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ABSTRACT: The aim of this study was to analyse the effectiveness of new haematology parameters related
to reticulocytes and mature red blood cells to differentiate pre latent and latent iron deficiency. The study
included 219 female athletes (aged 15-20 years) representing volleyball, handball, cycling, canoeing, cross-
country skiing, swimming and judo. To assess iron status the concentration of ferritin, soluble transferrin
receptor (sTR), iron and total iron binding capacity (TIBC) were determined in serum. In addition to blood
morphology, the mean cellular haemoglobin content in erythrocytes (CH) and reticulocytes (CHr), mean cellular
haemoglobin concentration in reticulocytes (CHCMr), the percentage of erythrocytes (HYPOm) and
reticulocytes (HYPOr) with decreased cellular haemoglobin concentration, the percentage of erythrocytes (LowCHm)
and reticulocytes (LowCHr) with decreased cellular haemoglobin content, and percentage of erythrocytes with
decreased volume (MICROm) were determined. Subjects with ferritin <30 ng/ml were classified as having
stage | (pre-latent) iron deficiency (ID). The second stage (latent ID) was diagnosed when low ferritin was
accompanied by elevated sTfR and/or elevated TIBC values. The frequency of ID (without anaemia symptoms)
was high, amounting to 60% (stage | in 45%, stage Il in 15% of subjects). In subjects with stage | ID significant
changes in haematological variables concerned mainly reticulocytes: CHCMr (p<.001), CHr (p<.05), LowCHr
(p<.05), HYPOr (p<.001) in comparison to normal iron stores. In athletes with latent ID, there were also
significant changes (p<.001) in many indices of mature red blood cells, i.e. haemoglobin concentration (Hb),
mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), CH, %LowCHm,
as well as %MICROm (p<.01) in relation to the group without iron deficiency. The main finding of this study
was that the diminished or exhausted iron stores had already caused changes in reticulocytes, and intensified
iron deficiency (stage I1) increased changes in both reticulocytes’ and erythrocytes’ hypochromia indices, while
microcythaemia symptoms appeared later. This suggests that the markers of hypochromia relating especially to
reticulocytes are useful for diagnosis of early ID in athletes with absence of an acute phase reaction.
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Iron deficiency is still common, especially among females of repro-
ductive age [1]. Female athletes are considered to be at greater risk
of compromised iron status than their inactive counterparts [2,3,4].
Iron status is the result of the balance between the rate of erythro-
poiesis and the size of the iron stores [5]. Negative iron balance in
female athletes might be due to insufficient dietary iron intake [6],
menstrual blood losses [7], increased iron losses via haemolysis,
sweating, gastrointestinal bleeding, urinary blood losses [8] and
increase of hepcidin concentration due to exercise induced by acute
inflammation [91.

The gold standard for diagnosis of ID is bone marrow aspiration.
However, this method is rarely used, and less invasive blood iron

status indices, such as ferritin (Ferr), soluble transferrin receptor
(sTfR), total iron binding capacity (TIBC) and iron concentration are
used instead. Additionally, for screening iron deficiency anaemia,
mature red blood cell indices are widely used. Despite the avail-
ability of many indicators of iron status, some biochemical param-
eters such as Ferr, TIBC, iron and hepcidin may change under the
acute phase response [10] which makes assessment of iron status
difficult. Problems with ID detection may also be encountered in
athletes since physical exertion alone induces inflammatory states
and affects some indicators of iron metabolism [11,12,13]. Blood
haemoglobin concentration and other mature erythrocyte indices are
a measure of iron deficiency anaemia, but due to the long lifespan
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of mature erythrocytes (120 days), the detection of latent and overt
iron deficiency may be delayed. Additionally, the substantial chang-
es in plasma volume often observed in athletes [14,15] do not fa-
cilitate the proper evaluation of haematological status, falsely indicat-
ing for example iron deficiency anaemia.

So far, no consensus has been reached on the best definition of
ID. Therefore the search is ongoing for new markers that could be
more reliable in assessing iron status.

