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Summary. In this non-randomized prospective study, liver
and spleen iron concentrations were monitored annually
over a 4-year period by non-invasive Superconducting
Quantum Interference Device biomagnetometry in 54
b-thalassaemia major patients (age, 7–22 years) receiving
treatment with deferiprone (75 mg/kg/d). Median liver iron
concentrations increased significantly from 1456 to 2029
and 2449 lg/gliver at baseline, after 2Æ0 and 3Æ2 years
respectively. Another group of 51 thalassaemic patients
(aged 4–34 years) who received desferrioxamine s.c. for
1Æ9 years increased their liver iron concentration from
1076 to 1260 lg/gliver. Taking into account the increase of
the daily iron input from transfusions of 3Æ6 mg/d, caused
by weight gain in 67% of the patients treated with

deferiprone, a larger total body iron elimination rate was
achieved after 2 years than at baseline. A negative ferritin
change was observed in 51% of the patients. In 15 non-
splenectomized patients, liver iron significantly increased
from 1260 to 1937 lg/gliver (P < 0Æ01), but serum ferritin
remained stable at 2100 lg/l, as did the spleen iron con-
centration at 1200 lg/gspleen. A two-compartment model
may predict an average chelation efficacy for desferriox-
amine and deferiprone, with a saturation effect of the latter,
for a certain chelation and transfusion regimen by a single
liver iron quantification.

Keywords: thalassaemia, SQUID, iron, deferiprone, desfer-
rioxamine.

In thalassaemia patients, the progressive iron accumula-
tion, if not treated with adequate chelation therapy, leads to
severe clinical complications and death during the second
decade of life (Gabutti & Piga, 1996). Slow subcutaneous
infusion by desferrioxamine (Desferal�, DFO) is the first
choice approach for iron chelation. The dosage, typically
10–50 mg/kg/d, is adjusted to counter-balance the
accumulation of iron from transfusion (Porter, 2001).

Unfortunately, a number of patients fail to maintain
satisfactory compliance with this treatment.

The need for a bioavailable oral iron chelator led to the
discovery of deferiprone (1,2-dimethyl-3-hydroxypyridin-
4-one, DFP, previously named CP20, L1) (Hider et al,
1982). This compound has been studied extensively and
several clinical trials have been reported (Kontoghiorghes
et al, 1987, 1990a; Olivieri et al, 1990). Moreover, the
desirable properties of this molecule have stimulated
research on closely related iron chelators (Porter et al,
1989a; Liu et al, 1999).

Early short-term trials with deferiprone 75 mg/kg/24 h
indicated that it possessed a similar efficacy to that of 30–
40 mg/kg/24 h desferrioxamine in promoting iron excre-
tion in iron-loaded patients (Kontoghiorghes et al, 1990a;
Olivieri et al, 1990; Töndury et al, 1990; Al-Refaie et al,
1992). This claim was based on urinary iron excretion (UIE)
and serum ferritin (SF) measurements. In contrast to
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desferrioxamine, faecal iron excretion was initially reported
to be negligible with DFP (Kontoghiorghes et al, 1990b;
Olivieri et al, 1990). However, subsequent studies reported
appreciable amounts of iron in the stools (up to 33%)
(Collins et al, 1994; Grady et al, 1996).

Longer-term trials (1–4 years) led to the observation of
a more complex pattern of response to DFP. The most
promising results were reported from severely iron-overloa-
ded patients (Agarwal et al, 1992; Al-Refaie et al, 1995a,b).
Typically, patients receiving DFO, with liver iron concen-
trations (LIC) > 4470 lg/gw.w. (w.w. ¼ wet weight) in
biopsies had a 50% decrease of LIC as measured by
biomagnetic liver susceptometry after 3 years of treatment
with DFP (Olivieri et al, 1995). In a more recent study of 26
patients treated with DFP for 40 months, no significant
change was found in SF or in UIE (Hoffbrand et al, 1998). In
all these studies, DFP was applied to less compliant
thalassaemic patients with more severe iron overload, as
characterized by a mean ferritin value SF > 3000 lg/l
(Hoffbrand et al, 1998; Mazza et al, 1998; Taher et al,
1999). In most studies, the chelation effectiveness of DFP
was estimated by comparing SF and UIE values with the
initial values following DFO treatment. The only random-
ized prospective trial comparing DFO and DFP (Olivieri &
Brittenham, 1997) reported a significant increase of LIC in
patients treated with DFP, whereas patients under DFO
treatment remained stable. These patients had remarkably
low iron stores of about 2400 lg/gw.w..

