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A B S T R A C T

Purpose: To compare measurement of the liver iron concentration in patients with transfusional iron overload by
magnetic resonance imaging (MRI), using R2*, and by magnetic susceptometry, using a new high-transi-
tiontemperature (high-Tc; operating at 77 K, cooled by liquid nitrogen) superconducting magnetic suscept-
ometer.
Methods: In 28 patients with transfusional iron overload, 43 measurements of the liver iron concentration were
made by both R2* and high-Tc magnetic susceptometry.
Results: Measurements of the liver iron concentration by R2* and high-Tc magnetic susceptometry were sig-
nificantly correlated when comparing all patients (Pearson's r = 0.91, p < 0.0001) and those with results by
susceptometry > 7 mg Fe/g liver, dry weight (r = 0.93, p = 0.006). In lower ranges of liver iron, no significant
correlations between the two methods were found (0 to < 3.2 mg Fe/g liver, dry weight: r = 0.2, p = 0.37; 3.2 to
7 mg Fe/g liver, dry weight: r = 0.41; p = 0.14).
Conclusion: The lack of linear correlation between R2* and magnetic susceptibility measurements of the liver
iron concentration with minimal or modest iron overload may be due to the effects of fibrosis and other cellular
pathology that interfere with R2* but do not appreciably alter magnetic susceptibility.

1. Introduction

Transfusional iron overload progressively develops in patients with
refractory anemia who undergo regular red blood cell transfusion
(thalassemia major, sickle-cell disease, myelodysplasia and other con-
ditions) because the body lacks any effective means to excrete surplus
iron [1]. Excess iron from transfused RBCs eventually leads to the for-
mation of circulating non-transferrin-bound iron that is progressively
deposited in the liver, pancreas, heart and other organs, causing fi-
brosis, cirrhosis, diabetes, heart failure, and other disorders [2–4]. Iron-
chelating therapy can remove excess iron from cells, clear circulating
non–transferrin-bound iron, and maintain or return body iron to safe

levels. Safe iron-chelating therapy requires careful adjustment of the
dose of iron-chelating agents to the body iron burden using the liver
iron concentration [2,5–7] to optimize iron excretion while avoiding
chelator toxicity, including gastrointestinal disorders, auditory and vi-
sual impairment, agranulocytosis and neutropenia, arthropathy, growth
retardation, and potentially fatal hepatic failure, renal failure, and
gastrointestinal hemorrhage [8–11].

As body iron accumulates in patients requiring chronic transfusion,
the amounts of iron in functional and transport compartments undergo
only minimal changes [12]; virtually all the excess iron is sequestered
as paramagnetic ferritin and hemosiderin iron within macrophages of
the liver, bone marrow and spleen. In an MR scanner, the magnetic field
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of paramagnetic iron contributes to both transverse relaxation rates
(R2) and intravoxel dephasing (R2′). R2* (=R2 + R2′) is readily
measured by commercially available MRI pulse sequences to estimate
the liver iron concentration [6]. Measurement of the transverse re-
laxation rate, R2* (=1/T2*), to estimate the liver iron concentration
has become the most widely used magnetic resonance imaging (MRI)
method to guide iron-chelating therapy in transfusional iron overload
[6,13]. Still, the relationship between R2* and the liver iron con-
centration is complex, in part because intravoxel contents other than
iron contribute to relaxation [14].

A noninvasive alternative is to measure the liver iron by magnetic
susceptometry. In contrast to R2*, the change in the magnetic sus-
ceptibility of a tissue has a direct biophysical connection and linear
relationship to the tissue iron concentration. Such noninvasive com-
parisons with R2* have been reported for a room-temperature magnetic
iron detector measuring whole-body susceptibility [15] and for a low-
transition-temperature (low-Tc; operating at 4 K, cooled by liquid he-
lium) biomagnetic susceptometer using superconducting quantum in-
terference device (SQUID) amplifiers to measure liver susceptibility
[16]. In superconductivity, the transition temperature (Tc) is the char-
acteristic temperature of a material below which all electrical resistance
is lost. We have developed a new improved method to measure the
magnetic susceptibility of liver using high-transition-temperature
(high-Tc; operating at 77 K, cooled by liquid nitrogen) superconductors
[17,18]. We report here a retrospective comparison of determination of
the liver iron concentration by clinical MRI measurement of R2* and by
high-Tc magnetic susceptometry.

