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To investigate the applicability of noninvasive Superconducting Quantum Interference
Device (SQUID) biomagnetic liver susceptometry and its limitations in thalassemic chil-
dren, 23 patients with b-thalassemia major and other iron loading anemias (age: 4–16
years) and 16 age-related normal children were studied. Liver iron concentrations ranged
from 600 to 11,000 µg/g liver for thalassemic patients and from 60 to 340 µg/g liver for normal
patients. Measuring the respective organ volumes by sonography, liver and spleen iron
stores, accounting for 80% of total body iron stores, were estimated. Nonliver contribu-
tions from the lung or intestine to the measured SQUID signals in the small-sized patients
were not observed. Moreover, livers in thalassemia were found to be enlarged by 18% per
1,000 µg/g (r = 0.75, P < 10−3). Serum ferritin values correlate significantly with iron stores
(r = 0.64, P < 10−3), but predict iron stores only within large error intervals of 4,000
µg/g liver . Analyzing the experimental data from biomagnetometry and from related trans-
fusion and chelation treatment data within the framework of a two-compartment model,
we were able to derive additional information on total body iron elimination and chelation
therapy efficacy. The exponential decline of iron stores allows forecast of steady-state
conditions of the final iron load for a particular transfusion and chelation therapy regi-
men. Am. J. Hematol. 60:289–299, 1999. © 1999 Wiley-Liss, Inc.
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INTRODUCTION

Patients with iron loading anemias such as thalassemia
need regular blood transfusions. The consequence of this
therapy is an increased iron accumulation in a variety of
organs, especially the liver. Due to the increased iron
stores, first in the macrophages of the reticuloendothelial
system and then after redistribution into the parenchymal
cells, these patients are at high risk for iron-induced car-
diomyopathy, diabetes, and hepatic cirrhosis [1]. To pro-
tect thalassemic patients, especially children, against
these risk factors, it is crucial that the iron accumulation
is kept at reasonably low values by a certain iron chela-
tion therapy regimen. On the other hand, drug toxicity
from overdosing of chelation therapy has to be avoided.
Several invasive and noninvasive methods now exist for
monitoring iron overload with different degrees of pre-
cision and reliability [2]. Noninvasive biomagnetic liver
susceptometry (BLS) offers the possibility to monitor
routinely iron overload during chelation therapy with
sufficient precision in young and adult patients [3,4].

Nevertheless, acceptance of this method by clinical cen-
tres is limited by its apparent complexity and availability
at only two centres in the world (Cleveland and Ham-
burg). However, this situation may change now with new
efforts to enhance clinicians’ awareness of this method
[5].

Because biosusceptometry, in contrast to quantitative
magnetic resonance imaging, has only a limited spatial
resolution, current detector configurations may not be
suited for the smaller-sized livers and bodies in children.
Moreover, there were concerns about the practicability of
this method in young children because of the use of a
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water interface of 6–8 kg [6]. This study aimed to inves-
tigate the applicability of Superconducting Quantum In-
terference Device (SQUID) biomagnetometry and its
limitations in thalassemic children. The additional inves-
tigation of normal age-matched children would also re-
veal any shortcomings with respect to sensitivity, preci-
sion, spatial resolution, and patient noise from nonliver
contributions. The measurement of liver iron concentra-
tion (LIC) is only a first step in the assessment of total
body iron stores and at least, must be related to liver size
[7, p 215], especially as livers (and spleens) are often
enlarged in thalassemic patients.

Besides the well-established chelation therapy with
deferoxamine (DFO), the oral chelator deferiprone (L1)
is available at least for compassionate use. To evaluate
the efficacy of these and forthcoming novel chelators,
iron balance kinetics have to be described in a quantita-
tive manner in relation to the iron influx from red cell
transfusions, the chelator and its dosage, the change in
total body iron stores, and the iron efflux by urinary and
fecal excretion [8]. The analysis of biomagnetometry de-
rived parameters in the framework of a mathematical
model produces a more complete picture of thalassemia
than could be derived from measurement of LIC alone.

MATERIALS AND METHODS
Patients and Normal Subjects

In 23 patients (aged 2–31 years) withb-thalassemia
major (14) or intermedia (4), and other iron loading ane-
mias (5), liver and spleen iron concentrations were de-
termined from biomagnetic susceptibility measurements
and compared with results from 16 normal children and
young adults (aged 7–25 years). The patients were in-
vestigated during their routine checkup before blood
transfusion in the hospital and informed consent was
given by all subjects or parents. All thalassemic patients
had been transfusion dependent since early childhood
and on regular chelation therapy regimen with s.c. DFO
since the age of 4 to 7 years. In five patients biomagn-
etometry could be performed before the onset of the first
regular chelation therapy. These patients had received
only single doses of DFO (3 g) at the time of transfusion
of filtered erythrocyte concentrates.

