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Abstract
Objective

Biomagnetic liver susceptometry (BLS) is a noninvasive method to quantify liver iron concentration (LIC).
Here we report our �ndings from a prospective study which validates in vivo LIC from a SQUID
biosusceptometer by in vitro LIC in fresh tissue and para�n-embedded biopsies from patients at risk for
iron overload.

Materials and Methods

LIC was measured by BLS and biopsy. LIC by biopsy were measured in 40 dry weight fresh tissue and
para�n-embedded liver biopsy samples. LIC from biopsies and total iron scores from histology were
compared to biosusceptometry. In addition, the wet-to-dry weight ratio was determined.

Results

Liver iron concentrations measured by BLS and in 40 fresh tissue biopsies were related by a factor of 6.0
± 0.2 (r2 = 0.88). Similar results were obtained from comparisons with depara�nized biopsies (6.6±0.3,
r2=0.87) and histology (6.7±1.3, r2=0.47). In contrast, a mean wet-to-dry weight ratio of 4.1 ± 0.7 was
achieved from biopsies immediately weighed after the biopsy procedure.

Conclusion

LIC derived from two independent measures, the historical biopsy gold standard and biosusceptometry,
were highly correlated. When comparing biosusceptometry with wet weight biopsies, the liver tissue
sample size is critical.

Introduction
Patients with iron overload due to chronic blood transfusion (thalassemia, sickle cell disease) or
increased iron absorption (hereditary hemochromatosis), are at risk for iron toxicity. If not adequately
treated by iron depleting therapies (chelators, phlebotomy), patients can develop multiorgan failure:
including liver cirrhosis, endocrinopathy, or cardiac failure1. Serum ferritin is widely used to monitor iron
stores. Although it may correlate with liver iron concentration (LIC), when used alone, serum ferritin can
be misleading2. Total body iron stores are re�ected by liver iron concentration (LIC)3,4, therefore, LIC is
routinely assessed to monitor iron overload and response to iron depletion therapies. Chemical
quanti�cation of iron in liver tissue samples collected by biopsy was originally used to monitor iron
overload. Frequency of biopsy is limited by cost, risk and invasiveness, therefore noninvasive methods
have been developed to allow for more frequent LIC assessment. In 1967, Bauman and Harris
demonstrated that the difference between the magnetic susceptibilities of water in the body’s tissues and
the hemosiderin/ferritin iron complex in the liver could be used to quantify LIC5. Since then, several
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groups explored the application of biomagnetic liver susceptometry (BLS) technology using low-
temperature (liquid helium) SQUID (Superconducting QUantum Interference Device) biosusceptometers
for the noninvasive quanti�cation of LIC in humans6–10. Although dedicated to measuring LIC, the wide-
spread adoption of SQUID-based technology was prevented by high operating costs, low environmental
magnetic noise requirements, and a certain level of operation expertise. In an attempt to overcome the
challenges of low-temperature biosusceptometers, room-temperature based instrumentation or
superconducting high-temperature (liquid nitrogen) are in various phases of development11–14.

Validation against biopsy, the historic “gold standard” for LIC assessment, is a crucial step in the
development of noninvasive iron quanti�cation technology. In order to make comparisons between
techniques, it is important to consider fundamental differences in the state of the sample at the time of
testing. Noninvasive techniques are in vivo regional assessments of LIC (typically, a 3-dimensional near-
surface volume of about 300 cm3 by BLS or a 2-dimensional 5-10 mm slice with magnetic resonance
imaging (MRI)) where the liver is “hydrated” or wet. In contrast, biopsy measures a small (about 10-15
mm3) in vitro sample of tissue processed and dried prior to iron quanti�cation. Researchers developing
MRI techniques overcame this comparison issue by calibrating liver relaxation rates (R2, R2*) against iron
concentration measured by autopsy and biopsy dry weight data15,16. LIC from MRI is reported as
milligrams iron per gram liver dry weight and therefore is comparable to LIC from liver biopsy.

