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AIM: To investigate iron loading within the liver, pancreas, spleen, and bone marrow using
magnetic resonance imaging (MRI) transverse relaxation rate (R2*), in patients with diffuse
liver diseases; to evaluate the relationships between iron accumulation in these tissue com-
partments; and to assess the association between tissue iron overload and the pattern of
hepatic cellular iron distribution (hepatocytes versus Kupffer cells).
MATERIAL AND METHODS: Fifty-six patients with diffuse liver diseases had MRI-derived R2*

values, using a multi-echo chemical-shift encoded MRI sequence, of the liver, pancreas, spleen,
and vertebral bone marrow. All patients had liver biopsy samples scored for hepatic iron
grading (0e4) and iron cellular distribution (within hepatocytes only or within both hepato-
cytes and Kupffer cells).
RESULTS: Liver R2* increased with histological iron grade (RS¼0.58, p<0.001) and correlated

with spleen (RS¼0.71, p<0.001) and bone marrow R2* (RS¼0.66, p<0.001), but not with
pancreatic R2* (RS¼0.22, p¼0.096). Splenic and bone marrow R2* values were also correlated
(RS¼0.72, p<0.001). Patients with iron inside Kupffer cells had the highest R2* in liver, spleen
and bone marrow.
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CONCLUSIONS: Patients with chronic diffuse liver diseases have concomitant hepatic,
splenic, and bone marrow iron loading. The highest hepatic iron scores and iron inside Kupffer
cells were associated with the highest splenic and bone marrow deposits, suggesting systemic
iron accumulation in the mononuclear phagocytic system.

� 2017 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
Introduction

Excessive accumulation of iron in the liver is mainly
found in genetic haemochromatosis, transfusion-related
haemosiderosis, and other iron-loading anaemias as a
consequence of systemic iron overload. Hepatic iron over-
load also occurs in chronic hepatopathies due to local iron
dyshomeostasis, its presence being associated to progres-
sion and worse prognosis of the underlying liver disease.1e3

Histopathologically, iron can be present within the hepa-
tocytes and/or inside the Kupffer cells of the mononuclear
phagocytic system (MPS). Within the hepatocytes, iron
excess leads to oxidative stress and hepatocellular necrosis,
a condition known as sideronecrosis.3 In these patients, iron
accumulation in the MPS is associated with a more severe
liver disease.1,4,5

Iron overload is recognised on magnetic resonance im-
aging (MRI) due to its lowering of the tissue signal intensity.
Iron deposits within the liver and pancreas are character-
istic of severe hereditary haemochromatosis; a pattern of
liver, spleen, and bone marrow overload relates to iron in-
side the MPS cells; while isolated liver deposition is clas-
sically associated to milder forms of hereditary
haemochromatosis or to chronic liver diseases.6,7 However,
patients with chronic diffuse liver diseases and no history of
blood transfusions often show a wide spectrum of iron
distribution within liver, pancreas, spleen, and bone
marrow in MRI studies, suggesting that iron accumulation
may not be limited only to the liver.

Quantitative MRI assessment of liver iron overload by
means of transverse relaxation rates (R2*) relaxometry has
emerged as a safe, non-invasive, and accurate alternative to
liver biopsy for the evaluation and follow-up of patients
with hereditary haemochromatosis and transfusion-related
haemosiderosis.2,8 R2* relaxometry uses a series of images
acquired with a multi-echo gradient echo sequence, with
increasing echo time (TE). This sequence can be performed
within a single breath-hold acquisition. The liver signal
intensity is modelled as a multi-exponential periodic
complex function of TE and the signal decay rate is then
calculated.2 The greater the liver iron concentration, the
higher the relaxation rate (R2*).2,8 In comparison to other
MRI methods, such as R2 relaxometry or signal intensity
ratio methods, R2* relaxometry performed with multi-echo
chemical shift-encoded sequences has the advantage of a
faster acquisition with simultaneous quantification of he-
patic iron and fat.
Furthermore, MRI-derived R2* calculations have also
been used to assess iron in other organs, such as the
pancreas, spleen, and vertebral bone marrow, in patients
with thalassemia, other iron-loading anaemias and primary
haemochromatosis, providing new insights into the path-
ophysiology of systemic iron distribution9,10; however, to
the authors’ knowledge, a combined evaluation of the iron-
related R2* changes in the liver, pancreas, spleen, and bone
marrow has never been established in the context of
chronic diffuse liver diseases.

