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SYNOPSIS

Treatment of iron overload requires robust estimates of total body iron burden and its response to
iron chelation therapy. Compliance with chelation therapy varies considerably among patients and
individual reporting is notoriously unreliable. Even with perfect compliance, intersubject
variability in chelator effectiveness is extremely high, necessitating reliable iron estimates to guide
dose titration. In addition, each chelator has a unique profile with respect to clearing iron stores
from different organs. This chapter will present the tools available to clinicians monitoring their
patients, focusing on non-invasive magnetic resonance imaging methods because they have
become the de-facto standard of care.
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Monitoring transfusion burden

Each unit of packed red blood cells (PRBCs) contains 200 and 250 mg of iron. In fact, the
iron can be calculated from the hematocrit (Hct) using the following relationship:

Transfusional iron intake (ml/kg)=Dblood volume (ml/kg)x Hct x1.08 (1)

where Hct is calculated from the PRBCs provided by the blood bank[1]. The volume of
transfused blood in one year can be converted to a predicted change in liver iron
concentration (LIC) if no chelation is taken using the following equation: [2]

ALIC=Transfusion iron intake/10.6 (2)

Thus a patient receiving 150 cc/kg/yr of PRBCs having a Hct of 70%, would increase their
liver iron by 10 mg/g in the absence of iron chelation. As a rule of thumb, each 15 cc/kg
transfusion will raise liver iron by ~1 mg/g dry weight.

© 2014 Elsevier Inc. All rights reserved.

Corresponding Author: John C. Wood, M.D. Ph.D., Cardiovascular MRI Lab, The Saban Research Institute, 4650 Sunset Boulevard,
MS #34, Los Angeles, CA 90027, jwood@chla.usc.edu, Phone: 323-361-5470.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Wood

Page 2

Therefore, tracking transfusional iron exposure is a logical and conceptually simple way of
predicting iron chelation needs, a priori. It is clearly useful in deciding when to initiate iron
chelation therapy. Systematic intensification of transfusion requirements, such as may occur
during hepatitis C treatment, should prompt pre-emptive changes in iron chelation.
However, there are two major limitations to using transfusional burden to adjust chelation.
In practice, values may be difficult to track because amounts released from the blood bank
are systematically larger than given to the patients. More importantly, there are complicated
interactions between transfusion iron rate and chelator efficacy that may be patient and
disease specific, creating differences between predicted and observed response to therapy.

Serum markers of iron overload

Ferritin is an intracellular iron storage protein that is essential for all living cells because it
maintains labile cellular iron levels in a safe range, while protecting cells against iron
deficiency in the future. The circulating serum ferritin pool mostly arises from the liver and
reticuloendothelial systems and its biological role is unclear. The relationship between
serum ferritin and total body iron stores is quite complicated. Correlation coefficients
between ferritin and liver iron concentration are typically around 0.7, leaving 50% of the
variability unexplained[3, 4]. More importantly, the confidence intervals for predicting LIC
values from serum ferritin measurements are enormous. A patient having a serum ferritin of
1500 could have a LIC as low as 3 or as high as 30 mg/g dry weight. As a result, toxicity
thresholds based upon serum ferritin levels can be dangerously misleading.

Why is serum ferritin so unreliable? Serum ferritin is an acute phase reactant[5] and rises
sharply with inflammation. The liver is the major source of circulating ferritin and even
minor liver insults will sharply increase serum ferritin[6]. In contrast, ascorbate deficiency
leads to inappropriately low serum ferritin values relative to iron stores[7]. Lastly, serum
ferritin levels depend on the transfusion rate as well as the body iron stores. Non-transfused
iron overloaded patients, such as beta thalassemia intermedia patients, have much lower
ferritin values for a given total body iron concentration[8].

Intrapatient trends in serum ferritin improve its predictive value[8]. We typically measure
serum ferritin values with every transfusion and trend median values over a period of three
to six months. Nonetheless, ferritin and LIC trends remain discordant more than 30% of the
time[9]. Periods of discordance can span months to years[9].

Despite its limitations, serum ferritin is undoubtedly the most widely used method for
tracking iron stores in the world because of its low cost and universal availability. Table 1
summarizes guidelines for improved use of serum ferritin to trend iron overload.

