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Background and Objectives. Strategies based on the use of
upper thresholds of hemoglobin or hematocrit to detect blood
doping in endurance sports have essentially failed to deter this
malpractice. With the aim of establishing a more effective strat-
egy, we analyzed the biological variations of hematologic para-
meters in professional athletes and investigated the possibility
of defining subject-specific reference ranges that could distin-
guish between physiologic and abnormal variability.

Design and Methods. Hemoglobin concentration, hematoctit,
reticulocyte count, serum ferritin and soluble transferrin receptor
levels were sequentially evaluated in 923 professional football
players. Using the analysis of variance we tested the effect of age,
ethnicity, exercise modalities and training phases on hemato-
logic parameters and then estimated components of variation.
The significance of the difference between two measures was
obtained from the distribution of the within-subject variance (the
so-called reference change). Subject-specific reference ranges
were centered around the individual mean value with dispersion
based on the 95t percentile of the coefficient of variation distri-
bution.

Results. A total of 2,506 hematologic determinations were
made. Exercise modalities were found to have important effects
on hematologic parameters. Hemoglobin and hematocrit values
were higher at the beginning of the competition season, and then
declined in well-trained athletes. Aerobic exercise was clearly
associated with lower values, suggesting that marginally low
hemoglobin and hematocrit values should physiologically be
found in endurance sports. At least five determinations were
required to define subject-specific reference ranges reliably. Con-
sidering athletes showing normal indices of red cell production
(i.e., reticulocyte count and soluble transferrin receptor), the 95t
percentile of the coefficient of variation distribution was lower
than 5% for both hemoglobin and hematocrit. Increases exceed-
ing 10% in these latter parameters should to be considered
abnormal. Score systems capable of efficiently detecting non-
physiologic increases in red cell production were developed.

Interpretation and Conclusions. Using proper sequential
determinations of hematologic variables subject-specific refer-
ence ranges can be defined for hemoglobin and hematocrit. Thus,
the hematologic passport is feasible and might be employed to
exclude athletes with non-physiologic increases in hemoglobin
and hematocrit from competitions. The hematologic passport
should be used within a global strategy to deter blood doping.
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ing tissue oxygen delivery and aerobic perfor-

mance, mainly but not exclusively in endurance
sports. Over the decades, various approaches have been
used, including homologous' and autologous? red blood
cell transfusion, recombinant human erythropoietin
(rHuEpo) or related erythropoietic stimulants,®rHuEpo-
enhanced autologous transfusion,* and hemoglobin-
based oxygen carriers (HBOCs).3 Although blood doping
is particularly exploited in endurance disciplines (e.g.
cycling, track and field events, and cross-country ski-
ing), it can confer significant advantage in recovery
after intermittent efforts® and, therefore, other disci-
plines must also be considered at risk of this practice.’

Blood doping is not only unethical but may represent
a serious risk to the athlete's health. For instance, epo-
etin-induced autoimmune pure red cell aplasia is a mat-
ter of great concern.® Athletes who use epoetin are
clearly procuring it illegally, so that non-optimal con-
servation of the drug is more likely. Should this be a fac-
tor in inducing drug antigenicity and antibody forma-
tion, the risk of pure red cell aplasia would be higher in
this group of users.

Detection of these unacceptable practices is very dif-
ficult. Fixing arbitrary limits in critical hematologic para-
meters in order to evaluate a person's eligibility to com-
pete is neither a very specific nor a very sensitive strat-
egy.” The wide biological variance increases the risk of
false positive cases, while intentional expansion of plas-
ma volume allows dishonest athletes to elude the upper
limits.

A group of Australian researchers developed a mod-
el including indices of accelerated erythropoiesis® and
defined algorithms capable of detecting the abuse of
rHuEpo either during the administration phase (ON-
model) or during the wash-out phase (OFF-model).2°
This approach was employed during the Sidney
Olympics and has been recently refined."2

An alternative approach involves sequential evalua-
tion of hematologic parameters to define an individu-
al's hematologic profile, i.e., that athlete's hematolog-
ic passport. Combining the hematologic passport with
the Australian approach might be an effective strategy
to detect current blood doping and deter future abuse.

In this work we analyzed sequential measurements of
hematologic variables in professional football players
with the aim of quantifying the components of the bio-
logical variation and defining subject-specific reference
ranges for the hematologic parameters of interest.