In long-term studies of DFP treatment, the possibility of
developing liver fibrosis has become a major concern
(Olivieri et al, 1998; Piga et al, 1998; Stella et al, 1998;
Töndury et al, 1998) and a loss of efficacy has been claimed
(Matsui et al, 1991; Töndury et al, 1998; Taher et al,
1999).

The efficacy of iron chelation therapy is usually evaluated
by measuring the UIE or changes in SF (Al-Refaie et al,
1995a,b,c; Kersten et al, 1996; Hoffbrand et al, 1998).
However, these parameters give no direct information on
the amount of, and changes in, body storage iron under
therapy, especially in severely iron-loaded patients (Britten-
ham et al, 1993; Fischer et al, 1999). Direct assessment of
tissue iron is crucial in the evaluation of the efficacy of an
iron-chelating agent. The non-invasive method of Super-
conducting Quantum Interference Device biomagnetic liver
susceptometry (SQUID-BLS) has been used to evaluate
efficacy in only two centres (Nielsen et al, 1995; Olivieri
et al, 1995). This method precisely monitors liver iron
concentrations in iron-loaded patients and, in principle, can
be used to determine the long-term efficacy of iron-depletion
therapy (Fischer, 1998).

In this non-randomized, non-stratified prospective study,
SQUID-BLS has been used in two thalassaemia major groups
receiving chelation therapy with either DFP or DFO. We
tried to investigate, describe and possibly predict the efficacy
of the two chelators under a certain chelation and trans-
fusion treatment regimen with the possibility of extending
the findings to other chelator or treatment regimens, rather
than directly comparing DFP with DFO under the same
conditions.

PATIENTS AND METHODS

Patients from Turin with b-thalassaemia major (n ¼ 54,
aged 7–22 years) were followed annually by SQUID bio-
magnetometry over a 4-year period (1994/95–1999) at the
Hamburg Biosusceptometer facility. Patients participated
either in a programme of compassionate or experimental
(Cohen et al, 2000) use of DFP. Further patient character-
istics were as follows: mean age 16Æ9 ± 3Æ5 years, 29% were
less than 16 years of age, 50% were female, 91% of patients
were hepatitis C virus (HCV) positive, 32 patients were
initially splenectomized and five patients received a splen-
ectomy during the trial period (see also Table I). All patients
under DFP treatment gave their free and informed consent
in writing to enter the trial. The programme was approved
by the ethical committee of the University of Turin.

In order to extend the investigation of efficacy to another
chelator, a group of patients with b-thalassaemia major
(n ¼ 51, aged 4–34 years) under chelation treatment with
s.c. DFO (34Æ2 ± 4Æ6 mg/kg/d) was evaluated. These pa-
tients were monitored routinely every 1–2 years by SQUID
biomagnetometry for iron overload. Further patient char-
acteristics were as follows: mean age was 16Æ6 ± 7Æ3 years,
47% were less than 16 years of age, 65% were female, 65%
of the patients were HCV positive, 33 patients were initially
splenectomized and one patient had a splenectomy during
the observation period. Vitamin C (25–100 mg/d) was
prescribed for 44 of 51 patients receiving DFO.

1,2-dimethyl-3-hydroxypyridin-4-one (DFP) was supplied
as 0Æ5 g tablets from Apotex Inc. (Weston, Ontario,
Canada). A standard dose of 75 mg/kg/d in three divided
doses was adopted. Compliance was controlled by the
Medication Event Monitoring System (MEMS�) (Olivieri
et al, 1991). Before treatment with DFP, patients were
treated with 35Æ3 ± 9Æ3 mg/kg/d s.c. DFO and vitamin C.
The patient’s nominal chelator dosage was multiplied by
his/her compliance in order to obtain a mean chelation dose
for comparison with other patients and for further calcu-
lations.

