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ABSTRACT

Background. There is an ongoing clinical need for novel methods to measure hepatic iron content (HIC)
noninvasively. Both magnetic resonance imaging (MRI) and superconducting quantum interference device
(SQUID) methods have previously shown promise for estimation of HIC, but these methods can be expensive
and are not widely available. Room-temperature susceptometry (RTS) represents an inexpensive alternative
and was previously found to be strongly correlated with HIC estimated by SQUID measurements among pa-
tients with transfusional iron overload related to thalassemia. Aim. The goal of the current study was to
examine the relationship between RTS and biochemical HIC measured in liver biopsy specimens in a more
varied patient cohort. Material and methods. Susceptometry was performed in a diverse group of patients
with hyperferritinemia due to hereditary hemochromatosis (HHC) (n = 2), secondary iron overload (n = 3),
nonalcoholic fatty liver disease (NAFLD) (n = 2), and chronic viral hepatitis (n = 3) within one month of liver
biopsy in the absence of iron depletion therapy. Results. The correlation coefficient between HIC estima-
ted by susceptometry and by biochemical iron measurement in liver tissue was 0.71 (p = 0.022). Variance
between liver iron measurement and susceptometry measurement was primarily related to reliance on the
patient’s body-mass index (BMI) to estimate the magnetic susceptibility of tissue overlying the liver. Con-

clusions. We believe RTS holds promise for noninvasive measurement of HIC. Improved measurement tech-
niques, including more accurate overlayer correction, may further improve the accuracy of liver
susceptometry in patients with liver disease.
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ORIGINAL ARTICLE

INTRODUCTION

Increased levels of hepatic iron are common in

many liver disorders and known to exacerbate liver

disease through increased production of reactive

oxygen species.1 Therefore, information on HIC in

patients with liver diseases may be useful to assess

risk for disease progression, identify patients who

may benefit from phlebotomy therapy, and evaluate

effectiveness of interventions such as interferon

treatment for viral hepatitis. The gold standard for

measurement of hepatic iron is liver biopsy, which

carries some risk and may be expensive.2,3 In addi-

tion, inhomogeneous distribution of liver iron and

the small size of the sample retrieved may lead to

errors in HIC measurement.4 Serum ferritin, a less

invasive indicator of iron status, is elevated with in-

flammation and liver disease, and so therefore may

not correlate well with HIC.5-7 Thus, there is a need

for new methods for noninvasive measurement

of HIC.

HIC can be measured noninvasively by MRI,8-14

and by magnetic susceptibility measurements using

SQUID15-20 or RTS.21-25 Estimations of HIC by MRI

and SQUID techniques have been shown to correla-

te well with biochemical HIC,16 but both methods

are expensive and not widely available. In cases of

extreme iron overload, MRI quantification may be

inaccurate due to the increased transverse relaxa-

tion rate.13 Readings are also altered by hepatic fi-

brosis and inflammation, which are common in

disorders with increased hepatic iron.26 SQUID mea-

© 2019, Fundación Clínica Médica Sur, A.C. Published by Elsevier España S.L.U. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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fibrosis and cirrhosis. A secondary goal was to

identify technical factors which may contribute

to errors in susceptometric measurement of liver

iron content.

MATERIALS AND METHODS

Human subjects

RTS was performed in ten patients who had ele-

vated serum ferritin (> 300 ng/mL for men, > 200

ng/mL for women), underwent clinically indicated

liver biopsy, and had biochemical measurement of

HIC; the indications for biopsy were NAFLD

(n = 2), HHC (n = 2), hepatitis B (n = 1), hepatitis

C (n = 2), or secondary iron overload (n = 3).

Diagnoses were confirmed for hepatitis B and hepa-

titis C using viral RNA levels, for HHC using HFE
genotyping, and for NAFLD using histological sco-

ring according to the nonalcoholic steatohepatitis

clinical research network system.43

Patients with indwelling metal (such as a frag-

ment in the eye, aneurysm clips, ear implants, spi-

nal nerve stimulators, or a pacemaker) were

excluded from the study. The study protocol was

approved by the Institutional Review Board and

written informed consent was obtained from all sub-

jects.