Because the BLS technique depends on physical properties of iron, biosusceptometers are calibrated
using the magnetic susceptibility, χ, of an standard object (phantom) with well-known geometry10,17. The
derived LIC relies only on the speci�c magnetic susceptibility of the hemosiderin/ferritin iron complex. For
BLS to be applied to the near-surface organs (liver, spleen) of humans, the anatomical liver geometry
must be estimated separately, e.g., by sonography. The MRI technique of quantitative susceptibility
mapping (QSM), which is currently under development for liver iron measurements, relies on the same
physical principles as BLS18. LIC from BLS is reported as microgram iron per gram liver wet weight, and
not comparable to dry weight liver biopsy without a conversion factor. Initial studies of BLS suggested
that the conversion factor (fwdr) should be equal to the wet-to-dry weight ratio (WDR) de�ned as the ratio
of the sample weight sample before (wet) and after drying. Early work utilized a WDR of 3.46, which
assumed a water content of 71.1% for the liver6. However, studies in iron overloaded patients have shown
variability in the WDR obtained from biopsies suggesting that WDR may depend on the method of biopsy
and the size of the sample obtained19. A systematic investigation of the conversion of the in vivo (wet)
volumetric measurement of iron by BLS into the in vitro (dry) chemical analysis of iron in small tissue
samples by biopsy has not been previously reported.

This blinded, prospective study validates in vivo LIC from a SQUID biosusceptometer by in vitro LIC from
fresh tissue (FT) biopsies and widely used para�n-embedded biopsies (PB). From the wet and dry weight
of biopsy samples, we calculated the conversion factor needed to compare LIC from BLS and LIC from
liver biopsy. Preliminary data were reported in 200620.
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Materials And Methods

Patients and methods
This study was approved by the institutional review board (IRB) at UCSF Benioff Children's Hospital
Oakland. The procedures used in this study adhere to the tenets of the Declaration of Helsinki.

Written informed consent was obtained from all patients, and/or their guardian prior to participation in
the study.

Eighteen patients with sickle cell disease (SCD) and 21 patients with transfusion dependent thalassemia
(TDT) who were referred for clinically indicated percutaneous liver biopsy for LIC assessment,
participated in the study. All participants were on chronic blood transfusion and chelation therapy. Mean
age was 19.6 years (range, 5 – 40 y). Each participant underwent liver iron assessment by biomagnetic
liver susceptometry (BLS) and liver biopsy. A total of 45 BLS measurements could be compared with the
results from 40 fresh tissue and 42 para�n-embedded biopsy samples analyzed at Mayo Medical
Laboratories, Rochester, MN (MAYO). Six patients had a second biopsy 27 ± 6 months after the �rst one.

Hepatitis (B or C) viral infection status, ferritin, liver transaminase (ALT), collected closest to the biopsy
date, were extracted from patients’ medical records.

Liver biopsy
Spring-loaded cutting needles (16g Bard® Monopty® Bard Endoscopic Technologies, Billerica, MA) with
a 15 mm3 groove for tissue uptake were used for the biopsy procedure and 2 cores were obtained in 2
passes aiming at the same local area of the right liver lobe. Systematically, the liver tissue from 1st
biopsy pass was used for histology purposes (para�n embedding) and later depara�nized for iron
quantitation at MAYO, while the liver tissue from 2nd biopsy pass was used as the fresh tissue sample for
iron quantitation.

Fresh tissue liver biopsy samples were weighed (mean wet weight 10.9 ± 2.2 mg) in pre-weighed trace
element free vials (cryovials were acid-washed at our institution) and shipped to MAYO. The resulting net
weight was used as tissue sample wet weight. Since a humidity loss on the biopsy needle groove could
not be excluded due to water resorption, we determined the residual water on the needle tip after the
biopsy procedure and after drying the tip. We found approximately 0.9 mg of residual water on needle
tips for an average wet weight of 10.9 mg of the tissue samples. At MAYO, the samples were divided into
2 parts and heat-dried (95°C for at least 17 hours) resulting in a total mean dry weight of 2.7 ± 0.7 mg
(range, 1.0 – 4.0 mg). Dry samples were digested and aliquots (20 µl) were injected into an Inductively
Coupled Plasma quadrupole Mass Spectrometer (ICP-MS: Elan DRC II®, Perkin-Elmer, Boston, USA) for
iron measurement.