Haematological and biochemical parameters. Serum ferritin
was determined by a fluoroimmuno assay (Autodelfia,
Wallac Oy, Finland). Mean SF and alanine aminotransferase
(ALT) was derived from at least three values within two
transfusion intervals that were nearest to the SQUID-BLS
measurement. Increased values during infection and/or
occasionally elevated ALT levels were not considered.

The mean daily iron input from transfusion, Kin [mg
Fe/d], was calculated according to accepted international
guidelines from the amount of blood transfused between
two SQUID-BLS measurements (Thalassemia International
Federation, 2000).

Measurement of liver iron concentration (LIC) and estimation
of total body iron stores. Liver iron concentrations were
measured using a SQUID biosusceptometer (BTi, San Diego,
CA, USA) (Paulson et al, 1991; Fischer, 1998). As this
technique relies only on the magnetic properties of haemo-
siderin and ferritin iron, spleen iron concentration was also
measured (Engelhardt et al, 1995). Assuming 80% of
storage iron to be present in the liver and spleen of
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iron-overloaded patients, the main total body iron stores
could be estimated from liver and spleen volumes and
biomagnetically-determined iron concentrations (Fischer
et al, 1999). Liver and spleen volumes were measured
using bedside sonographic imaging and cross-laser align-
ment of an ultrasound probe (Leung et al, 1986). Total body
iron elimination (TBIE) rates were estimated from the daily
iron input from transfusions and the difference of iron stores
in a certain treatment interval (Fischer et al, 1999).

While the assessment of the chelator efficacy, according
to the difference between initial and final total body iron
stores (or LIC), had to assume a constant daily iron input
within the chelation treatment interval, the TBIE rate also
took into account a variable daily iron input from transfu-
sions.

Model interpretation of chelator efficacy. The total body
iron store during a certain treatment interval can be
interpreted in the framework of a two-compartment model
(Fischer et al, 1999). The transfused iron Kin and, to a lesser
extent, the absorbed iron accumulate in the body iron store
US(t). Iron stores can change dramatically over long
treatment intervals (> 1 year), giving rise to different iron
concentrations in the chelatable iron pool UCIP(t) which is
assumed to be in fast exchange with the iron store itself, i.e.
UCIP(t) ¼ const Æ US(t). It can be shown that the time-
dependent body iron store US(t) is described by a non-linear
1st order differential equation (1):

dUs=dt ¼ Kin � kel � UsðtÞ ð1Þ

where the TBIE rate constant kel [d)1] (¼ chelation prob-
ability) is a function of the mean chelator dose rate Kch and
the chelatable iron pool UCIP. Assuming a saturation
function (Gold, 1977: Hill equation) for the iron elimination
rate constant, as in equation (2), results in a non-linear
differential equation (1) with an approximate solution
(Euler–Cauchy method) for the iron store US(t).

kel ¼ k0
el þ kmax

el =½1 þ ðMch=CchÞn� ð2Þ

Thus, the efficacy of a chelator can be described by the iron
elimination rate constant kel [%/d] with a maximum
saturation rate constant kmax

el , the specific chelator dose
rate Cch ¼ Kch/US [mmol/d/g-Fe] and its dose constant Mch

at half-maximum elimination rate. The value for the basal
elimination rate constant k0

el is 0.06%/d (Fischer et al,
1999).

In 1st order approximation, equation (1) can be solved
analytically by assuming constant elimination rate con-
stants within 1-year DFP treatment intervals. These elim-
ination rate constants were fitted by equation (2) by
calculating an averaged specific chelator dose rate Cch from
the initial and final iron store of the respective interval.
Assuming steady state conditions: dUS/dt ¼ Kin ) kel Æ
US ¼ 0, a TBIE rate constant was also derived for treatment
with DFO at baseline.