The aims of the present study were to quantitatively
assess liver, pancreas, spleen, and bone marrow iron de-
posits and distribution, by means of the R2* values, in a
series of patients with chronic diffuse liver diseases and
liver biopsy. A secondary aim was to evaluate the relation-
ship among R2* measurements in the different organs and
to assess the relationship between tissue iron overload and
the intracellular hepatic iron distribution (hepatocytes and/
or Kupffer cells).

Materials and methods

The Institutional Review Board approved this prospec-
tive single centre study. All recruited patients gave their
written informed consent to participate. Over a period of 1
year, all consecutive patients with diffuse liver disease who
underwent clinically indicated liver biopsy, were scheduled
for a liver MRI examination. For the purpose of this study,
patients with a diagnosis of hereditary haemochromatosis
(n¼8) and liver transplant (n¼32) were excluded from
further analyses. In addition, patients with severe pancre-
atic atrophy and diffuse pancreatic duct dilation (n¼2) or
with movement-related MRI artefacts (n¼1) were also
excluded. No patient had a history of chronic blood trans-
fusion. The final study population included 56 patients (30
men and 26 women), with a mean age of 44.7 (standard
deviation, 13.8; range, 19e77) years.

The histological and laboratory-based aetiology of the
liver diseases was chronic hepatitis C virus infection (n¼15),
alcoholic liver disease (n¼6), autoimmune chronic hepatitis
(n¼15), chronic hepatitis B virus infection (n¼5), non-
alcoholic fatty liver disease (n¼9), and non-specific chronic
hepatitis (n¼6). Serum ferritin values were retrieved from
the patient’s clinical data files. Because ferritin values may
change over time, only ferritin measurements from within
30 days from liver biopsy and MRI examination were
considered for this study (n¼37 patients).



Figure 1 R2* values estimated in a 56-year-old male patient with
chronic HCV infection and hyperferritinaemia (1902 ng/ml). Liver
biopsy revealed histological iron grade 2. (aeb) Axial abdominal MRI
images show ROIs in the liver, spleen, vertebra bone marrow, and
pancreas, estimating R2* values of 101, 108, 265, and 23 s�1,
respectively.
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Liver biopsy and histopathological analysis

Percutaneous liver biopsy samples were acquired under
ultrasonography guidance (16e18 G needles). Biopsy was
used as the reference standard for grading hepatic iron
deposits. A pathologist (S.G., more than 10 years’ experi-
ence), blinded to the MRI results, evaluated the biopsy
samples using haematoxylin and eosin and Perls’ Prussian
stains for iron grading.11 Furthermore, the cellular stainable
iron distribution compartment was classified as within
hepatocytes only or within both hepatocytes and Kupffer
cells.

MRI

Most of the patients (53 patients, 95%) underwent MRI
examination the same day as liver biopsy, and all patients
had a liver MRI examination performedwithin 21 days from
the liver biopsy (mean time 2.2 days, interquartile range 1
day). TheMRI studies were performed at a single institution
with 3 T MRI equipment (TX Achieva, Philips Healthcare,
the Netherlands), using a 16-channel phased-array surface
coil. A two-dimensional (2D) multi-echo chemical shift
encoded sequence was performed (12 echoes, echo times
[TEs]¼0.99 to 8.69, short echo spacing¼0.7 ms; repetition
time [TR]¼10 ms; 10� flip angle; 34 section; 3�3 mm voxel
dimensions; 7 mm section thickness; 0.3 mm gap; 2�2 mm
reconstruction voxel size; 375�302 mm field of view; 1.8
parallel imaging effective acceleration factor; 2433 Hz/pixel
bandwidth). The total acquisition time for imaging the up-
per abdomen under end-expiratory phase single breath-
hold acquisition never exceeded 15 seconds.

