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Abstract

Serum erythropoietin (Epo) levels are influenced by the integrity of renal function,
the severity and etiology of anemia, the percentage of hemoglobin F and other fac-
tors. We aimed to create a parametric expression for the response to anemic/hypoxic
stress and we evaluated serum Epo levels in 1096 subjects with normal renal func-
tion, of whom 837 were anemic (Hb < 12 g/dl), 204 were non anemic (Hb 12 - 16.5
g/dl), and 55 were erythremic (Hb > 16.5 g/dl). Hb ranged between 3.6 and 23.8 g/dl
and the corresponding Epo between <3.4 and 2670 mIU/ml. Between log-Epo and
Hb the correlation coefficient r was —0.706. The function linking Hb and log-Epo
was determined as log(Epo) = 3.05 - 0.131 x Hb. Investigating various mathematic
models, which could parametrically express the “response to anemia/hypoxia”, we
found that the Hb x log(Epo) product was a stable parameter and fitted a normal
distribution. Arbitrarily defining as normal range about one SD between the mean
(12 - 21) we found that only 224 patients (20.8%) exhibited a Response to Anemia
Index (RAI) beyond these limits. Below the lower limit there were 106 patients, di-
agnosed with polycythemia vera (12/38, 31.6%) anemia of chronic disease (10/34,
29.4%), megaloblastic anemia (17/56, 30.4%) and S-thalassemia trait (11/41, 26.8%).
Forty-eight patients (45.3%) were diabetic. Above the defined upper normal RAI
limit there were 118 patients, mainly diagnosed with secondary erythrocytosis
(24/34, 70.6%), aplastic anemia (8/20, 40%), hemolytic anemia (3/14, 21.4%) and
myelodysplastic syndromes (46/326, 14.1%). RAI was a rather constant parameter for
each individual, with minimal variation in different evaluations, when Epo was esti-
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mated in the absence of inflammatory conditions. We have validated the superiority
of RAI for the prediction of response to Epo in a cohort of 669 patients, who received
Epo treatment. It is concluded that RAI is a reliable parameter describing the re-
sponse to hypoxic/anemic stress.
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1. Introduction

Under normal renal function, for any hemoglobin (Hb) value, there is a short range of
corresponding circulating serum erythropoietin (Epo) levels, and these two parameters
are inversely associated [1]. Serum Epo levels reflect the individual’s response to hy-
poxic/anemic stress. This response is determined by various factors, such as the ade-
quacy of renal and liver function [2], the etiology, severity and probably the chronicity
of the anemia, the presence and percentage of HbF [3] [4], the circulation of inflam-
matory cytokines antagonizing erythropoietin [5], the percentage of bone marrow red
blood cell precursors, the metabolic rate of Epo, the presence of diabetes mellitus [6]
[7], and plasma viscosity. There are conflicting data regarding the effect of age on se-
rum Epo levels [8] [9]. Therefore, “response to anemia” is created by a substantial
number of contributing factors, but among them, the most representative parameter is
clearly serum Epo. Serum Epo levels, in the absence of inflammation, renal and hepatic
failure, are mainly determined by the etiology and the severity of the anemia, Ze. by the
corresponding Hb levels.

In many publications, a “blunted” erythropoietin response to anemia in various dis-
eases and conditions has been described [5]-[19]. This characterization is relied on a
lower than expected serum Epo level; however a defined “normal” range of serum Epo
values for any corresponding Hb level has not been established, and as a result, there is
no definition or measure of a suboptimal response, which is defined rather arbitrarily.
In some instances, other indeces, such as the Hb x Epo component, or the slope of the
regression curve, which associates Hb and log-Epo (Hb/log-Epo) have been used as
markers of a suboptimal response to anemia [20]. We have previously reported an in-
appropriately low erythropoietin response for the degree of anemia in a large cohort of
anemic diabetic patients and a lower slope of the regression curve in diabetic patients,
as compared to non-diabetics [7].

Estimating the strength of the response to anemia and quantifying this parameter
might be of particular interest, since it would represent the effective or ineffective acti-
vation of the compensatory mechanisms, aiming to correct anemia, and restore normal
hemoglobin. It might also determine the indication for possible supportive exogenous
administration of recombinant erythropoietin, and could, in some degree predict the
response to treatment with it. For the last option, different cut-off values of serum Epo

levels (200 or 500 mIU/ml) have been proposed as predictors of a favorable response in
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some diseases, such as the myelodysplastic syndromes [21]. Particularly for this group
of diseases, erythropoietin response to anemic stress appears to predict more than
simply the response to treatment with rh-Epo [22].

Aim of the Study

We aimed to quantify and parametrically express the response to hypoxic/anemic
stress, based on the serum Epo levels, corresponding to a specific Hb value, obtained at
the same time-point, in adults with normal renal and hepatic function, and in the ab-

sence of any active inflammatory condition.