Statistical methods. The skewness and kurtosis were
calculated for all parameters. For those parameters with
an absolute skewness > 0Æ5 or an absolute kurtosis > 1Æ0
(e.g. SF, LIC), a median value and the interquartile range

was calculated instead of the arithmetic mean and its
standard deviation. Consequently, the U-test or paired
Wilcoxon-test was used for testing significant differences
between groups instead of the paired T-test. Paired statis-
tical tests take into account different numbers of patients,
especially after 4 years of DFP treatment. Linear correlation
was performed only after logarithmic transformation of the
observables with skewed distributions. For statistical
parameters and significance tests, the respective built-in
functions of EXCEL 97 (Microsoft Corp., Seattle, WA, USA)
and STATISTICA, version 6Æ0 (StatSoft Inc. 1998, Tulsa,
OK, USA) were used. Special fit procedures based on
the least chi-squares method (Marquardt algorithm)
were written in Microsoft Visual Basic and HP-Basic for
Windows.

RESULTS

Fifty-four patients with b-thalassaemia major were monit-
ored non-invasively by SQUID BLS for iron store changes at
baseline, under s.c. desferrioxamine chelation therapy
before beginning the clinical trial with deferiprone, and
after 1Æ1, 2Æ0, 3Æ2 and 4Æ0 years (see Table I). At baseline,
the median LIC was 1456 lg/gliver, with an interquartile
range of 1070–1968 lg/gliver, and a total range of 460–
4040 lg/gliver. Typical examples of changes in LIC in
response to the underlying iron transfusion rate and
chelation dose are presented for three patients in Fig 1.
One patient exhibited increased iron levels, one displayed
virtually no change and one displayed a negative iron
balance.

No severe side effects were observed in this group of
patients during 2–4 years of DFP treatment as reported by
Cohen et al (2000). In the third year, five patients discon-
tinued the chelation treatment with DFP, two of them for
reasons of discomfort associated with the weekly white
blood count controls, two for low efficacy of the chelation
treatment by DFP, and one patient for experiencing a
decrease of LIC from 1462 to 341 lg/gliver. SQUID meas-
urement could not be performed for four patients in the
third year. After 4 years, only 10 out of 45 patients had a
fifth SQUID measurement performed.

As many of the patients were children or adolescents,
they gained height and weight during the study (Table I),
and this was associated with increased daily iron input
from transfusions. The LIC and the total body iron store
increased significantly. In the group of 51 patients
receiving only DFO treatment, apart from growth-related
parameters [body mass index (BMI), liver volume], no
significant changes were observed. Daily iron input of
18Æ9 mg/d from transfusions was in equilibrium with the
TBIE rate of 18Æ5 mg/d.

A poor correlation between SF and LIC after logarithmic
transformation was observed at baseline (R ¼ 0Æ45), after
1Æ1 years (R ¼ 0Æ49), 2Æ0 years (R ¼ 0Æ49) and 3Æ2 years
(R ¼ 0Æ62). The LIC increased steadily under deferiprone,
whereas the mean SF values were found to be constant, at
1900–2200 lg/l, with no significant difference between
baseline and final ferritin values (Table I).
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As shown in Fig 2, the relative change of LIC after
2Æ0 years of treatment with DFP, with respect to the
baseline LIC, appeared to depend significantly on the initial
LIC (R ¼ 0Æ66, P < 10)3). However, this extrapolation
could not be derived from a similar comparison with SF
values (R ¼ 0Æ28, P > 0Æ01; data not shown).

The relative change of mean annual SF values versus the
relative change of total body iron stores after 2 years of
treatment with DFP is presented in Fig 3. The rectangle
indicates 16 patients out of 54 with negative or zero relative
change of body iron store (error of iron store difference
< 14%). Although there was a significant linear correlation
between these two determinations of iron balance
(R ¼ 0Æ56, P < 0Æ001), a negative ferritin change did not
implicate a negative total body iron balance. This trend
became even clearer after 3Æ2 years of DFP treatment
(R ¼ 0Æ64, data not shown). A positive ferritin change
indicated a positive iron balance.

In the group of 51 patients under continuous DFO a
similar correlation was observed (R ¼ 0Æ60, P < 0Æ001,
data not shown). However, there were fewer patients with a
negative ferritin change and a positive iron balance.