B lood doping is an illicit practice aimed at increas-
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Design and Methods

Data were obtained from professional football
players enrolled within the campaign /o non rischio
la salute! (I take care of my health!) promoted by
the Italian National Olympic Committee (Comita-
to Olimpico Nazionale Italiano, CONI) and the Ital-
jan Football Federation (Federazione Italiana Gio-
co Calcio, FIGC).”3 Sportsmen involved in this cam-
paign had regular hematologic investigations
including hemoglobin (Hb), hematocrit (Het), retic-
ulocyte percentage (Ret%) and absolute count,
serum ferritin (Ferr), soluble transferrin receptor
(sTfR) measurements, collected in the years 1999
and 2000. These determinations were performed
by laboratories with quality control programs to
reduce analytical errors. All the atheletes partici-
pated voluntarily after giving their informed con-
sent. Data obtained from players of top football
teams, monitored over a 3-year period from Sep-
tember 1999 to July 2002, were also included in
the analysis.

Statistical analysis

In order to evaluate factors affecting hemoglo-
bin, hematocrit, reticulocyte count, serum ferritin,
and soluble transferrin receptor levels, a main
effects ANOVA was performed. All the variables of
interest were log-transformed to normalize their
distribution. The predictive factors examined were
age (<25, 25-30, =30 years), ethnic group (Cau-
casian, South-American, African) and role (goal-
keeper, defender, midfielder, forward).

Analysis of variance was carried out to evaluate
the long-term effect of training on hematologic
and erythropoietic indices. The sporting period was
categorized into low (from July to September),
intermediate (from October to January) and high
season (from February to May).

In order to evaluate the between-subject and
within-subject components of variance, a nested
analysis of variance with unequal numbers of
observations per subject’ was performed for
hemoglobin, hematocrit, reticulocyte percentage
and absolute count, serum ferritin and soluble
transferrin receptor. An F-test of the ratio of the
mean square between-subjects to the mean square
within-subjects tested the null hypothesis that the
two components of variance were equal.

Statistical model of intra-individual
variation in blood constituents

A strictly homeostatic model was assumed in
order to estimate the individual variation over time
of the hematologic parameters of interest. For each
individual /, all the measurements were assumed to
be random fluctuations around a mean value: m;
= Ui + ei, where m;: denotes the actual value of the
constituent in individual i at time t, [ represents

the homeostatic individual mean value, and ej: the
deviation of the constituent value at time t from
this set-point.'s16

Reference change

The significance of the difference between two
consecutive measurements in an individual series
was assessed using a method described by Harris
and Yasaka.” This allows population reference
changes to be estimated based on the distribution
of the within-subject variances. The main assump-
tions of this model are the normality of differences
between two consecutive measurements (for each
individual separately) and the log-normality of the
within-subject variance distribution. The small
number of subjects who had a sufficient number of
consecutive measurements prevented the normal-
ity of the differences from being tested, so this nor-
mality was assumed a priori. A Kolgomorov-
Smirnov test was performed to assess the assump-
tion of normality of the log-variances. The popu-
lation variance of the within-subject variances was
estimated as previously reported by Harris and
Browne."® Finally, for each critical hematologic
parameter, the cumulative probability that a given
change between two consecutive measures would
be statistically significant at the 5% level was cal-
culated.”'® The model was then tested on the first
four measures of the individual series.

Subject-specific reference range

Subject-specific reference ranges were calculat-
ed considering the difference (in percentage)
between a new measurement (mi) and the mean of
the previous values of an individual series. The
within-subject coefficient of variation (CVi=SDi/)
was used as a measure of dispersion. The distribu-
tion of CV; was calculated in athletes for whom
four or more repeated measures were available and
the 95t percentile was used to define the width of
fluctuation of hemoglobin and hematocrit around
the homeostatic set-point. The new measurement
m; falls within the subject-specific reference range
(SR) if dmi-p)/piE 2 CV95t. The individual range
can be expressed as Ri = pi*(1+2CVe5th). The width
of this reference range depends on the individual
mean and, more precisely, tends to become larger
as the mean increases.

Score system

We combined the evaluation of each hemato-
logic parameter of interest to obtain a score based
on the number of parameters falling out of range.
Since hemoglobin, hematocrit and reticulocyte
count can be quickly determined at the same time
with a new generation cell counter, we defined a
three-variable score by simply counting the num-
ber of out-of-range parameters. Once the results of
serum ferritin and soluble transferrin receptor
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assays become available, a five-variable score can
be obtained from assigning a weight of 0.5 to out-
of-range values of the two additional parameters.
For both scores, a threshold value of two was cho-
sen to indicate a strong alteration of the hemato-
logic parameters.

