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Abstract

Background: Children treated for cancer are at risk of developing iron toxicity due to receiving red cell transfusions and
myelosuppressive chemotherapy. Transfusions administered during prolonged episodes of marrow suppression may increase
exposure to toxic, reactive forms of iron and thereby increase risk of extrahepatic iron accumulation and long-term organ
damage. Objective: This study aimed to evaluate the severity and organ distribution of clinically significant iron overload
through measurement of hepatic, cardiac, pancreatic, and pituitary iron deposition in an at-risk cohort of children and young
adults treated for cancer. Methods: This retrospective study evaluated patients treated for any type of cancer who underwent
an MRI due to clinical concern for evaluation of iron overload (n=103, 73 post-treatment). Data regarding cancer type and
treatment, MRI and laboratory results, and treatment for iron overload were analyzed. Results: Over half (53%) of this sample
had moderate or greater hepatic siderosis, 80% had pancreatic siderosis, and nearly half (45%) had pituitary siderosis and/or
volume loss. Pancreatic iron was associated with both cardiac (p=0.0043) and pituitary iron (p=0.0101). Patients treated
for acute myeloid leukemia or high-risk acute lymphoblastic leukemia had higher liver iron concentration (LIC) compared to
other cancer types (median LIC 8.5 vs. 2.9 mg/g DLW, p=0.0011). Conclusion: Pediatric cancer patients are at risk for
transfusional iron overload, with significant exposure to toxic forms of iron indicated by extrahepatic iron deposition (pancreas,
heart and pituitary). Further studies should examine the effect of exposure to reactive iron on long-term outcomes and develop

management recommendations.
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Abstract

Background:

Children treated for cancer are at risk of developing iron toxicity due to receiving red cell transfusions and
myelosuppressive chemotherapy. Transfusions administered during prolonged episodes of marrow suppres-
sion may increase exposure to toxic, reactive forms of iron and thereby increase risk of extrahepatic iron

accumulation and long-term organ damage.

Objective:

This study aimed to evaluate the severity and organ distribution of clinically significant iron overload through
measurement of hepatic, cardiac, pancreatic, and pituitary iron deposition in an at-risk cohort of children

and young adults treated for cancer.



Methods:

This retrospective study evaluated patients treated for any type of cancer who underwent an MRI due to
clinical concern for evaluation of iron overload (n=103, 73 post-treatment). Data regarding cancer type and
treatment, MRI and laboratory results, and treatment for iron overload were analyzed.

Results:

Over half (53%) of this sample had moderate or greater hepatic siderosis, 80% had pancreatic siderosis,
and nearly half (45%) had pituitary siderosis and/or volume loss. Pancreatic iron was associated with both
cardiac (p=0.0043) and pituitary iron (p=0.0101). Patients treated for acute myeloid leukemia or high-risk
acute lymphoblastic leukemia had higher liver iron concentration (LIC) compared to other cancer types
(median LIC 8.5 vs. 2.9 mg/g DLW, p=0.0011).

Conclusion:

Pediatric cancer patients are at risk for transfusional iron overload, with significant exposure to toxic forms
of iron indicated by extrahepatic iron deposition (pancreas, heart and pituitary). Further studies should
examine the effect of exposure to reactive iron on long-term outcomes and develop management recommen-
dations.

Introduction

Patients with cancer may receive multiple red blood cell (RBC) transfusions. While it is true that humans
have no way to excrete excess iron, the high iron levels should block dietary absorption and the excess
iron will eventually be utilized over time. However, these transfusions lead to iron accumulation that
may persist, particularly in the extrahepatic sites, long after patients have completed their cancer therapy
leading to long-term exposure to toxic forms of iron and the consequences of this exposure is unknown.!-2
Although iron accumulation based on liver iron concentration (LIC) accurately reflects total body iron, it
does not reflect movement of toxic ferrous iron into the heart and endocrine organs. Iron measured by MRI
is in the non-reactive ferric state. Transferrin bound non-reactive ferric iron enters cells via the transferrin
receptor, a process that is shut off if intracellular iron levels are high. Reactive, ferrous iron is present at
very low levels in circulation but increases dramatically when transferrin saturation exceeds 60%, which
occurs as soon as erythropoiesis is suppressed by cytotoxic chemotherapy.® Ferrous iron can enter cells non-
physiologically through divalent calcium and zinc transporters that are not regulated by iron. While it
is clear from transfusion-dependent anemias that organ toxicity is related to exposure to ferrous iron, the
presence and impact of exposure to toxic iron is not clear in pediatric oncology patients.

Toxicities such as endocrine failure and malignant transformation are related to iron overload (I0)*® and
overlap with treatment-induced late effects observed in cancer survivors.®® Considering the existing data that
these are reversible or even preventable by treatment of IO in transfusion dependent anemia patients,®°
it would be reasonable to assume that this would be the case in pediatric oncology patients despite the
lack of corresponding data in this population. Organ toxicity from iron is related primarily to the amount
of reactive iron in tissue and duration of exposure.!! Due to expected long-term survival of most pediatric
cancer patients, mitigation of complications is of increased importance. Since these iron-related complications
may take decades to become apparent, appropriately-designed prospective studies to prove causality are not
feasible. Based on the known risks of long-term exposure to excess iron from other disorders'!' and the
current ability to easily monitor and safely remove excess iron'2, correction of IO in pediatric cancer patients
should be a clinical priority for pediatric survivorship clinics. However, there are many challenging questions
regarding when and how to treat the IO that occurs in cancer patients.