Clinical Parameters

The net weight of filtered erythrocyte concentrates
(EC) was documented during each transfusion. The
amount of iron from one EC was calculated from the data
of the hospital’s blood bank (243 ± 19 ml/EC with 0.245
± 0.007 g Hb/ml).

All patients were tested regularly for standard bio-
chemical parameters, especially for serum levels of the
liver enzyme alanine aminotransferase (ALT) and for
antibodies of a hepatitis C virus infection (HCV). Only

four of the 23 patients tested positively for HCV infec-
tion. Serum ferritin concentration was measured in our
laboratory by an immunoradiometric assay (Ramco Lab.,
Houston, TX) adjusted by the international ferritin stan-
dard WHO 80/602. At least three ferritin values within
two transfusion intervals nearest to the BLS measure-
ment were averaged, excluding increased values by el-
evated ALT levels.

SQUID Biosusceptometry

The biomagnetic measurements were performed by
lowering the patient in the constant nonuniform magnetic
field of the Hamburg Biosusceptometer (Ferritometert,
BTi, San Diego, CA), with a water coupling membrane
as a reference medium [3] instead of the air reference
favored by Hartmann et al. [6]. The system, with two 2nd
order gradiometers and rf-SQUIDS for magnetic flux
amplification, has been described in more detail else-
where [9]. In short, bed-side sonography (positioning,
liver/spleen contour, and volume estimation) was done
on patients in the supine position by laser-cross align-
ment. Patients with the water coupling membrane above
the liver or spleen (water pressure: 6–9 kg) were lowered
dynamically by 7 cm at a maximum speed of 0.7 cm/sec
within the magnetic field of the superconducting coils.
Patients stopped breathing for 10 sec during the measure-
ment, in most cases in an exhaled state. The breathing of
very young children did not result in serious noise con-
tributions from lung tissue. However, to stabilize a found
optimum position could become more difficult. There-
fore, in young patients (<5 years) a sedation may be
envisaged.

On average, three measurement runs vs. the water ref-
erence medium and one vs. the air reference were ob-
tained. Data analysis of the registered SQUID voltages
was done by modeling of the magnetic flux change from
ellipsoidal organ and cylindrical/hemispherical body ge-
ometries as a function of the liver-skin-detector distance
[10]. The concentrations of paramagnetic human hemo-
siderin/ferritin iron in liver and spleen were calculated
from the magnetic organ susceptibilities by means of the
specific magnetic susceptibility of human ferritin iron
[11]. The calibration of this method was performed by
the physical measurement of an infinite water half space,
resulting in an adjustment of the calibration factor to an
equivalent ferritin iron concentration of 5,873mg/ml.
This avoided any uncertainties in geometry and magnetic
susceptibility. A verification of LIC from BLS has been
accomplished previously by liver biopsies from patients
with genetic hemochromatosis [4,10]. A homogeneous
susceptibility, i.e., a homogeneous liver iron distribution,
was assumed in the detection region of interest (diam-
eter: 7 cm; depth: 3.5 cm). At optimum measuring posi-
tions in adults, the interfering effects from surrounding
paramagnetic tissues (lungs, intestine) and deep-lying
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large blood vessels could be neglected due to the local-
ized magnetic sensitivity.

Although the system sensitivity was equivalent to 20
mg/gliver [9], larger overall errors had to be expected in
patient measurements with this nonlocalizing method.
Besides the statistical error of about 20 to 100mg Fe/
gliver from three to four measurement runs, systematic
errors in the skin–liver distance ofDzliver 4 0.5 mm and
in the thorax tissue susceptibility ofDxtissue 4
0.05? 10−6 SI units were assumed. The influence of these
systematic errors on the calculated LIC was simulated for
various realistic patient measurements with skin–liver
distances between 10 and 34 mm, thorax tissue suscep-
tibilities between −9.132 and −8.532? 10−6 SI units, and
LIC between 118 and 12,170mg Fe/gliver.

Organ Volumes and Analysis of
Biomagnetometry Data

The main total body iron stores can be estimated by
measuring additionally spleen and liver volumes by
sonographic imaging in a similar technique as described
by Leung et al. [12]. A 3.5 MHz linear ultrasound probe
(length 10 cm) was aligned vertically in its center with a
cross-plane laser over the liver or spleen of a patient on
the bed of the biosusceptometer. Sagittal (liver) or trans-
versal (spleen) slices at known gap distances were inte-
grated by the imager software (CS100: Picker, Ger-
many). Thus, total body iron stores, US, could be calcu-
lated from liver (and spleen) iron concentrations, cFe, as
determined by BLS and their organ volumes, V, accord-
ing to equation 1. Summarizing published results on tis-
sue iron concentration in thalassemia [7], a mean liver
(and spleen) total body iron fraction, LIF, of 80 ± 10%
was assumed (see Discussion on this item).