The different response of SF and LIC was clearly shown by
its ratio (Table I), which decreased significantly from 1Æ37
under DFO treatment to 0Æ9 after 3Æ2 years of DFP
treatment. In 15 of 17 non-splenectomized patients, no
significant change was observed by the paired Wilcoxon-test
(Table II), either in spleen iron (P > 0Æ7) or in SF (P > 0Æ6)
concentrations, whereas LICs increased significantly
(P < 0Æ01).

In addition to the change of iron stores, TBIE rates also
took into account the daily iron input rate from transfusion
rates, increasing from 20Æ8 to 25Æ1 mg/d (Table I). Out of
54 patients, 36 had higher TBIE rates than under baseline
DFO treatment. In Fig 4, the TBIE rates for the two patient
groups under continuous 2-year treatment with DFP and
DFO are compared in relation to their mean chelator dose
rates. Patients treated with DFP had significantly higher
mean rates (22Æ9 ± 6Æ5 mg/d) than patients treated with
DFO (18Æ5 ± 4Æ9 mg/d). The mean molar efficiencies may
be calculated for DFO and DFP from the slopes of the
straight lines in Fig 4, of 9Æ2 ± 0Æ2 and 2Æ5 ± 0Æ1 (mg/d)/
(mmol/d) respectively. In addition, the 16 patients with
negative iron store balance under DFP showed considerably

Fig 1. LICs ± methodological errors in

patients with b-thalassaemia major with

typical positive (.), zero (h) and negative (s)

iron balance under treatment with deferi-

prone. Curves are non-linear model fits

adjusted for initial iron stores, annual trans-

fusion and mean chelator dose rates.

Fig 2. The relative change in LIC after

2 years (y) of deferiprone (DFP) treatment in

relation to the LIC at baseline (R ¼0Æ66,

P < 10)3).
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higher chelator rates and chelated iron more efficiently
under DFP than under baseline DFO (P < 0Æ001, paired
Wilcoxon test).

The specific chelator dose rate was calculated from the
mean chelator dose rate divided by the mean iron store of
the respective treatment interval (Fig 5). Thus, patients
with large iron stores and/or lower chelator dose had low
specific chelator dose rates. Elimination rate constants were

calculated for the baseline DFO treatment, for the successive
DFP treatment intervals after 1Æ1, 2Æ0, 3Æ2 years and for the
group of thalassaemic patients after 1Æ9 years of continuous
DFO treatment. For the baseline DFO treatment regimen,
steady-state conditions were assumed (dUS/dt ¼ 0, see
equation 1). This enabled the calculation of the TBIE rate
constant from the baseline iron store value only. The TBIE
rate constants for the patients at baseline DFO treatment

Table II. Monitored parameters at baseline [desferrioxamine (DFO) treatment] and after 3 years of continuous

deferiprone (DFP) treatment in 15 non-splenectomized patients with b-thalassaemia major.

Months after

start of DFP

Liver iron by

BLS (lg/gliver)

Liver volume

(ml)

Spleen iron

(lg/gspleen)

Spleen volume

(ml)

Serum

ferritin (lg/l)

Baseline DFO 1260 [910] 1345 ± 293 1280 [547] 353 ± 147 1880 [865]

13Æ4 ± 2Æ0 1750 [581] 1455 ± 252 1227 [444] 376 ± 134 1908 [629]

23Æ4 ± 2Æ0 1937 [706] 1670 ± 428 1208 [642] 420 ± 124 2103 [749]

38Æ1 ± 4Æ8 2371 [755] 1617 ± 348 1264 [631] 424 ± 165 2198 [593]

P* 0Æ006 0Æ008 0Æ73 0Æ048 0Æ65

Results given as median [interquartile range].

*Comparing baseline results with results after 2 years of deferiprone treatment by paired T-test (means) or paired

Wilcoxon-test (medians).

Fig 3. Correlation of relative SF levels with

total body iron store changes as indicators of

iron balance after 2 years of treatment with

deferiprone (DFP: R ¼ 0Æ56, P < 0Æ001). The

rectangle indicates the patients with a nega-

tive iron balance (± uncertainty range of

14%).