The Iron Overload Program at Children’s Hospital Los Angeles (CHLA), which focuses on chronic transfusion
dependent anemia and genetic iron overload syndromes, started an oncology Iron Overload Clinic in 2016.
The diagnostic and treatment approaches are based on our understanding of principles of iron biology and
understanding of the current oncology treatment. We present a retrospective assessment of organ-specific IO



in a diverse sample of pediatric oncology patients and discuss the results in the context of the iron toxicity
biology.

Methods
Study design

This was a single-center, retrospective cohort study performed at CHLA and was approved by the institu-
tional review board with waiver of consent.

Study objectives

The primary objective of this study was to evaluate the severity and organ distribution of clinically significant
transfusion related IO in a cohort of pediatric cancer patients that had an MRI completed for clinical concern
of iron overload. Liver iron concentration (LIC) was measured and used as a surrogate marker for total body
iron while measures of cardiac, pancreatic, and pituitary iron deposition were assessed and used as a surrogate
marker for labile iron exposure. Secondary objectives were to (1) assess associations between cancer type and
the level and distribution of I0; (2) assess associations between hepatic and/or pancreatic I0 with pituitary
and cardiac iron levels; (3) assess treatment and follow up in patients diagnosed with I10; and (4) assess the
correlation between serum markers of IO and MRI-confirmed organ siderosis.

Study population

Eligible subjects were currently aged 1 to 24 years old, were post or currently receiving treatment for a
malignancy, and had undergone evaluation for IO by MRI of the abdomen, heart, and/or pituitary gland.
The decision to screen for IO was at the discretion of the treating oncologist and which MRI to complete was
based on patient-level factors and clinical judgement. Since 2015, all patients seen in our cancer survivorship
clinic are screened for IO with a serum ferritin level and referred to IO Clinic for confirmed values > 1000.
To establish the cohort, all patients with a primary oncologic diagnosis that were seen at CHLA between
January 1, 2007 and December 31, 2019 were identified using diagnostic and procedural billing code data
from inpatient and clinic visits. Subsequently this list was cross referenced with our clinical database to
identify patients with a diagnosis of cancer who had at least 1 MRI completed for 10. Patients were included
regardless of disease status or treatment type.

Study procedures

An institutional clinical database was utilized to capture study data and included evaluations for transfu-
sional hemosiderosis with initial MRI and contemporaneous measurements of serum iron, total iron binding
concentration (TIBC), transferrin saturation, and ferritin. Subsequent MRI evaluations, initiation and/or
adjustments in therapy with chelation or phlebotomy were also collected. Data regarding the patients’ can-
cer type, date of diagnosis, requirement of hematopoietic stem cell transplant (HSCT), as well as adverse
outcomes including relapse and/or death were also collected. Subjects were categorized by cancer therapy
using the validated Intensity of Treatment Rating Scale (ITR-3).13

Measures of siderosis using MRI were collected using gradient echo and spin echo pulse sequences on 1.5
Tesla magnets. The relaxation rates R2 and R2* were estimated using custom Matlab routines, where R2
and R2* are the reciprocals of T2 and T2*, respectively. Liver R2* was converted to liver iron concentra-
tion (LIC) using the calibration by Wood et al.'* Severity of LIC, pancreatic R2*, and cardiac T2* were
determined by predefined clinically important thresholds.'®>7 LIC by MRI'® was defined as mild (LIC 3 to
<7 mg/g), moderate (7 to <15 mg/g), and severe (15 mg/g or greater). Pancreatic R2* from 27 to <100
Hz was considered mild to moderate and 100 Hz or greater indicated severe pancreatic siderosis based on
association of R2* > 100 with cardiac siderosis and abnormal glucose metabolism.!? Cardiac T2* 20-30
ms was defined as borderline, while T2*< 20 ms indicated cardiac siderosis. Severity of pituitary siderosis
was determined by predefined thresholds of R2 values converted to Z-scores, where Z [?] 2 was considered
clinically significant. Pituitary volume in the anterior and posterior planes was also converted to Z-scores,



where Z [?] -2 was consistent with volume loss.?%?! These pituitary parameters have been related to the risk
of clinical hypogonadism in thalassemia patients.??

Statistical methods

Statistical analyses were conducted in JMP®) Pro, Version 14.0.0 (SAS Institute Inc., Cary, NC, 2018)
using a two-sided p-value of 0.05 for significance. Patient characteristics were reported as mean [range| for
continuous variables and as frequency (percent) for categorical variables. Univariate analyses used Student’s
t test or Wilcoxon non-parametric test for continuous variables, and Pearson’s y? test or Fisher’s exact test
for dichotomous variables.