US 4 [(cFe ? V)liver + (cFe ? V)spleen]/LIF. (1)

When performing BLS measurements before to and
after t, a certain therapy interval with known iron influx
rate from transfusions (Kin), the total body iron elimina-
tion rate (TBIE) could be calculated according to equa-
tion 2. This iron efflux rate may be compared with the
usually measured urinary iron excretion rate. Fecal iron
excretion rates, otherwise difficult to measure may be
calculated by subtraction.

TBIE 4 Kin + [US(to) − US(t)]/(t − to). (2)

A two-compartment model for iron balance kinetics in
thalassemia was developed along basic ideas of the in-
teraction of transfused and stored iron with chelators
[1,13,14] and is outlined in detail in the appendix (Fig.
5). The change of body iron stores due to the particular
transfusion and chelation regimen was then interpreted in
the framework of this model.

Statistical Methods

Serum ferritin and LIC are well known skewed dis-
tributed parameters, especially in iron overload states
with a wide range of concentrations. After logarithmic
transformation of these parameters a linear correlation
can be performed resulting in a meaningful product–
moment correlation coefficient r. To characterize group
differences, median values and interquartile ranges
(50%) were used instead of arithmetic means ± standard
deviations for the same reason. For the calculations and
linear regression fits a statistical PC based software pack-
age was used (STATISTICA 5.0: StatSoft Inc., Tulsa,
OK). The chi-square test was used for fitting the iron
balance model, i.e., the elimination rate constants, to the
experimental data.

RESULTS

Biomagnetic Liver Susceptometry in Children

All children tolerated the water bag load of 6 to 8 kg
very well. Special attention was devoted to the problem
of nonliver contributions in the measured SQUID signals
because the lung or intestine have magnetic susceptibili-
ties similar to iron loaded tissue. Only low SQUID sig-
nals were achieved in the 17 normal children resulting in
normal LIC between 60 and 340mg/gliver (see Table I).
This low range was in agreement with their relatively low
serum ferritin levels between 12 and 88mg/L. Moreover,
sonographic liver volume estimations in children with
thalassemia revealed enlarged organs in the patients by
10 to 140% compared with volume estimations in the
group of normal children or as derived from body surface
area [15].

Beyond ambient magnetic noise and systematic errors,
the precision of the BLS method depends mainly from
the reproducibility of the positioning. This could be in-
vestigated recently in one patient (Table I: patient RY at
an age of 9 years) during initiation of an intensive che-
lation treatment. BLS measurements started 9 days after
beginning of the DFO infusion at a continuous dose of
100 mg/kg/d and were repeated until the 23rd day in
intervals of 1 to 4 days. During this period the body
weight remained at 35 kg and the mean skin–liver dis-
tance from the seven measurements was 15.3 ± 0.7 mm.
The measured LIC values are shown in Figure 1 along
the line of the mean value of 5002 ± 246mg Fe/gliver. The
errors of the BLS measurements at the different days
were between 214 and 263mg Fe/gliver, mainly caused by
the imprecision in the skin–liver distance.

In half of the nonsplenectomized patients, in whom the
spleen volume exceeded 300 ml, biomagnetic spleen iron
measurements could be performed (see Table I). Below
this limit nonspleen contributions to the SQUID signals
were also observed, predominantly from far-field lung
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contributions, and the net signal was corrected by a small
error term [10]. This procedure could not be applied to
the smaller sized spleens covered at half by the lungs in
the normal subjects.

In Vivo LIC and Serum Ferritin

LIC obtained from biomagnetic measurements in pa-
tients and normal subjects ranged from 580–11,170 and
60–340 mg/gliver, respectively. Spleen iron concentra-
tions were measured in seven patients and varied be-
tween 530 and 3,720mg/gspleen. With the knowledge of
the actual liver and spleen volumes by sonographic scan-
ning and the organ iron concentrations, an estimation of
the total body iron stores was made on the basis that liver
(and spleen) iron account for 80% of total body iron (see
equation 1).

The serum ferritin concentration, a parameter widely
used in monitoring iron overload in patients with iron
loading anemias, especially under chelation therapy, cor-
relates significantly with LIC (r4 0.64,P < 10−3; dot-
dashed line in Figure 2), but is a very poor guide to the
iron overload status of an individual, or to the efficacy of
the iron chelation therapy (Fig. 3). Linear correlation
coefficients could be calculated only after logarithmic
transformation of serum ferritin and LIC due to the
skewed distribution (skewness4 1.4 and 2.4, respec-
tively). A better correlation with iron load was found for
liver volumes (r4 0.75, P < 10−3). The liver volumes
were found to increase by 18% per 1,000mg/g within the
range from 600 to 11,000mg/gliver.

For the purpose of a quantitative estimation of LIC
from serum ferritin an a priori linear function was fitted
to all data including normals (Fig. 2: solid line, r2 4
0.78). Additionally, the 95% prediction lines are shown
in Figure 2 resulting in a prediction interval for thalas-
semic patients from 30 to 3,970mg/gliver at their median
value of 3,050mg/gliver.