Transferrin saturation is also an important and widely available serologic marker of iron
balance. It represents the earliest and most specific marker of primary hemochromatosis and
is a key screening marker in all diagnostic algorithms for that disease[10]. Increased
transferrin saturation can also be used as an indicator to initiate iron chelation therapy in
thalassemia intermedia[11, 12] as well as all secondary hemochromatosis syndromes.
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Many chronically transfused patients have fully saturated transferrin, making it
uninformative for short and midterm assessment of chelation efficiency. The prevalence of
circulating non-transferrin bound iron (NTBI) increases dramatically once transferrin
saturation exceeds 85%[13]. Thus, desaturating transferrin below 85% is a reasonable long-
term target for iron chelation therapy in transfusional siderosis syndromes. However from a
practical perspective, transferrin saturation cannot be accurately assessed in the presence of
circulating chelator so patients must hold their iron chelation for 24 hours prior to their
blood draw, limiting the practicality of frequent monitoring by this method. We recommend
annual screening of transferrin saturation in chronically transfused patients, at the same time
as other screening laboratories.

Measurement of liver iron concentration (LIC)

The liver accounts for approximately 70%—-80% of the total body iron stores in iron
overloaded patients. As a result, changes in liver iron accurately predict the balance between
transfusional burden and iron removal therapies[2, 14]. LIC exceeding 17 mg/g dry weight
are associated with iron-mediated hepatocellular damage[15]. Patients with LIC values
above this threshold are also at increased risk for cardiac iron overload[14, 16-18]. Long-
term liver siderosis is associated in increased risk of hepatocellular carcinoma in patients
with hereditary hemochromatosis[19]. Hepatocellular carcinoma is also becoming a leading
cause of death in iron-loaded adults with thalassemia syndromes[20, 21], even in patients
that are hepatitis C negative[8].

While increased LIC places patients at particular danger for iron overload complications,
there is no “safe” LIC threshold below which cardiac and endocrine iron accumulation does
not occur[22]. The reason for this apparent paradox is that many chronically transfused
patients have fully-saturated transferrin, regardless of their LIC[13]. Patients who miss
chelator doses expose their extrahepatic organs to unrestricted uptake of labile iron
species[23].

Despite its limitations, LIC remains the best single metric for tracking chelator response and
dosing adjustments. At most major thalassemia and sickle cell disease centers, it is measured
annually to guide chelation therapy.

Liver Biopsy

Traditionally, L1C was measured by ultrasound guided transcutaneous needle biopsy.
Biopsy has the advantage of providing both histologic assessment of liver damage and iron
quantification. The complication rate is acceptable, typically about 0.5%, but life-
threatening hemorrhages occur[24]. The single greatest limitation is the spatial heterogeneity
of tissue iron deposition in the liver that can result in high sampling variability, even in the
absence of significant liver disease. When significant fibrosis is present, the coefficient of
variability can exceed 40%, making biopsy essentially useless for tracking response to
therapy[25-27]. Following collection from a cutting needle, liver samples are fixed in
formaldehyde and sent fresh or paraffin-embedded to special laboratories for quantification.
Iron quantification is generally performed using tissue digestion in nitric acid followed by
either atomic absorption or inductively coupled mass spectrometry. These assays have a
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coefficient of variation of around 12%, independent of the sampling variability[28]. Values
are reported as mg/g dry weight of tissue. Paraffin-embedded specimens must be dewaxed
with organic solvents prior to digestion. This process lowers the tissue dry weight because it
removes membrane lipids, raising the apparent iron concentration[29]. Because of its known
systematic and random errors, cost, and invasiveness, liver biopsy can no longer be
considered the “gold standard” for LIC assessment and should not be used except when
tissue histology is necessary for diagnosis.

Computed Tomography

Iron increases X-ray attenuation proportionally to its concentration. The ability of carefully
calibrated quantitative computed tomography (qCT) measurements to measure liver iron has
been known for decades[30]. Two basic approaches used are single and dual energy
techniques.

In single energy techniques, low dose qCT scan is performed in a middle hepatic level and
the liver attenuation is compared to an external phantom control. The phantom need not be
iron-based, it is simply necessary to correct for imperfections in the X-ray beam. The chief
limitation of this approach is that changes in attenuation due to iron are small compared with
normal attenuation fluctuations. Thus single energy qCT cannot accurately track LIC
changes for LIC values less than 7 mg/g dry weight and is less accurate than MRI
measurements for LIC values less than 15 or 20 mg/g[31, 32]. In contrast, qCT is quite
robust for severe iron overload.