We tested the specificity of the proposed scores
by comparing every determination of each athlete
to the individual range based on the athlete's pre-
vious determinations and then calculating the
three-variable and the five-variable score.

The sensitivity of the scores was defined on the
data from a double-blind, randomized trial per-
formed by the Australian Institute of Sport,® eval-
uating the effect of rHuEpo administration on a
group of voluntary, recreational athletes.

Results

A total of 2,506 determinations were obtained
from 923 professional football players from 39
teams of the FIGC. The mean number of determi-
nations per subject was 2.71, the range was from
1 to 16. The median age of these sportsmen was 27
years (range 16 to 38 years); 746 athletes were
Caucasian, 50 South-American, 18 African, and 1
was Asian, while in 108 subjects the ethnicity was
unknown. Considering the footballers' role, 91 were
goalkeepers, 264 were defenders, 271 midfielders
173 were forwards, while in 124 cases it was
unknown.

Hemoglobin and hematocrit

Thirty athletes (3.25%) showed a constant micro-
cytosis (MCV < 80 fL) without any evidence of iron
deficiency, likely due to thalassemic trait since this
prevalence is very close to the rate of heterozygous
[B-thalassemia in the general population.

Mean values of hemoglobin and hematocrit of
normal subjects were 14.8 g/dL (range 12.1-17.8
g/dL) and 43.7% (range 34.6-52.6%), respectively
(Table 1). Six out of 923 subjects (0.65%) had a
hemoglobin above 17 g/dL on at least one deter-
mination; no other unusual hematologic results
were observed in this group except for in one sub-
ject who had a borderline absolute reticulocyte
count (104x10°/L) and another who had a high
serum ferritin value (289 ng/mL). A hematocrit val-
ue above 50% was observed on one or more occa-
sions in 11/923 (1.19%) athletes, four of whom had
a hemoglobin level above 17 g/dL; one subject,
mentioned above, had an high absolute reticulo-
cyte count.

Reticulocyte count

The mean percentage of reticulocytes was 1.01%,
the range was from 0.2% to 3.9%, with a mean
absolute count of 52.6x109/L (13.4-117.0x10°/L).
Thirty-six subjects had a reticulocyte percentage

Table 1. Descriptive statistics of hematologic parameters
of the normal population of football players.

Variable Mean Minimun Maximum  Std. Dev.
Hb (g/dL) 14.82 121 17.8 0.87
Het (%) 43.68 34.6 52.6 2.69
RBC (x10%2/L) 4.90 4.00 6.75 0.32
MCV (L) 89.25 80 102.1 365
MCH (pg) 89.25 80.00 102.10 3.65
MCHC (g/dL) 33.95 28.8 39 1.10
RDW (CV%) 12.92 9.60 214 0.93
Reticulocyte (%) 1.01 0.20 3.90 0.47
Reticulocyte (x10°/L) 52.36 134 117.00 18.87
WBC (x10%/L) 6.03 3.10 12.24 1.25
PLT (x10%/L) 210.75 92.00 419.00 41.50
MPV (fL) 9.35 3.70 15.50 1.49
Iron (pg/dL) 96.42 11.00 231.00 3251
Feritin (ng/mL) 84.19 14.90 249.00 49.75
Transferrin (mg/dL) 237.25 122.00 386.00 40.01
Soluble TRF receptor (mg/L)  1.25 0.50 3.20 0.26
Bilirubin (mg/dL) 0.86 0.24 437 0.45
LDH (1U/L) 346.06 89.00 751.00 92.77

below 0.4%, with hemoglobin values ranging
between 13.1 g/dL and 15.7 g/dL, while 5 subjects
had an absolute reticulocyte count below 20x10°/L.
Thirty-eight athletes showed a reticulocyte per-
centage above 2%, although hemoglobin and
hematocrit were within the normal population
range. Forty-nine athletes showed an absolute
reticulocyte count above 100x10°/L on at least one
determination, with normal hemoglobin and hema-
tocrit values in all but one subject, who had both
parameters above the range for the population
studies.