Model Derived Biomagnetometry Data

The compartment model, developed for iron balance
kinetics in thalassemia and as outlined in the appendix in
more detail, was applied to the data of a patient with
b-thalassemia major (Table I, patient OP: m, 6.3 years,
20 kg at 1st SQUID measurement). Total body iron
stores were calculated from liver and spleen iron concen-
tration and the respective volumes according to equation
1. The analysis of the biomagnetically measured total
body iron stores (squares) in the framework of this model
is displayed in Figure 3.

The hypothetical iron accumulation before the begin-
ning of chelation treatment and the decrease of iron

TABLE I. Clinical and Biomagnetometry Data (Median Values and Interquartile Range [–]) of Patients With b-Thalassemia
Major, Other Iron Loading Anemias ( b-Thalassemia Intermedia, Aplastic Anemia, Congenital Dyserythropoetic Anemia), and
Normal Children at First SQUID Measurement. In Addition, Data Are Shown for Individual Patients at the Beginning of Regular
Chelation Therapy

Patient groups n
Age

(years)

Serum
ferritin
(mg/L)

Liver iron
concentration
(mg Fe/gliver)

Spleen iron
concentration
(mg Fe/gspleen)

Liver
volume

(ml)
Liver

enlargement

Spleen
volume

(ml)

Total Body
storage Fe

(g)

b-Thalassemia 14 10.5 2,847 3,050 2,000 1,016 1.6 293 3.3
major [4–16] [1,672–3,629] [1,975–5,110] [1,450–2,440] [880–1,526] [1.4–2.0] [252–394] [2.4–5.1]
Other anemias 9 15 1,134 1,600 3,200 1,555 1.7 559 4.7

[9–18] [808–1,657] [1,002–2,365] [1,865–3,460] [1,386–2,034] [1.4–1.8] [505–573] [2.2–6.9]
Normal subjects 16 12.5 27.5 170 n.d. 1,013 0.97 n.d. 0.28

[10–15] [16–39] [110–218] [825–1,467] [0.94–1.04] [0.22–0.34]
Patient

OP 1 6.3 5,963 8,150 2,880 954 2.07 318 10.94
PP 1 4.6 3,882 6,880 1,990 980 1.76 214 8.96
RY 1 4.5 3,629 4,388 2,390 980 2.33 155 5.84
MB 1 3.5 1,391 2,881 1,540 841 1.94 300 3.61
YD 1 3.1 2,378 3,093 1,500 760 2.91 200 3.46

Fig. 1. Short-term reproducibility of LIC assessment by
SQUID biomagnetometry during intensive i.v. chelation
treatment with DFO in a child (9 years, 35 kg, 132 cm) with
b-thalassemia major. Mean LIC value (solid line ) ± 1 stan-
dard deviation (dot-dashed lines).
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stores due to regular and alternating DFO/L1-chelation
therapy is shown over 9 years since birth (solid line). The
effective net iron influx Kin was calculated mainly from
the transfusion rate (KT 4 10.6 mg iron/d). Additionally,
the absorbed iron from nutrition at a mean rate of KN 4
1.0 ± 0.5 mg Fe/d was taken into account reduced by the
iron needs of the growing blood volume dUB/dt (see
hatched bands in Figure 3). Thus, the net iron influx was
given by Kin 4 11.40 ± 0.54 mg/d. The influence of
different liver–spleen storage iron fractions (LIF4 80 ±
10%) on the total body iron stores and therefore on the
iron accumulation curve is also shown in Figure 3 (dotted
and dotted-dashed lines). The model curve function be-
fore regular chelation treatment was adjusted to the 1st
SQUID measurement by a basal iron elimination rate
constant ke1 4 0.08 ± 0.02 %/d. The exponential part
was fitted to the experimentally determined body iron

stores by an increased elimination rate constant ke1 4
0.265 ± 0.020 %/d during the chelation treatment with
alternating rates of DFO (Kch 4 85 mg/kg/d) and L1
(Kch 4 70 mg/kg/d).

A further result within this model was the forecasting
of the maximum therapy effect (extrapolated solid curve
in Figure 3) until steady-state conditions will be achieved
at a total body iron store of US(t → `) 4 4.3 g. More-
over, no significant difference in the elimination rate
constants could be derived from the DFO and L1 therapy
intervals from this patient in Figure 3 [8]. This may be-
come different after the equilibrium between transfused
and chelated iron is reached. The wider scatter of serum
ferritin data, which are normally used for monitoring,
provided only a broad guide to the biomagnetically de-
termined iron stores.

In five thalassemic children BLS could be performed

Fig. 2. Correlation after logarith-
mic transformation between LIC as-
sessed by SQUID biomagnetometry
vs. serum ferritin in children with
transfusion siderosis (+ , r = 0.64,
dotted-dashed line). Linear regres-
sion analysis (r 2 = 0.78, solid line)
with 95% prediction range (dashed
lines) for all subjects including nor-
mal children ( s).