As described in detail by Butensky et al (2005)21, Scheuer and Deugnier scoring system was applied to
histologic sections to assess in�ammation, �brosis and total iron scores (TIS). After obtaining sections
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for histology, para�n-embedded liver samples were depara�nized (mean dry weight 1.1 ± 0.4 mg)
according to the method described by Bush et al22. The imprecision of depara�nized liver biopsy LIC
values was estimated from the day-to-day variation of 7% as determined by analyzing NBS reference
standards.

Biosusceptometry
Most patients (88%) underwent SQUID biosusceptometry within a month post liver biopsy. The technical
details and the measurement procedure of the biosusceptometer (Ferritometer®, Model 5700, Tristan
Technologies, San Diego, USA) were described elsewhere23,24. More recently, liver susceptometry was
described in detail in relation to MRI25,26. In short, subjects were placed in a supine position on a motor
driven bed with low magnetic signature. Bed-side sonography was used for assessment of the thorax,
anterior liver geometry and measurement of the skin-liver distance. Subjects were centered at closest
distance below the superconducting magnetic �eld (max. 35 mT) and the gradiometer detection coils.
SQUID voltages, distance, position, and pressure signals were acquired during a 10 sec breath-hold
vertical scan. The data were analyzed within an analytical model10 of magnetic �ux integrals (Φ(z) = ∫Bf

∙ Bd d3r) calculated for ellipsoidal liver and cylindrical thorax geometries at distance z resulting in
equation (1).

(1) ΔV = C (Δχliver · Φliver + Δχthorax · Φthorax) + ΔVsystem

The system was calibrated (C) by an in�nite water sphere versus air with the well-known magnetic
susceptibility difference of 9.396·10-6 [SI-units]. After subtraction of the magnetic contribution of the
anterior thorax tissue (Δχthorax) calculated from the patients’ body mass index (BMI), the in vivo liver iron
concentration LIC is calculated from its magnetic volume susceptibility relative to water, Δχliver, and the

speci�c magnetic susceptibility of the hemosiderin-ferritin iron complex χFe (= 1,524·10-6 [SI-units])

including the liver tissue density ρ (= 1.05 g/cm3)27, equation (2).

(2) LIC = Δχliver/ (χFe · ρ) · fwdr

To convert SQUID-BLS LIC from units of wet weight liver to dry weight the wet-to-dry weight conversion
factor, fwdr, has to be taken into account26.

Assessment of liver volume was performed according to the method of Leung et al28. In short, a 3.5 MHz
linear array ultrasound probe (length 10 cm) was vertically aligned with a cross-plane laser over the liver
of a patient in the supine position on the biosusceptometer bed. The bed allows transverse and
longitudinal movements in scaled steps. The area of sagittal slices at incremental steps of 2 cm were
determined in the trace mode by the imager software (EUB-500, Hitachi Med. Systems Inc., Tokyo, Japan).
The total volume was calculated from the slice areas and thickness (2 cm).

Data analysis and statistics
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In order to establish blindness during analysis of the biosusceptometry data, 31/40 biosusceptometry
results were analyzed and sent to a data depository (Drug and Device Development Co., Inc., Redmond,
WA, USA) prior to receiving the fresh tissue biopsy results from MAYO. Nine biopsy results were received
before the results from BLS could be sent to the data depository. All biopsy procedures were performed
between 0 and 58 days before biosusceptometry. In six patients, biopsies were repeated after 17 to 36
months. All results from para�n-embedded biopsies were received after the BLS procedure.

To calculate the wet-to-dry weight conversion factor, fwdr, a weighted linear �t (Marquardt algorithm) with
no intercept was used as the most robust method. As both iron measurement methods suffer from their
signi�cant imprecisions, a statistical weight was calculated as sum of total uncertainties of BLS (1/
σBLS

2) and biopsy (1/σBiopsy
2). Total uncertainties for BLS were calculated from standard deviations (SD)

of skin-liver distance measured by sonography, from the uncertainty of BMI derived thorax susceptibility,
and from the SD of 5 scans (Fig. 1). A mean total uncertainty for BLS of σBLS = 168 µg/gliver (range, 49 –
344 µg/gliver) was found. The variability of LIC from dry weight liver biopsies (σBiopsy) ranged from 29 to
2,300 µg/gdry wt, which was obtained from the two liver tissue parts (> 1 mg dry weight each).