Fig 4. TBIE rates in relation to mean chelator

dose rates, Kch, under continuous treatment

with desferrioxamine (DFO) and deferiprone

(DFP) for 2 years (y). Large solid symbols with

error bars represent mean values ± SD, the

circled symbols indicate 16/54 patients with

negative iron balance after 2 years of DFP

treatment, and slopes of the straight lines

indicate molar efficiencies.
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and for those 51 patients under continuous DFO treatment
were not significantly different (Fig 5). There was also no
significant difference between the TBIE rate constants after
1Æ1, 2Æ0, 3Æ2 and 4Æ0 years of DFP treatment (paired
Wilcoxon-test). Thus, all TBIE rate constants were fitted
by the saturation function of equation (2), resulting in a
maximum saturation rate constant, kmax

el , of 12Æ2 ± 1Æ7%/d
and in a specific chelator dose rate for half-maximum
elimination rate, Mch, at 13Æ9 ± 2Æ3 mmol/d/g-Fe for DFO
(n ¼ 1: R2 ¼0Æ89). For DFP the respective parameters were
1Æ54 ± 0Æ08%/d and 3Æ10 ± 0Æ17 mmol/d/g-Fe (n ¼ 2:
R2 ¼ 0Æ77).

DISCUSSION

Patients under chelation treatment with deferiprone
and desferrioxamine
The effects of deferiprone and desferrioxamine were studied
in the same time interval (1994–1998) in two groups of
well-treated b-thalassaemia major patients. The two groups
were similar in baseline or initial values of number, age,
number of splenectomized patients, compliance with DFO,
LIC and other parameters (Table I). The assumption of
steady-state at baseline DFO treatment may not hold for
every patient in the DFP study group, therefore the group of
patients under continuous DFO treatment was monitored
for iron overload. The most striking differences were seen in
the daily iron input rates from transfusion, which increased
significantly under DFP treatment because of weight gain,
with important consequences for the evaluation of the iron
balance. The age-adjusted higher weight gain in DFP
patients may be a result of a drug-specific stimulation of
appetite.

Iron stores
Disregarding the systematic uncertainty in the liver iron
fraction of about 10% (Fischer et al, 1999), the relative

error of total body iron stores was determined mainly by the
inaccuracy of LIC by biomagnetic liver susceptometry
(mean error, 200 ± 65 lg/gliver) and that of the mean liver
volume, estimated from at least three repeated scans (mean
error, 185 ± 102 ml). Then, the resulting mean relative
error of the iron store determination was 10%. Conse-
quently, iron store differences were inaccurate to about 14%
(e.g. in Fig 3).

Iron balance
The LIC indicates a negative or positive relative iron store
change. Although organ volumes vary significantly in
thalassaemic patients (Fischer et al, 1999), a negative or
positive iron balance can be quantified in a straightfor-
ward manner from the difference between the iron stores
before and after a certain chelation treatment interval in
relation to the baseline value. Interestingly, as shown in
Fig 2, the iron balance also depends on the initial LIC as
previously reported (Olivieri et al, 1995; Del Vecchio et al,
2000).

A superior indicator of iron balance is the TBIE rate,
which also takes into account the differing daily iron input
rates from transfusions. Comparing the mean TBIE rates of
22Æ9 and 18Æ5 mg/d (Table I) after 2 years of chelation
treatment indicated that deferiprone and desferrioxamine
had similar efficacy in most patients. If the TBIE rates after
2 years of treatment with DFP were compared with the
baseline TBIE rate (20Æ8 mg/d), 67% of the patients would
have at least baseline TBIE rates.

The TBIE rate was derived without any model assump-
tions from the transfusional iron input and the observed
differences in iron stores. On average, the iron store
difference per day and the daily iron input rate from
transfusions contributed 6% and 94%, respectively, to the
TBIE rate. Thus, it would be difficult to estimate the iron
balance from the UIE, which will mainly be determined by
the 94% of iron transfused.

Fig 5. TBIE rate constants for thalassaemic

patients at baseline and under continuous

desferrioxamine treatment (DFO: s and d).

