0.0001, 0.17) 0.046 0.05 (0.0004, 0.10) 0.044

Wine 0.06 (-0.01, 0.14) 0.098 0.08 (-0.001, 0.16) 0.034 0.06 (0.003, 0.12) 0.040

Liquor 0.001 (-0.11, 0.11) 0.983 -0.07 (-0.24, 0.07) 0.410 0.06 (-0.02, 0.13) 0.113

https://doi.org/10.1371/journal.pone.0220862.t003

Table 4. Multiple robust regression results for sTfR levels.

Pre-menopausal women Post-menopausal women Men

Coefficient (95% CI) p-values Coefficient (95% CI) p-values Coefficient (95% CI) p-values

Age -0.03 (-0.04, -0.01) 0.0003 0.001 (-0.02, 0.03) 0.958 -0.01 (-0.02, -0.0002) 0.043

BMI 0.003 (-0.001, 0.01) 0.165 0.001 (-0.01, 0.01) 0.853 0.003 (-0.002, 0.01) 0.205

CRP 0.03 (-0.04, 0.09) 0.460 0.05 (-0.06, 0.14) 0.413 0.11 (0.01, 0.20) 0.041

Smoking(yes) -0.05 (-0.09, -0.003) 0.040 -0.07 (-0.13, 0.001) 0.068 -0.05 (-0.10, -0.01) 0.023

Pregnancy(Yes) 0.02 (-0.03, 0.07) 0.389 -0.04 (-0.08, 0.01) 0.132

Nb donations (2 years) 0.03 (0.01, 0.04) 0.009 -0.01 (-0.03, 0.01) 0.533 0.02 (0.01, 0.03) 0.0003

(Nb donations (2 years))2 -0.01 (-0.01, 0.002) 0.138 0.002 (-0.01, 0.01) 0.641 0.0001 (-0.002, 0.003) 0.938

Time since last donation (days) -0.02 (-0.04, 0.01) 0.164 -0.05 (-0.09, -0.01) 0.015 -0.02 (-0.04, 0.003) 0.104

Iron supplementation 0.001 (-0.02, 0.02) 0.934 0.001 (-0.02, 0.02) 0.957 0.01 (-0.005, 0.03) 0.172

Red meat -0.08 (-0.10, -0.05) < 0.0001 0.004 (-0.03, 0.04) 0.834 -0.03 (-0.06, 0.005) 0.090

Vegetables -0.02 (-0.08, 0.04) 0.527 -0.01 (-0.07, 0.06) 0.890 -0.02 (-0.06, 0.02) 0.300

Fruit and Berries 0.01 (-0.04, 0.05) 0.735 -0.01 (-0.07, 0.06) 0.838 -0.002 (-0.04, 0.03) 0.926

Milk 0.04 (0.01, 0.07) 0.005 0.04 (0.003, 0.07) 0.032 0.02 (-0.01, 0.05) 0.130

Fruit Juices -0.002 (-0.03, 0.03) 0.909 0.01 (-0.02, 0.04) 0.665 0.01 (-0.02, 0.03) 0.641

Coffee -0.04 (-0.06, -0.02) 0.0003 -0.02 (-0.05, 0.02) 0.342 -0.01 (-0.03, 0.01) 0.372

Tea 0.004 (-0.02, 0.03) 0.741 -0.003 (-0.03, 0.02) 0.848 0.001 (-0.02, 0.02) 0.934

Beer 0.003 (-0.03, 0.04) 0.881 -0.02 (-0.06, 0.02) 0.347 -0.02 (-0.05, 0.01) 0.159

Wine -0.01 (-0.05, 0.02) 0.470 -0.04 (-0.08, -0.004) 0.036 -0.03 (-0.06, 0.0001) 0.071

Liquor 0.03 (-0.02, 0.09) 0.248 -0.001 (-0.08, 0.08) 0.984 0.01 (-0.03, 0.05) 0.540

https://doi.org/10.1371/journal.pone.0220862.t004
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Ferritin levels and donor self-reported health