Iron status parameters

Fifteen players demonstrated iron deficiency in at
least one analysis, while 44 subjects (4.8%) showed
high ferritin values. Considering only the 34 ath-
letes within this latter group who had two or more
determinations, 25 showed constant iron overload
(2.7% of the global population) with blood count
and reticulocyte values within the normal ranges.
The remaining 9 subjects showed occasional iron
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Figure 1. Variation of critical hematologic parameters in different phases of the sport season.

overload, with outlier ferritin values ranging from
256 to 414 ng/mL.

As far as soluble transferrin receptor is con-
cerned, 6.2% of subjects had values above the
upper normal limit. Two of them had iron deficien-
cy and 3 had severe microcytosis and likely a tha-
lassemic trait. No unusual hematologic values were
observed in the remaining subjects except in one
athlete who had iron overload. Only two subjects
had a hemoglobin concentration exceeding16 g/dL.

Analysis of variance

A main effect analysis of variance was performed
to evaluate the influence of ethnic group (Cau-
casian, South-American, African), age (<25, 25-30,
=30 years) and role (goal-keeper, defender, mid
fielder, forward) on hemoglobin, hematocrit, retic-
ulocyte percentage and absolute count, serum fer-
ritin, and soluble transferrin receptor levels. The
analysis was limited to the 436 athletes who had

measures, including blood count, associated with
normal erythropoietic indices (total number of
determinations: 793). A log transformation was
used to normalize the distribution of all the vari-
ables of interest.

As far as ethnicity is concerned, the analysis
showed significant differences (p<0.001) in sTfR
levels between ethnic groups, the African athletes
having the highest values (1.65 mg/L vs 1.25 mg/L
in Caucasians and 1.24 mg/L in South-Americans).
A borderline significance was also observed for
hematocrit (p=0.05); in this case African subjects
had the lowest values. Considering the age effect,
the analysis showed that mean values of ferritin
increased significantly in 25-30 and >30 year old
athletes (69 ng/mL in subjects <25 years old, 84
ng/mL 25-30 years, 83 ng/ml =30 years; p<0.001).

The role of the footballers was also considered
and found to have a significant influence on mean
values of hemoglobin and hematocrit (p<0.05).
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Table 2. Nested analysis of variance of critical hematologic parameters.

Source of variance Hb (g/dL)? Het (%)?
Between-subject variance 1.912 18.794
Within-subject variance 0.227 2.020
Variance of the true means of subject* 0.573 5.716
F ratio (between/within) 8.389 9.300
p value 2.747-103 117212

Ret (%) Ret (x10%/L) Ferritin (ng/mL) ST (mg/L)?
0.210 566.191 4433.160 0.108
0.047 120.605 278570 0,027
0.056 153.633 1414.340 0.033
4,394 4,604 15913 3.876

31904 12315 5.935-16 3876%

Table 3. Distribution of within-subject coefficient of varia-
tion in athletes having four or more repeated measures.

Coefficient of variation
Minimum  Maximum 5t 95t
Percentile  Percentile

Parameters Median

Hemoglobin (g/dl)  2.892 0.687 4775 0.980 4.444
Hematocrit (%) 3107 1.016 4.552 1.192 4.451
Reticulocyte (%) 16.388 4022 38.758 6.292 33812
Reticulocyte (x10°%/L) 17.469 4510 37.481 6.518 34.094
Fenitin (ng/mL) 23511 13608 58508 14126 45.089
Soluble TR (mg/L) ~ 7.016 4802 19.443 4911 15.833

Midfielders, who perform the greatest endurance
effort, had the lowest levels of hemoglobin (14.5
g/dL vs 14.9 g/dL in goalkeepers; 14.7 g/dL in
defenders and 14.8 g/dL in forwards).

To evaluate the long-term effect of exercise, the
sporting season was categorized into three periods:
July-September (low or training phase), October-
January (intermediate phase) and February-May
(high phase) and an analysis of variance was per-
formed on 27 athletes for whom repeated mea-
sures were available over three years. The test
showed significantly higher levels of hemoglobin,
reticulocyte percentage and absolute count, and
soluble transferrin receptor level in the training
period than in October-January (p<0.01). An oppo-
site trend was demonstrated for serum ferritin,
which showed its lowest concentration in the first
period of the sporting season (p<0.01) (Figure 1).
Non-significant increases in hemoglobin, hemat-
ocrit, and reticulocytes were observed in the Feb-
ruary-May period, when a marked decrease of
serum ferritin was recorded. No significant inter-
actions between period of the season and role was
detected.