In recent years, the development of haematology analyzers has
allowed for the implementation of new indicators of mature red blood
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cells and reticulocytes. Automated reticulocyte analysis by flow cy-
tometry provides both the number of reticulocytes as well as sev-
eral indices of them that can be helpful in the diagnosis of iron
status [16]. These indicators are good in the detection of ID because
reticulocytes have a short normal life span. They persist in the cir-
culation for only 24-48 hours; therefore the haemoglobin in reticu-
locytes is a good early marker of iron deficiency [5,17,18]. The
amount of haemoglobin in reticulocytes is expressed by mean cel-
lular haemoglobin content in reticulocytes (CHr), which estimates
the actual availability of iron to the erythron. Imbalance between the

TABLE 1. Basic characteristics, haematological and iron status indices in the whole group of studied female athletes (n=219)

Variable Mean value, SD and (range) Normal range
Age (years) 169 1.8 (13.7-20) -
Body mass (kg) 61.7 £ 9.3 (42-104) -
Height (cm) 170.7 =7.5 (153-190) -
Athletic experience (h/week) 6.0+x24 (2-15) -
Ferritin (ng/ml) 27.1 = 15.5 (5-104) 30-120
sTfR (ug/ml) 5.46 = 1.69 (2.9-12.2) 2.9-8.3
TIBC (ug/dl) 337.3 = 37.7 (250-449) 250-390
Iron (ug/dl) 89.0 = 39.9 (22-257) 37-165
RBC (x10%ul) 4.7 +0.29 (4.0-5.4) 4.2-5.4
HCT (%) 40.7x 2.3 (36-47) 37-47
Hb (g/dl) 137.6 = 8.4 (116-163) 120-160
MCH (pg) 29.3 £ 1.45 (23-32) 26-32
MCHC (g/L) 337.7 £ 11.6 (303-381) 330-370
MCV (fL) 86.8 = 3.55 (77-95) 81-99
CH (pg) 29.1 = 1.38 (24-32) -
RDW (%) 13.1 = 0.59 (12.0-15.8) 11.5-14.5
HYPOm (%) 1.20 2.1 (0.04-13.4) -
LowCHm (%) 29.0 = 13.4 (9.0-89) -
MICROm (%) 0.72 £ 0.61 (0.1-5.70 -
Reticulocytes (%) 1.561 = 0.42 (0.5-2.6) 0.5-2.5
Reticulocytes (10% ul) 71.0 = 20.6 (25-132) 22-139
MCVr (f 100.9 = 3.2 (90-109) 101-119
CHCMr (g/dL) 30.7 = 1.23 (27-34) 33-37
CHr (pg) 30.87 £ 1.49 (25-34) 27-32
LowCHr (%) 13.4 +11.1 (1.4-74) -
HYPOr (%) 16.1 = 13.3 (1.7-68) -
Body Iron (mg/kg) 3.89 = 2.69 (-4.0-11.4) -
CRP (ng/dL) 0.20 = 0.58 (0.0-4.4) <5
ESR (mm/h) 4.16 = 2.53 (1-13) <15
WBC (x103/ul) 4.06 = 1.39 (3.2-10.3) 4.5-10.4

Note: Hb — haemoglobin concentration in erythrocytes, HCT — haematocrit, RBC — red blood cell count, MCHC — mean corpuscular haemoglobin concen-
tration in erythrocytes, MCV — mean corpuscular volume of erythrocytes, MCH — mean corpuscular haemoglobin in erythrocytes, CH — mean cellular hae-
moglobin content in erythrocytes, %HYPOm — percentage of red blood cells with decreased cellular haemoglobin concentration, %LowCHm — percentage
of red blood cells with decreased mean cellular haemoglobin content in erythrocytes, %MICROm — percentage of erythrocytes with decreased volume,
RDW - red cell distribution width, CHr — mean cellular haemoglobin in reticulocytes, #RET — absolute number of reticulocytes, %RET — absolute re-
ticulocyte count as a percentage, CHCMr — mean cellular haemoglobin concentration of reticulocytes, MCVr — mean corpuscular volume of reticulocytes,
%HYPOr — percentage of reticulocytes with decreased cellular haemoglobin concentration, %LowCHr — percentage of reticulocytes with decreased mean
cellular haemoglobin content in reticulocytes, WBC — white blood cell count, ESR — erythrocyte sedimentation rate after one hour, CRP — C-reactive
protein concentration, sTfR — soluble transferrin receptor concentration, TIBC — total iron binding capacity value.
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Hypochromia markers in assessing iron status