2. Material and methods

2.1. Patient selection

We retrospectively examined the records of high-Tc magnetic sus-
ceptibility measurements and of R2* determinations made within
4 months of each other in conjunction with annual assessments of iron-
chelating therapy in patients with transfusional iron. As in a related
study [16], no significant differences in the liver iron concentration
were expected between R2* and magnetic susceptibility studies during
the 4 month interval. The participation of human subjects was approved
by the Institutional Review Boards. Written informed consent was
provided by participants, parents, and guardians, along with written
informed assent when applicable.

2.2. High-transition temperature (high-Tc) susceptometer measurements

The instrumentation for these studies has been described in detail
elsewhere [17,18] and the components of the high-Tc susceptometer
are shown in Fig. 1. In brief, the high-Tc susceptometer has redesigned
and replaced each of the three elements which utilize superconductivity
in liquid-helium-cooled low-Tc susceptometers [19,20]. First, detectors
and flux transformers patterned from high-homogeneity high-transi-
tion-temperature superconducting tape replace the detection coils and
flux transformer of the low-Tc device. Second, high-strength rare-earth
Neodymium-Boron-Iron (NdBFe) permanent magnets take the place of
low-Tc field coils to produce a steady localized magnetic field over the
right lobe of the liver [17]. Third, magnetoresistive sensors housed in
Mu-metal shielding cylinders are used instead of low-Tc SQUID am-
plifiers [17,18]. The complete high-Tc susceptometer utilizes two
magnets and five independent flux-sensing channels. Two of the sensing
channels detect the spatial variation of the signal above the subject and
the remaining three are used for noise cancelation. The design and
geometry of the magnets and detector coils aimed to optimize the
ability of the instrument to correct for the presence of non-hepatic
tissue beneath the detector coils by distinguishing and separating its
contribution from that of the liver. The calibration of the high-Tc sus-
ceptometer is described in detail elsewhere [17]. In sum, compared to

low-Tc instruments, these alterations have increased the signal from the
liver by fifty-fold and offer the operational advantage of using liquid
nitrogen rather than liquid helium to cool the superconducting com-
ponents.

For a liver iron measurement, initially an ultrasound scan is made to
determine the location and depth of the liver beneath the skin surface.
The patient is then positioned beneath the susceptometer module with
the point where the ultrasound depth measurement was made centered
beneath the susceptometer coils. The water bellows is filled and the
support bed raised until the patient is at a minimal distance from the
center of the susceptometer coils. The susceptometer module is then set
in lateral motion for a series of transverse periodic scans of the liver. A
single liver iron determination was made from the mean of six trans-
verse scans over the liver. Each transverse scan required about 1 min
and consisted of a total of 15 cycles of susceptometer motion. Generally,
to assess reproducibility, the patient was repositioned beneath the
susceptometer and a duplicate liver iron determination was made.
Using custom software, the volume magnetic susceptibility of the liver,
χc, is calculated in real time from the experimental susceptibility scans
[24], and the liver iron concentration (LIC) obtained using the ferritin/
hemosiderin specific mass susceptibility [21,22]

= =X m Kg X1.6 10 / ; LIC / .Fe c
6 3

2.3. MRI measurements

MRI measurements were made using a 1.5 T MRI scanner (General
Electric SignaHDx 15.0, Waukesha, WI) using an 8-channel phased array
cardiac coil centered over the liver. A total of 2–4 slices was acquired using
a breath-hold multi-echo 2D GRE sequence with the following imaging
parameters: number of echoes = 16, flip angle = 20°, TE_1 = 0.9 msec,
∆TE = 1 msec, TR = 25 msec, voxel size = 1.9 × 1.9 × 10 mm3, BW =
976 Hz/pixel, matrix size = 256 × 256. The magnitude of GRE echoes was
incorporated for liver R2* measurement using GE ReportCard StarMap 4.0
software with the radiologist drawing ROIs on the liver while avoiding

Fig. 1. The new high-transition-temperature (high-Tc; operating at 77 K, cooled
by liquid nitrogen) superconducting magnetic susceptometer, set up to measure
the susceptibility of a solid polyethylene cylinder with respect to water. The
principal components of the system are the support bed (front), data acquisition
electronics (left rear), susceptometer module, polyethylene cylinder and water
bellows (center), and support gantry (center, rear).
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vessels and inhomogeneous regions. LIC was obtained from R2* values
using the equation [23]:

= × +[LIC]R2 0.0254 R2 0.202.