In order to evaluate the source of variance in
hemoglobin, hematocrit, reticulocyte percentage
and absolute count, serum ferritin and sTfR values
of our population, a nested analysis of variance
with unequal numbers of observation per subject
was performed on athletes for whom three or more
determinations were available. The results are
shown in Table 2.

An F-test of the mean square between-subjects
to the mean square within-subjects variance, test-
ed the hypothesis that the two sources of variance
were comparable. The ratio was highly significant
for all the hematologic parameters analyzed
(p<0.001), demonstrating that the between-sub-
ject variance is the major source of variation.

Reference change

In order to assess the statistical significance of a
difference between two consecutive measurements
in an individual series in the selected population, a
reference change method based on the distribu-
tion of within-subject variances was applied. The
cumulative probabilities that a change in the crit-
ical hematologic parameters would be significant
at the 5% level are plotted in Figure 2.

The method was then tested on the first two
measurements of each individual series: the per-
centage of differences above the reference change
for the six critical variables analyzed ranged from
0 to 1.3%. Comparable results were obtained con-
sidering the successive pairs of measurements.

Subject-specific reference range

A subject-specific reference range was defined
using the mean value of the individual series as
the homeostatic set-point and the within-subject
coefficient of variation as an estimate of the indi-
vidual variability. Considering that there was a sig-
nificant correlation between mean values and
standard deviation for all the hematologic para-
meters but hemoglobin, a CV-based reference
range might be preferable to a standard deviation-
based model, resulting in narrower ranges in sub-
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Figure 2. Cumulative probability that a change between two successive measurements of critical hematologic parameters would

be statistically significant.

jects with lower mean values and wider ranges in
athletes with higher mean values. The 95% per-
centiles of the hemoglobin and hematocrit CV dis-
tributions, calculated in athletes with erythropoi-
etic indices falling within the population reference
ranges and more than three repeated measures,
were 4.44% and 4.45%, respectively (Table 3); the
value of 5% was therefore assumed as the para-
meter of dispersion for both variables. Figure 3
describes the estimated within-subject CVs in
function of the number of determinations in 27
athletes monitored over a three-year period, show-

ing that a relatively stable estimate of the within-
subject variation can be obtained after 5 repeated
measures. As shown in Figure 4, the between-sub-
ject variance for hemoglobin and hematocrit trans-
lates into markedly different subject-specific ref-
erence ranges of hemoglobin and hematocrit.

As far as erythropoietic indices (reticulocyte
count, serum ferritin and soluble transferrin recep-
tor) are concerned, the within-subject CVs were
markedly greater than those for hemoglobin and
hematocrit. These results might be due to a signif-
icantly higher between-laboratory analytical vari-
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ed measures in 25 athletes studied for 3 years.

ance, which could not be estimated in this study.
This result dissuaded us from defining subject-spe-
cific reference ranges for these variables.

Score system

We defined two score systems based on the num-
ber of parameters falling out of range. Individual
ranges were used for hemoglobin and hematocrit,
while population reference ranges were used for
reticulocyte count, serum ferritin and soluble trans-
ferrin receptor.

In order to test the specificity of the proposed
scores, for each parameter we compared all the suc-

576

cessive measurements of each individual series to
the subject-specific reference ranges calculated from
all the previous validated determinations. A total of
284 determinations from 109 subjects were scored
for each parameter

Table 4 shows all possible scenarios, with the cor-
responding scores and number of determinations as
obtained from the test.

The sensitivity of the scores, with the cut-off
derived above, was assessed on the data obtained
from a double-blind, randomized trial evaluating the
effect of rHuEpo administration on erythropoietic
parameters, performed by the Australian Institute of
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Figure 4. Subject-specific reference ranges of hemoglobin and hematocrit in 95 football players who had more than 3 sequen-
tial blood counts. The shaded areas represent the normal reference ranges. This graph illustrates the between-subject variance
for hemoglobin and hematocrit, and the need for using subject-specific reference ranges for distinguishing between normal and

abnormal patterns in individual athletes.

Sport.? In this study, 30 voluntary, recreational ath-
letes were randomized to receive rHuEpo (50 1U/kg
subcutaneously 3 times a week) for 25 days, asso-
ciated with oral or intramuscular iron administra-
tion, or placebo. Hemoglobin, hematocrit, reticulo-
cyte count, serum ferritin and serum soluble trans-
ferrin receptor levels were monitored in the admin-
istration phase and over the 4 weeks following
rHuEpo withdrawal (wash-out phase). The 3-vari-
able score was repeatedly able to detect 12 out of
18 athletes treated with rHuEpo during the admin-
istration and the wash-out phases (sensitivity
66%), without false positive subjects in the con-
trol group. The five-variables score repeatedly
detected 14 of the 18 treated athletes (sensitivity
77%), with a 100% specificity.