Liver biopsy

Liver biopsy was performed according to stan-

dard clinical protocols. Hepatic iron content was de-

termined by atomic absorption spectrophotometry of

fresh or formalin-fixed paraffin-embedded liver tis-

sue at the Mayo clinic laboratory.44-46

Susceptometer measurements

Liver magnetic susceptibility measurements used

the room-temperature susceptometer described by

Avrin and Kumar23 (Figure 1). The susceptometer’s

magnetic field-producing coils formed a first-order

gradiometer with a baseline of 12.7 cm and a mean

coil radius of 1.45 cm, while the field-sensing coils

formed a second-order axial gradiometer with a ba-

seline of 7.5 cm and a mean coil radius of 2.45 cm.

These coil dimensions, chosen to facilitate compari-

son with existing SQUID susceptometers, approxi-

mately matched one of the coil sets in the

susceptometer described by Starr, et al.47

Susceptometer measurements were scheduled

within 30 days of liver biopsies to ensure there were

surements, which correlate well with MRI,27 can ac-

curately measure up to 8000 μg Fe/g wet tissue.27

The main drawbacks of this method are the need for

liquid helium and the cost and limited availability of

the susceptometer.

Low-cost room-temperature susceptometers could

potentially make direct magnetic detection of HIC

more widely available. These devices use oscillating

magnetic fields to magnetize paramagnetic iron in

the liver, and detect the change in magnetic field

caused by that magnetization.21 RTS measurements

have been found to correlate strongly with biopsy

HIC, MRI, and SQUID measurements in prelimina-

ry animal and human studies.21-23,25 However, there

are limited data examining utility of RTS in a diver-

se cohort of patients with liver disease and known

or suspected iron overload.

We measured HIC in patients with elevated serum

ferritin due to NAFLD, chronic viral hepatitis,

HHC, and secondary iron overload. Each of these di-

seases may be associated with elevated serum iron

indices and increased hepatic iron deposition,28-30

but the degree and pattern of iron deposition are va-

riable. HHC with phenotypic expression is characte-

rized by very high HIC (> 4,000 mcg/g dry weight)

and variable degrees of fibrosis; one-third of patients

with NAFLD have hepatic iron deposition;31-34

however, the degree of iron deposition is much lo-

wer than in alcoholic liver disease or HHC.35

Approximately 35 to 56% of patients with viral hepa-

titis have hepatic iron deposition,36 and the degree

of iron deposition has been associated with severity of

disease.37-39

These varied forms of iron overload present three

potential challenges in comparing susceptometry

with liver biopsy. First, liver damage might produce

a more inhomogeneous distribution of liver iron, in-

creasing the sampling error of the liver biopsy. Se-

cond, differing degrees and modes of iron deposition

might produce iron deposits with varying magnetic

susceptibility.40,41 Third, many patients with liver

disease (especially those with NAFLD) are

overweight or obese. Obesity increases errors in li-

ver susceptometry because of the presence of an in-

creased amount of tissue between the susceptometer

and the liver, reducing the liver signal in relation to

the magnetic susceptibility response of the tissue

overlying the liver.42

To examine the utility of susceptometry in clini-

cal practice, this pilot study was designed to compa-

re HIC values from liver biopsy with RTS across a

range of HIC and liver diseases, including diverse

patterns of hemosiderin deposition due to degree of
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no significant changes in the patients’ hepatic iron

stores. Prior to susceptometer measurements, an ul-

trasound examination, using standard hospital pro-

cedure, was used to select a suitable measurement

point on the subject’s thorax, at least 5 cm from the

inferior margin of the lung, with at least 5 cm of li-

ver thickness in all directions. Ultrasound was then

used to measure the distance from the liver to the

outer skin surface at the selected point. Ultrasound

measurements were made at full exhalation, with

the patient positioned in approximately the

same way as in the subsequent susceptometer

measurements.