Patients at baseline DFO were continuously

treated for 1Æ1, 2Æ0, 3Æ2 and 4Æ0 years with

deferiprone (DFP: n, e, h and m). Saturation

functions of the specific chelator dose rates

were fitted to DFO (dashed lines) and DFP

(solid lines) data with 90% prediction range

respectively.
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Long-term efficacy
This should be derived from treatment periods lasting for at
least 2 years. Very few studies have been performed with a
reasonably large number of patients over such a time
period. In most studies, the mean initial SF level or LIC were
higher than the median SF value (1897 lg/l) or the median
LIC (1456 lg/gliver) of this study (Al-Refaie et al, 1995a,b;
Olivieri et al, 1995; Hoffbrand et al, 1998; Taher et al,
2001). This could possibly explain why some of these
studies have reported encouraging results whereas discour-
aging results (mean LIC, 2370 lg/gliver) were reported by
Olivieri & Brittenham, 1997). Direct comparison with some
of the earlier studies is difficult as iron store assessments at
baseline were performed by liver biopsies and thereafter by
SQUID liver susceptometry (Olivieri et al, 1995; Diav-Citrin
et al, 1999). Indeed, possible overestimation of the LIC on
liver biopsy (Ambu et al, 1995) may lead to overestimation
of chelator efficacy.

SF is not useful for the purpose of efficacy evaluation as is
clearly demonstrated in this study (Fig 3) and as previously
reported by Hoffbrand et al (1998), when relatively large
liver iron estimations (based on biopsies) were obtained after
40 months of DFP treatment. Moreover, SF is not only a
poor predictor of iron stores (Brittenham et al, 1993; Fischer
et al, 1999), but also fluctuates considerably during treat-
ment (Nielsen et al, 1995). Nevertheless, SF changes may
preferentially indicate changes in the reticulo-endothelial
iron stores. Together with the observation of constant
spleen iron concentrations during DFP treatment, this may
reflect different chelatable iron pools for DFP and DFO.

A direct comparison of the chelation efficacy of DFO and
DFP has been performed in only a few studies (Olivieri et al,
1997; Taher et al, 2001). In a prospective randomized trial,
Olivieri et al (1997) found an increase in mean liver iron
stores of 1Æ5-fold and 1Æ1-fold over a treatment period of
33 months with DFP and DFO respectively. A similar result
was found in this study over a treatment period of 24 (39)
months with a 1Æ2(1Æ7)-fold and 1Æ1-fold increase of LIC for
DFP and DFO respectively (Table I). However, such an
approach does not take into account a possible small change
in the amount of transfused iron and its resulting large
impact on iron stores.

Molar efficiencies were calculated from the TBIE rate and
the mean chelator dose rate for DFO and DFP (Fig 4 and
Table I). Based on the changes in total body iron stores of
thalassaemia major patients (2000 lg/gliver), the same
mean molar efficiency was recently reported for DFO
(Brittenham et al, 1998). A similar ratio of molar efficiency
of 3 : 1 was found by Bergeron et al (1992) for the two
chelators in Cebus monkeys.

Derivations from model interpretation
The striking parameter of the assumed two-compartment
model is its iron elimination rate constant (equations 1 and
2). This model allows for the time-dependent description of
the change of iron stores and, for the first time, a
theoretically derived quantitative formulation of the efficacy
of a chelator. If it is assumed that a chelatable iron pool
(Hershko & Rachmilewitz, 1978; Octave et al, 1983) is in

equilibrium with the iron storage pool, the respective iron
elimination rate constant kel will be inversely proportional
to the iron store US (Fischer et al, 1999). In 1st order
approximation, the TBIE rate can be theoretically derived
from equation (1) as kelÆUS, which would result in a nearly
constant rate for a given chelator dose. This may explain
why many investigators have not observed any significant
change in UIE (Kersten et al, 1996; Hoffbrand et al, 1998).

The existence of a limited chelatable iron pool leads to a
‘bottleneck’ effect (Gold, 1977), which can be considered as a
saturation function of the elimination rate constant. Cur-
rently, there is no method capable of quantifying the
chelatable iron pool, and therefore a specific chelator dose
rate Cch has been introduced as an approximate representa-
tion (Fischer et al, 1999). The basic concept is similar to the
therapeutic index of Porter et al (1989b), which relates the
chelator dose with the iron store, i.e. the SF concentration.