In dual energy techniques, measurements are performed at low and high Xray beam energies
and the difference is used to predict the amount of iron. Non iron loaded tissue has similar
attenuation values at both field strengths and is suppressed when the difference is calculated.
While this potentially offers better discrimination at low iron concentrations, it requires
higher radiation exposure to achieve this. Feasibility was demonstrated in animal studies
nearly two decades ago[30, 32], but there have been no validation studies performed on
modern equipment.

Magnetic Detectors

MRI

Tissue iron is paramagnetic. Consequently, devices that measure the magnetic properties of
liver can quantify liver iron. The first devices to accomplish this used superconducting
magnetic coils and were known as superconducting quantum interference devices (SQUIDSs)
[33, 34]. Although reasonably accurate, these devices are expensive, require specialized
expertise for measurement acquisition and device maintenance, and can only quantitate iron
in the liver and spleen. As a result, only four SQUID devices suitable for LIC quantification
are operational, worldwide. More inexpensive devices that operate at room temperature
could potentially become practical in the future, but remain research tools for the
present[35].

Magnetic resonance imaging can also be used to quantify iron overload. It doesn’t measure
liver iron directly, but its effect on water protons as they diffuse in the magnetically
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inhomogeneous environment caused by iron deposition[36]. The principles are quite simple.
The scanner transmits energy into the body in the form of microwaves, waits a period of
time, and then actively recalls that energy as microwaves that are received by an antennae or
“coil”. The longer the scanner waits before recalling an echo, the less energy returns. This
process is known as relaxation, and is characterized by the relaxation rates R2 and R2*
(measured in Hz). These rates are just the mathematical inverse of the characteristic
relaxation times, T2 and T2* (measured in ms). The higher the iron concentration, the higher
the relaxation rates and the shorter the relaxation times. The difference between R2 and R2*
depends upon how the scanner formed the echo. R2* is the parameter measured for gradient
formed echoes but R2 is the parameter measured if radiofrequency pulses are used to form
the echo (spin echo).

The first large study validating MRI as a means to quantify liver iron used a specific
protocol to measure liver R2[37]. The R2 calibration curve was curvilinear and exhibited
limits of agreement of —56% to 56%. Much of the uncertainty in this method arises from
sampling errors of the “gold standard” liver biopsy, itself. Other sources of uncertainty are
patient specific differences in iron distribution, speciation, and hepatic water content.
However, liver R2 assessment is highly reproducible, has been independently validated[38],
and is transferable across different types of MRI scanner. Figure 1 demonstrates work from
our laboratory, independently confirming the initial R2-iron calibration. One specific liver
R2 acquisition and analysis protocol, known as Ferriscan® has been FDA approved as a
clinical device.

Figure 2 demonstrates the relationship between liver R2* and LIC. It is linear and has
confidence intervals of —46% to 44%; calibration was independently validated in a
subsequent study[39]. Some confusion exists in the literature because calculated R2* values
depend until the type of mathematical models used to fit the MRI images. However, these
biases are corrected when appropriate calibration curves are applied[40].

Both R2 and R2* are suitable for LIC estimates in clinical practice if performed using
validated acquisition and analysis protocols. R2 and R2* are both more accurate than liver
biopsy for determining response to iron chelation therapy[41]. However, it is important to
use the same technique when tracking patients over time [42]. Liver R2* is more robust than
liver R2 for tracking chelation response on time scales six months or shorter, but R2 and
R2* performances are equivalent for annual examinations. Table 2 provides FDA approved
options for R2 and R2* analysis. Some sites, including the author’s, use software developed
in-house. All such tools require cross-validation with established techniques prior to clinical
use. Table 3 summarizes the advantages and disadvantages for both techniques.