Quantification of iron-related R2* measurements was
performed using QLiver software (QUIBIM, Valencia, Spain;
Fig 1), which is based on least squares analysis by Lev-
enbergeMarcquardt algorithm, being used for the simul-
taneous quantification of R2* and proton density fat
fraction.12 MRI images were evaluated by a trained research
student (S.S., 3 months of experience performing liver MRI
measurements) under the supervision of an experienced
abdominal radiologist (M.F., 10 years of experience). Both
readers were blinded to histopathological results. Liver
iron-related R2* values (s�1) were calculated as the average
measurements of eight circular regions of interest (ROIs) of
8 mm diameter. These ROIs were manually placed in the
right hepatic segments, avoiding vessels and lesions.
Pancreatic R2* values were estimated as the average of
6 mm diameter ROIs, placed within the parenchyma at the
head, body, and tail of the pancreas. Splenic R2* values were
calculated as the average of three measurements obtained
with 8 mm circular ROIs located in the splenic parenchyma.
Vertebral bone marrow R2* values were estimated as the
average values of three 8 mm ROIs, manually placed in the
body of the 12th dorsal to the second lumbar vertebras. All
R2* measurements were done in <5 minutes per patient.
The interobserver and the inter-examination agreement for
the different R2* measurements were previously assessed
in 21 healthy volunteers (12 males, nine females; age
mean�SD, 38.1�16 years), who were scanned on two
different sessions at the same day and images evaluated by
two readers. R2* measurements in the liver, spleen, and
bone marrow showed strong agreement between the two
observers and between the two different MRI examinations
(intra-class correlation coefficients higher than 0.95). In
addition, pancreatic R2* measurements showed good
agreement between observers and different examinations
(intra-class correlation coefficients higher than 0.78).

Statistical analysis

Descriptive statistics were used to summarise the pa-
tients’ characteristics. Categorical variables were evaluated
by Fisher’s exact test. Group data are presented asmean and
standard deviation, or median and interquartile range. All
the R2* values distributions were non-symmetrical, even
after several transformations. Differences of R2* values
between histological groups of hepatic iron loading and
between groups of different cellular iron distribution
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compartments (iron only in hepatocytes versus iron present
in Kupffer cells) were assessed using KruskaleWallis test
with post-hoc ManneWhitney test and Bonferroni correc-
tion. The reported p-value, which is multiplied by the
number of comparisons (three comparisons), reflects the
Bonferroni adjustment.

Spearman’s correlation coefficient was used to correlate
liver, pancreas, spleen, and vertebral bone marrow R2*, and
also ferritin values. Spearman’s correlation coefficient was
also used to calculate the degree of association between
continuous (liver, pancreas, spleen, and vertebral bone
marrow R2* measurements, and ferritin values) and ordinal
variables (liver histological iron scores). SPSS (version 24;
SPSS, IBM, Chicago, IL, USA) was used for the analysis.

A p<0.05 was considered as statistically significant for all
tests, including the Bonferroni adjusted p-values in multiple
comparisons.
Results

Histopathological and laboratory results

In the 56 liver specimens, 25 (45%) patients had no iron
deposits identified at histological examination (grade 0). On
the contrary, 31 (55%) had hepatic iron overload. Of these,
19 (61%) patients were classified as grade 1, 10 (32%) pa-
tients were grade 2, and two (7%) patients were grade 3. For
statistical analysis, iron histological grades were grouped as
grades 2e3 (12 patients, 39%).