2. Patients and Methods

To determine the strength of the reaction to anemic/hypoxic stress we measured serum
Epo levels, totally in 1096 adult subjects, 433 female and 663 male, with normal renal
and hepatic function, as defined by a serum creatinine <1.5 mg/dl, or by a creatinine
clearance 260 ml/min, and with normal liver function tests. Of these subjects, 1060 had
a well-defined diagnosis of a systemic disease, possibly associated with an abnormal
hemoglobin value and 36 were asymptomatic non-anemic healthy controls. Among the
1060 patients, 837 (79.0%) had anemia (Hb < 12 g/dl) of variable severity and etiology,
204 (19.2%) were not anemic (Hb 12 - 16.5 g/dl) and 55 (5.2%) had erythrocytosis
(Hb > 16.5 g/dl). One hundred and forty-five patients (13.7%) had severe anemia (Hb <
8 g/dl), 425 patients (40.1%) had moderate anemia (Hb 8 - 9.9 g/dl), and the remaining
277 patients (26.1%) had mild anemia (Hb 10 - 11.9 g/dl). Epidemiological data, as well
as the precise hematological diagnosis and the etiology of the anemia, of all the subjects
entered this study, are demonstrated in Table 1.

All subjects were tested at the same time-point for hemoglobin, serum creatinine,
liver function tests and serum Epo. Estimation of the serum Epo levels was part of the
routine work up for 326 patients with myelodysplastic syndromes, 115 with hemoglo-
binopathies, 76 patients with anemia of chronic disease or other causes of unexplained
anemia and for 72 patients with polycythemia/erythrocytosis. Serum Epo levels were
also measured in the majority of patients with multiple myeloma and lymphoprolifera-
tive disorders, before the administration of rh-Epo, as supportive treatment for che-
motherapy-induced symptomatic anemia. For 348 patients, measurement of serum Epo
was not part of their routine work up. These patients were tested during evaluation for
anemia, were not selected by any criterion and have provided informed consent to par-
ticipate in this combined, prospective and retrospective analysis. The study plan has
been approved by the Ethical and Scientific Committee of the University Hospital of
Patras. Hemoglobin measurements were performed on a CELL-DYN 3700 (Abbott)
automatic hematologic analyzer. In all patients with hematological malignancies of
myeloid origin, serum Epo measurement was performed at baseline, before the admin-
istration of any cytotoxic treatment. Patients with lymphoproliferative disorders had
previously received various types of cytotoxic chemotherapy and were evaluated for

post-chemotherapy symptomatic anemia.
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Table 1. Epidemiological data of the population tested.
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Etiology of the anemia/underlying disease N F/M  Median age Age range
Normal non-diabetic subjects 36 19/17 54 31-73
Non-anemic diabetic patients 18 9/9 59 43 -74

Non-anemic control subjects in total 54 28/26 57 31-74
Iron-deficiency anemia 48 35/13 39 20-72
Megaloblastic anemia 56 37/19 72 31-88
Anemia of chronic disease 38 13/25 60 34-75
Hemolytic anemia 24 10/14 55 25-78
f-thalassemic trait 41 20/21 49 36 - 69
f-thalassemia major 92 42/50 31 16 -71
Sickle-cell/ S-thalassemic trait 23 10/13 33 18 - 56
Aplastic anemia 20 9/11 42 23-74
Other anemias 6 4/2 47 27 -61
Non-MDS anemias in total 348 180/168 48 16 - 88
MDS-refractory anemia 102 33/69 71 41 - 87
MDS-RA with ringed side roblasts 46 14/32 73 37 -88
MDS-RA with excess of blasts 92 19/73 68 45 - 87
MDS-RAEB in transformation 13 5/8 70 58 - 87
MDS-CMML 59 12/47 74 36 -85
MDS-unclassified & hybrid MDS/MPN 14 1/13 75 64 -83
MDS in total 326 84/242 73 37-88
Polycythemia vera 38 14/24 58 45 - 80
Essential thrombocythemia 62 33/29 49 17 - 82
Myelofibrosis 32 7125 65 38-87
Ph+ chronic myelogenous leukemia 18 3/15 47 29-78
Acute myelogenous leukemia 23 6/17 64 31-81
Myeloproliferative syndromes in total 173 63/110 56 17 - 87
Acute lymphoblastic leukemia 2 11 42 18 - 67
Non Hodgkin’s lymphoma 34 11/23 63 31-83
Hodgkin’s lymphoma 8 2/6 36 29-72
Chronic lymphocytic leukemia 30 15/15 68 40-79
Hairy-cell leukemia 8 2/6 62 49-75
Plasma-cell dyscrasias 78 39/39 66 38-84
Lymphoproliferative disorders in total 161 70/91 65 18 - 84
Secondary erythrocytosis 34 8/26 54 40-79
Total subjects tested 1096 433/663 58 16 - 88
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Serum Epo levels were measured by an immunoradiometric assay (IRMA) from
blood samples obtained in the morning, during routine work-up and after obtaining
written informed consent. Samples were kept at —20°C until the time of the analysis.
Measurements were performed between 2003 and 2009 on a weekly basis, according to
the scheduled program of the laboratory of Nuclear Medicine of the University Hospit-
al. The commercial kit EPO-Trac® (DiaSorin, Italy) was used, and the lower and upper
detection limits of the assay were 3.4 and 280 - 290 mU/ml, respectively. When a sam-
ple was measured above the upper normal limit, one or two additional measurements
were performed, with a dilution of the initial sample 1:5 or 1:10 or more, when neces-
sary, using the standard 0 solution of the kit. Two control samples at different EPO lev-
els were available in each RIA kit. The study has been approved by the Ethical and
Scientific Committee of the University Hospital of Patras.