Measurement of non-hepatic iron stores

While LIC is a terrific surrogate for total iron balance, it has limited ability to predict risk in
extrahepatic organs. The endocrine glands and the heart develop pathologic iron overload
exclusively through uptake of NTBI. The mechanism by which this uptake occurs is
controversial, but L-type calcium channels have been implicated in some studies[43].
Regardless, it is possible for patients to develop progressive extrahepatic iron loading
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despite iron chelation keeping them in neutral total iron balance[22, 44]. This is caused by
the chelator having inadequate exposure to the chelatable iron pool, either because it doesn’t
enter the target organ or does not adequately suppress the circulating NTBI. Figure 3
demonstrates the LIC of 26 chronically transfused patients who developed de-novo cardiac
iron load while under routine heart and liver iron surveillance at Children’s Hospital Los
Angeles, sorted by disease. All of the SCD patients had severe liver iron deposition before
heart iron loading developed, while fewer than half of patients with other disease states had
LIC’s typically associated with cardiac iron. In fact, more than 40% of non-sickle patients
had LIC’s under 7 mg/g, a level thought to be “safe”. Without routine cardiac surveillance,
these patients would have ultimately developed endocrine and cardiac complications[45].

The first paper linking MRI detectable cardiac iron to patient symptoms was in 2001. At that
time, the calibration curves for cardiac iron were not known and results are displayed using
the relaxation time, T2* (Figure 4a) [46]. T2* values greater than 20 ms are considered
normal. All thalassemia major patients having T2* values in this range had normal ejection
fraction. As T2* declined below 20 ms, there was an increasing prevalence of myocardial
dysfunction, with a particularly high prevalence for T2* values less than 10 ms.

Cardiac T2* was initially validated against cardiac iron concentration in animal models[47]
and later in two autopsy studies[48, 49]. Cardiac T2* values can be converted to cardiac iron
concentration using the following equation:[49]

1.22

®

Cardiac iron concentration=45/(T2")

Despite the availability of this equation, many papers continue to report results in T2*
values because of physician familiarity with this metric.

The observation that many patients with cardiac iron loading had normal function puzzled
initial investigators. However, MRI T2* is most sensitive to iron that is safely stored in
hemosiderin deposits. Initially excess cardiac iron produces no ill effects because ferritin-
hemosiderin buffering systems in the myocyte are able to keep the toxic labile cellular iron
levels low. However, with time or ongoing loading, a tipping point is reached and cardiac
symptoms developed. This was best demonstrated by a registry study[50] following 652
thalassemia patients from 21 centers in the United Kingdom (Figure 4b). The probability of
developing congestive heart failure in one year’s time was a powerful function of starting
T2*, being less than 2% for a T2* value from 10-20 ms and greater than 50% for a T2* less
than six milliseconds.

Based upon those findings, a “stoplight” scheme is often applied to cardiac T2* values:
values greater than 20 ms are green, values between 10 and 20 ms are yellow, and values
less than 10 ms are red. Many treatment paradigms use these designations including a recent
consensus paper from the American Heart Association[51]. A commentary summarizing the
development of MRI as the gold standard for cardiac iron quantification may also be found
in a different issue of the same journal[52].

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Wood Page 7

Pancreas Iron

Like the heart, the pancreas selectively takes up non-transferrin bound iron species[43], but
it is a more sensitive predictor of long-term labile iron control[53]. Figure 5a depicts the
relationship between pancreas R2* and heart R2*. Notice that there are regions where the
pancreas is iron loaded with a clear heart, but the converse is never true. This reflects that
pancreas is an early predictor of potential cardiac iron loading; a pancreas R2* of 100 Hz
appears to represent a risk threshold[54]. Since the heart clears iron so slowly once it is
loaded (half-life 14 months at maximal therapy, we recommend responding to unfavorable
trends in pancreatic iron rather than waiting for cardiac iron to accumulate.

Pancreas R2* values also predict endocrine function[55]. Figure 5b demonstrates that the
probability of having abnormal fasting glucose or oral glucose tolerance test (OGTT)
increases as the pancreas and heart become iron loaded. While most of the patients with
abnormal cardiac R2* also have overt diabetes, over 50% of the patients having isolated
pancreas iron overload manifested preclinical glucose dysregulation by OGTT.

Pitutary Iron

Hypogonadal hypogonadism remains the leading endocrinopathy in thalassemia major
patients, with a prevalence of approximately 50% in multicenter trials[56, 57]. Although
improved access to iron chelation is undoubtedly lowering that figure, monitoring of
pituitary function cannot begin until puberty. Unfortunately, significant iron accumulation
occurs during the first and second decades of life, producing irreversible gland destruction in
early adulthood[58]. Pituitary iron accumulation is correlated with iron deposition in the
liver, pancreas, and heart. Heart deposition is late, however, and patients with increased
cardiac iron are at high risk for hypogonadism[58].