For susceptometer measurements, the patient

was positioned in the left lateral position with the

selected measurement point facing upward and the

surrounding upper surface of the thorax approxima-

tely horizontal, so that the line through both shoul-

ders was tilted roughly forty-five degrees from the

horizontal while the right hip remained almost di-

rectly above the left hip.

After positioning the patient, the fiberglass cylin-

der enclosing the susceptometer coils was pressed

gently against the patient’s thorax. A flexible

bellows (minor diameter 20.3 cm, major diameter

25.4 cm) was inflated with water, filling the space

between the susceptometer and the patient. The se-

lected measurement point was centered under the

susceptometer coils using a locator loop of the type

as described by Paulson, et al.48 The patient was as-

ked to exhale completely and hold his or her breath

for ten seconds while the magnetic susceptibility

response was measured. Twelve such measure-

ments, divided into three sets of four, were made on

each patient.

Each set of patient measurements was preceded

and followed by a water reference measurement

made by expanding the flexible bellows to create a

water-filled volume 10 cm deep between the bottom

of the susceptometer and the patient’s thorax. To co-

rrect for slow drifts in the susceptometer’s baseline

reading, a linear interpolation between the prece-

ding and following water measurements was used to

estimate the water reference level at the time of

each patient measurement.

Calculation of liver iron concentration

Liver-iron values were calculated from suscepto-

meter data by subtracting the water reference mea-

surement from the magnetic susceptibility response

of the patient, then applying corrections for the fa-

lloff of the susceptometer’s response with distance

and the magnetic susceptibility response of the tis-

sue between the liver and the skin surface. In this

calculation, the liver and the overlying tissue were

modeled as homogeneous regions, each having a di-

fferent magnetic susceptibility. The overlayer was

represented as a slab of thickness zLS, with the liver

Figure 1. Room-temperature susceptometer. Patients lay

on their side below the field-producing coils as the suscepto-

meter recorded changes in the magnetic field induced by he-

patic iron.

Figure 2. Two-layer model used in liver-iron calculation. In

the diagram, zSS is the distance from the patient’s skin to the

bottom of the susceptometer, and zLS is the liver-skin distan-

ce measured by ultrasound. These values are used in Eq. 1 to

account for alterations in susceptometry measurements due

to increasing distance and changes in the magnetic field from

non-hepatic tissue.

Liver

Overlayer

Susceptometer

ZLS

ZSS
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filling all the space beneath the slab (Figure 2). All

other dimensions of the overlayer and liver were as-

sumed to be effectively infinite, that is, large compa-

red with the radii of the susceptometer’s

field-producing and field-sensing coils. Using this

model, the liver iron concentration was calculated

as (Eq. 1):

Where Spatient is the difference between the mag-

netic susceptibility responses measured on the water

reference and on the patient, Swater is the response of

the susceptometer, as determined by measuring the

signal from an open tub of water at varying distan-

ces below the bottom of the susceptometer, zSS is the

distance from the patient’s skin to the bottom of the

susceptometer, as measured using the locator coils,

and zLS is the liver-skin distance measured by ultra-

sound. water in Eq. 1 is the magnetic susceptibility

of water, and Fe = water/5,873 is the susceptibility of

liver iron at a concentration of one microgram per

gram wet weight.15 overlayer, the magnetic-suscepti-

bility difference between the water and that of the

tissue overlying the liver, was estimated from

the patient’s BMI, using an empirical formula deri-

ved by Fischer, et al.42

Characterization of

susceptometer noise and drift

To characterize short-term fluctuations in the sus-

ceptometer output, the response of a water-filled

phantom was measured twelve times in two minutes,

with ten seconds of data averaging per measurement.

The standard deviation of the twelve measurements

was calculated, and the root-mean-square average of

that standard deviation was calculated over 50 repeti-

tions of the experiment. Measurements of the water

phantom over longer periods revealed a fluctuation of

the susceptometer’s output on time scales ranging

from a few minutes to one hour or more. During li-

ver-iron studies, such baseline drifts were estimated

from the differences between the water reference mea-

surements taken before and after each set of measu-

rements on the patient.