Table 4. Score systems and distribution of the tested determi-
nation.

n. Major n. Minor 3-variable 5-variable N.
positives positives score score determinations
3 2 4.0 0
3 1 3 35 0
3 0 3.0 0
2 2 30 0
2 1 2 25 0
2 0 20 0
1 2 20 0
1 1 1 15 0
1 0 1.0 4
0 2 1.0 1
0 1 0 05 14
0 0 0 265
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Discussion

In this study, serial determinations of blood
count and erythropoietic indices were obtained
from a large group of professional football play-
ers. Most of these data were collected within the
campaign |/ take care of my health! promoted by
the [talian Olympic Committee and the [talian
Football Federation. Participation in this cam-
paign was voluntary and this, although open tOo
question, may itself represent a quality control of
the data. These data were integrated with a long
series of repeated measures obtained from play-
ers of a top football team during a three-year
period.

Our analysis indicates that, despite the homo-
geneity of biological characteristics (age, sex) and
sport discipline in this population of athletes,
there is a considerable variation in hematologic
parameters from subject to subject. This confirms
the need for the use of subject-specific reference
ranges.

Hemoglobin and hematocrit values were high-
er at the beginning of the competitive season, and
then declined in well-trained athletes. This trend
was observed in all the athletes, independently of
their role, and is probably explained by a plasma
volume expansion during the sporting season.'
In the light of these data, the detection of
increased values of hemoglobin and hematocrit in
endurance athletes during the competitive season
should be considered abnormal. An opposite trend
was observed in serum ferritin concentration,
which showed its lowest values in the July-Sep-
tember period. Although several non-estimable
variables, such as iron loss or oral intake, could
have played a role in determining this trend, the
low serum ferritin values observed in the training
phase could be suggestive of an increased ery-
thropoietic requirement because of red blood cell
mass expansion, followed by a reversal of nega-
tive iron balance during the maintenance phase.?
In the high period of the competitive season non-
significant increases in hemoglobin, hematocrit
and reticulocyte count were associated with a
marked decrease in serum ferritin concentration
that could suggest a further erythropoietic
demand.

Analysis of variance showed that the between-
subject variance is the major source of biologic
variation and that it is significantly higher than
the within-subject variance. This means that indi-
vidual subjects really could be considered to pro-
vide separate sub-distributions of values. This evi-
dence strongly supports strategies against blood
doping based on the definition of subject-specif-
ic reference values.

In order to define a subject-specific profile a

critical point is to validate the first measures of a
series before the subject-specific pattern is clear-
ly detectable. A direct approach could be to refer
to population ranges, stratified for biological and
professional variables conditioning hematologic
parameters. The use of mathematical models inte-
grating hematologic and erythropoietic indices®™
may provide a more reliable evaluation of a mea-
surement, demonstrating a high sensitivity and
specificity to identify rHuEpo users after 1-2
weeks of administration (ON-model) and during a
3-week period after the cessation of injection
(OFF-model). We tested an alternative approach
based on the within-subject variance distribution,
the reference change model,"”'® which results in
the cumulative probability that the difference
between successive measures would be statisti-
cally significant. It may be extended to the dif-
ferences between the first and the third observa-
tions in order to identify a significant trend with-
in the first three observations. This method, how-
ever, is based on a parametric estimation of the
distribution of within-subject variances in the ref-
erence population and could not, therefore, be
implemented to obtain a personal profile.

We estimated a subject-specific reference range
based on an individual homeostatic set-point (the
mean value of the determinations of an individ-
ual series) and a measure of dispersion estimated
from the reference population (i.e. the 95t per-
centile of the within-subject coefficient of varia-
tion distribution). CV-based subject-specific ref-
erence ranges result in narrower intervals in sub-
jects with lower mean values and wider intervals
in subjects with the highest mean values.

This seems to be a desirable property, since all
the critical hematologic parameters but hemo-
globin showed a significant correlation between
mean values and standard deviation. The distrib-
ution of the within-subject coefficients of varia-
tion of hemoglobin and hematocrit calculated in
athletes for whom more than 3 repeated mea-
sures were available and who had erythropoietic
indices within population reference ranges
showed that the 95% percentile falls below 5% in
both parameters. This value was assumed as a
measure of dispersion; the subject-specific refer-
ence range, as defined above, resulted in a 10%
fluctuation around the individual mean value.