Fig. 3. Accumulation of iron
caused by regular transfusion
therapy (mean rate = 10.6 ± 0.5 mg
Fe/d, upper hatched band) and ab-
sorbed iron (1.0 ± 0.5 mg/d, lower
hatched band): total body iron
stores estimated from liver and
spleen iron (=80%) before and dur-
ing chelation therapy with DFO (on-
set marked by arrow) and L1 in pa-
tient OP since time of birth.
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before starting regular chelation therapy with s.c. DFO.
As already demonstrated in Figure 3, the accumulated
total influx of iron exceeded the measured total iron store
by far. This discrepancy could be overcome by assuming
a basal iron elimination from 0.03 (normal) to 0.13 %/d.
The data for the elimination rate constants ke1 in Table II
could be fitted by a linear function of the ratio between
the chelation rate Kch (Table II) and the initial iron store
(Table I), i.e., the specific chelator concentration Cch (see
approximation of equation 5 in the appendix). The rela-
tion between the elimination rate constant and the spe-
cific chelator concentration should reflect to some extent
the therapy efficacy of a chelator under investigation
and/or the patient’s compliance. From the data in Table II
a linear regression coefficient of 1.10 ± 0.09 (%/d)/
(mmol/d/gFe) was calculated (r2 4 0.98), with an inter-
cept at 0.05 ± 0.04 %/d indicating the mean basal elimi-
nation rate constant of these five patients.

DISCUSSION

Biomagnetic Liver Susceptometry in Children and
Young Adults

The low SQUID signals with resulting normal LIC
achieved in the 17 normal children, demonstrate that the
spatial resolution of the biosusceptometer detector and
field coil configuration was adequate, allowing nonliver
contributions in the measured signals of the relatively
small-sized patients to be ignored. In children with nor-
mal LIC, the body tissue susceptibility is the parameter
with the strongest effect on the resulting iron concentra-
tion. However, in many of the relatively young and slim
patients with thalassemia, this patient background is less
important. Moreover, the enlarged organs in these pa-
tients allow easy positioning, and especially, also the
measurement of spleens (>300 ml) in almost all patients.
As BLS is measuring magnetic susceptibilities from fer-
ritin and hemosiderin iron, there is no principle differ-
ence between the in vivo determination of iron in liver or
spleen. Nevertheless, biomagnetical and biochemical de-
terminations of spleen iron concentrations should be es-

tablished in the future in order to rule out any possible
perturbations from lungs, intestine, or blood flow.

The impact of various error contributions from geom-
etry parameters (liver and thorax), skin–liver distance
(Dz 4 ±0.5 mm), or magnetic thorax susceptibility of the
overlying tissue (Dx 4 ±0.05? 10−6 SI units) on the LIC
has been studied by variation of these parameters in re-
alistic patient measurements [16]. Exemplarily, this pro-
cedure results in a total error of 98mg Fe/gliver for a
patient with an LIC of 563mg Fe/gliver, but of 286mg
Fe/gliver for another patient with an LIC of 6,414mg
Fe/gliver. In comparison, variation of liver and thorax
geometry (unless in very small-sized organs) had only a
marginal effect on the LIC. For LIC above 5,000mg
Fe/gliver, the precision in the liver depth (Dz ù 0.3 mm)
is the major determinant of the total error (3.5%) of the
calculated iron concentration. Thus, the overall error in
realistic measurements of children and young adults is
between 50 and 300mg/gliver, depending mainly on the
skin–liver distance and the fat contribution in the over-
lying thorax tissue (ribs, muscle, fat) of the liver. This is
due to the poor spatial resolution in current biosuscep-
tometer sensor designs with resulting inaccurate estima-
tion of magnetic susceptibilities of the thorax tissue [10].

A similar correlation of serum ferritin with LIC deter-
mined by biomagnetic liver susceptometry was found by
Brittenham et al. [17] in 111 patients with thalassemia
major and sickle cell anemia with LIC between 283 and
15,987mg/gliver. The patients in this previous study were,
however, of greater mean age (19 years). From linear
regression analysis, an even poorer coefficient of deter-
mination of r2 4 57% was found for serum ferritin. The
smaller variability of serum ferritin in this study was
caused in part by the inclusion of normal subjects, which
fixed the intercept of the regression line. Estimating a
liver iron concentration of 3,000mg/gliver from the cor-
responding serum ferritin determination was only pos-
sible within a 95% prediction interval of 8,000mg/gliver

[17], which is certainly inadequate for adjusting chela-
tion therapy to body iron stores as the prediction interval
of 4,000mg/gliver in this study. The variability of serum

TABLE II. Elimination Rate Constants Derived From Model Fit to the Experimental Data Before (k el
o) and After the Start (k el) of

Regular Chelation Therapy by s.c. DFO: Resulting TBIE Rates Depend on the Actual Size of Iron Stores*

Patients

Final total
body storage

Fe (g)

KT

transfusion
rate (mg/d)

Kin

Fe influx
rate (mg/d)

Kch

chelation rate
(mg/kg/d)