The main cellular distribution of iron deposits was
registered in 21 of the 31 patients with iron overload: nine
(43%) samples had iron only within hepatocytes and 12
(57%) cases had iron within both hepatocytes and Kupffer
cells. This classification could not be established in 10 pa-
tients due to pathological sample degradation, and these
were considered “missing values”. There was an association
between the histological hepatic iron score and the histo-
logical cellular pattern of iron distribution. Stainable iron
within the Kupffer cells was more frequent in patients with
higher liver iron scores whereas only one patient with high
iron overload had iron only within hepatocytes (Fischer’s
exact test, p¼0.01; Spearman’s rank correlation coefficient,
RS¼0.63, p¼0.002; Table 1). There was no significant asso-
ciation between the aetiology of liver diseases and the main
histological cellular pattern of iron distribution (Fischer’s
exact test, p¼0.29).
Table 1
Distribution of patients according to the histological hepatic iron score and
the histological cellular pattern of iron distribution (available in 21 of the 31
patients with histological hepatic iron overload).

Histological liver iron score Total

1 2e3

Iron within hepatocytes only 8 1 9
Iron within both hepatocytes

and Kupffer cells
3 9 12

Total 11 10 21

Stainable iron within the Kupffer cells was more frequent in patients with
higher hepatic iron scores (Fischer’s exact test, p¼0.01; RS¼0.63, p¼0.002).
The mean ferritin (ng/ml) value was 507, median 259,
and IQR 641e167. There were no significant differences of
ferritin values among different groups of diffuse liver
diseases.

Liver R2* measurements

The mean liver R2* values were 55 s�1 (median 45, IQR
72e37, range from 26 to 126 s�1). These measurements
were positively correlated with serum ferritin levels
(RS¼0.53, p<0.01; Table 2). This correlation was stronger in
cases with ferritin values below 1000 ng/ml (RS¼0.69,
p<0.01).

Liver R2* values were significantly different across the
different histological iron grades (KruskaleWallis, p<0.01),
increasing with the histological iron grade (RS¼0.58,
p<0.01; Tables 2 and 3, Fig 2). Using Bonferroni post hoc
correction, the R2* measurements were significantly
different (p<0.01) between grade 0 and 2e3 and between
grade 1 and 2e3.

A significant correlation was found between liver and
spleen R2* measurements (RS¼0.71, p<0.01) or liver and
vertebral bone marrow R2* (RS¼0.66, p<0.01; Fig 3aeb) but
not between hepatic and pancreatic R2* values (RS¼0.22,
p¼0.096; Table 2). Splenic R2* measurements were also
correlated with bone marrow R2* (RS¼0.72, p<0.01; Fig 3c,
Table 2). Pancreatic R2* values were not correlated with
spleen (p¼0.052) neither with vertebral bone marrow
(p¼0.12) R2* measurements nor with serum ferritin levels
(p¼0.07).

Regarding the iron cellular distribution, the highest R2*
values in liver, spleen, and bone marrow were found in
patients with stainable iron inside the Kupffer cells
(Fig. 4aec). Patients with iron in Kupffer cells had signifi-
cantly higher hepatic R2* values than patients with iron
only in hepatocytes or no iron overload (p<0.01). There
were no significant differences between hepatic R2* mea-
surements in patients with iron only in hepatocytes and
patients with no iron overload (p>0.05; Fig 4a). Further-
more, no significant differences were observed in splenic
and bone marrow R2* measurements between patients
with hepatic iron only in hepatocytes and patients with no
hepatic iron overload (p>0.05; Fig 4b,c).

Unfortunately, multifactorial analyses considering the
effect of histological iron grade and the iron cellular distri-
bution in the R2* measurements from different tissues
could not be performed due to the small number of patients.

Discussion

Although hepatic iron overload is seen in some cases of
chronic diffuse liver diseases, splenic and bone marrow
involvement has not been appreciated in the imaging
literature; however, the present results, in a cohort of pa-
tients with different diffuse liver diseases, show a positive
correlation between liver, spleen, and bone marrow iron
accumulation, as measured by MRI-derived R2* quantifi-
cation. Iron liver deposits were histopathologically found
either within the hepatocyte compartment only or within



Table 2
Correlation coefficients between R2* from different tissues, and the serum ferritin levels or hepatic histological iron score.