Since hypogonadism is only partially reversible with intensive chelation[59], it is imperative
to identify and treat preclinical pituitary iron deposition. Since the pituitary resides in a
magnetically inhomogenous environment (in the sella tursica), R2 imaging, rather than R2*
imaging is indicated. Imaging protocols for pituitary R2 and pituitary volume assessment are
well established[60], and age and sex specific normative values have been published. A Z,
value < -2 indicates gland shrinkage below the 2.5t percentile and a Zg, value > 2 indicates
iron accumulation > 97.5™ percentile.

Risk thresholds for pituitary iron accumulation and gland shrinkage are demonstrated in
Figure 6. Zg, values less than —2.5 were associated with a high rate (88%) of
hypogonadism. Moderate pituitary iron deposition (2 < Zg, < 5) was not associated with
clinical hypogonadism in this study, but biochemical hypogonadism was not assessed. In
contrast, 50% of the patients have severe pituitary iron deposition (Zg, >5) were
hypogonadal.

Standards for routine monitoring have not been established. We recommend one scan
between 7 and 10 years of age to identify patients with early onset pituitary iron deposition.
The second and early third decade are particularly dynamic from both a physiologic and
emotional perspective. Monitoring is particularly important to identify and correct problems
that may block the critical period for sexual and bone development.
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We have also used these techniques to probe intermittently transfused children with
hypogonadism following bone marrow transplantation, head irradiation, or chemotherapy
for acute myelogenous leukemia. Although results remain anecdotal, gland shrinkage also
appears to have a high specificity for hypogonadism of for non-iron mediated pituitary
toxicities.

The most common source of iron deposition in the kidney is intravascular hemolysis.
Decellularized hemoglobin (also known as plasma free hemoglobin) is filtered at the
glomerulus and actively taken up by megalin-cubulin receptors in the proximal and distal
convoluted tubules[61]. This creates a characteristic cortical darkening on MRI images, with
complete sparing of the medulla[62]. Global kidney R2* values can reach 200 Hz, with
cortical values more than 1000 Hz, and are correlated with surrogates of hemolysis such as
LDH[63]. No correlations have been observed between kidney R2* and liver iron
concentration in patients with hemolytic disease. Functional significance of renal iron
deposits remain unproven, although no longitudinal studies have been performed to date.

Mild kidney R2* increases can also be observed in non-hemolytic anemias, but the iron
deposition is not limited to the cortex. R2* values rarely exceed 60 Hz and these mild
elevations are typically only observed for severe LIC elevations. These changes may
represent NTBI uptake and storage throughout the different renal cell-types, as has been
described on autopsy studies, but functional significance remains controversial.

Spleen R2* values are easy to measure using the same analysis and acquisition techniques as
the liver. No R2* — iron calibration curve has been directly validated, but indirect methods
have been applied[64]. No functional significance for spleen iron accumulation has been
determined to date.

Impact of disease state on extrahepatic iron loading

Primary hemochromatosis and thalassemia intermedia syndromes are typically characterized
by sparing of reticuloendothelial organs, like the spleen, and only rarely lead to cardiac and
endocrine involvement. Extrahepatic deposition doesn’t typically occur until the fourth or
fifth decade of life, usually after significant hepatic damage has already occurred.

In contrast, transfusional siderosis loads the bone-marrow and reticuloendothelial system
first, with liver parenchymal, endocrine, and cardiac iron loading later in that order.
However, the risk of extrahepatic iron loading varies considerably across different anemia
subtypes. One of the strongest predictors is the rate of effective red cell production, reflected
by the reticulocyte count. Red cell production requires transferrin-bound uptake into the
bone marrow erythroid precursors, regenerating apo-transferrin and lowering transferrin
saturation. Blackfan-Diamond patients, which have the lowest transferrin utilizations of any
anemia, are particularly prone to cardiac and endocrine iron deposition. They may develop
cardiac iron within just a first few years after starting transfusion therapy[65, 66].
Congenital dyserythropoetic anemia, thalassemia major and aplastic anemia patients have
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intermediate risk, with cardiac iron typically occurring no less than seven to ten years after
initiating transfusions when receiving appropriate transfusion and chelation therapy[66].
Sickle cell disease patients represent the lowest risk category[67]. Many SCD patients retain
high reticulocyte counts during chronic transfusion therapy, leading to lower transferrin
saturations, and circulating labile plasma iron levels[64]. Cardiac and endocrine iron
deposition do occur in SCD, but later in life and at a slower rate than chronically transfused
thalassemia patients[68].