Cch specific
chelation rate
(mmol/d/g Fe)

kel
o basal

elimination
const. (%/d)

kel elimination
rate constant (%/d)a

TBIE initial
rate (mg/d)

OP 4.43 10.6 11.4 63 0.198 0.08 0.27 27
PP 3.15 11.9 12.6 80 0.348 0.03 0.38 31
RY 5.95 9.2 9.8 11 0.070 0.13 0.16 9
MB — 4.9 5.6 — — 0.06 — —
YD 1.29 7.5 8.3 89 0.689 0.06 0.83 23

*TBIE, total body iron elimination.
aLinear regression fit: kel 4 0.05 + 1.10? Cch (r2 4 0.98, see equation 5 of appendix).
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ferritin in iron overload states has been attributed to on-
going inflammation processes and cell damage [18,19].
However, serum ferritin values in the presence of el-
evated ALT levels have been largely excluded and only
few patients were positive for HCV infection in our
group of patients. The iron regulatory proteins (IRP-1
and IRP-2) as cytoplasmic sensors of the labile iron pool,
control the ferritin synthesis by iron-dependent recipro-
cal binding to iron responsive elements (IRE) of mRNAs
for the H and L subunits of ferritin [20]. However, also
iron-independent modulation of IRP activity takes place
by oxidative stress, nitric oxide production, hyperthy-
roidism, and inflammatory cytokines [21]. Moreover,
distinct differences between serum and tissue ferritin and
probably different encoding genes [22] may explain the
observed serum ferritin variability in assessing the hu-
man iron status.

Total Body Iron Stores

Non-heme total body iron stores in thalassemia and the
resulting liver (and spleen) iron fraction have been esti-
mated from the physico-chemical determination of iron
in various tissues of thalassemic patients mostly at post-
mortem or from comparison of total liver iron with the
accumulated iron from transfusion [7]. From the data of
Barry et al. [23], Modell and Berdoukas found an agree-
ment within ±15% between transfused iron and the
amount recovered in the liver at postmortem [7, p 168].
Summing-up the measurements of tissue iron concentra-
tion so far published in the literature and combining these
with the respective tissue masses normalized to 50 kg
according to ICRP 23 [24]a then liver and spleen storage
iron fractions of 70 to 85% of the total sum are achieved
with a likely tendency to higher values in patients treated
with current therapy. Selected typical minimum and
maximum tissue iron concentrations have been calcu-
lated as mg/gwet weightwith a drying factor of 5 [7] or 3.5
[other references] for dry weight iron concentrations. The
relative amounts as calculated from the total sum are
given in brackets {}: liver [7] 7.4–13.6 {79–69%},
muscle [7] 0.12–0.28 {13–14%}, spleen [7,25] 1.4–5.4
{4–7%}, heart wall [7,26] 1.2–2.6 {1.5%}, red marrow
[7,27] 0.02–202 {0.1–5.5%}, and pancreas [7] 2.8–7.8
{1.1–1.4%}. The contribution of other tissues and organs
to the total iron store seems to be negligible as from
glands [7] {1%}, kidney (1%), skin [28] {0.2–0.7%},
and lung (?). Liver storage iron fractions between 70 and
90% were received from comparison of mobilized iron
by phlebotomy therapy in genetic hemochromatosis with
liver iron quantitation by biopsies [29] and by BLS (data
not published). Thus, a value of LIF4 80% for the mean

liver storage iron fraction may be assumed as a reason-
able value in the model calculations.

Iron Balance Kinetics (Analysis of
Biomagnetometry Data)

The exponential character of the chelator–(storage)
iron interaction, although not defined in a mathematical
formulation, has been noticed by many authors in the
past [23]. It can be derived already from the conclusions
in the work of Modell and of Brittenham based on two
different phenomena:

1. the steady fall of urinary iron excretion in long-term
desferrioxamine therapy [13]; a fixed dose of defer-
oxamine produces progressively less iron excretion as
the liver iron concentration falls [14];

2. the equilibrium between transfused iron and sponta-
neous or chelation-induced iron excretion reached at
appreciable body iron burdens [1,14,23].

Thus, patients under a constant transfusion and chela-
tion therapy regimen will reach 90% of their equilibrium
total iron burden after 1–3 years with elimination rate
constants between 0.6 to 0.2 %/d, respectively.