We then tried to find the most appropriate mathematical model, which would better
express the “ability” of a subject to respond to anemia. Since the relationship between
hemoglobin and erythropoietin is logarithmic, we investigated various mathematical
models, relating Hb and Epo, which would create a strong linear regression. In particu-
lar, we investigated the relationship between log-Hb and log-Epo, Hb and log-Epo, as
well as that of the products Hb x Epo, (Hb)*> x Epo, Hb x log-Epo, and log-Hb x
log-Epo with Hb. For each regression the correlation coefficient r or the Spearman’s r
when appropriate, was calculated and for the strongest regression, the function which
linked the two variables was determined.

We found that only one of the applied mathematical models, the Hb x log-Epo
component, was not influenced by hemoglobin levels and maintained reliability and
reproducibility. We have therefore, named this mathematical model “Response to
Anemia Index” (RAI) and we have tested and validated it as a measure of the strength
of an individual’s response to anemia. We checked the upper and the lower part of the
RAI distribution, representing patient populations, who demonstrated a blunted eryt-
hropoietin response or an over-response to anemia. We then analyzed these two popu-
lations, in terms of type of underlying disease and etiology of the anemia. Moreover, we
re-evaluated this index at later time-points in 127 patients, who maintained normal
renal and liver function and did not exhibit findings of an active infection or any other
inflammatory condition, to investigate its variability in the same patient.

Statistical analysis was performed by using the SPSS V.19 statistical software package
(SPSS Inc. USA). The distribution of the data was tested by one sample Kolmogorov-
Smirnov test. Comparisons between groups were performed by using Student’s t-test or
Mann-Whitney U test. Spearman’s rank correlation coefficient was estimated to assess
the association between different variables. The effect of Hb on log-Epo was tested by

employing linear regression analysis. The statistically significant level was set at p = 0.05.

3. Results

3.1. Hemoglobin and Serum Erythropoietin Levels

Hemoglobin values ranged between 3.7 and 23.8 g/dl, with a median of 9.9 g/dl. The
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distribution of Hb values of the whole patient population was slightly skewed (Kolmo-
gorov-Smirnov z = 3.98, p < 0.05). The corresponding Epo values ranged between 3.4
and 2670 mIU/ml, with a median of 41.4 mIU/ml and again, as expected, the distribu-
tion of Epo values was not normal. According to our laboratory, the range of Epo levels,
which is found among normal subjects, is 6 - 29 mIU/ml. Data regarding hemoglobin
and the corresponding serum Epo levels, in relation to the underlying disease and eti-
ology of anemia are demonstrated in Table 2. Analysis and discussion of the results in
the different etiological groups of anemia will not be performed, because this analysis is

beyond the aim of the present study.

Table 2. Hemoglobin, serum erythropoietin and RAI levels, according to hematological diagno-
sis.

Hb(grd])  Epo (mlIU/ml) log-Epo RAI
Hematological diagnosis N p p
x4 8D  Median (range) x+ 8D x+SD

Non anemic subjects 54 139+15 12.3(3.7-309) 1.10+0.18 152+23 *
Normal controls 36 14.1+1.2 13.6(6.8-30.9) 1.14+0.16 16.1+2.1 *
Diabetic non anemic subjects 18 13.7+1.1 10.4(3.7-20.6) 1.01+0.21 13.7+22 <0.001
Secondary erythrocytosis 34 175%1.1 194(11.5-90) 1.33+0.22 233+42 <0.001 <0.001
Iron-deficiency anemia 48 9.7+1.5 54.1(45-351) 1.69+0.48 158+3.3 ns ns
Megaloblastic anemia 56 7.7+24 673(9.4-280) 1.81+0.38 13.2+23 <0.001 <0.001
Anemia of chronic disease 34 10.4+1.2 204 (6.6-102) 1.33+0.28 13.7+2.4 0.028 <0.001

Hemoglobinopathies 115 9.6+1.1 59.2(4.7-450) 1.80+0.34 17.3+3.3 <0.001 0.046
[-thalassemic trait 41 11.1+14 17(3.8-789) 1.25+026 13.8+2.6 0.008 <0.001
Aplastic anemia 20 9.4+29 300(17.2-1567) 2.29+0.54 20.3+3.6 <0.001 <0.001
Hemolytic & other anemias 30 10.3+1.8 34.9(8.1-315) 1.62+047 162+*3.7 ns ns
MDS-RA 102 9.5+1.7 93.7(9.4-837) 19241045 17.7+3.2 <0.001 0.007
MDS-RARS 46 9.0+1.1 84.5(153-587) 2.00+0.44 17.8+3.2 <0.001 0.009
MDS-RAEB 92 9.1+1.3 120(13.1-1130) 2.05+0.44 184 +3.3 <0.001 <0.001
MDS-Other 21 89+1.1 174(14.5-385) 2.11+044 18.5+3.3 <0.001 <0.001