erythroid marrow iron requirement and the actual iron supply results
in reduction of the CHr value, which leads to an increase in the
percentage of immature red blood cells with reduced cellular hae-
moglobin concentration (%HYPOr) and with decreased mean cel-
lular haemoglobin content in them (%LowCHr) [5]. Progression in
development of iron deficiency induces similar changes in respective
mature erythrocyte indices of hypochromia, i.e. in mean cellular
haemoglobin (CH) and percentage of erythrocytes with reduced cel-
lular haemoglobin concentration (%HYPO) and with decreased mean
cellular haemoglobin content in erythrocytes (%LowCH).

Current results show that especially CHr and percentage of hy-
pochromic erythrocytes together with biochemical markers are able
to distinguish iron deficiency anaemia from anaemia of chronic dis-
eases [19,20]. It seems that these markers may also be useful in
detection of iron deficiency in the two first stages, i.e. pre-latent and
latent iron deficiency. The last study of Urrechaga et al. [18] indi-
cated that markers of hypochromia are reliable tests for quick detec-
tion of subclinical iron deficiency in non anaemic premenopausal
women. So far, there are only a few studies using reticulocyte and
erythrocyte indicators of hypochromia in assessing iron status [3]
and detection of early stages of iron deficiency in athletes [21,22].

The aim of this study was to analyse the effectiveness of new
haematology parameters related to reticulocytes as well as mature
red blood cells to differentiate pre-latent and latent iron deficiency.

MATERIALS AND METHODS m—
Subjects

Two hundred and twenty-four young female athletes (aged 15-20
years) representing volleyball (n=49), handball (n=24), cycling
(n=54), canoeing (n=24), cross-country skiing (n=15), swimming
(n=28), midle and long distance running (n=16) and judo (n=14)
participated in the study in the years 2014-2015. All subjects un-
derwent a medical examination upon entering the study and were
in various phases of the training cycle. The subjects were not inter-
viewed regarding iron intake in the diet or iron supplementation. The
results of 219 athletes who were found healthy and in whom we did
not observe any symptoms of an acute phase response (subjects
with normal values of C-reactive protein concentration (CRP), eryth-
rocyte sedimentation rate (ESR) and white blood cell count (WBC))
were included in the statistical analysis. The study was performed
according to the Declaration of Helsinki and approved by the local
ethics committee. Written informed consent was obtained from par-
ticipants or their parents if the subject was under 18 years of age.
Basic data concerning subjects are presented in Table 1.

Blood analysis

To assess iron status the blood was withdrawn from the antecubital
vein in the morning (between 8 and 9 a.m.) in the preprandial state,
after overnight fasting. To eliminate any residual effect of physical
movement and ensure the data collected reflect a time resting baseline,
sample collection started after 10-15 min rest in a seated position.

In whole blood the following measurements were performed in
mature erythrocytes using the ADVIA 120 haematology system (Sie-
mens Healthcare, Germany): haemoglobin concentration (Hb), hae-
matocrit (HCT), red blood cell count (RBC), mean corpuscular hae-
moglobin concentration (MCHC), mean corpuscular volume (MCV),
mean corpuscular haemoglobin (MCH), mean cellular haemoglobin
content (CH), percentage of erythrocytes with decreased cellular
haemoglobin concentration (%HYPOm), percentage of erythrocytes
with decreased cellular haemoglobin content (%LowCHm), percent-
age of erythrocytes with decreased volume (%MICROm), and red
cell volume distribution width (RDW). In reticulocytes the following
parameters were measured: mean cellular haemoglobin content (CHr),
reticulocyte count expressed as an absolute number (#RET) and as
a percentage of absolute value (%RET), mean cellular haemoglobin
concentration (CHCMr), mean corpuscular volume (MCVr), percent-
age of reticulocytes with decreased cellular haemoglobin concentra-
tion (%HYPOr), and percentage of reticulocyte population with de-
creased cellular haemoglobin content (%LowCHr). The analysis were
done up to 2 hours after blood collection. Within-run precision of the
haematological parameters, expressed as coefficient of variations (CV),
obtained from 20 repetitions of the same blood sample was as fol-
lows: Hb 1.26%; HCT 1.01%; RBC 0.93%; MCHC 0.88%; MCV
0.15%; MCH 0.89%; CH 0.19; RDW 0.98%; %HYPOm 13.8%;
%LowCHmM 1.72%; %MICROmM 6.68%; CHr 0.31%; #RET 5.05%;
%RET 5.31%; CHCMr 0.62%; MCVr 0.69%; %HYPOr 21.4% and
%LowCHr 21.4%.