The following software packages were used for analysis: regression, weighted linear, and nonlinear �ts
were performed by Slide Write Plus for Windows (Version 7, Advanced Graphics Software Inc., Encinitas,
CA, USA); Spearman rank correlation (rS) tests and Bland-Altman plots used the EXCEL add-on Analyse-it
(Analyse-it Software Ltd, Leeds, UK); all other calculations were performed by Microsoft EXCEL (Microsoft
Corp., Seattle, USA).

Results

Correlation between LICBLS, LICFT and ferritin
The mean LIC from fresh tissue biopsies (LICFT) was 12,981 ± 8,237 µg/gdry wt (range, 1,854 – 32,864
µg/g). The mean LIC from BLS (LICBLS) was 2,071 ± 1,275 µg/gliver (range, 403 – 4,858 µg/g). The
association between liver iron concentrations measured by SQUID biosusceptometry and fresh tissue
biopsy was non-parametrically tested in 40 measurement procedures with 6 patients measured twice,
resulting in a Spearman rank correlation coe�cient of rS = 0.90 (p < 0.0001).

Correlation of ferritin with LICBLS and LICFT yielded rS = 0.60 (p < 0.0001) and rS = 0.51 (p = 0.0009),
respectively (data not shown). Median ferritin values were lower for patients with TDT (2,377 µg/L) than
SCD (3,071 µg/L), however no signi�cant difference was observed for the correlation (rS = 0.58 and 0.65).

LIC conversion factor for SQUID-BLS
In Fig. 1, an unbiased (including patients with BMI > 30 kg/m2) regression analysis, with LICFT as
reference method, yielded a linear relationship with LIC from BLS: LICBLS = (0.14 ± 0.01)·LICFT + (244 ±

154) with r2=0.83. Since no liver biopsies were performed on normal controls in this study, LIC results
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from biopsies analyzed at MAYO on samples collected from 30 non-transfused human subjects at
autopsy (822 ± 491 µg/gdry wt)22 and BLS measurements in 10 controls at our institution (300 ± 241

µg/gliver)29 were plotted in Fig. 1 to demonstrate the normal range.

Based on the uncertainties of BLS and biopsy, a weighted linear �t (r2 = 0.88) with an a priori zero
intercept resulted in a wet-to-dry weight conversion factor, fwdr, of 6.04 ± 0.22 (µg/gdry wt)/(µg/gliver) for
heat-dried LIC from fresh tissue samples (Table 1). With this conversion factor, the agreement between
LICBLS and LICFT was tested by Bland-Altman plots. The 95% limits of agreement between LICBLS and
LICFT were found between -61.8% (–7,368 µg/g) and 57.7% (6,200 µg/g) with a negligible zero bias of -2%
(-584 µg/g).

Correlation between LICBLS and LICDP

Para�n-embedded biopsies are typically available allowing both histology and quanti�cation of iron. A
direct comparison by Altman-Bland plots between LICBLS and LIC from depara�nized biopsies (LICDP)
revealed 95% limits of agreement of -24% (4,118 µg/g) to 28% (5,733 µg/g) with a signi�cant proportional
bias of about 2% (slope 0.15 ± 0.04, p = 0.001). The mean weight of 37 depara�nized biopsies was 1.1 ±
0.4 mg (range, 0.4 – 2.2 mg) and mean LICDP was 13,633 µg/gdry wt, ranging from 1,717 to 35,219 µg/gdry

wt. For conversion of LICBLS into LICDP, a weighted linear �t (r2 = 0.87) resulted in a conversion factor of
6.60 ± 0.25 (µg/gdry wt)/(µg/gliver) (Fig. 2).

Beyond LIC from fresh tissue biopsy, the additional impact from BMI, ALT, �brosis and in�ammation
scores, and hepatitis (B or C) viral infection on the relationship with SQUID-BLS was considered by
multiple linear regression. Only the �brosis score had an additionally small impact on the bi-variate
correlation of SQUID-BLS with LIC by biopsy only (r2 = 0.817) and with adding �brosis score (r2 = 0.837,
p(�brosis) = 0.02).

Histology results
As an independent comparison, total iron scores (TIS) from histologic slides were compared with LICBLS

(Fig. 3). An exponential saturation function of type TIS = a0·[1-exp(-ß · a1·LICBLS)] was used to �t the data,

where ß = 1.2·10-4 (µg/g)-1 was adopted from Butensky et al21, resulting in the maximum TIS score a0 =
35.1 ± 2.8 and the conversion factor a1 = 6.7 ± 1.3.