Iron absorption in thalassemia for patients under cur-
rent high transfusion regimens is not well investigated
due to the inherent difficulties of labeling and standard-
izing human food. Most studies in the past have used
extrinsically59Fe-labeled heme iron [30], non-heme iron
[31,32], or both [33] adjusted to 5 mg doses. Absorption
from intrinsically59Fe-labeled food iron (pork) has been
determined only in one patient with thalassemia major
[34]. There is a broad agreement in the inverse relation-
ship between iron absorption and hemoglobin level.
Transfusion regimens maintaining minimum hemoglobin
levels of 9 g/dl will give rise to an iron absorption of
about 10% from a 5 mgdose [31,33]. This seems to be
comparable with iron absorption values observed in sub-
jects with normal iron stores [30,34]. Thus, the assump-
tion of an average iron absorption rate of 1 mg/d from a
mixed diet seems reasonable, especially taking into ac-
count phyto-inhibitors for iron absorption. Additionally,
there is evidence that subcutaneous DFO infusions re-
duce absorption of inorganic iron [31]. This may further
reduce larger values given by other authors [34,35]. In
comparison to the averaged transfused iron of 12 mg/d
(Table II) this nutritional iron seems to have only a small
influence on the model-derived elimination rate constant.
During growth, moreover, part of this iron influx is coun-
terbalanced by the iron needs for the increasing blood
volume [36]. However, applying the model to patients
with thalassemia intermedia will give rise to a larger
influence of iron absorption rates upon model derived
parameters.

Iron elimination in thalassemia is mainly derived from
urinary iron excretion studies. Iron balance studies with

aFor liver and spleen in thalassemic patients, typical volumes of 2,000
and 500 ml have been assumed, respectively.
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the additional determination of iron in the feces are dif-
ficult to perform in the presence of a high background of
food iron. There are very few studies exploiting the pos-
sibility of labeling the iron stores with59Fe. Elimination
rate constants between 0.02 and 0.088 %/d for iron loss
were found in normal males and iron loaded Bantu sub-
jects with non-heme iron stores between 0.3 and 4.0 g,
respectively [37]. Mean basal (59Fe) iron excretion rate
constants of 0.04 and 0.038 %/d were observed in the
urine and feces of transfused thalassemic patients [38].
Modell and Beck [13] reported up to five times higher
amounts of iron loss when comparing mean urinary iron
excretion values from normal patients with those from
transfused thalassemic patients. Higher urinary iron
losses were also found in iron overloaded ex-thalassemic
patients after bone marrow transplantation [39]. There-
fore, larger basal iron elimination rate constants for thal-
assemic patients as found in Table II seem to be reason-
able, although part of this increase is caused by sporadi-
cally given amounts of DFO together with the
transfusion.

Urinary iron excretion values between 5 and 90 mg/d
have been measured in various studies in the past [40–45]
at comparable s.c. DFO chelation regimens of about 15–
70 mg/kg/d. For estimation of total body elimination
rates one has also to take into account an additional por-
tion of 25–45% from fecal iron excretion [44] and the
corresponding total body iron load. A saturation effect
has been reported for s.c. DFO doses beyond 2 g/d or 3.5
mmol/d [41–43]. However, fecal excretion seems to in-
crease linearly for DFO doses in this range [44]. These
data are in agreement with those of Table II and with the
conceptions of the model in the appendix. The saturation
effect will be less pronounced for DFO, especially, at
lower specific chelator concentrations, i.e., larger iron
stores. Thus, the approximation of a linear relationship

between the efficacy of DFO and the specific chelator
concentration (see appendix, equation 5) seems to be
reasonable and can also be concluded from the linear
regression fit in Table II. Actual total body iron elimi-
nation rates can be calculated from the iron stores and the
transfusion rate (see equations 4 and 2). TBIE rates have
been calculated in Table II for the initial iron stores at the
beginning of chelation treatment in the four selected pa-
tients. Final TBIE rates will converge to the iron influx
rates when steady-state conditions are achieved as in pa-
tient PP.

Analyzing iron stores by model simulations could be
helpful in deriving the individual chelator therapy effi-
cacy. In Figure 4 this is demonstrated by a perfect fit
through the experimental data of the patient PP. This was
achieved by a constant elimination rate constant of 0.382
± 0.036 %/d. After 48 months the asymptotic value of
Kin/ke1 4 12.6/0.003824 3.3 g Fe is achieved (see
Table II and appendix). This corresponds with a biomag-
netically determined LIC of 1,540mg/gliver, which was
certified two months later in a liver biopsy at 1,520mg/
gwet weight. Iron stores will not decrease further as long as
no improvement in the chelation therapy regimen is
made. Assuming a linear response to the specific chelator
concentration Cch as could be derived from the data in
Table II and from equation 5 in the appendix, elimination
rate constants were calculated for different chelation
rates. At 16.8 mg/kg/d total body iron excretion would be
in equilibrium with the iron influx from transfusions. For
a more exact solution of this problem, a nonlinear ap-
proach for the iron elimination in response to a specific
chelator concentration has to be assumed. Especially at
lower iron concentrations corresponding with larger spe-
cific chelator concentrations saturation effects have to be
expected for certain chelators (e.g., L1).