We investigated whether ferritin levels co-varied with donor self-reported health using ordinal

logistic regression (Fig 4). To improve statistical power, we combined the pre-menopausal and

post-menopausal women into a single group. Almost all donors reported their health to be at

least good (S4 Fig). When age, BMI, CRP, smoking, menopausal status, blood donation activity

and physical activity were controlled for, a doubling of ferritin values increased the odds of

reporting one’s health as very good or excellent compared to satisfactory or good by 11%

(OR = 1.11, 95%CI .98–1.25) for women and 6% for men (OR = 1.06, 95%CI .91–1.24), but

neither of these increases were statistically significant (S3 Table). The difference in predictive

accuracy between Bayesian models with and without ferritin as a covariate was of the same

magnitude as its standard error, suggesting that ferritin did not improve the predictive accu-

racy of the model (women: difference = -0.7, SE = 3.5, men: difference: difference = 1.3,

SE = 1.5).

Discussion

The increased risk for iron deficiency in regular blood donors is well documented [2–4,9,47],

but the importance of the different factors affecting iron stores and in particular, population-

level effects of systematic iron supplementation of at-risk donor groups on iron levels and

health are poorly understood. In the present study, we addressed these questions in the Finnish

blood donor study cohort by using modern data analysis tools. Our three major findings were

the following. (i) First, iron deficiency was present in the Finnish donor population at levels

similar to other donor populations despite iron supplementation. However, it is of note that

hemoglobin levels, the current standard for donor health screening in blood banks, correlated

poorly with iron deficiency. Most low hemoglobin men were not ID, suggesting that their low

hemoglobin was not directly, or perhaps at all, related to their iron status. (ii) Second, the effect

of iron supplementation on donor iron levels was negligible compared to the effect of donation

activity, i.e. time from previous donation and number of donations during the previous 2

years. (iii) Finally, there was no evidence of harmful effects of blood donation-related iron

depletion on self-reported health.

Our donor population had lower prevalence of anemia but somewhat higher prevalence of

low hemoglobin than comparable populations. Anemia was present in only 3%, 0.4% and 0.7%

of pre-menopausal women, post-menopausal women and men, respectively. While these low

rates could appear surprising given the WHO’s predicted European anemia rates of 19.9%

(95%CI 13.5–28.4) for pre-menopausal women [48] or recent estimations of the prevalence of

anemia in Portugal [49] (20.7 in pre-menopausal women, 18.9% in men and around 20% in

older women), they are consistent with previous estimations in the Finnish population in the

late 1990s [50]. Prevalence was then 5.9% in women under 50 years of age, 5.5% in women

over 50 years of age and 1.3% in men. The lower prevalence observed in our data could results

from the inherent bias of a blood donor population: new donors with low hemoglobin and/or

anemia at their first visit usually do not enter the donor pool. These donors would be de facto

excluded from analysis since our sample for this study includes only repeat donors. Overall,

Fig 2. Donation activity is the most consistent explanatory variable of ferritin levels but explains limited variance

in sTfR levels. (A) The standardized coefficients (cross), their 95% BCa confidence intervals (thick line) and bootstrap

distributions are plotted for all covariates entered in the robust regressions. (B) The relative importance (average

percentage of variance in the data explained by the co-variate) for co-variates consistently significant in at least one

group are plotted as positive values if there was a positive correlation between the outcome variable and the co-variate

and as negative values if there was a negative correlation between the outcome variable and the co-variate. Grey lines

represent bootstrapped 95% CIs.

https://doi.org/10.1371/journal.pone.0220862.g002
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very low anemia rates show that FRCBS policies successfully mitigate anemia in blood donors.

Low hemoglobin was present in 8.4%, 5.3% and 3.9% of pre-menopausal women, post-meno-

pausal women and men, respectively. These rates are higher than those in the Capital region of

Denmark (less than 1% for men and less than 4% for women) [19] and are higher than most

reported deferral rates for countries using the same thresholds [13]. This discrepancy can be

explained by (1) different screening policies and (2) poor sensitivity of point-of-care fingerpick

Hemocue measurements compared to venous sample analysis in detecting low Hb. Recomput-

ing low Hb rates with the point-of-care screening Hb value instead of the venous sample Hb

Fig 3. Ferritin levels are more affected by donation history than by iron intake. (A) Ferritin levels are plotted as a

function of number of donation in the last two years. (B) Ferritin levels are plotted as a function of days since last

donation. (C) Ferritin levels are plotted as a function of iron supplementation. (D) Ferritin levels are plotted as a

function of red meat consumption. Boxplots are superimposed for each number of donations, iron supplementation

level and red-meat consumption level.