Spearman Correlations Histological liver
iron score (n¼56)

Ferritin
(n¼37)

Liver R2*
(n¼56)

Spleen R2*
(n¼56)

Vertebral bone
marrow R2* (n¼56)

Pancreas R2*
(n¼56)

Liver R2* 0.58a 0.53a

Spleen R2* 0.52a 0.49a 0.71a

Vertebral bone marrow R2* 0.41a 0.43a 0.66a 0.72a

Pancreas R2* 0.19 n.s. 0.30 n.s. 0.22 n.s. 0.26 n.s. 0.21 n.s.

n.s., Not significant.
a p<0.01.

Table 3
R2* from different tissues in the whole study population or stratified by histologic grading of hepatic iron deposition.

Liver R2* Spleen R2* Vertebra bone marrow R2* Pancreas R2*

In the whole population 55, 45, 72-37 40, 29, 51-18 187, 184, 217-143 34, 32, 38-29
Grade 0 42, 38, 46-34 26, 21, 29-15 164, 157, 195-133 32, 32, 34-29
Grade 1 53, 44, 64-39 40, 35, 44-24 192, 192, 218-150 36, 31, 39-28
Grade 2e3 86, 85, 109-73 69, 58, 103-38 228, 232, 260-181 37, 35, 44-28

Data are mean, median and IQR (s�1).

Figure 2 Box and whisker plots of hepatic R2* values measured in all patients in comparison to the histological iron score. The differences of R2*
values were significant (p<0.05) between all histological groups of hepatic iron loading. Horizontal lines indicate significant differences between
groups, evaluated by post hoc analysis, with Bonferroni adjusted p-value for distinguishing different histological grades <0.05.
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both the hepatocyte and the MPS compartments. The he-
patic, splenic, and bone marrow R2* measurements were
higher in patients with iron within Kupffer cells, compared
to patients with no iron overload. Hepatic R2* measure-
ments were also significantly higher in patients with iron
within Kupffer cells than in patients with iron only in he-
patocytes. Furthermore, although the difference was not
statistically significant, patients with iron within Kupffer
cells also had higher splenic and bone marrow R2* mea-
surements than patients with iron only in hepatocytes.
Hepatic R2* measurements were moderately correlated
with serum ferritin levels, and this correlation was stronger
in patients with serum ferritin under 1,000 ng/ml; however,
serum ferritin is limited by its low specificity, despite being
widely used as a serological marker of iron burden. This
acute phase reactant is elevated in both acute and chronic
inflammatory conditions. The liver is the major source of
circulating ferritin and minor liver insults might also in-
crease serum ferritin.8 Therefore, it is not surprising that the
correlation between hepatic R2* measurement and serum



Figure 3 Scatterplots demonstrating the relationship between hepatic, splenic, and bone marrow R2* measurements. A significant correlation
was found between (a) hepatic R2* measurements and spleen R2* (RS¼0.71, p<0.001), (b) hepatic and vertebral bone marrow R2* (RS¼0.66,
p<0.001), and (c) between spleen and bone marrow R2* (RS¼0.72, p<0.001). Pancreatic R2* values were not correlated with any of other tissues.
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ferritin levels is affected by other factors besides hepatic
iron overload, such as chronic liver inflammatory
conditions.