For the involvement of more than one substrate mole-
cule, as in the case of DFP, a more complex function has to
be assumed for the chelation process. Taking into account
the different number of iron binding ligands of the two
chelators (DFO:Fe ratio ¼ 1 : 1, n ¼ 1; DFP:Fe ratio ¼ 3 : 1,
n ¼ 1, 2, 3) in equation (2), acceptable fit parameter errors
and an optimum coefficient of determination (R2 ¼0.77)
resulted in n ¼ 2 for chelation with DFP.

Describing the mean efficacy of a chelation treatment
with DFP or DFO by the iron elimination rate constant as
derived from Fig 5, will result in the calculation of a
maximum daily iron input rate from transfusion for a given
chelator dose and total body iron store (see equation 1). This
practical approach has been plotted for various chelator
doses and initial total body iron stores for a chelator
treatment with DFP (Fig 6A) and DFO (Fig 6B) and may be
used to predict the probable outcome of a particular
chelation treatment.

For a typical DFP dose of 75 mg/kg/d in a 50 kg patient
corresponding with 9 mmol/d (see dashed line in Fig 6A),
only patients with a daily iron input rate from transfusion
(and absorption) of less than about 18–22 mg/d are
predicted to achieve a negative iron balance. Patients with
iron stores between 2000 and 5000 mg are predicted to
tolerate transfusion rates up to 23 mg/d (Fig 6A).

For a typical mean DFO dose of 30 mg/kg/d in a 50 kg
patient corresponding with 2Æ3 mmol/d (see dashed line in
Fig 6B), only patients with a daily iron input rate from
transfusion (and absorption) of less than about 22–27 mg/d
are predicted to achieve a negative iron balance. Patients
with iron stores below 4000 mg are predicted to run into
positive iron balance with such a transfusion rate (Fig 6B).

Conclusion
Every new oral iron chelator must be demonstrated to
possess the capability of depleting excess iron stores in iron-
loaded patients, as has been shown for desferrioxamine
(Cohen et al, 1984). A TBIE similar to that of DFO was
achieved in 67% of thalassaemia major patients (n ¼ 54)
after 2 years, while LIC or the total body iron stores
increased in 72%, mainly caused by an increase of
transfused iron (17%) due to weight gain. These results
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indicate that the standard dose of 75 mg/kg/d would be
sufficient to induce a negative iron balance in a large
proportion of thalassaemic patients on long-term iron
chelation. Thus, these results shed new light on the
controversy of DFP efficacy (Pippard & Weatherall, 2000).

The difference between the two chelators DFO and DFP is
clearly demonstrated by a saturation effect of the model-
derived TBIE rate constant of 1Æ6%/d, at a specific DFP
chelator dose rate of 3 mmol/d/g-Fe, which corresponds to

liver iron concentrations below 1000–2000 lg/gliver at the
standard dose of 75 mg/kg/d. The model parameters for
DFO and DFP (Fig 6A and B) enable the prediction of an
average chelation efficacy for a certain chelation treatment
regimen with the knowledge of the total body iron store, the
daily iron input from transfusions and the mean chelator
dose rate. Periodic monitoring of iron overload by bio-
magnetic liver susceptometry over an observation period of
at least 2 years is the only sufficiently precise non-invasive

Fig 6. Contour plots for achieving equilibrium

between daily iron input from transfusions

and TBIE under chelator treatment with def-

eriprone (DFP: A) and desferrioxamine (DFO:

B). A negative iron balance is achieved if the

intersection between a mean chelator dose

rate and a measured total body iron store is

left of the isoline of daily iron input from

transfusion (mg/d) (see text for further

explanation).
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method to assess the efficacy of a chelator in thalassaemic
patients. Our results confirm that SF changes alone are
unable to provide quantitative information on the efficacy of
a chelator, and that they may be influenced preferentially
by RES iron store changes. Deducing the efficacy of a
chelator only from the change of LIC (LIC) or total body iron
stores could be misleading. This would imply that all other
parameters influencing LIC, such as the transfusion rate,
should be accurately monitored and taken into account.
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