Statistical analysis

Pearson’s correlation was used to determine asso-

ciations between continuous variables while Spear-

man correlations were used for associations

involving ordinal variables. A P-value of less than

0.05 was considered statistically significant. All data

analysis was performed using STATA 11.0 (College

Station, TX).

RESULTS

The ten patients in the biopsy-susceptometry

comparison showed a wide range of serum ferritin

(range 823-2,071 ng/mL), HIC measured by liver

biopsy (631-18,323 μg/g dry weight), steatosis (grade

0-2), fibrosis (stage 0-4), and iron deposition pattern

(hepatocellular, reticuloendothelial cell, and mixed).

The patients also varied in a number of parameters

that affect liver susceptometry, including height

(1.50-1.79 m), BMI (20.2-34.9 kg/m2), and liver-skin

Table 1. Patient diagnoses and characteristics.

Diagnosis Sex Age BMI Ferritin ZLS HICRTS HICbiopsy Steatosis Fibrosis

(M/F) (years) (kg/m2) (ng/mL) (mm) ( g Fe/gdry) ( g Fe/gdry) (grade) (stage)

Patient 1 HHC F 56 34.9 1,571 31.3 8,564 18,323 0 0
Patient 2 HHC F 49 30.6 833 28.8 5,680 10,247 1 1
Patient 3 SIO F 47 25.6 1,221 28.4 17,857 15,917 0 2
Patient 4 SIO F 53 28.2 1,756 35.2 17,371 9,738 1 1
Patient 5 SIO F 66 20.2 1,374 20.6 6,781 7,121 0 2
Patient 6 HBV F 29 21.9 1,382 24.6 11,346 13,300 0 2
Patient 7 HCV M 58 29.0 1,592 22.5 1,037 913 2 4
Patient 8 HCV M 47 25.6 1,216 26.5 4,899 1,045 2 4
Patient 9 NAFLD F 59 30.7 823 32.4 5,718 631 1 0
Patient 10 NASH M 56 34.8 2,071 26.7 -1,920 1,374 2 2

Individual patient data are presented with patients ordered based upon similar diagnosis. ZLS: liver-skin distance. BMI: body-mass index. RTS: room-tem-
perature susceptometer. HIC: hepatic iron content. HHC: hereditary hemochromatosis. SIO: secondary iron overload. HBV: hepatitis B virus. HCV: hepatitis C
virus. NAFLD: nonalcoholic fatty liver disease. NASH: nonalcoholic steatohepatitis.
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distance (20.6-35.2 mm). Characteristics of the stu-

dy population are summarized in table 1.

Figure 3 demonstrates the relationship between

HIC values from liver biopsy (HIC
biopsy

) and room-

temperature susceptometry (HIC
RTS

) for the overall

cohort. There was a significant Pearson product mo-

ment correlation coefficient r = 0.71 (p = 0.022) bet-

ween HIC
RTS

 and HIC
biopsy

. The difference between

the susceptometry and biopsy result had a standard

deviation of 4,939 μg/g
dry

 over the ten patients. The

scatter in the susceptometry-biopsy relationship was

generally greater in patients with larger liver-skin

distances. Reflecting this trend in figure 4, the abso-

lute values of the susceptometry-biopsy difference in-

creased strongly with liver-skin difference (r = 0.85,

p = 0.002). These susceptometry-biopsy differences

were weakly correlated with histological steato-

sis scores as determined by Spearman correlation

(r = -0.04, p = 0.92, data not shown).

In calculating the susceptometry-biopsy difference,

and in the rest of this presentation, the RTS result

has been converted to dry-weight units by multi-

plying it by 3.3 (a commonly used value for the

wet/dry weight ratio of liver biopsy specimens).49 An

alternative approach, which allows for uncertainties

in the wet/dry weight ratio and the calibration of

the susceptometer, is to do a linear regression

of HIC
RTS

 as a function of HIC
biopsy

, then define the

susceptometry-biopsy difference as the deviation of

HIC
RTS

 from the regression line. This approach

yields the same qualitative conclusions as presented

here, including the dependence of measurement

errors on liver-skin distance and the relative magni-

tudes of different sources of measurement error.