Fig. 4. Response from different
therapy regimens extrapolated from
the compartment model for iron bal-
ance kinetics in thalassemia com-
pared with the outcome in patient PP.
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CONCLUSIONS

Noninvasive magnetic biopsy may become the method
of choice to determine liver and spleen iron content in
iron overloaded patients. Especially in thalassemic chil-
dren iron stores change relatively fast due to a frequent
adjustment of therapy and have to be monitored regu-
larly. Magnetic contributions from the lung or intestine to
the measured SQUID liver signals in the small-sized pa-
tients were not observed. Further efforts have to be un-
dertaken for a reliable measurement of spleen iron by
biomagnetometry also for smaller volumes. Serum ferri-
tin values do allow the prediction of LIC only with a
precision of 4,000 to 8,000mg/gliver. With the simulta-
neous determination of the actual organ volumes we
were able to estimate directly the total body iron stores
probably within ±10%.

A simple compartment model for the quantitative de-
scription of the iron balance kinetics in thalassemia was
developed. Analyzing the experimental data from bio-
magnetometry within the framework of this model, we
were able to derive information on total body iron elimi-
nation, chelation effectiveness, which is directly related
to compliance, and on forecasting steady-state conditions
of iron load with a particular chelation therapy regimen.
For the first time an approach has been made to formulate
the interaction of a chelator with the iron stores and the
transfusion rate in a quantitative way. More patient mea-
surements under a well-defined therapy regimen will be
needed for a reliable quantitative formulation of the dose
response of chelators.

The determination of the main iron stores in liver and
spleen tissues by noninvasive biomagnetic susceptom-
etry offers an important diagnostic technique for the op-
timization of iron chelation therapy with subcutaneous
DFO infusions and for the control of the efficacy of
newly developed oral chelators (e.g., L1/CP20). Long-
term monitoring of the LIC, the parameter most closely
related to iron overload, may also act as a spur to in-
creased compliance with chelation therapy.
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APPENDIX
Compartment Model for Iron Balance Kinetics
in Thalassemia

This dynamic model (see Figure 5) is based on the
balance between iron influx rate (predominantly trans-
fused iron) and iron elimination induced change of total
body iron stores (see equation 3 of appendix). It depends
also on the assumed ratio between liver (+spleen) iron
and total body iron stores, the so-called liver (+spleen)
storage iron fraction LIF (see equation 1).

The iron transfusion rate KT [mg Fe/d] and, in well
transfused thalassemic patients, to a minor degree, the
iron absorption rate KN, transfer iron via the blood pool
UB(t) into the body iron store US(t). Especially during
growth one also has to take into account an increasing
blood iron pool that will compensate part of the total iron
influx rate, i.e., dUB/dt < 0. The chelation efficacy of any
chelator (deferoxamine, DFO or deferiprone, L1) shows
up as the iron elimination rate constant ke1 [d−1]. The
initial total body iron store at the beginning of treatment
with a chelator rate Kch is defined by US(to). In a good

Fig. 5. Compartment model for iron balance kinetics in
iron loading anemias. Assessment of 80% of total body iron
stores by SQUID biomagnetic liver (and spleen) susceptom-
etry.
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approximation (assuming the chelatable iron pool UCIP is
a small transition pool in equilibrium with the storage
pool, i.e., dUCIP/dt 4 0), the total body iron store can be
described by a linear 1st order differential equation, with
the total influx rate Kin 4 KT + KN − dUB/dt, and with
ke1 4 constant.

dUS/dt 4 Kin − ke1(Kch, UCIP) ? US (3)

Under steady-state conditions, i.e., dUS/dt 4 0, the
elimination rate constant can be easily determined from
a single BLS measurement and the known transfusion
rate. In 1st order approximation, one can take into ac-
count only the influx from transfused iron. This differ-
ential equation is solved analytically by the function 4
assuming a constant iron influx over the time interval
Dt 4 t − to.

Us~t! = Kin/ke1 ? @1 − exp~−ke1 ? Dt!#
+ Us~to! ? exp~−ke1 ? Dt!. (4)

A least square fit of this function to the experimental
data (body iron stores US(t), and total iron influx rate Kin)
results in the determination of total iron elimination rate

constants ke1. The integral∫ ke1 ? US(t) dt over a certain
therapy intervalDt 4 t − to results in the model inde-
pendent total body iron elimination TBIE as mentioned
earlier in equation 2. The iron balance rate TBIE − Kin 4
[US(to) − US(t)]/Dt, depends mainly on possible changes
in the transfusion regimen during the time of observation.

In 2nd order, the elimination rate constant Ke1 will
depend also on the concentration of the chelator dosage
Kch and the non-heme iron within the chelatable iron
pool UCIP(t), which is assumed to be proportional to the
iron store US itself. In good approximation (at least for
DFO), one could assume a linear relationship as in equa-
tion 5 with the specific chelator concentration Cch 4
Kch/US and the basal elimination rate constant ke1

o ≈ 0.06
%/d.

ke1 4 ke1
o + const? Cch. (5)

In this approximation, the elimination rate constant ke1

will depend inversely on the actual storage iron pool
US(t), will also be adjusted for possible changes in the
chelation regimen, will be independent of the transfusion
rate, and will characterize the combined effect from
therapy efficacy and patient compliance.
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