In blood serum the following assays were conducted: soluble
transferrin receptor (sTfR) concentration by using immunoenzymat-
ic commercial kits (Ramco, USA); ferritin concentration and iron
concentration by using an immunoenzymatic method (Pentra, USA),
and total iron binding capacity (TIBC) by using a colorimetric meth-
od (BioMaxima, Poland). Inter-assay variability for those indices did
not exceed 6.0, 7.5, 4.3 and 3.9% respectively.

Additionally, to assess the acute phase reaction white blood cell
count (WBC) (ADVIA 120 haematology system, Siemens Healthcare,
Germany), erythrocyte sedimentation rate (ESR) after one hour in
whole blood, and C-reactive protein concentration (CRP) in serum
(immunoturbidimetric method, Pentra, USA) were determined. CRP
reagent used in the study has covered wide range of linearity contain-
ing both normal (1.0 — 5.0mg/L) and inflammatory response ranges
(5.0-160.0 mg/L). Reproducibility of the test performance (between-
run precision) did not exceed 4.3%.

All analyses were done in a laboratory with an implemented qual-
ity system.

On the basis of results of ferritin and sTfR concentrations, body
iron stores were calculated, using a special algorithm, which was
developed by Cook et al. [23] exclusively for sTfR determined by the
Ramco method.

The definition of each stage of ID was based on ferritin, sTfR,
TIBC and 3 basic morphological indices, i.e. Hb, RBC and HCT.
Subjects in whom the value of ferritin was lower than 30 ng/ml were
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classified as being pre-latent iron deficient (stage | of ID). The athletes
with low ferritin concentration (<30 ng/ml) and increased sTfR
(>8.3 ug/ml) and/or TIBC (>390 ug/dL) were classified as subjects
with latent iron deficiency (stage Il of ID). Due to low specificity and
wide diurnal variation of iron concentration, this indicator as well as
transferrin saturation were not taken into account as a criterion of
iron deficiency [5,24].

Iron deficiency anaemia was diagnosed when low ferritin concen-
tration and increased values of sTfR and TIBC were accompanied
by low values of Hb (<12 g/L), HCT (<37%) and RBC (<4.2 x10%/L).

Statistical analysis

The distributions of raw data in the case of ferritin, sTfR and iron
concentrations as well as #RET and RDW values differed from nor-
mal (Kolmogorov-Smirnov test p<0.20); therefore the non paramet-
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ric Kruskal-Wallis ANOVA with multiple comparisons was used to
test differences between groups of athletes with two stages of iron
deficiency and athletes with normal iron status. The frequency of
iron deficiency between studied sports disciplines was analyzed by
the chi-square test. Statistical analysis was performed using STATIS-
TICA (data analysis software system), version 12. Results were con-
sidered significant if the two-tailed p-value was less than 0.05.

REES U LTS 15000000

The frequency of iron deficiency was high: 60%. Identified deficien-
cies were exclusively latent, since in no case of iron-deficiency anae-
mia was detected. The first stage, i.e. pre-latent iron deficiency, was
observed in 45%, and stage Il (latent iron deficiency) in 15% of
female athletes (Figure 1). The incidence of iron deficiency differed
in various sport disciplines (x> = 17.03; p <0.05). The highest

TABLE 2. Haematological and iron metabolism indices (mean+SD) in subgroups with normal iron status and with iron deficiency.