The typical variability of repeated susceptometer

measurements in a given patient was approximately

200 μg/g
wet 

(660 μg/g
dry

), as characterized by taking

the standard deviation of the twelve measurements

on each patient and then taking the root-mean-squa-

re average of the results over the ten patients. That

intra-patient variability was less than one-sixth of

the inter-patient variability of the susceptometer-

biopsy difference, as estimated above. Based on

water-phantom measurements, short-term fluctuatio-

ns of the susceptometer’s output were equivalent to an

HIC error of approximately 45 μg/g
wet

 (149 μg/g
dry

) for

a patient with zLS = 27 mm, when averaged

over twelve measurements. Differences between

successive water-reference measurements during li-

ver iron studies, an indicator of possible errors due

to slower drifts in the susceptometer’s baseline

reading, had a standard deviation of 177 μg/g
wet

(149 μg/g
dry

) over all repetitions on all patients.

These measures of instrumental noise were also

small compared with the inter-patient variability of

the susceptometry-biopsy difference.

Figure 3. Correlation between liver iron concentrations

determined by room-temperature susceptometry (HIC
RTS

)

and biochemical hepatic iron content of biopsy specimens

(HIC
biopsy

). The mean of 12 measurements are plotted for HIC
RTS

with error bars to display standard deviation. Pearson’s co-

rrelation with 95 percent confidence interval band is shown

with r- and p-values provided.

Figure 4. Association between the magnitude of suscepto-

metry-HIC difference and liver-skin distance. Liver-skin

distance was determined by ultrasound at the chosen point of

measurement. Accuracy of RTS measurements was determi-

ned by finding the absolute difference between HIC
RTS

 and

HIC
biopsy

 (i.e. Error = |HIC
RTS

 – HIC
biopsy

|). Pearson’s correla-

tion with 95 percent confidence interval band is shown with

r- and p-values provided.
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DISCUSSION

To our knowledge, this is the first study compa-

ring RTS for hepatic iron determination to HIC by

biopsy in a diverse patient population with liver

disease and elevated ferritin. A preliminary human

study by Casañas, et al. demonstrated a correlation of

r = 0.56 between HIC and magnetic induction

measurements in 10 hemochromatosis patients and

7 controls.25 Marinelli, et al. published data in iron-

loaded rats in which they found an r = 0.99 between

susceptometer measurements and HIC.21 The same

group recently published a study demonstrating a

correlation coefficient of 0.62 between biopsy-measu-

red HIC and magnetic conductor measurements in

26 subjects with a variety of iron-overload disor-

ders; this included thalassemia (n = 16), hemochro-

matosis (n = 6), sickle-cell disease (n = 2),

congenital dyserythorpoietic anemia (n = 1), and

Diamond-Blackfan anemia (n = 1).22 The suscepto-

metry-biopsy correlation in the current study (r =

0.71) compares favorably.

The observed increase in the magnitudes of biop-

sy-susceptometry differences with liver-skin distance

(Figure 4) suggests that the difference in measure-

ments between susceptometry and liver biopsy are

mainly due to errors in measuring the liver’s mag-

netic susceptibility, rather than variability in the re-

lationship between susceptibility and iron content,

or errors due to biopsy iron measurements. Liver-

skin distance is influenced by obesity which may be

associated with steatosis and less homogeneous liver

iron distribution (increasing biopsy sampling

errors) or iron deposits that were somehow more va-

riable in their magnetic susceptibility (increasing

the variability of the susceptibility-iron relations-

hip). However, the association of liver-skin distance

and steatosis shows a Spearman correlation coeffi-

cient of only r = -0.04 (p = 0.92), making it unlikely

that steatosis effects caused the increasing magnitu-

des of the susceptometer-biopsy differences at larger

liver-skin distances.