Rational monitoring practices

MRI is a relatively expensive procedure and care must be made to use the resource wisely.
However, monitoring costs are relatively modest compared to cost of iron chelation
medications and the cost of iron-mediated complications. Figure 7 is a flow chart outlining
our clinical practice. Sometimes we have sufficient clinical knowledge to assign risk purely
based on the patients disease state, transfusion intensity, access to chelation, or MRI results
from another institution. For example, our “low risk” patients include most sickle cell
disease patients and transfusion independent patients with iron overload. Low risk patients
only need MRI examination of the abdomen, because a “clean” pancreas guarantees that the
heart is free from significant iron deposition. We define a “intermediate” risk patient as
chronically transfused and having sufficient transfusional exposure (usually greater 7 years
for a thalassemia major patient) to be at risk for cardiac iron overload. However, most
patients receive heart and abdominal MRI examinations on the first visit because we are
unsure of their complete transfusion and chelation history and because there can be genetic
co-modifiers of cardiac risk.

High risk patients are defined as those whose cardiac T2* is less than 10 ms. We scan these
patients at six month intervals for three reasons. Firstly, it is important to monitor their left
ventricular function. We treat even minor decreases in ventricular function quite
aggressively. Secondly, liver iron can change quite quickly during intensified therapy and it
is important to avoid overchelation. Lastly, it provides important feedback to the patients
who often struggle drug compliance.

Availability of MRI iron assessments

With increased recognition of the utility of MRI in iron overload syndromes, the availability
of individual medical centers to assess liver and cardiac iron is growly daily. Many
radiology departments prefer to do the analyses themselves because there are financial and
intellectual incentives to do so. However, quality control remains a significant problem in
this regard unless the imaging centers take proper care to validate their acquisition
techniques and their readers.

Some imaging centers are not interested in devoting the time necessary to maintain clinical
competence in these metrics because imaging volume does not justify the financial
overhead. In these situations, third party solutions represent a “win-win” situation for
radiology departments and practitioners interested in liver iron and cardiac T2*
measurements.
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Measurement of pancreatic R2* can be performed using the same techniques as for liver
R2*. Fatty replacement of the gland complicates measurements in older subjects and
measurement variability is higher than the other organs. Also, pancreas orientation is highly
variable in splenectomized subjects, making measurement more challenging. Thus pancreas
R2* measurements are not universally obtained, but are gaining increasing acceptance. Our
laboratory is exploring novel methods to improve access to these techniques.

Pituitary R2 is also not universally performed. It is a relatively easy and fast measurement to
obtain (4 minutes). Post-processing is also more straightforward than for the liver, making it
easy for most radiology departments to perform adequately. However, the iron overload
field is evolving so rapidly that a clinical niche for pituitary R2 assessments has not been
firmly established. However, as more experimental data and clinical experience accumulate,
pituitary R2 measurements are likely to increase in importance, especially in sickle cell
disease and survivors of pediatric malignancy.

Serum ferritin and transferrin saturation remain valuable in tracking the therapeutic response
to iron removal therapies. However, these inexpensive techniques have many shortcomings
that preclude using them safely as sole monitors for chelator efficacy. MRI has become the
de-facto gold standard for tracking iron levels in the body because it is accurate,
reproducible, well tolerated by patients and can track iron levels in different organs of the
body. The latter characteristic is important because the mechanisms and kinetics of iron
uptake and clearance varies across somatic organs. We present our clinical practice as a
reference but individual experiences will still be colored by local expertise as the
technologies continue to mature and distribute.
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Figure 1.
Scattergram of liver R2 as a function of LIC by biopsy (open circles), or by liver R2* (dots)