CMML and MDS/MPD 65 9.7+1.6 47.5(12.2-455) 1.77+043 16.7+2.7 0.003 ns
Polycythemia vera 38 17.0+1.7 6.6(1.9-13.7) 0.76+022 12.8+3.2 <0.001 <0.001
Essential thrombocythemia 62 13.0+22 12.9(3.5-196) 1.18+0.35 149+3.0 ns 0.034
Myelofibrosis 32 9420 721(7-2670) 1.92+0.56 17.0+2.8 0.003 ns
Chronic myeloidleukemia 18 10.6+2.0 39.8(11-201) 1.61+0.33 166+26 ns ns
Acute myeloidleukemia 23 9.6+2.2 48.6(11.5-338) 1.88+0.48 17.2+2.8 0.003 ns
Non Hodgkin’s lymphoma 34 104 +22 31.6(8.8-262) 1.54+0.35 156+24 ns ns
Chronic lymphoid leukemia 30 11.7+2.3 25.5(8.0-288) 1.48+041 16.7+2.2 0.008 ns
Plasma-cell dyscrasias 79 9.7+1.8 441(8.0-326) 1.65+0.35 161+33 ns ns

Other lyphoprolif. disorders 18 11.3+2.7 30.3(8.5-315) 1.59+044 17.1+3.6 0.017 ns

Total subjects tested 1096 10.6 £2.8 41.5(2.3-2670) 1.67+0.52 16.6 +3.8

*Excluding diabetic patients from normal subjects.
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Between Hb and Epo, Spearman’s r was —0.753 (p < 0.001) and the regression was
semilogarithmic. As expected, the linear regression between Hb and log-Epo was strong
(r = —0.706), and in fact this was the strongest correlation between Hb and all the other
mathematical expressions of serum Epo. The regression between Hb and log-Epo is
presented in Figure 1. The function which linked Hb (in gr/dl) and log-Epo was de-
termined by the following equation: log—Epo =3.05—-0.131x Hb.

3.2. Determination of the Response to Anemia Index

We then investigated different mathematical formulations, which would parametrically
express an individual’s response to anemia. The Hb x Epo component has been used in
the literature, as an index of erythropoietin response to hypoxia/anemia. In our popula-
tion this component ranged between 45.2 and 18156, with a median of 425 and exhi-
bited a skewed distribution of values. Between Hb and the Hb x Epo component there
was a significant negative correlation (Spearman’s r = —0.611, p < 0.001), therefore, this
index is clearly influenced by the severity of anemia, and cannot be considered an in-
dependent variable. Since the regression between Hb and Epo is semilogarithmic we
also tested the (Hb)> x Epo component. This index ranged between 545 and 123461,
with a median of 4404 and also showed a skewed distribution of values. Again, there
was a significant negative correlation between this component and Hb, (Spearman’s r =
—0.434, p < 0.01), suggesting that this index is also influenced by the severity of anemia.

The log-Hb x log-Epo component ranged between 0.384 and 2.853, with a normal

distribution of the values, but exhibited a significant negative correlation with Hb (r =

Regression between hemoglobin and the log of serum Epo

log-Epo = 3.05-0.131 x Hb R=-0.706, p< 0.001

log of serum Epo

0.0 : : : i : : - : :
2 4 6 8 10 12 14 16 18 20
Hemoglobin (g/dl)

Figure 1. Regression between hemoglobin and log-Epo values. The regression is linear. Response
to Anemia Index is the Hb x log-Epo product and represents the area under the regression curve
which is formed by the perpendicular lines, connecting the values of the x and y intercept with
the regression line. Anemic over-responders were mainly patients with aplastic anemia, myelo-
dysplastic syndromes, and p-thalassemia major with high HbF (area A). Erythremic over-
responders had exclusively secondary erythrocytosis (area B). Anemic sub-responders had pre-
dominantly anemia of chronic diseases, megaloblastic and S-thalassemia trait (area C).
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—-0.542, p < 0.001), and therefore, it was influenced by the severity of anemia also, and
could not be used as an index of the response to anemia.

The Hb x log-Epo component ranged between 6.63 and 38.74 and exhibited a nor-
mal distribution of its values, with a mean of 16.58, a median of 16.45 and a standard
deviation (SD) of 3.78 (Figure 2). At a distance of one SD between the mean, ie
roughly between 12.75 and 19.25, 66.1% of the total number of values (724/1096) were
located, a percentage very close to the expected 68%, whereas at a distance of 2 SD be-
tween the mean value, (ie between 9 and 23) as many as 93.8% of the values
(1028/1096) could be identified. The Hb x log-Epo component is equal to the area un-
der the linear segment of the regression curve, which is formed by the perpendicular
lines, connecting the values of the x and y intercept with the regression line (Figure 1).
This area is the mathematical model of the RAI and it is obvious that is not affected by
the severity of the anemia, since the square area under the curve is roughly equal at any
HD level, when an effective erythropoietin response is achieved. The correlation coeffi-
cient r between Hb x log-Epo product and Hb was very low (r = 0.038) and this regres-
sion is shown in Figure 3. Among all the other mathematical models tested, only the
Hb x log-Epo component was not significantly correlated with Hb, and therefore, ap-
peared not to be influenced by the severity of anemia. This component was therefore

nominated Response to Anemia Index (RAI).