2.4. Statistical analysis

The linear relationships between R2* and high-Tc magnetic sus-
ceptibility measurements of the liver iron concentration were assessed
using Pearson's coefficient of correlation and linear regression analysis.
Bland-Altman plots were used to estimate the bias and 95% limits of
agreement between the two methods [24]. The Prism 7.0d (GraphPad
Software. La Jolla, CA) statistical computer package was used for
computations. All statistical tests were two-tailed and a significance
level of 0.05 was used.

3. Results

3.1. Study population

Between 2011 and 2015,180 high-Tc measurements were made in
51 patients with various forms of iron overload in our laboratory in
New York, NY. Of these, a total of 43 magnetic susceptibility mea-
surements were made within 4 months of clinical R2* studies conducted
in conjunction with annual assessments of iron-chelating therapy in 28
patients, 5 to 48 years of age. The indications for transfusion in these
patients were thalassemia major (n = 20), thalassemia intermedia
(n = 3), hemoglobin E – beta thalassemia (n = 1), Diamond-Blackfan
anemia (n = 1), pyruvate kinase deficiency (n = 1), hereditary ellip-
tocytosis (n = 1), and congenital erythropoietic porphyria (n = 1).

3.2. Comparison of MRI R2* and high-Tc susceptometric determinations of
the liver iron concentration

The results of the R2* and high-Tc determinations of the liver iron
concentration in the patients with transfusional iron overload are
summarized in Fig. 2, showing graphically the correlations observed
and the limits of agreement between the two methods. For each group
of patients, the Supplemental Table provides the linear regression
equations with 95% confidence intervals for the slope and the x and y
intercepts, the Pearson correlation coefficients with 95% confidence
intervals, and the Bland-Altman estimates of bias and the 95% limits of
agreement. The standard deviations of duplicate susceptometric mea-
surements of liver iron ranged from 0.2 to 0.9 mg Fe/g liver, dry weight
(dw). The standard deviations of the R2* measurements of liver iron
were not included in the clinical reports, but typically would range
from 0.2 to about 5 mg Fe/g liver, dw, for this range of liver iron con-
centrations. Overall, measurements of the liver iron concentration by
R2* and high-Tc magnetic susceptometry were significantly correlated
when comparing all patients: Pearson's r = 0.91, 95% confidence in-
terval, 0.84 to 0.95, p < 0.0001). Bland-Altman analysis found a bias
of 47.1% ± 51.1% (SD), with wide 95% limits of agreement from
−53.1% to 147.3%. Further analysis was then carried out using
thresholds widely used to guide iron-chelating therapy in the absence of
cardiac iron overload: < 3.2 mg Fe/g liver, dw: increased risk of che-
lator-related complications; 3.2 to < 7 mg Fe/g liver, dw: optimal range
for safe storage of transfused iron; 7 to < 15 mg Fe/g liver, dw: in-
creased risk of iron-related complications; > 15 mg Fe/g liver, dw:
greatly increased risk of cardiac disease and early death [2,5–7].

For patients with results by susceptometry > 7 mg Fe/g liver, dry
weight, measurements of the liver iron concentration by R2* and high-
Tc magnetic susceptometry were significantly correlated, Pearson's
r = 0.93, 95% confidence interval, 0.52 to 0.99, p = 0.006, with a bias
of 36.7% ( ± 27.3%) and 95% limits of agreement from −16.8% to
90.2%. By contrast, at lower liver iron concentrations, as determined by
susceptometry, correlations between the two methods of measurement

were no longer significant. For the optimal range of 3.2 to < 7 mg Fe/g
liver, dw, the value of Pearson's r was 0.42, 95% confidence interval,
−0.15 to 0.78, p = 0.14, with a bias of 39.7% ( ± 40.9.3%) and 95%
limits of agreement from −40.5% to 119.9%. For the range indicating
an increased risk of chelator-related complications, < 3.2 mg Fe/g liver,
dry weight, r = 0.20, 95% confidence interval, −0.23 to 0.56,
p = 0.37, with a bias of 54.3% ( ± 60.9%) and 95% limits of agreement
from –65.1% to 173.8%. Fig. 2 illustrates graphically the correlations
observed and the wide limits of agreement between the two methods.