As far as reticulocyte count, serum ferritin and
soluble transferrin receptor levels are concerned,
the within-subject CVs were much higher, prob-
ably because of a greater analytical variance
which we were unable to estimate in this series
of data. This observation persuaded us against
defining individual intervals for these parameters.

Finally we defined two score systems based on
the number of parameters falling out of range,
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Table 5. Potential benefits of blood cell counts and evaluation
of body iron status for the individual athlete’s health.

Parameter Potential benefits

Hemoglobin  Determining Hb level in a young athlete is extremely important.
In fact, the prevalence of anemia is high in the second decade of
life: iron deficiency, thalassemia syndromes and hemoglobinopathies
account for the vast majority of anemic conditions worldwide.
For athletes coming from countries with limited financial resources,
this may represent the first chance to have an inherited disorder
diagnosed. Determining a subject-specific reference range for hemoglobin
improves the physician’s capability of monitoring the individual athlete.
Aerobic training is expected to result in lower Hb levels, and values
between 12 and 13 g/dL for males, and between 11.5 and 12.5 g/dL are
likely the normal adaptation in most cases. On the other hand, Hb levels
close to the lower limit of the subject-specific reference range may also
indicate an anemic condition, whose cause(s) should be searched for.

Hematocrit  Hematocrit does not provide substantial additional information with
respect to hemoglobin. Moreover, it involves a higher analytical error.
Many physicians, however, still use this parameter, especially when
facing an individual with increased red cell mass.

mev This erythroid parameter is extremely important for the differential
diagnosis of anemia. Iron deficiency anemia and the anemia of
thalassemic syndromes are typically microcytic (MCV < 80 fL), whereas
megaloblastic anemias (folate or vitamin B12 deficiency) are typically
macrocytic (MCV > 100 fL). An MCV between 60 and 70 fLin a young
athlete with marginally low Hb levels is strongly suggestive of
thalassemia trait. An MCV values around 80 fL may indicate iron-deficient
enythropoiesis. Therefore, this parameter should be carefully considered
when examining blood cell counts.

Reticulocyte  This parameter is still ignored by the vast majority of physicians facing an
count anemic patient. This behavior is no longer tolerable since the reticulocyte
can nowadays be determined routinely with automated cell counters.
By definition, hemolytic anemias are associated with increased
reticulocyte counts whereas hypoplastic anemias show low reticulocyte
counts. A high reticulocyte count in a non-anemic athlete may indicate
a congenital hemolytic disorder, e.g., hereditary spherocytosis.

Serum iron,  Full evaluation of body iron status is extremely important, since young

transferrin - athletes may have iron deficiency or iron overload. Iron deficiency is very

saturation and common in the second decade of life, especially in women. Genetic

serum ferritin - hemochromatosis is one of the most prevalent genetic disorders
worldwide,2* and early diagnosis is extremely important to prevent
imeversible organ damage. Evaluation of body iron status also allows iron
overload secondary to IV iron abuse? to be detected. This malpractice
was very popular in endurance sports in the ‘90s, and many athletes still
have iatrogenic iron overload. Although intravenous iron is primarily taken
up by the reticuloendothelial cells, it is later redistributed to parenchymal
cells. Therefore, this type of iron overload will eventually produce organ
damage comparable to that occurring in genetic hemochromatosis,
including the risk of developing hepatic carcinoma.

Soluble The soluble transferrin receptor level has been shown to be closely

transferrin -~ related to the number of red cell precursors in the bone marrow and to

receptor provide a reliable quantitative assay of the rate of erythropoiesis. 2
Elevated values are found in individuals with thalassemic syndromes or
hemoglobinopathies. In addition, the soluble transferrin receptor level can
provide useful information about the adequacy of iron supply to the
erythroid marrow. As such, it is very useful to diagnose iron-deficient
enythropoiesis. Finally, the soluble transferrin receptor measurement is
useful in diagnosing anemia of inflammation with concomitant iron
deficiency

Table 6. Potential tools for deterring and preventing blood dop-
ing. A prospective study should be performed to define the best
parameter combination that allows athletes with acquired
abnormal patterns to be excluded from competition, while
allowing individuals with constitutionally altered parameters to
compete. Competition rules should clearly state that having
normal hematologic parameters as documented by the hema-
tologic passport is a prerequisite for participation.