In Table 1, the wet-to-dry weight conversion factors are summarized together with coe�cients of
determination from linear regression of LIC or TIS by biopsy with LIC by SQUID-BLS. No signi�cant
difference between LIC from fresh and depara�nized tissue samples was observed (paired Wilcoxon test:
p=0.5).
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Table 1
Summary of Conversion Factors. Conversion factors ± uncertainty for dry weight

LIC from fresh tissue, para�n embedded biopsies, and total iron scores (TIS)
derived from weighted linear regression with LIC by LIC-BLS.

Sample n Conversion

Factor

(µg/gdry wt)/(µg/gliver)

Coe�cient of

determination r2

fresh tissue biopsy (LICFT) 40 6.04 ± 0.22 0.88

depara�nized (LICDP) 42 6.60 ± 0.25 0.87

TIS (histologic sections) 44 6.7 ± 1.3 0.47

Wet-to-dry weight ratio
A mean wet-to-dry weight ratio (WDR) of 4.1 ± 0.7 was obtained from the ratio of net weight of the fresh-
tissue samples immediately after the biopsy procedure (wet weight) and the dry weight after the heating
procedure at MAYO. However, in an intra-individual comparison (repeated biopsies) the WDR was not
constant. In 6 patients, biopsies were repeated after 17 to 36 months. In contrast to an expected constant
ratio of 1.0 between the WDR of the 1st and 2nd biopsy, it varied between 0.63 and 1.28 in the respective
biopsy pairs (Fig. 4, insert). The highest discrepancy (ratio 0.63) was related to hepatitis reactivity with
in�ammation score of 1 and 2.

Liver volumes (range, 666 – 3,018 mL) were assessed by sonographic scanning. Comparing measured
ultrasound volumes (Vus) to normal volumes (Vnor), calculated from Rasmussen30 by the respective body
surface areas, the experimental WDR could be transformed into liver volume corrected ratios by: WDR* =
1.1 ∙ Vus/Vnor ∙ WDR. This also takes a humidity loss of 10% on the biopsy needle into account. The
mean value for WDR of 4.1 ± 0.7 increased to a mean for WDR* of 5.9 ± 1.9, typically, with the largest
value (13.1) for the maximum liver volume of 3,018 ml. Additionally, the signi�cant correlation of WDR
with the biopsy dry weight (rS = -0.52, p<.0001) became insigni�cant for WDR* (rS = -0.11), (Fig. 4).

Discussion

BLS and biopsy
In comparing the results from biosusceptometry and biopsy, we took into account the potential error of
biosusceptometry, as well as that of biopsy. The correlation between LIC by BLS and fresh tissue biopsy,
including 5 patients with BMI > 30 kg/m2, was good (rS = 0.903) and did not signi�cantly change upon

exclusion of these patients (rS = 0.906). Our results have a lower coe�cient of determination (r2 = 0.88)

than that found in a former study of SQUID-BLS versus LIC by wet weight biopsies from laparoscopy (r2 =
0.98, range, 30 – 4,840 µg/gwet wt)9. However, in the previous study most patients were diagnosed with
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hereditary hemochromatosis and the mean biopsy weight was 50% larger. A study, calibrating MRI-R2*
with 23 biopsies in the same LIC range and using the same biopsy technique (fresh tissue, MAYO) gave
better results (r2 = 0.94, Bland-Altman 95% agreement: -46% and 44%)16. In another study, comparing
MRI-R2 with LIC from freeze-dried biopsies a better correlation was achieved (rS = 0.98)15. Prediction as

characterized by coe�cients of determination were also lower for BLS (r2 = 0.88) than for MRI-R2 (r2 =
0.96). However, we measured only 39 humans (6 were measured twice) and our LIC range was more
limited (≤ 33 mg/gdry wt). Bland-Altman statistics yielded similar results for the 95% limits of agreement
by MRI-R2 (-56% and 50%) and biosusceptometry (-62% and 58%) versus LIC by biopsy. The SQUID-BLS
method was independent from calibration by biopsies, unlike MRI techniques, and could be the reason
why comparisons between biopsy and MRI tend to have stronger correlations.