https://doi.org/10.1371/journal.pone.0220862.g003

Fig 4. Self-reported health is not affected by donor iron levels. Donor ferritin levels are plotted as a function of their

self-reported health status and standard boxplots are superimposed for each self-reported health status.

https://doi.org/10.1371/journal.pone.0220862.g004
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value results in low Hb rates (6.6%, 2.4% and 2.2% for pre-menopausal women, post-meno-

pausal women and men, respectively) which are more consistent with reports from other

countries [13]. Furthermore, our low venous Hb rates are similar to or lower than low Hb

rates from venous samples in the INTERVAL study (around 5.3 to 5.5% in man and 13.4 to

13.9% in women). Overall these results show that the current FRCBS screening strategy rea-

sonably ensures that most anemic and low hemoglobin blood donors are excluded from the

donor pool.

Iron deficiency was present in the donor population in proportions smaller than but still

comparable to other studies [10]. If taking only into consideration ID as defined by ferritin lev-

els below 15 μg/L (hereafter IDferr), the prevalence in our population of post-menopausal

women (10.6%) was similar to that reported in the general Finnish population of the capital

region area in the 2000s (11%) [50]. For pre-menopausal women, the prevalence in our study,

21%, was markedly lower than that reported in the previously mentioned study (32%) and

within the range of reported prevalence in the general European population: between 9.5%

and 32% depending on country and exact age group [49,51]. IDferr rates in the Finnish blood

donor population were reported in the 1980s [52] but the small sample size (around 50 fre-

quent donors per sex-stratified group) and the use of different ferritin thresholds (12, 16.4 and

5.5 μg/L) make meaningful comparisons with the current data difficult. The reported 33%

prevalence of ferritin < 16.7 μg/L for men is, however, markedly higher than the 6% preva-

lence in our population, suggesting that in men at least iron stores are better preserved than

they were before. For women, our prevalence rates are lower than those reported in the Danish

Blood Donor Study [1] (32%, 22% and 9% for pre-menopausal, post-menopausal and men,

respectively) as well as than those from a recent Australian study (26.4% in females and 6.3%

in males for WB donors) [2]. Iron deficiency rates reported in the RISE study cohort were

higher but used different thresholds, making comparisons difficult [5].Differences in ID preva-

lence could result from the targeted iron supplementation policy, but also from other differ-

ences between study populations, such as minimal inter-donation interval, maximum number

of annual donations or baseline population prevalence of iron deficiency. Overall, anemia and

low hemoglobin rates were low in our donors.

The relationships between biomarkers and iron-deficiency thresholds were complex. We

defined low ferritin using the WHO threshold of 15 μg/L [53] but high sTfR using the local

University Hospital thresholds of 4.5 and 5 mg/L for women and men, respectively. As sTfR is

thought to index iron-deficient erythropoiesis secondary to iron deficiency, one might expect

donors with high sTfR to have low ferritin values [6]. However, whilst there was a visible nega-

tive relationship between ferritin and sTfR levels (Fig 1), 28% to 47% of ID donors had high

sTfR but normal ferritin levels (ferritin� 15 μg/L). Iron deficient erythropoiesis in blood

donors could already be present at higher ferritin values [54,55], and indeed, raising the low

ferritin threshold to 30 μg/L results in 95% to 97.5% of ID donors having both high sTfR and

low ferritin. Furthermore, 80% of men with high sTfR also had ferritin < 30 μg/L, in line with

a previous study [56]. These results seem to suggest that a ferritin threshold of around 30 μg/L

could be more appropriate than the current WHO standard of 15 μg/L for screening donors at

risk for iron-deficient erythropoiesis [54,57]. An important limitation to interpreting these

results is the uncertainty regarding the assay-specific sTfR threshold which would appropri-

ately identify iron-deficient erythropoiesis [58].