We believe that the main errors in the suscepto-

metry-biopsy comparison arise from the variabili-

ty in measurement of the liver’s magnetic

susceptibility. As discussed earlier, such errors

are expected to increase as the separation between

the liver and the susceptometer increases and the

liver signal becomes weaker in relation to the res-

ponse of the overlying tissue. These liver-suscepti-

bility errors were likely enhanced in the patients

in the current study because the average liver-

skin distance was 27 mm, compared with 15 mm in

the previous SQUID-RTS comparison in the pa-

tients with thalassemia.23 Based on the measured

falloff rate of the susceptometer’s response, this

increase in liver-skin distance corresponds to a

64% decrease in the liver-iron signal, nearly tri-

pling the expected errors in the liver susceptibility

measurement.

Water reference measurements and water-phan-

tom tests suggest that these liver-susceptibility

errors are not due to the noise and drift of

the room-temperature susceptometer itself. Since the

differences between susceptometry and biopsy were

large compared with the variability of repeated sus-

ceptometer measurements in each patient, the main

errors were due to inter- rather than intra-patient

differences. Intra-patient variability in RTS measu-

rements may include the magnetic susceptibility

responses of air in the lung, gas in the large intes-

tine, or the neglect of the curvature of the liver

and overlayer in Eq. 1. However, the most obvious

error source is the magnetic susceptibility of the

tissue overlying the liver. This overlayer effect is

estimated to be the single largest source of error in

liver-iron measurements with existing SQUID sus-

ceptometers.42

There are some limitations to the current RTS te-

chnique. The overlayer effect was also a major source

of error in the present study. The BMI-susceptibility

relationship used to correct for the overlayer res-

ponse was derived using a SQUID susceptometer in

a population of distance runners and blood do-

nors.42 In that population, the difference between

the measured overlayer susceptibility and the value

calculated from the patient’s BMI had a standard

deviation of 1.0 x 10-7 SI units, as calculated from

the data of Fischer, et al.42 Calculations using Eq. 1

show that, if the overlayer susceptibility were

in error by that amount for every patient, the resul-

ting error in HIC would have an root-mean-square

average of 770 μg/g
wet

 (2,541 μg/g
dry

) over the ten

patients in this study. However, the actual errors

in the overlayer susceptibility may be much larger

than this estimate, since the study population and

susceptometer in this study are different from the

ones used to derive the susceptibility-BMI formula.

Consequently, uncertainties in the overlayer correc-

tion can plausibly account for much or most of the

overall error in this susceptometer-biopsy compari-

son. Future research will test this interpretation by

using improved methods, including ones similar to

those currently used with SQUID susceptometers,42

to measure and correct for the overlayer’s magnetic

susceptibility.
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CONCLUSION

The current study found that room-temperature

susceptometry is a valid method of HIC determination

in various forms of liver disease with a full spectrum of

hepatic iron loading. The results also indicate that, at

least to the precision achieved here, the accuracy

of room-temperature susceptometry in patients with

liver disease was not limited by irreducible factors

such as variations in the magnetic susceptibility of li-

ver iron, but by errors in measuring the liver’s magne-

tic susceptibility. Such errors can be potentially

reduced with better overlayer correction and other im-

provements in the susceptometer. With such improve-

ments, room-temperature susceptometry may

ultimately provide an affordable, accessible, noninvasive

way to quantify liver iron content in a range of liver

diseases, in hepatology clinics and in regions with

limited access to MRI and SQUID susceptometry.

ABBREVIATIONS

� HIC.HIC.HIC.HIC.HIC. Hepatic iron content.

� MRI.MRI.MRI.MRI.MRI. Magnetic resonance imaging.

� SQUID.SQUID.SQUID.SQUID.SQUID. Superconducting quantum interference

device.

� RTS.RTS.RTS.RTS.RTS. Room-temperature susceptometry.

� HHC.HHC.HHC.HHC.HHC. Hereditary hemochromatosis.

� NAFLD.NAFLD.NAFLD.NAFLD.NAFLD. Nonalcoholic fatty liver disease.

� BMI.BMI.BMI.BMI.BMI. Body-mass index.
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