. Normal iron stores
Variable

Iron deficiency Kruskal-Wallis test

(n=87) | stage (n=99) Il stage (n=33)
Ferritin (ng/ml) 41.8 £ 13.6 19.0 £ 5.5%** 12.5 £ 5. 3***~n H= 166.899; p<.001
sTfR (ug/ml) 4.7 = 1.16 5.2 = 1.1** 8.00 = 2.1***~An H= 62.849; p<.001
TIBC (ug/dl) 319 = 30.8 338 + 30.4** 383 £ 35.0%** " H= 59.601; p<.001
Iron (ug/dl) 97.3+41.8 87.7 £37.2 70.1 = 37.7*%* H=11.3018; p=.0035
RBC (x10%ul) 4.7 =0.30 4.7 =0.28 4.74 £ 0.30 H= 0.821; p=.6634
HCT (%) 409 £ 2.5 40.7 £ 2.1 40524 H= 1.266; p=.5310
Hb (g/dI) 139.2 + 8.7 137.8 7.4 132.7 + 9.0***~~ H= 14.279; p<.001
MCH (pg) 29.7 £ 1.06 29.4 +1.32 28.1 = 1.97***~~n H= 20.865; p<.001
MCHC (g/L) 340.2 = 11.7 3389 +9.9 327.9 = 11.0%**""» H= 24.547; p<.001
MCV (fL) 87.2 + 3.3 86.9 + 3.3 85.5 + 4.6 H= 5.219; p=.0736
CH (pg) 29.6 = 1.03 29.2 = 1.20 27.8 = 1.86%**~"n H= 24.685 p<.001
RDW (%) 12.8 + 0.43 13.1 = 0.52** 13.6 = 0.78***"" H= 31.997; p<.001
HYPOm (%) 0.55 = 0.68 0.90 = 1.03 ** 3.82 + 3.94%**~nn H= 39.583; p<.001
LowCHm (%) 245+ 8.9 283114 42.6 = 19.3*%** "1 H= 25.072; p<.001
MICROm (%) 0.63 =041 0.64 0.4 1.22 = 1.13***" H= 12.902; p=.0016
Reticulocytes (%) 1.46 = 0.41 1.53 = 0.40 1.60 = 0.37 H= 3.782; p=.1509
Reticulocytes (10%L) 78.4 + 19.7 71.5+21.1 76.6 = 20.6 H= 4.046; p=.1323
MCVr (1) 101.0 + 3.2 101.2 + 3.0 100.1 = 3.72 H= 2.045; p=.3597
CHCMr (g/dL) 31.3 £0.99 30.6 = 0.98%** 29.4 + 1.39%** A H= 43.378; p<.001
CHr (pg) 31.4 = 1.07 30.9 + 1.28* 29.3 £1.86*** "1 H= 34.803; p<.001
LowCHr (%) 9.2+5.1 12.5 = 8.0* 27.2 = 18.2%*¥* """ H= 36.645; p<.001
HYPOr (%) 10.1 £6.8 15.1 + 8.8*** 34.7 £ 20.0*** 1A H= 43.537; p<.001
Body Iron (mg/kg) 6.33 + 1.32 3.08 + 1.50%** -0.07 £ 1.85%** "~ H= 160.157; p<.001

Note: *Significantly different from the respective value in group with normal iron status. *p<0.05; **p<0.01; ***p<0.001; ~ Significantly different
between stage | and Il iron deficiency. ™ ~p<0.01; ™ ™ ~p<0.001. Hb — haemoglobin concentration in erythrocytes, HCT — haematocrit, RBC - red
blood cell count, MCHC — mean corpuscular haemoglobin concentration in erythrocytes, MCV mean corpuscular volume of erythrocytes, MCH — mean
corpuscular haemoglobin in erythrocytes, CH — mean cellular haemoglobin content in erythrocytes, %HYPOm — percentage of red blood cells with de-
creased cellular haemoglobin concentration, %LowCHm — percentage of red blood cells with decreased mean cellular haemoglobin content in erythrocytes,
%MICROm - percentage of erythrocytes with decreased volume, RDW - red cell distribution width, #RET — absolute number of reticulocytes, %RET
— absolute reticulocyte count as a percentage, CHr — mean cellular haemoglobin in reticulocytes, CHCMr — mean cellular haemoglobin concentration in
reticulocytes, MCVr — mean corpuscular volume of reticulocytes, %HYPOr — percentage of reticulocytes with decreased cellular haemoglobin concentration,
%LowCHr — percentage of reticulocytes with decreased mean cellular haemoglobin content in reticulocytes, sTfR — soluble transferrin receptor concentra-

tion, TIBC - total iron binding capacity value.
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FIG. 1. Percentage of female athletes with and without iron
deficiency.

frequency of iron deficiency was observed in judo (85%), whereas
the lowest was observed in cycling (38%) (Figure 2).