Parameter Use for deterring and preventing blood doping

Hemoglobin Can be checked before competition: values above the individual
subject-specific upper limit should represent a criterion leading to exclusion
reference range  from competition.

Hematocrit Can be checked before competition: values above the individual
subject-specific upper limit should represent a criterion leading to exclusion
reference range  from competition.

Reticulocyte count  Can be checked before competition: values outside the normal
reference range should represent a criterion leading to exclusion
from competition (this would not apply to athletes with
constitutionally high values as documented by the hematologic

passport).
Reticulocyte Can be checked before competition: values above the normal
hemoglobin reference range should represent a criterion leading to exclusion
or hematocrit from competition (this would not apply to athletes with
constitutionally high values as documented by the hematologic
passport).
Parameters of Can be checked before competition. Evidence of iron overload

body iron status  should represent a criterion leading to exclusion from
competition. This would not apply to athletes with constitutionally
high values as documented by the hematologic passport:
however, athletes with genetic hemochromatosis should be
treated (phlebotomy therapy) in order to normalize their body
iron status.

Soluble transferrin -~ Can be checked before competition: values above the normal

receptor reference range should represent a criterion leading to exclusion
from competition (this would not apply to athletes with
constitutionally high values as documented by the hematologic
passport).

Serum Can be checked before competition: values outside the normal

erythropoietin reference range should represent a criterion leading to exclusion
from competition (this would not apply to athletes with
constitutionally high values as documented by the hematologic
passport)

using individual ranges for hemoglobin and hema-
tocrit and population reference ranges for reticu-
locyte count, serum ferritin and soluble transferrin
receptor. The three-variable score including hemo-
globin, hematocrit and reticulocyte count can be
quickly obtained with new generation cell counters
and is, therefore, suitable for an evaluation on site
before a competition.

This study provides a basis for the implementa-
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- serum Epo
- plasma osmolarity

First laboratory measurements should include at least:

- complete blood count (automated counter)
- reticulocyte count (automated counter)

- bilirubin and LDH levels

- serum iron, TIBC (transferrin), serum ferritin
- soluble transferrin receptor

/

No

/

Yes

N

Data should be collected in
electronic files that are suitable for
statistical analysis.

After the first investigation, 2-3
measurements a year should then
be planned. Additional
measurements should be random
unscheduled controls decided by
an anti-doping agency. The
exercise modality should be
recorded.

Any abnormal value will require
detailed hematological
examination. Hemoglobin and
hematocrit values will be
considered as “normal” and stored
in individual files as far as the
remaining hematological
parameters are normal (unless
they are constitutionally
abnormal).

Once at least 5 measurements are
available, subject-specific
reference ranges of hemoglobin
and hematocrit can be reliably
defined and employed with the
purpose of deterring blood doping.

Identification of abnormal
parameters requires a careful
hematological examination.

Both congenital and acquired
disorders can be found. Some of
them will be treatable: e.g., iron
deficiency within acquired
disorders and iron overload in
subjects with genetic
hemochromatosis. These
individuals will be re-evaluated
once their abnormalities have
been corrected.

Other disorders will be
untreatable: e.g., thalassemia
syndromes. In this case, it will be
taken into account that some
parameters are constitutionally
altered. For instance, an elevated
reticulocyte count or an increased
soluble transferrin receptor level in
a thalassemic athlete will be
considered as “normal” for the
individual subject.

Collection and analysis of
hematological data will then be
performed.

Figure 5. Guidelines for implement-
ing the hematological passport for
athletes competing in endurance
sports.

tion of the hematologic passport in endurance
sports. Each young athlete should undergo blood
cell counts and evaluation of body iron status as
schematically indicated in Figure 5. The potential
benefits of these tests for the individual athlete's
health are listed in Table 5. By using proper sequen-
tial hematologic determinations it is possible to
define subject-specific reference ranges for hemo-
globin and hematocrit. Thus, the hematologic pass-
port might be employed for excluding athletes with
non-physiologic increases in hemoglobin and

hematocrit from competition. The hematologic
passport should be employed within a global strat-
egy to deter blood doping, and should be combined
with complementary interventions such as those
listed in Table 6. This approach implies continuous
monitoring of the athlete's health, providing a
major means to deter blood doping. Analytical vari-
ance represents a major concern in this approach,
both in the validation and the operative phase:
efforts should be made to neutralize this compo-
nent of variation.
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