4. Discussion

Our results demonstrate that the correlation between the liver iron
concentration (LIC) estimated by MRI R2* and that determined by our
new noninvasive high-Tc magnetic susceptometer is significant over a
large LIC range (from 0 to 25 mg Fe/g liver dw), but no longer sig-
nificant either within the optimal range for safe storage of transfused
iron (from 3.2 to 7 mg Fe/g liver dw) or within the range for an in-
creased risk of chelator-related complications (from 0 to 3.2 mg Fe/g
liver dw). With greater iron burdens, the contributions to R2* of
marked and severe iron overload become dominant, resulting in the
observed linear correlations between R2* and susceptometric results
over the entire extent of LIC examined in our study. In contrast, with
lesser iron burdens, those < 7 mg Fe/g liver dw, the linear relationship
between R2* and susceptometry is no longer significant, suggesting a
need for careful examination of the accuracy of noninvasive measures
in these lower, more restricted but clinically important ranges of LIC.

Overall, our data had lower variability but were consistent with
those from two previous reports comparing R2* with noninvasive
magnetic measurements; these earlier studies also identified a lack of
correlation between the methods at lower LIC. In 97 patients with iron
overload, a correlation of r = 0.82 was found using a room-temperature
magnetic iron detector [15]. This magnetic iron detector estimates the
total amount of iron in the liver by measuring the susceptibility of the
whole human body. Using a model based on a three-dimensional shape
of the patient acquired with a laser scan system, the total iron in the
liver is then derived and the liver iron concentration calculated by di-
viding the total iron by the liver volume [15]. In studies of 14 patients
with iron overload using a liquid-helium-cooled low-Tc magnetic sus-
ceptometer conducted in Hamburg, Germany, a somewhat stronger
overall correlation, r = 0.92, was found with R2*; an additional 8 pa-
tients could not be studied because of unreliable estimates of R2* [16].
Neither of these earlier studies examining R2* and magnetic suscept-
ibility estimates examined the relationship between the two methods at
lower liver iron concentrations. Inspection of the plots of the results of
the earlier magnetic susceptibility studies suggests a similar lack of
significant correlation at lower iron concentrations (Cf. Fig. 3b in
Gianesin et al., 2012 [15]; Fig. 3 in Sharma et al., 2017 [16]). Fur-
thermore, several investigators have compared R2* with the reference
method for measurement of the liver iron concentration [25], chemical
measurement of the iron concentration in a liver-biopsy specimen ob-
tained by percutaneous biopsy [26–31]. Prior studies comparing R2*
and liver biopsy results have found significant correlations over a wide
range of liver iron concentrations but have not specifically examined
the range < 7.0 mg/g liver, dw [26–34]. Still, plots of these results
show considerable scatter and suggest unacceptably broad limits of
agreement [14,33,35]. In contrast, the concentration of iron in liver
tissue and that measured by magnetic susceptometry are linearly re-
lated below 7.0 mg/g liver. dw [36]. The lack of quantitative connec-
tion between R2* and lower LICs is caused primarily by relaxation in-
terference by intravoxel contents, especially by hepatic fibrosis, which
is present in up to 90% or more of patients with transfusional iron
overload [14]. Free water protons that generate the MRI signal ex-
perience relaxation caused by proton spin-spin interactions that are
highly dependent on the microenvironment of cellular contents, in-
cluding the presence of macromolecular fibrosis. Water diffusion in the
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inhomogeneous field of the paramagnetic iron also causes signal decay
as modeled by field correlation [37]. Additionally, water exchange
among sites also causes signal decay (19). The R2* decay rate of the
MRI signal depends in a complex nonlinear fashion on both the iron
distribution and the cellular microenvironment of water. In the absence
of any direct biophysical connection between R2* and the liver iron
concentration, empirical approaches have been used for the conversion
of an R2* value, in Hertz (Hz), into a liver iron concentration, expressed
in milligrams or micromoles of iron per gram liver, dry weight (mg Fe
or μmol/g liver, dw).