Conversion of wet weight LIC to dry weight LIC
Previously accepted work validating biosusceptometry by biopsy utilized a fwdr of 3.46 based on the

water content of 71.1% of normal autopsy liver tissue6,31. Here, a conversion factor, fwdr, of about 6
(µg/gdry wt)/(µg/gliver) was calculated. This is consistent with other results from comparing LIC by
noninvasive measurements to LIC from dry weight biopsies. In a study correlating LIC from dry weight
biopsies with in vivo whole liver LIC assessed by a room-temperature based magnetic iron detector (MID)
a wet-to-dry weight conversion factor (fwdr) of 5.8 was used to minimize the bias in an Altman-Bland

plot32. In a study comparing different MRI techniques, the magnetic hepatic susceptibility derived from
the phase (�eld) difference between two adjacent small lateral ROIs was compared with dry weight LIC
from MRI-R2* measurements (r2 = 0.94) in the same vicinity of the liver33. Using a speci�c susceptibility
of χFe = 1,450∙10-6 [SI-units] for liver iron (equation (2))26, a conversion factor of 8.99 ± 0.15 mg Fe/g dry
liver per mg Fe/mL wet liver was calculated, which is higher than our factor of 6 (µg/gdry wt)/(µg/gliver).
Understanding the basis of the difference between WDR and fwdr and their role in validation of the SQUID-
BLS is the major signi�cance of this work.

Wet-to-dry weight ratio
Current noninvasive iron measurement techniques are volumetric methods. The difference between WDR
and fwdr calculated from the LIC results could be attributed to factors from the biopsy procedure. For
biopsy, it is assumed that a representative volume is punched out of the liver. In this study, instead of the
expected groove volume of 15 mm3 (15.7 mg) we obtained only a mean biopsy weight of 10.8 mg using
a cutting needle. In this aspect, the discrepancy between the expected sample weight (based on the
groove volume of the biopsy needle) and the average weight of the tissue samples might be of interest
since only 3/38 biopsies had wet weights > 14 mg. In addition, the WDR of repeated biopsies varied
between 1 and 40% for biopsies collected from the same patient at different times. Size of the biopsy
could play a role in the WDR. Our mean WDR (4.1) is similar to a previous study of reference.
Zuyderhoudt et al34 found a mean percentage of 24.6% dry weight in wet weight biopsies (approximately
15 mg), i. e. a WDR of 4.1. However in the earlier study of Barry, the dry weight made up only 17% of large
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wet weight biopsies (> 5 mg dry weight), which leads to a WDR of 5.919. Later, a WDR of 5.5 ± 0.9 was
found in large autopsy liver tissue samples (mean weight 68 ± 50 g)35. In a study comparing MRI-R2 with
hepatic iron from 22 autopsy tissue samples (100 – 500 mg) of non-human primates (marmosets), a
WDR of 5.13 ± 0.6 was found36. One should expect a slightly smaller value of WDR than for true in vivo
samples due to a potential blood loss during autopsy.

Liver volume may be important to consider when comparing biopsy with noninvasive measurements
because liver volume can have an impact on WDR. Correcting the WDR for liver volume enlargement
(hepatomegaly) resulted in a WDR* of 5.9 ± 1.9. However, there was no systematic trend in individual
biopsies, i.e., enlarged liver volumes cause lower WDR in the same patient and vice versa. In addition, liver
volume assessment by ultrasound may be less precise than assessment by MRI.

Speci�c magnetic susceptibility
All noninvasive methods rely on the magnetic susceptibility of the hemosiderin/ferritin iron complex. In a
recent overview, speci�c susceptibilities for ferritin and/or hemosiderin were given in a range of (1,030-
1,570)·10-6 [SI-units]26. Total speci�c susceptibilities were obtained in the same range in spleen tissue
from transfusion dependent and non-transfusion dependent thalassemia patients37. The current situation
is characterized by LIC ~ fwdr / χ Fe (see equation (2)), where fwdr may take values of 4 to 6 while χ Fe may

take values between 1,050·10-6 [SI-units] and 1,570·10-6 [SI-units]. Variations in magnetic susceptibility
will be re�ected in the data from any magnetic method (also MRI) while variations in the biopsy
desiccation procedure will counteract the �nal LIC relationship38.