The relationship between iron deficiency and low hemoglobin and anemia in our blood

donor population was not as straightforward as could be expected. Low hemoglobin and ane-

mia in otherwise healthy blood donors are thought to result from iron deficiency, therefore,

low hemoglobin and ID are expected to co-occur. In contrast, ferritin and sTfR levels were

normal in 50% of anemic men and post-menopausal women and in 16% of anemic pre-
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menopausal women. Similarly, 34%, 49% and 69% of low hemoglobin pre-menopausal

women, post-menopausal women and men, respectively, had normal ferritin and sTfR levels.

Lack of sensitivity of the chosen sTfR or ferritin thresholds only partly explains these results, at

least in men. For example, 27% of low Hb men had ferritin values over a less stringent 30 μg/L

threshold (Fig 1). Overall these data underline the limits of using Hb screening as a tool to mit-

igate iron deficiency in blood donors.

Despite its promise as a biomarker indexing iron-deficient erythropoiesis [6], sTfR did not

bring any added value to assessing donor’s iron status and its explanatory factors. Inter-indi-

vidual variability in sTfR levels was only very partially explained by the variables available in

the present study: at most the models explained 10% of the variance. Importantly, donation

activity, which explained a large amount of inter-individual variability in ferritin levels,

explained at most 6% of inter-individual variability in sTfR levels. STfR levels were therefore

not as strongly affected by donation activity as ferritin levels, in line with previous studies

reporting similar sTfR levels in new and frequent blood donors [14,56]. Similar to previous

research suggesting that using a higher threshold for ferritin could be nearly as efficient as

using an index combining sTfR and ferritin to identify IDE [57], our results provide evidence

that sTfR does not necessarily significantly improve diagnosis of ID in blood donors.

Iron supplementation was not associated with higher iron levels in donors. Most men and

post-menopausal women reported not being offered iron (65% and 57% respectively). Despite

the FRCBS policy of offering iron to all women under 50 regardless of donation frequency,

35% of pre-menopausal women reported not being offered iron. Iron supplementation com-

pliance was high: 60% to 65% of the donors offered iron reported taking all or almost all of the

course and only 6% to 12% reported not ingesting any of the iron they were offered. Iron sup-

plementation did not have any statistically significant effect on population ferritin levels in

women and was associated with lower ferritin levels in men. Such results seem counter-intui-

tive given prior evidence of the positive effect of such supplementation on blood donor iron

stores in different intervention studies [15,16,18,20,47]. Results from observational studies

have been more contrasted. Self-administered iron supplementation was associated with a

lower risk of iron deficiency [5] in a previous blood donor cohort study. In the Danish blood

donor population, a negative relationship between iron supplementation provided by the

blood establishment and ferritin levels was present, just as in ours [1]. Finnish donors are

offered iron solely according to presumed menopausal status and recent donation activity. A

negative relationship between iron supplementation and ferritin levels could therefore be

explained by the non-randomized distribution of the treatment: donors who donate more fre-

quently are both more likely to have reduced iron stores and more likely to be offered supple-

mentary iron. The overall absence of a positive relationship between iron stores and

supplementation could also result from insufficient amounts of iron being offered by the sup-

plementation scheme. Finnish donors are provided with a short 20 to 30 day course of iron

supplementation, with daily amounts provided varying between 9 and 20 mg of iron. While

low daily doses of iron (19 mg) could be as effective as higher daily doses (38 mg) in mitigating

iron loss in whole-blood donors [59], it may be that the length of the supplementation was

simply too short. Indeed, even with iron supplementation it can take over 100 days for iron

replete donors to recover 80% of iron stores or for iron deficient donors to recover to iron lev-

els over 26 μg/L [15,60–62]. In light of these data, FRCBS may consider modifications to its

iron supplementation policy to better accomplish its goal of mitigating iron deficiency in fre-

quent blood donors. Additionally, despite similar results being obtained when taking account

reported self-administered iron supplementation, our quantification of non-FRCBS iron

intake is not precise enough for this study to be informative regarding such supplementation.

Cohort studies on donor populations receiving larger amounts of iron and better controlling
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for self-administered iron supplementation will provide additional information regarding the

effectiveness of such supplementation policies.