3.3. Fluctuation of RAI among the Normal Population

The RAI values of the 54 normal subjects ranged between 10.62 and 19.74 with a nor-
mal distribution. As expected [7], diabetic patients had a significantly lower mean RAI
value, compared to non-diabetics (13.66 * 2.19 versus 16.07 + 2.06, p < 0.001, Table 2).
Considering only the 36 non-diabetic subjects as normal (control) population, we

Frequency of obtained RAIl values

70 -

N = 1096
=== _Maedian value
=== Mean value

60 -

50

40

30 A

Number of cases

20

10

0 -

6.5- 75- 85- 9.5- 10.5 11.5 12.5 13.5 14.5 15.5 16.5 17.5 185 19.5 20.5 21.5 22.5 23.5 24.5 25.5 26.5 27.5 28.5
7 8 9 10 -11 -12 -13 -14 -15 -16 -17 -18 -19 -20 -21 -22 -23 -24 -25 -26 -27 -28 -30
RAl values
Figure 2. Histogram of obtained RAI values in the whole population tested. The distribution of

the values is normal.
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Regression between Hemoglobin and RAI
25

r=0.038, p: n.s.

20

15

Hb gr/dl

10

0 5 10 15 20 25 30 35 40
RAl values

Figure 3. Regression between hemoglobin and the Hb x log-Epo component (RAI). The correla-
tion coefficient r is not significant and tends to 0, suggesting that RAI is a variable independent of
the severity of anemia and reflects other individual parameters of response to hypoxic stress.

found that RAI values ranged between 13.04 and 19.74 among them. We therefore, de-
fined arbitrarily, as lower and upper normal limits of RAI, the values of 12 and 21,
which roughly stand at a distance of about 1.25 SD from the mean. At this range all
normal subjects and 836 out of 1060 subjects with an abnormal Hb value or a known
underlying disease or condition (78.9%) were allocated.

Comparing RAI between male and female patients among the non-anemic popula-
tion of the 54 patients, we did not find any significant difference (15.5 £ 2.4 versus 15.2
* 2.3, respectively, p = 0.404), and the same was true concerning serum Epo levels (12.3
* 4.5 versus 15.1 + 6.4 mIU/ml, p = 0.149), although male patients exhibited signifi-
cantly higher Hb levels (14.8 + 1.3 versus 13.3 + 0.9 g/dl, p = 0.001). The same was true
when a comparison between the two genders was performed among the 36 control
non-diabetic subjects (16.6 £ 1.7 versus 15.9 * 2.0, respectively, p = 0.346). However, in
the whole patient population tested, male patients had significantly higher RAI, com-
pared to females (17.1 + 3.7 versus 15.8 + 3.7 respectively, p < 0.001). Significant dif-
ference was also noted in hemoglobin levels (males: 10.7 £ 3.0 versus females: 10.3 *
2.6, p = 0.018), whereas a borderline significance was obtained in serum Epo levels
(median value 44.6 mIU/ml for males, versus 39 mIU/ml for females, Mann-Whitney U
test: p = 0.066). This mild discrepancy might be attributed to the imbalance in the eti-

ology of anemia observed among male and female patients.

3.4. Recognition of the Sub-Responders and Over-Responders to
Hypoxic/Anemic Stress

We found only 224 subjects (20.4% of the total population) with a RAI outside an arbi-

trarily defined normal range, between the values 12 and 21. In particular, 106 subjects

468

K
0:{2: Scientific Research Publishing



A. Symeonidis et al.

(9.7%) exhibited a lower than expected erythropoietin response to anemia (RAI < 12)
and the remaining 118 subjects (10.8%) demonstrated an over-response (RAI > 21).
Analyzing the etiology of the anemia or the underlying diseases and conditions of these
two groups, we found that, a sub-response to anemic/hypoxic stress was most fre-
quently encountered among patients with polycythemia vera, anemia of chronic dis-
ease, megaloblastic anemia [23], f-thalassemia trait, as well as in a small proportion of
patients with essential thrombocythemia, iron deficiency and hemolytic anemia. Con-
versely, an over-response was observed in the majority of patients with secondary ery-
throcytosis (70.6%), as well as in patients with aplastic [24] and hemolytic anemia,
myelodysplastic syndromes and among patients with S-thalassemia intermedia, and
sickle-cell/ f-thalassemia, exhibiting high proportion of HbF [25] [26]. The whole list of
sub-responders and over-responders to anemic/hypoxic stress is shown in Table 3. It is
noteworthy that 48 out of 95 sub-responders with known glycemic status were diabetics
(50.5%), as were only 6 out of 102 over-responders (5.8%), a statistically very significant
difference (p < 0.001). It is also notable that all 5 normal subjects, who exhibited a
sub-response to anemia, were diabetics. Moreover, there were subgroups of patients
with iron-deficiency anemia, multiple myeloma, other lymphoproliferative disorders,
myelodysplastic syndromes, myeloproliferative diseases, who exhibited either an

over-response or a normal response or a sub-response to anemia. Such variations may

Table 3. Sub-response and over-response to anemia, according to RAL

Sub-responders Over-responders

Etiology of anemia/underlying disease = N %  Etiology of anemia/underlying disease N %
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Polycythemia vera 12 31.6% Secondary erythrocytosis 24 70.6%
Megaloblastic anemia 17 30.4% Aplastic anemia 8 40.0%
Anemia of chronic disease 10 29.4% Hemolytic anemia 3 21.4%
P-thalassemic trait 11 26.8% Myelodysplastic syndromes 46 17.7%
Essential thrombocythemia 11 17.7% f-thalassemia major 12 13.0%
Iron deficiency anemia 7 14.6% Acute myelogenous leukemia 3 12.5%
Hemolytic anemia 3 143% Sickle-cell S-thalassemia 2 87%
Multiple myeloma 10 12.7%  Chronic myelomonocytic leukemia 5 85%
Normal subjects 5 10.2% Multiple myeloma 6 7.6%