The iron status and haematological indices in the three groups of
female athletes i.e. with stage | and Il and without iron deficiency
are presented in Table 2. Since the ferritin concentration was used
as a primary and first indicator in classifying iron deficiency, its mean
values were automatically significantly lower in both groups with iron
deficiency. Mean values of ferritin also differed between the two
groups with iron deficiency: it was significantly lower (0.01) in ath-
letes with stage Il iron deficiency.

In comparison to athletes with normal iron status the subjects
with stage | iron deficiency had a significantly higher sTfR concentra-
tion (p<0.01) and TIBC values (p<0.01), although both indices
remained within reference values. Additionally, in athletes with stage
I ID a significantly lower value of body iron (p<0.001) was observed.
With regards to haematological variables these two groups differed
significantly mainly in reticulocyte parameters. The group with low
ferritin concentration had significantly lower values of CHCMr
(p<0.001) and CHr (p<0.05), as well as higher percentages of
HYPOr (p<0.001) and LowCHr (p<0.05). Within the mature eryth-
rocyte markers both groups differed in %HYPOm (p<0.05) and RDW
values (p<0.001) only (Table 2).

In the athletes with stage Il ID, differences in indices of iron
status were more profound in the case of TIBC value (p<0.001) and
sTfR concentration (p<0.001), body iron (p<0.001), and addition-
ally iron concentration (p<0.01) compared to the group with normal
iron status. Furthermore, the two groups differed significantly in
reticulocyte markers as well as many indices of mature red blood
cells. Athletes with stage Il iron deficiency had significantly lower
values of CHCMr (p<0.001), CHr (p<0.001), Hb (p<0.001),
MCH (p<0.001), MCHC (p<0.001) and CH (p<0.001), and high-
er values of %LowCHr (p<0.001), %HYPOr (p<0.001), %LowCHm
(p<0.001), %HYPOm (p<0.001), %MICROm (p<0.01) and RDW
(p<0.001) (Table 2).

Judo (n=13)

Midle and long distance running (n=16)

Volleyball (n=47)

Canoeing (n=24)

Swimming (n=28)

Handball (n=24)

Cross-counry skiing (n=14)

Cycling (n=53)

FIG. 2. Frequencies of iron deficiencies in the studied sport
disciplines.
Note: chi-square=17.03; p<0.05.

Differences between the two groups with iron deficiency (stage |
and II) concerned both haematological and iron status indices and
were very similar to those observed between groups with normal iron
status and stage Il ID (Table 2).

DISCUS S 1O N 15
Iron is a micronutrient involved in numerous biologic processes, many
of which are vital for not only health but also athletic perfor-
mance [25,26,27]. On the other hand, iron deficiency is the most
common deficiency in the world, and some studies indicate that in
athletes iron deficiency occurs more frequently than in the general
population [27,28,29]. For these reasons early detection of iron
deficiency in athletes is of great importance.

The incidence of iron deficiency observed in this study was
high (60%) — the highest reported so far in Polish female athletes.
In our earlier studies the incidence of latent iron deficiency in young
female athletes at the same age ranged from 26% in the 1990s [7]
to 57% in 2009 [30]. It is worth noting that in the present study
iron status was assessed only in healthy athletes without symptoms
of infection or inflammation, which minimized false negative results.
Moreover, our results agree with other studies. Similarly high rates
of iron deficiency over 50% were observed in adolescent Swedish [29]
and young German [31] athletes practising different sports as well
as in elite Swedish female soccer players aged 16-28 years [32].
Relatively high incidence of iron deficiency (from 50 to 89%) was
confirmed by results in highly active American women [4] and in
Canadian junior elite soccer players [33], although it should be
emphasized that the frequency of iron deficiency varied in accordance
with applied criteria, most of all the value of ferritin. In this study
the highest frequency of iron deficiency observed in female judoists
could be the result of the periodic dietary restrictions due to the
necessity for weight reduction.