Conclusions
In this paper, LIC assessed with the Model 5700 Ferritometer® was compared with biopsy in three ways,
against wet weight, dry weight, and histologically. In order to make comparisons with MRI techniques, a
conversion factor (fwdr) accounting for the difference between the wet and dry states of the liver at the
time of assessment was taken into account. In this work, the wet-to-dry weight ratio (WDR) of 4.1 was not
found to equal fwdr, instead a factor of 6 was determined from fresh tissue and para�n-embedded
biopsies. This discrepancy may also be attributed to the small size of current liver biopsies. A very strong
correlation was observed, thereby validating the Ferritometer® with the historical gold standard biopsy.

The ability to validate noninvasive techniques is critical for the development of novel technology, access
to information for clinicians, and quality of life for patients. Patients at risk for iron overload require LIC
assessment every 6 – 12 months, making biopsy impractical for clinical management. Many centers
have switched to noninvasive magnetic techniques, either quantitative imaging by MRI or in a few centers
biosusceptometry. MRI allows for the noninvasive assessment of iron for many tissues of interest.
However, common MRI techniques still have some limitations. Relaxometry is limited to a maximum
measurable LIC inversely proportional to magnetic �eld strength and many institutions are replacing 1.5
Tesla imagers with 3.0 Tesla technology roughly reducing maximum measurable LIC by half. In addition,
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small children may require sedation and intubation which increases cost and invasiveness. There is a
continued need for the development and validation of novel noninvasive techniques for body iron
assessment.

BLS is a promising supplement to MRI techniques. BLS provides an independent method for calibrating
new quantitative magnetic resonance imaging techniques now that biopsy is rarely used exclusively for
iron quanti�cation. High-temperature and room-temperature biosusceptometers are being developed as
noninvasive, cost effective, and potentially portable devices with potential for rapid analysis and high
patient throughput11–14, 39. These new BLS-based devices may meet the needs for noninvasive LIC
measurements within communities with minimal resources across the globe. In addition, the ability to
quantify LIC in small children without the need for sedation make these devices extremely valuable in a
pediatric setting.
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Figures

Figure 1

Comparison of Liver Iron Concentration by Analysis of Fresh Tissue Biopsy Samples and SQUID
Biosusceptometry (BLS) Weighted regression analysis (r2 = 0.83) of liver iron measurements by SQUID
biosusceptometry (LICBLS) versus LIC from heat-dried fresh tissue biopsies (LICFT) including
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uncertainties (squares) within 95% con�dence interval (dashed lines); solid circles indicate patients with
BMI > 30 kg/m2, the normal range of LIC values is shown as large grey square.

Figure 2

Comparison of Liver Iron Concentration by SQUID biosusceptometry (BLS) and Analysis of
Depara�nized Biopsy Samples. For conversion of liver iron concentrations by SQUID biosusceptometry
(BLS) into LIC from depara�nized biopsy samples (rhomboids), a weighted linear �t (including
uncertainties, r2 = 0.87) resulted in a conversion factor of 6.60 ± 0.25 (μg/gdry wt)/(μg/gliver): solid
circles indicate SCD patients, the 95% con�dence interval is shown by dashed lines.

Figure 3

Comparison of Liver Iron Concentration by SQUID biosusceptometry (BLS) and Total Iron Score of
Histologic Samples. Nonlinear �t (solid blue line, r2 = 0.47) of total iron score (TIS) as exponential
saturation function of liver iron measurements by biosusceptometry together with the 95% con�dence
interval (blue dashed lines). The black line represents TIS as function of LIC from para�n-embedded
biopsies published by Butensky et al21 and converted to LICBLS by 6.60 from Fig. 2.
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Figure 4

Relationship Between Biopsy Weight and Wet-to-dry Weight Ratio Without and With Adjustment for
Hepatomegaly. Correlation between the wet-to-dry weight ratio (WDR, black squares) and dry weight of
fresh tissue biopsies (black line: rS= 0.52, p<0.0001). Taking the liver volume into account
(hepatomegaly), the adjusted ratio is indicated by red triangles resulting in a WDR* of 5.9 ± 1.9 (red line).
The inserted scatter diagram shows the WDRs of repeated biopsies in 6 patients.