The most important predictors of inter-individual variability in ferritin levels were dona-

tion activity for all groups. The number of recent donations and time since last donation were

negatively and positively, respectively, correlated with ferritin levels, consistent with previous

studies [63,64]. The positive relationship between the square of the number of donations and

ferritin levels indicates that the negative effect of increased donation frequency on ferritin lev-

els was smaller for donors who donated more frequently than for donors who donated less fre-

quently. Ferritin levels might reach a plateau in donors that are able to donate frequently

without becoming anemic, as suggested by reports of lower prevalence of iron deficiency

amongst the most frequent donors [2]. In contrast to physiologic and dietary factors such as

BMI or red meat consumption which explained only 1–2% of inter-individual variance in fer-

ritin levels, donation activity explained up to 27% of this variance. Time since last donation

was the most consistent predictor of ferritin levels in all groups, even more so than donation

activity in the previous two years. Shorter time since last donation has previously been associ-

ated with increased risk of iron deficiency [5] as well as lower ferritin levels [1], but our results

highlight the large size when this effect is compared to other possible interventions. The very

limited amount of variance explained by red meat consumption suggests that adequate dietary

intake of iron could not by itself make up for high donation activity [65]. Similarly, the very

small amount of variance attributed to iron supplementation suggests that it could not by itself

compensate for donation-related blood loss.

Self-reported health of blood donors was good and was not correlated with ferritin levels, in

line with results from the Danish Blood Donor study [29]. However, it remains unclear

whether iron deficiency without anemia is associated with sub-optimal health outcomes in the

general population [27,66,67]. Low ferritin in blood donors could still have subtle effects on

donor health that would not be captured by a general self-reported health measure. Indeed,

while self-rated health is considered to be the most feasible, inclusive, and informative measure

of health status, it is non-specific and therefore the specific aspects of health that are empha-

sized in individual assessments cannot be controlled [68].

The present study provides an insight on the iron status of a blood donor population which

is subject to an iron supplementation policy targeted towards at-risk groups. Targeted iron

supplementation had only a limited effect on ferritin levels of blood donors: iron deficiency

was less prevalent than in other donor populations but was nevertheless present in a non-negli-

gible portion of the donor population. Furthermore, the population-level effect of donation

activity dwarfed the effect of iron supplementation. Despite the fact that donor self-reported

health was not affected by iron levels, further research is needed to identify an optimal, prefera-

bly individualized, donation interval as well as an optimal iron supplementation policy that

ensures that blood donors are not subjected to any unnecessary risks related to iron depletion.
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S1 Fig. Distribution of iron supplementation across study groups. Bars represent the num-
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all donors.

(PNG)

S2 Fig. Regression diagnostics for OLS regressions with ferritin as the outcome variable.

The usual regression diagnostics for the OLS regressions with ferritin as the outcome show the
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S3 Fig. Regression diagnostics for OLS regressions with sTfR as the outcome variable. The

usual regression diagnostics for the OLS regressions with ferritin as the outcome show the

presence of several outlier observations (colored in red).

(PNG)

S4 Fig. Donor sTrR levels as a function of donation history, iron supplementation and red

meat consumption. STfR levels are plotted as a function of number of donation in the last two

years, days since last donation, iron supplementation and red meat consumption. Boxplots are

superimposed for each number of donations, iron supplementation level and red-meat con-

sumption level.

(PNG)

S5 Fig. Ferritin levels as a function of age, BMI, beer consumption and wine consumption.

Ferritin levels are plotted as a function of age, BMI, beer consumption and wine consumption.

Boxplots are superimposed for each beer consumption and wine consumption level.

(PNG)

S6 Fig. STfR levels as a function of age, smoking status, and milk consumption. STfR levels

are plotted as a function of age, smoking status, and milk consumption. Boxplots are superim-

posed for each smoking status, and milk consumption level.

(PNG)

S7 Fig. Distributions of self-reported health across study groups. The majority of donors

report their health as being good or very good and only two percent rated their health as only

average.

(PNG)
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nen, Mikko Arvas.

Project administration: Johanna Castrén, Jukka Partanen, Mikko Arvas.

Software: Muriel Lobier.

Supervision: Johanna Castrén, Jukka Partanen, Mikko Arvas.

Visualization: Muriel Lobier, Mikko Arvas.

Writing – original draft: Muriel Lobier.

Writing – review & editing: Johanna Castrén, Pia Niittymäki, Elina Palokangas, Jukka Parta-
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