In healthy persons, serum ferritin concentration is a marker of
iron stores, and low levels of this parameter unequivocally indicate
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decreased or depleted iron stores. Due to the wide inter-individual
variation of serum ferritin in females (10-120 ng/ml — according to
the Pentra method) the lower limit is not well established for iden-
tification of iron deficiency [1]. Ferritin levels lower than 12 ng/ml
are generally considered as a marker of depleted iron stores (absolute
iron deficiency), but in athletes very often higher values from 16 to
35 ng/ml are used to detect iron deficiency [4,7, 25,31,32,33]. The
use of values of ferritin higher than 12 ng/ml as a criterion of abso-
lute iron deficiency is reasonable, because a classical study found
that signs of iron-deficient erythropoiesis in premenopausal women
started already at ferritin concentrations ranging from 25
to 40 ng/ml [34]. There are also results indicating a lack of iron in
the bone marrow at a ferritin concentration of 30 ng/ml [35,361].
Mast et al. [35] showed that application of a critical cut-off value of
30 ng/ml for diagnosing iron deficiency resulted in improved sensitiv-
ity and specificity of ferritin to 92% and 98%, respectively, and only
one of the results was falsely positive, when this diagnostic limit was
adopted. Many reports concerning not only athletes applied a ferritin
level of 30 to 35 ng/mL as the common denominator for considering
ferritin as low and thus initiating iron supplementa-
tion [5,18,31,36,37,38]I. It seems reasonable, because in the pres-
ent study in athletes with stage Il ID (with elevated values of TIBC
and/or sTfR) serum ferritin concentration was in the range
5-28 ng/ml, among which in 13 subjects (45%) it exceeded
12 ng/ml, and in 3 athletes it was higher than 20 ng/ml. Similar
results were observed in the Di Santolo et al. study [2], in which
about half of female athletes with elevated sTfR had serum ferritin
above 12 ng/ml. For all these reasons, in the present study the
value of ferritin of 30 ng/ml was applied as the lower limit for as-
sessing iron status. Furthermore, we wanted to characterize each
stage of iron deficiency in terms of hypochromia indices, using mild-
er, but often used in athletes, criteria of iron deficiency.

Reticulocytes are the youngest red blood cells which are released
from the bone marrow into circulating blood. They mature for
1-3 days within the bone marrow and circulate for 1-2 days before
becoming mature erythrocytes. This short period of residence in the
blood means that indices of reticulocytes better reflect the current
iron supply to the bone marrow for red blood cell production than
for mature erythrocytes [17]. Among the indices of immature red
blood cells, reticulocyte haemoglobin content (CHr) is the most fre-
quently used as an early marker for diagnosis of iron deficiency in
adults [35] and children [17]. Other indicators of reticulocytes as
well as erythrocytes such as percentage of hypochromic cells
(%LowCH, and %HYPO) and mean cellular haemoglobin concentra-
tion in reticulocytes (CHCMr) are studied less frequently, but they
are very important since they indicate haemoglobinization of mature
and immature red blood cells [5].

Significantly lower values of indicators concern haemoglobin con-
tent in reticulocytes (lower values of CHr and CHCMr, higher %Low-
CHr and %HYPOr) and significantly higher values of two parameters
of mature erythrocytes (RDW, and %HYPO) in athletes with pre-latent
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iron deficiency indicate that adverse changes in erythropoiesis begin
already when iron stores are exhausted or strongly reduced. Moreover,
quantitative assessment of body iron (expressed in milligrams per kg
body mass) indicates that the mean value of this indicator in athletes
with stage | iron deficiency was significantly lower
(3.08 = 1.50mg/kg) than that observed in athletes with normal iron
status (6.33 = 1.32 mg/kg). It is worth noting that body iron in the
athletes without iron deficiency was even higher than that observed
in healthy US women aged 20-45 years (5.5+ 3.35 mg/kg) [23].
All these results confirm that use of a ferritin value of 30 ng/ml as a
criterion of iron deficiency was correct.