Liver R2* quantification is being increasingly employed
in clinical practice as a surrogate biomarker of iron con-
centration, particularly in patients with hereditary haemo-
chromatosis and haemosiderosis secondary to iron-loading
anaemias or chronic transfusion therapies.8,13 Abdominal
MRI sequences acquired for liver iron concentration quan-
tification can also be used to define and quantify iron
accumulation in other tissues, such as pancreas, spleen, and
bone marrow.9,10,13e17 These MRI images show a different
iron load distribution amongst these abdominal organs. The
particular organ deposits have been related to the mecha-
nisms of iron flow and tissue overload in the different dis-
eases. In transfusion-related iron overload, excess iron
accumulates in the MPS cells within the liver, spleen, and
bone marrow, and when these saturate, iron flows to the
parenchymal cells of the liver and pancreas. Conversely, in
hereditary haemochromatosis, the non-regulated intestinal
absorption of iron results in iron accumulation in
parenchymal cells of liver and afterwards the pancreas,
usually sparing the spleen and bone marrow.2,6,18

Mild to moderate iron overload is a common histological
finding in chronic liver diseases. The excesses of iron
potentially lead to oxidative stress,19 which contributes to
progression and worsening prognosis of the underlying
liver disease5; however, the mechanisms behind this iron
accumulation are still debated. Local pathogenic factors
may inhibit the hepatic production of hepcidin,20 the key
regulator of the intestinal iron absorption and the iron
recycling by macrophages.21 This inhibition results in sys-
temic iron overload. Conversely, local necro-inflammatory
changes might contribute to iron accumulation in the MPS
cells. Engulfment of iron-loaded dead bodies by Kupffer
cells increases the expression of profibrogenic factors, and
persistent activation of these cells promotes the develop-
ment of fibrosis.22 Whether other major MPS-containing
organs, such as the spleen or the bone marrow, might also
accumulate iron as a systemic response to liver inflamma-
tion, is not known and constitutes the focus of the present
study. Non-invasive MRI was used to simultaneously



Figure 4 Box and whisker plots of (a) liver, (b) spleen, and (c) bone marrow R2* values measured in all patients, compared with hepatic his-
tological iron cellular distribution. The highest R2* values in (a) liver, (b) spleen, and (c) bone marrow were found in patients with stainable iron
inside Kupffer cells. Horizontal lines indicate significant differences between groups, evaluated by post hoc analysis, with Bonferroni adjusted p-
value <0.05.
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quantify R2* values as a biomarker for iron loading in the
liver, spleen, bone marrow, and pancreas, in a cohort of
patients with chronic diffuse liver diseases. Although pre-
vious reports have evaluated the role of R2* MRI quantifi-
cation in diffuse liver disease,23e26 demonstrating a high
correlation with liver biopsy iron scoring, the assessment of
iron accumulation in organs others than the liver has not
been performed in patients with primary chronic liver dis-
eases. In the present study, a positive correlation between
liver, splenic, and bone marrow iron accumulation was
observed in patients with different diffuse liver diseases.
The liver, spleen, and bone marrow R2* values were also
shown to be higher in patients who had iron inside Kupffer
cells when compared to patients with iron accumulation in
hepatocytes. In the present series, therewas no relationship
between pancreatic and iron deposits in the other organs.
This is in agreement with reports of patients with thalas-
semia and other haematological iron-overload diseases,
where such a relationship was not found9 or was very
poor.10 Although there is a report with a significant corre-
lation between the pancreas and liver iron concentrations
in children with sickle cell anaemia, this relationship was
only established in patients with the highest liver iron
concentrations.17 In contrast to these patients with iron-
overload haematological diseases, patients with primary
chronic liver diseases have mild to moderate hepatic iron
concentrations. This might explain the lack of association
between liver and pancreatic R2* measurements in the
present cohort.