Acute myelogenous leukemia 1 4.3% Myelofibrosis 2 6.2%
Lymphoproliferative disorders 6  37% Iron deficiency anemia 2 42%
Myelofibrosis 1 3.1% Myeloproliferative disorders 3 2.0%
Myelodysplastic syndrome 10 3.1% Lymphoproliferative disorders 2 12%

[-thalassemia major 2 22%
Total 106 9.8% Total 118 10.9%
Diabetic patients 48 453% Diabetic patients 6 51%
Non-diabetic patients 47  44.3% Non-diabetic patients 96 81.4%
Unknown status 11 10.4% Unknown status 16 13.5%
469



A. Symeonidis et al.

be attributed to other factors and particularly to older age [9] [27] [28] or higher in-
flammatory status. Conversely, patients with polycythemia vera, anemia of chronic dis-
orders, megaloblastic anemia and p-thalassemia trait, never exhibited an over-re-
sponse, whereas patients with secondary erythrocytosis, aplastic anemia, S-thalassemia
intermedia and sickle-cell/f-thalassemia, never exhibited a sub-response.

Analyzing patient distribution in the regression between hemoglobin and log of se-
rum Epo (Figure 1), we were capable to distinguish specific patient subgroups, in the
different areas of the distribution. In area A, anemic over-responders were mainly pa-
tients with aplastic anemia, myelodysplastic syndromes, f-thalassemia major and sickle-
cell/ f-thalassemia. In area B, erythremic over-responders with secondary erythrocytosis
and some normal subjects, mainly heavy smokers were distributed. Finally, in area C
anemic sub-responders were mainly patients with anemia of chronic disease, megalob-

lastic anemia, S-thalassemia trait and some with hemolytic anemia.

3.5. Variation of the RAI in the Same Subject

To evaluate the fluctuations of the RAI in the same subject we performed repeated se-
rum Epo estimations in 142 subjects, 3 months to 2 years following the initial estima-
tion, and compared the results of the second measurements, with those at baseline. Fif-
teen patients were excluded from the comparative paired analysis, because of deteriora-
tion of renal function and increase of creatinine >1.5 mg/dl (7 cases), evolution of the
initial hematological disease to a different one (4 cases) and presence of an active in-
flammatory condition during the second estimation (4 cases). The second Hb estima-
tion varied between —37.9% to +114%, as compared to the initial one. The variation was
<10% in 61 cases (48%) and >20% in 31 (24.4%). Serum Epo also exhibited significant
variation. It was >25% different in 96 cases (75.6%), >50% different in 68 cases (53.5%)
and >100% different in 30 cases (23.6%). The median percentage of serum Epo varia-
tion was 23.1% and the range —98% to +1033%. Log-Epo varied a median of 7.3%, with
a range of variation from —53.2% to 74.1%. In 51 patients (40.1%) log-Epo varied
<10%, whereas in 39 patients (30.7%) this index varied >20%.

RAI showed minimal variation, less than any other of the indices tested. Comparing
the two consecutive estimations, RAI varied between —17.1% and 37.4%, with a median
percentage of variation 3.5%. The variation was <10% in 104 cases (81.9%) and >20%
only in 5 cases (3.9%). This finding implies that in every individual, there is a relatively
uniform responsiveness to anemic/hypoxic stress, which may of course be related to the
etiology of anemia, but mainly reflects some individual features of the subject’s and the
underlying disease’s background. Figure 4 depicts the variation of log-Epo and that of

RAL in each patient comparatively.

3.6. Usefulness of RAI in Everyday Clinical Practice

3.6.1. Differential Diagnosis of Iron-Deficiency Anemia versus Anemia of
Inflammation

Although RAI should not routinely be used for diagnostic purposes, it may be help-

ful in the differential diagnosis of some diseases or conditions. In our population,
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Variation of log-Epo and RAI values

in two different estimations in the same subject
80%

@Variation of log-Epo
@Variation of RAI

60%

40% I

20% A

0% A

-20% 1

-40%

Variation between the first and the second value (%)

-60%

Consecutive patients N = 127

Figure 4. Variation of the log-Epo and RAI values in 2 sequential estimations in the same indi-
vidual, in a cohort of 127 subjects, tested at least twice. RAI showed <10% variation in 82% of the
tested population, implying that in every individual there was a relatively uniform responsiveness
to anemic/hypoxic stress, which is not related to the severity of anemia.

excluding diabetic patients, only 3 out of 34 patients with iron deficiency anemia had a
RAI value < 15 (8.8%) as did 21/34 patients with anemia of chronic diseases (61.8%, p <
0.001). On the other hand, only 2/34 patients with anemia of chronic disease had a RAI
value > 17 (5.9%), as did 18/34 non-diabetic patients with iron deficiency anemia (52.9%,
P <0.001). This overlapping is substantially smaller to that observed, when comparing
serum Epo levels in these two groups of anemic patients [29]. Therefore, in the absence
of renal failure and in otherwise unclear cases of hypochromic and microcytic anemia,
the detection of a RAI value < 15 may not support the diagnosis of iron deficiency ane-

mia, whereas a RAI value > 17 may discourage the diagnosis of anemia of chronic disease.