[38, 69]. Solid line represents the calibration curve originally published by St Pierre[37], et
al, not a fit to the data. Despite significant differences in scanner hardware, image
acquisition, and post-processing techniques between the two laboratories, the overall
agreement is excellent.
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Figure 2.
(Left) Scattergram of liver R2* as a function of LIC by biopsy. Relationship is linear, with

confidence intervals of —46% to 44% [38]. Calibration curve was independently
validated[39].
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Liver iron concentration at time of cardiac loading
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Figure 3.
Graph demonstrating LIC value (in mg/g dry weight) measured at the time heart iron

became detectable. LIC values greater than 18 mg/g were considered high risk and LIC
values between 7 mg/g and 18 mg/g assigned intermediate risk.
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(Left) Plot of left ventricular ejection fraction (in percent) versus heart T2* (in

milliseconds). A T2* greater than 20 ms indicates that the heart is free of cardiac iron.
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300

Ejection fraction above 56% is considered normal. As heart iron increases (T2* declines) the
prevalence of abnormal function increases [46]. (Right) Probability of developing clinical
heart failure over a one year interval, based upon initial cardiac T2*. Cardiac T2* < 6 ms
was associated with nearly a 50% likelihood of developing heart failure over one year [50].
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Figure 5.

(Left) Plot of heart R2* versus pancreas R2*[55]. Horizontal line at 50 Hz indicates the
threshold of detectable heart iron. Vertical line at 100 Hz represents a risk threshold for
pancreas R2*. Color of each diamond represents the outcome of an oral glucose tolerance
test. Normal heart and normal pancreas represents low risk. Normal heart with abnormal
pancreas represents medium risk. When both organs have iron overload, the patient is
considered high risk. (Right) Results of OGTT test as a function of risk threshold[55].
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Figure 6.
Plot of pituitary size (Z-score) versus pituitary iron[58, 60]. No pituitary dysfunction was

observed when size and iron Z-scores were normal (green) or even when pituitary iron was
moderately elevated (Z score 2 to 5, yellow zone)[58]. However, hypogonadism was
common (50%) in severe pituitary iron overload (Z > 5, red zone) or when the pituitary
gland was shrunken (Z score < -2.0).
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Figure 7.
Flow chart outlining our recommended monitoring algorithm. If there is insufficient clinical

data to assign patients to a given monitoring track, all patients will undergo a baseline liver
and heart iron examination for staging of clinical risk based upon their cardiac T2* and
pancreas R2* values. After each subsequent MRI examination, patients are re-stratified, as
necessary, to the appropriate monitoring track.
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Table 1

Guidelines for use of serum ferritin to monitor iron balance

1 | Measure serum ferritin every or every other transfusion visit for transfused patients and quarterly for nontransfused patients.
2 | Calculate median values over 3-6 month intervals for trends

3 | Monitor and prevent ascorbate deficiency

4 | Anchor each serum ferritin trends to LIC assessments at a minimum of every two years.

5 | Repeat MRI if trends in serum ferritin are incongruent with reported patient compliance or other clinical assessments
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Table 2

FDA approved imaging companies and analysis software

Tool Description

Ferriscan A full service imaging company that will guide tightly controlled image acquisition and provide an imaging report. A
good option when local radiology expertise or interest is lacking. Billed as a charge per exam that must be passed to
insurers or patients.

CMR Tools Standalone software that provides organ T2* measurements from suitably acquired images. Care must be taken to

Circle CMR42 measure regions and truncate signal decay curves appropriately. VValues are not reported in iron units but calibration

Diagnosoft STAR | curves for liver and heart may be found in [70]and [49]. Software can be licensed annually or purchased outright.

Medis QMass

ReportCard MRI vendor-based T2* analysis packages. Some allow use of different fitting models. Cross-validation with other

techniques is lacking for these tools at the present. Software is generally purchased outright at the time of equipment
acquisition.
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Table 3

Advantages and disadvantages of Ferriscan R2 versus R2* analysis

Ferriscan R2 R2*
Speed 10 minutes per exam <1 minute
Validation ++++ ++++
Reproducibility 5-8% 5-6%
Quality Control Tight (by vendor) Variable (by site)

Cost

$400 per exam

Variable. Approximately 10 minutes of technician time + software costs

Dynamic range

0-43 mg/g

Variable, usually 0 to 35 mg/g

Breathing artifact

Vulnerable to ghosting

Robust (breath-hold)

Metal/gas artifact

Robust

May affect usable region.
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