The pattern of liver, spleen, and bone marrow R2* re-
lationships in the present cohort of patients with chronic
liver diseases is similar to that found previously in
transfusion-dependent children with sickle cell anaemia17

or thalassemia.9 This observation suggests that iron tissue
distribution in chronic diffuse liver disorders conveys the
general pattern of preferential MPS accumulation, in
contrast with the preferential hepatocellular iron accumu-
lation that is typically observed in hereditary haemochro-
matosis. Therewere no significant differences in splenic and
bone marrow R2* measurements in patients with iron in
hepatocytes as compared with patients with no iron over-
load. Conversely, patients with hepatic iron within the
Kupffer cells had the highest hepatic, splenic, and bone
marrow R2* measurements.
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It should be stressed that a clear distinction between the
different iron distribution patterns is an important aspect in
the differential diagnosis of iron-overload disorders. The
present results suggest that systemic MPS iron accumula-
tion can be observed not only in patients with transfusion-
related iron overload, but also in patients with chronic
diffuse liver diseases. The amount of iron deposits in
chronic diffuse liver diseases, however, is far below the iron
burden observed in transfusion-related iron overload.5

In this context, the use of R2* measurements appears as a
very promising quantitative novel non-invasive clinical tool.
In addition, quantitative iron distribution evaluation by
objective R2* MRI-derivedmethods might be also helpful in
clinical trials using iron-removal strategies, such as iron
chelators, as well as to investigate the physiopathology of
iron metabolism in chronic liver diseases.

The study had some limitations. First, histopathological
proof of iron accumulation in the pancreas, spleen, and
bone marrow, was not obtained as biopsies in these organs
are precluded for ethical constraints. R2* radiological
measurements and histological liver biopsy samples eval-
uation were performed by single observers, and inter- or
intra-observer variability values were not assessed; how-
ever, in a group of healthy volunteers, R2* measurements in
liver, spleen, and bone marrow showed a strong agreement
between different observers and between two different MRI
examinations (ICC >0.95) whereas the agreement for
pancreatic R2* measurements was good (ICC >0.78; un-
published data). Furthermore, the repeatability and accu-
racy of the R2* method has also been demonstrated in
previous reports.27,28 The small number of patients in the
hepatic iron overload and iron cellular distribution groups is
also recognised as a limitation, which has also impaired the
use of multifactorial analysis to assess the relative impact of
iron overload and cellular distribution of hepatic iron
overload. Histological evaluation of iron overloadwas based
on categorical score, which might underestimate the cor-
relation with R2* quantitative continuous values. Unfortu-
nately, quantitative analytical methods for liver iron
concentration require a different liver sample and are usu-
ally not performed in clinical practice for assessment of
diffuse liver diseases. As MRI-estimated liver iron concen-
trations were not provided, scanner calibration with
different iron concentrations was not performed. As the aim
was to compare R2* measurements from different tissues,
the magnitude of any error or effect would equally affect all
the measurements. In addition, no organ was used as an
internal reference. In contrast to signal intensity ratio
methods, relaxometry methods generate numerical data
expressed in international units, and normalisation to a
reference organ is not mandatory. Fat can be a confounding
factor for R2* measurements due to signal modifications, as
fat can be found within the liver, pancreas, and bone
marrow. To minimise this bias, a multi-echo chemical-shift-
encoded sequence approach was used, considering only the
water contribution to the R2* measurements, previously
validated in patients with diffuse liver diseases, including
non-alcoholic fatty liver disease and non-alcoholic steato-
hepatitis.26 ROIs measurements were taken from the same
hepatic lobe as liver biopsy, in order to minimise the sam-
pling bias. Nevertheless, as iron deposits can be heteroge-
neously distributed throughout the liver parenchyma and
also considering the small size of liver biopsy specimens, it
cannot be excluded that the present results might still be
affected by some sampling bias.

In summary, a significant correlation between the liver,
spleen, and bone marrow iron loading exists in diffuse liver
diseases, as assessed by R2* MRI-derived measurements.
Pancreatic R2* values were not correlated with iron within
the other abdominal organs. Patients with the highest he-
patic iron scores and with iron histologically demonstrated
within liver Kupffer cells had the highest splenic and bone
marrow R2* values, suggesting systemic MPS iron accu-
mulation. Finally, reporting the R2* measurements in other
abdominal organs besides the liver bring new insights into
the pathophysiology of iron deposition in diverse chronic
diffuse liver diseases.
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