3.6.2. Differentiation of Polycythemia Vera versus Secondary Erythrocytosis

Although the differential diagnosis of the two conditions is not usually difficult, RAI
could contribute to the establishment of the correct diagnosis. Comparing RAI values
between the 38 patients with polycythemia vera (Group I) with those of the 34 patients
with secondary erythrocytosis (Group II), who were included in this study, we did not
find any crossing over values (range of RAI: Group I: 6.63 - 16.87, Group II: 18.55 -
38.74) although there was 11.7% overlapping in serum Epo values between the 2 groups
(range of serum Epo values: Group I: <3.4 - 13.4 mIU/ml, Group II: 12.2 - 131 mIU/ml,
4/34 values overlapped). Therefore, patients with a RAI value < 18 might probably have
polycythemia vera, whereas those with a RAI value > 18 have rather secondary eryt-

hrocytosis.

3.6.3. Prediction of Response to Treatment with rhEpo in Patients with MDS
It is well-known that one parameter affecting response to treatment with recombinant
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human Epo (thEpo) in patients with MDS is endogenous serum Epo. In almost all the
predictive models, serum Epo levels are taken into consideration and have a recognized
predictive power. However, since serum Epo levels are mainly determined by the hy-
poxic stress, Ze. by the corresponding Hb value, the use of crude Epo levels has not
major prognostic value. This is understandable, since a value for instance of 250
mlIU/ml, might be considered as an over-response for a patient with a corresponding
Hb of 10 g/dl, an acceptable response for a patient with a corresponding Hb of 8 g/dl
and probably a sub-response for a patient with a corresponding Hb of 6 g/dl. The pro-
posed limit of 500 mIU/ml, as a negative prognostic factor for response to Epo is ex-
ceeded by less than 10% of the patients, and therefore, this model cannot practically
take into consideration serum Epo levels. The limit of 200 mIU/ml has not obtained
strong predictive significance, since a substantial proportion of severely anemic patients
may respond to rhEpo, even if they exhibit endogenous serum Epo above this limit. We
therefore, have tested the significance of RAI as a predictive tool to treatment with
rhEpo. Among 326 patients with various types of MDS included in this study, 268 were
treated with rhEpo, but 232 who completed at least 10 weeks of treatment were evalua-
ble for response. According to the revised International Working Group criteria for re-
sponse, 112 patients (48.3%) exhibited a favorable response, and among them 76
(32.7%) achieved a complete response (CR) and 36 (15.5%) a partial response (PR).
Only 15 patients (6.5%) had serum Epo > 500 mIU/ml, two of whom responded to
treatment with rhEpo, and they both, had a RAI value lower than 20. One hundred and
forty-five patients had serum Epo < 200 mIU/ml and the remaining 87 had a value
higher than 200 mIU/ml. Overall response rate was 55.9% for patients with a serum
Epo < 200 mIU/ml, and 34.4% for those with serum Epo > 200 mIU/ml. Likewise, 172
patients had a RAI value < 21 and the remaining 60 a value higher than 21. Overall re-
sponse rate was 62.2% for patients with a RAI value < 21 and only 8.3% (5/60 patients)
for those with a RAI less than 21. Thus, by using the serum Epo cut-off value of 200
mIU/ml, we were capable to predict the favorable response in 81 of the 112 responders
(72.3%), whereas by using the RAI cut-off value of 21 we were capable to predict the
favorable response in 107/112 patients (95.5%, p < 0.001). These data are presented on
Table 4. We have validated the predictive value of RAI, over crude serum Epo levels in
an independent group of 437 patients with MDS, treated with Epo and evaluable for
response. Results have been presented in the 11™ International Symposium of MDS,

[30] but further analysis of them is beyond the aims of the present study.

4. Discussion

At any time point, serum Epo levels reflect the response to hypoxic/anemic stress. Even
in the absence of clinically detectable hypoxia or anemia, there is a baseline erythro-
poietin response, aiming to maintain the homeostasis of red blood cell production [31].
The most common cause of impaired Epo production is overt or occult renal failure. In
our analysis we have only included patients with normal renal function, as defined by

normal serum creatinine levels of <1.5 mg/dl and/or by a creatinine clearance of >60
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Table 4. Comparison of RAI and of serum Epo levels to predict response to treatment with rhE-
po in patients with MDS.

N % N %
No of pts treated No of pts with serum
. 268 217 93.5
with rhEpo Epo levels <500 mIU/ml
No of pts evaluable for No of pts with serum
232 15 6.5
response Epo levels > 500 mIU/ml

No of pts with serum
Complete response 76 32.7 145 62.5
Epo levels < 200 mIU/ml

. No of pts with serum
Partial response 36 15.5 87 37.5
Epo levels > 200 mIU/ml

Opverall response 112 48.3 No of pts with a RAI value < 21 171 73.7
No response 120 51.7 No of pts with a RAI value > 21 61 26.3
Ability of serum Epo
. 81/112 72.3
levels to predict responders
Ability of RAI to 107
) 95.5
predict responders /112
Serum Epo levels Responseto anemia index
Type of
<200 mIU/ml % >200 mIU/ml % RAI<21 % p RAI>21 % p
response
CR 58/145 40.0 18/87 20.7 73/172 424 ns. 3/60 5.0 <0.001
PR 23/145 15.9 13/87 149 34/172 19.8 ns. 2/60 3.3  <0.001
OR 81/145 55.9 31/87 35.6 107/172 622 n.s. 5/60 8.3  <0.001
NR 64/145 44.1 56/87 744 65/172 37.8 n.s. 55/60 91.7 <0.001

ml/min. We thus, have excluded all patients with a possible impairment of Epo produc-
tion. We have also excluded all patients with impaired liver function, defined as those
exhibiting any abnormal liver function test, unless attributed to their basic underlying
disease, although it is known that the liver contributes minimally to the Epo produc-
tion.