Interference from fibrosis is minimal in magnetic susceptibility
measurements because weakly diamagnetic fibrosis has little effect on
susceptibility. Using our original low-Tc susceptometer, the correlation
between the hepatic iron concentration as determined by magnetic
susceptometry and by chemical analysis of liver tissue obtained by
clinically indicated biopsy was r = 0.99 in 48 patients with transfu-
sional iron overload [36]; patients with cirrhosis and those with biopsy
specimens < 5 mg, wet weight, were excluded. In 25 patients with
transfusional iron overload, concurrent high-Tc and low-Tc suscepto-
metric measurements of the liver iron had a correlation of r = 0.98. In
the present study, while technical features of both the MRI and mag-
netic susceptibility measurements undoubtedly accounted for some of
the discordance between the two methods, the interfering effects of
fibrosis and other cellular pathology on R2* but not on magnetic sus-
ceptibility are likely to have been major contributors. In addition, re-
cent studies in vitro of liver samples concluded that “MRI methods
based on T1 or T2 measurements will not provide an accurate quanti-
fication of tissue iron content at low iron concentrations” [38], citing
the effects of iron loading (the number of iron ions per ferritin mole-
cule), the microscopic distribution of iron in tissue, and the relative
proportions of ferritin and hemosiderin iron.

Magnetic susceptibility of the liver can also be determined using
MRI quantitative susceptibility mapping (QSM) [39]. The field mea-
surements at all voxels in QSM are much more numerous that the
susceptometer field measurements, suggesting QSM is more accurate
than susceptometer. QSM identifies the magnetic field induced by tissue
from MRI signal phase [40] and deconvolves the field to determine
tissue susceptibility [41], overcoming the blooming artifacts in R2*
[42]. The same multi-echo gradient-echo data that are used to derive
R2* from the magnitude data can be used to derive QSM [16,41,43].
QSM has been demonstrated to be more sensitive than R2* in detecting
nigral iron overload in Parkinson's disease [44,45]. As in the present
study, our prior study of patients with liver iron overload using QSM
found a significant correlation overall (r = 0.89) but no significant
correlation in those with lower iron burdens [14]. Phantom studies
demonstrated collagen interference with R2* but not with QSM [14].
Altogether, these results provided evidence that intravoxel contents
other than iron, including fibrosis and necroinflammation, alter R2* but
marginally affect measurements of magnetic susceptibility [14]. He-
patic fibrosis, reported in from 50 to > 90% of patients with transfu-
sional iron overload [29,31,46], seems a likely cause of much of the
discrepancy between R2* and magnetic susceptibility measurements
seen with minimal or modest iron overload [14].

The results presented here have implications for clinical practice.
The usefulness of a method that can only provide accurate measure-
ments at high liver iron concentrations is limited. Caution is needed,
especially in patients with minimal or modest iron overload (liver iron
concentration < 7 mg Fe/g liver, dw), because fibrosis and other cel-
lular pathology can interfere with and limit the accuracy of R2* mea-
surements of liver iron overload. For these patients, a major concern is

over chelation. Chelator toxicity depends upon the agent used but in-
cludes i) ocular and auditory disturbances, growth retardation and
skeletal changes, respiratory distress syndrome (deferoxamine), ii)
agranulocytosis and neutropenia; gastrointestinal disturbances, ar-
thropathy, increased liver-enzyme levels and progression of hepatic
fibrosis (deferiprone), and iii) gastrointestinal disturbances, rash, and
renal abnormalities (deferasirox) (4, 37, 38). After initial approval of
deferasirox, the FDA later required the addition of a “black-box”
warning of potentially fatal chelator toxicity from renal failure, hepatic
failure and gastrointestinal hemorrhage. Although the mechanisms of
these serious and other adverse effects are not well understood and
some reactions may be idiosyncratic, the risks generally are considered
to be increased if the amounts of iron chelator administered exceed the
amounts of storage iron available for chelation. If fibrosis or other
factors lead to R2* overestimation of the liver iron, the risk of over
chelation increases. Finally, these results question suggestions that
“Liver MRI is more precise than liver biopsy for assessing total body
iron balance” [47].

Our study is limited by the lack of comparisons with the reference
standard, chemical measurements of liver-biopsy specimens [25]. In
our current practice, percutaneous biopsies for LIC assessment in tha-
lassemia are infrequent, in part because of the risk of complications,
discomfort, and lack of acceptability to patients. Patients undergoing
liver transplantation may be recruited for studies to validate non-
invasive methods for measuring LIC.

5. Conclusion

The lack of linear correlation between R2* and magnetic suscept-
ibility measurements of the liver iron concentration with minimal or
modest iron overload may be due to the effects of fibrosis and other
cellular pathology that interfere with R2* but do not appreciably alter
magnetic susceptibility. The influence of other factors remains to be
determined, such as iron loading of ferritin, the microscopic distribu-
tion of iron in tissue, and the relative proportions of ferritin and he-
mosiderin iron.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clinimag.2019.01.012.
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