Significant differences in many haematological indicators between
athletes with stage Il ID and the group without iron deficiency as well
as between both groups with iron deficit clearly indicate that magni-
tude and range of adverse changes in athletes with stage Il ID are
larger and concern additionally many parameters of mature erythro-
cytes, i.e. Hb, MCH, MCHC, CH and %LowCHm. Moreover, the mean
value of body iron in groups with stage Il iron deficiency was near
zero, and in more than half of subjects within this group was below
zero, which indicates tissue iron deficiency [23]. These results clear-
ly demonstrate that stage Il iron deficiency causes visible distur-
bances in erythropoiesis, which markedly increase the risk of iron
deficiency anaemia. It is interesting that in iron deficient athletes
these changes did not include either the number or the volume of
reticulocytes and RBC count, even in stage Il iron deficiency, although
a significantly higher percentage of microcytic erythrocytes (%MI-
CROm) was observed in the group with stage Il iron deficiency. Mean
cellular haemoglobin content in reticulocytes (CHr) and erythro-
cytes (CH) is a product of corpuscular volume of reticulocytes (MCVr)
and erythrocytes (MCV) and cellular haemoglobin concentration,
i.e. CHCMr and MCHC, respectively [5,35]. The lack of changes in
volumes of both reticulocytes and erythrocytes in deficient athletes
indicates that the decrease in cellular haemoglobin concentra-
tion (CHCMr and MCHC, respectively) had the main impact on
lower values of CHr and CH in athletes with latent ID, and addition-
ally CHr in the group with pre-latent ID. Also, the significantly higher
percentage of HYPOr and LowCHr values in both iron deficiency
groups demonstrate that along with deterioration of iron status, the
percentage of reticulocytes with decreased haemoglobin content leav-
ing bone marrow increases. These results indicate that early changes
caused by iron deficiency are related mainly to qualitative distur-
bances in haemoglobin production leading to hypochromia, while
quantitative changes concerning the number as well as volume of
reticulocytes occur later. This deterioration especially in haemoglo-
binization of reticulocytes suggests that CHr and the proportion of
hypochromic immature red cells (%HYPOr and %LowCHTr) are direct,
sensitive and early indicators of iron deficient erythropoiesis, although
so far exact and generally accepted threshold values for these indices
have not been established [5]. The development of iron deficiency is
a process, and it is difficult to identify when synthesis of haemoglobin
start to be impaired, and these new indicators especially of reticulo-
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cytes help to determine this moment. The present results indicate
that in female athletes the first disturbances in erythropoiesis due to
iron deficiency begin when only ferritin concentration is decreased.
The lack of response of the hypochromia indices during acute phase
reaction increases their usefulness in detecting disturbances of iron
turnover in erythron. It may suggests their role as usefull pre-screen-
ing markers of disorders related to iron deficiency, when for example
ferritin or another markers of iron status are unavailable. It is also
worth to note that in cost/benefit terms, monitoring of hypochromia
markers is economically beneficial due to relatively low cost of deter-
mination, therefore it seems reasonable to include hypochromia indi-
ces to assess iron status, only if the necessary equipment is available.

CONCLU ST OIN S 1500000000000
The main finding of this study was that the diminished or exhausted
iron stores have already caused changes in reticulocytes, and inten-
sification of iron deficiency (stage Il) increases changes in both re-
ticulocyte and erythrocyte hypochromia indices. These results indicate
that the markers of hypochromia relating especially to reticulocytes
are useful for diagnosis of early stages of iron deficiency in athletes

with absence of an acute phase reaction.

The analysis of these new indicators in conjunction with routine
morphological measurements and standard iron parameters allows
for better assessment of iron status and more accurate and earlier
diagnosis of the degree of iron deficiency. It is important, because
despite the lack of anaemia, among studied female athletes, the
frequency of latent iron deficiencies (stage | and 1) was very high.
Moreover, the relatively high percentage of female athletes with stage
[l iron deficiency with more pronounced changes in haematological
indices indicates that competitive young female athletes should be
regularly monitored, to prevent the development of iron-deficiency
anaemia.
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