The term “response to anemia” has been widely used to describe the compensatory
mechanisms, mainly in the form of reactive increase of serum erythropoietin levels,
aiming to correct anemia and restore normal hemoglobin levels. There is no acceptable
measure to estimate response to anemia, although quantifying the strength of this pa-
rameter in an anemic patient would be of particular interest, for both, diagnostic and
therapeutic purposes. Serum Epo levels per se, could not be considered such a parame-
ter, because they may vary widely in relation to many factors, sometimes not easily de-
fined. A parametric expression of the response to anemia has not been proposed up to
now, and should be useful in evaluating a blunted response, or an over-response to
anemic/hypoxic stress. In the literature, the definition of a blunted response to anemia
is usually given to anemic patients, who exhibit lower than expected serum Epo levels,
compared to a model group of patients, usually with iron-deficiency anemia of compa-

rable severity [28].
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A parametric expression of a “Response to Anemia Index” should take into consid-
eration not only serum Epo levels, but also the corresponding hemoglobin level, with
which serum Epo concentration is associated. Moreover, since these two variables are
inversely and semilogarithmically related, such a parameter should include at least one
of these variables in the logarithmic form. Finally, considering that the response to
anemia expresses the maximum capability of an individual to correct his/her anemia,
this capability should not be dependent on the severity of anemia. Therefore, any pa-
rametric expression, describing a Response to Anemia Index should be independent of
the hemoglobin level. Evaluating several mathematical models, based on hemoglobin
and serum erythropoietin levels, we found that only one parameter was really indepen-
dent of the severity of anemia, and this was the Hb x log-Epo component. Of interest,
Artunc and Rinsler, analyzing a population of 167 patients without renal failure have
found an equation, linking Hb and log-Epo, similar to ours [32]. In some publications
the slope of the regression curve between Hb and log-Epo has been used as a measure
of the response to anemia, but no quantitative expression for this slope has ever been
proposed [33]. We actually propose the same principle, as a measure of the response to
anemic stress, but we were capable to create a parametric expression of this response,
by using the Hb x log-Epo component.

An impressive and unpredictable finding was that, in the absence of renal failure, or
of an active inflammatory process, which are well-known factors reducing circulating
serum Epo levels, this component is a rather constant parameter for an individual, ex-
hibiting low degree of variation in consecutive estimations. This finding implies that, in
a specified disease group or nosologic background, RAI might ideally characterize an
individual’s response to hypoxic stress at any time-point, and for any level of hemoglo-
bin, and therefore, the normal range of RAI could be defined, and might be different
among the different etiologic groups of anemia or other underlying diseases and condi-
tions.

Applying this model in a substantial patient population, and arbitrarily defining the
normal range, we were able to distinguish patients exhibiting a sub-response, and those
showing an over-response to anemia. Both groups of patients represent already-known
populations, characterized by this kind of response to hypoxic stress. For instance the
two thalassemic patients, exhibiting a low erythropoietin response were transfusion-
dependent, whereas 9/10 thalassemic over-responders had thalassemia intermedia or
they were not regularly transfused [25] (Table 3). Therefore, these groups of patients
have confirmed the descriptive accuracy of the RAL

An inappropriately low erythropoietin response for the degree of anemia has been
previously reported by us and by others, among patients with type II diabetes mellitus
[6] [7]. In our current study, the exclusion of 16 diabetic patients from the control
group resulted in a substantial increase of the mean RAI of the remaining non-diabetic
controls, and hence in the disappearance of significant difference of the mean RAI, be-
tween the controls and many groups of anemic patients (Table 2). Moreover, compar-

ing the mean RAI among different anemic etiologic groups, we were able to parametri-
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cally describe patient subgroups, demonstrating an inappropriately low erythropoietin
response or an over-response to anemia. Thus, more than half of the patients with sec-
ondary erythrocytosis were over-responders, suggesting that erythropoietin contributed
to the pathogenesis of their condition, even though in many of them serum Epo levels
were found in the normal range (Table 2 and Table 3). Finally, by using this parameter
as a predictive model for the response to treatment with rh-Epo among patients with
myelodysplastic syndromes, we found that RAI could better predict the responders
than crude serum Epo levels, as this has been proposed by the Scandinavian MDS
Group [21], and therefore, the use of RAI might be more clinically relevant.

5. Conclusion

In conclusion, we were able to define the Hb x log-Epo component as the only reliable
and independent of the severity of anemia mathematical model expressing the “Re-
sponse to Anemia Index” (RAI). This index can be used for the evaluation of the
strength of the response to anemia/hypoxia in all etiological groups, also including

non-anemic or erythremic patients.
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