Results
Characteristics of subjects

Patient characteristics are summarized in Table 1 (n=103). The median age was 13.5 years (range 1-24
years) at initial evaluation for IO; 60 (58%) were male. The most frequent cancer types were high-risk B-cell
precursor acute lymphoblastic leukemia (HR-ALL; n=28, 27%), followed by acute myelogenous leukemia
(AML; n=20, 19%). Sixty subjects received HSCT, including autologous transplant for solid tumors (n=22).
At time of assessment, 73 were post-completion of treatment.

Prevalence and Severity of Iron Overload

All subjects had an abdominal MRI (n=102, 99%) to assess LIC except one who had a cardiac MRI only.
MRI iron evaluation was completed at a mean of 3.2 years ( 2 months to 12.5 yrs) after initial cancer
diagnosis, which was after end of therapy in 73 of 103 subjects (71%) at a mean 1.9 (range 0.01 to 9.1) years.
Of the 30 subjects who had IO evaluation prior to end of therapy, 17 (57%) were assessed in anticipation of
HSCT, while the remaining 13 subjects were assessed due to various clinical concerns. Figure 1 demonstrates
the distribution of subjects by severity of siderosis in each organ assessed. Of the 102 subjects with LIC
evaluated, 53% had moderate or greater I0 (LIC [?]7 mg/g dry liver weight [DLW]). Of the 96 subjects
with pancreatic iron quantification, 80% (77/96) had evidence of pancreatic siderosis (pancreatic R2* >27),
and 16% (15/96) had severe siderosis (R2* >100). Borderline cardiac siderosis (T2* <30) was found in
12.5% (10/80) of subjects and true cardiac siderosis (T2* <20) in 4% (3/80). Of the 29 patients assessed
for pituitary involvement, 6 patients had pituitary siderosis, 5 had pituitary volume loss and 2 patients had
both.

Hepatic siderosis was associated with pancreatic siderosis (p <0.0001) but not cardiac or pituitary sidero-
sis, while pancreatic iron was predictive of both cardiac (p=0.0043) and pituitary iron (p=0.0101). All
patients that had evidence of pituitary siderosis had evidence of pancreatic iron deposition as well, and
only patients with severe pancreatic iron overload (>100Hz) were noted to have moderate or greater car-
diac siderosis. Neither hepatic nor pancreatic siderosis in patients with stem cell transplant differed from
non-transplanted subjects (p=0.4378, p=0.7275, respectively), even when limited to allogeneic transplant
(p=0.6435, p=0.3798). There was no association between IO and cancer type. Among subjects treated for
leukemia/lymphoma, higher LIC was observed in subjects treated for AML or high-risk ALL compared to
other cancer types (median LIC 8.5 vs. 2.9 mg/g DLW, p=0.0011), regardless of whether they had received
HSCT. Based on the Treatment Rating Scale (ITR-3), the majority of subjects (70/103) received the most
intensive treatments, while 30 subjects received very intensive and two subjects received moderately intensive
treatments. There was no association between the ITR-3 score and 10 (p=0.1870).

Treatment and follow up of iron overload in pediatric cancer patients

Presence of hepatic siderosis was associated with utilization of iron-reducing therapy (p <0.0001), and the
type of therapy (phlebotomy, chelation, or both) appeared to correlate with LIC (Figure 2).

Seventeen percent of subjects were treated with phlebotomy, 34% with chelation, and 6% with both ther-
apies. Subjects who received chelation had higher LIC on average than subjects who received phlebotomy
(p=0.0356), but the sample size was not large enough to detect a difference between those who received both



chelation and phlebotomy versus those who received either phlebotomy or chelation. Treatment duration was
a mean of 1.1 years for either phlebotomy or chelation, while subjects treated with both were on therapy for
a mean of 3.2 years. Follow up MRI was available in 60% of treated subjects and all but five demonstrated
a reduction in LIC. The rate of reduction was greater with chelation than with phlebotomy, and greater still
with both modalities, although these differences were not statistically significant (Figure 3A). Pancreatic
iron was generally higher in subjects treated with chelation, leading to a much greater rate of reduction than
with other iron removing therapies (Figure 3B).

Correlation between ferritin and liver iron concentration on MRI

In 85 patients, a corresponding ferritin was done in conjunction with the MRI completed for I0O. Ferritin
was linearly associated with LIC (p=0.0054, R2=0.09). Based on receiver operating characteristic analyses,
ferritin >800 was 80% predictive of mild or greater hepatic siderosis by MRI.

Discussion

In this novel study we analyzed the impact of pancreatic, cardiac, and pituitary IO quantified in a cohort of
pediatric cancer patients evaluated for transfusional IO as part of their clinical care. The results highlight the
significant level of IO in some pediatric cancer patients with the majority of patients in this cohort showing
at least moderate levels of IO ( LIC > 7 mg/g). Importantly, at least 80% had evidence of extrahepatic iron
loading (pancreas, pituitary, heart) which implies significant exposure to the toxic, reactive ferrous form of
iron.'"23 The high occurrence and magnitude of extrahepatic iron compared to a previous cohort randomly
sampled across diagnoses' reflects sample bias as subjects entered this cohort because their oncologists had
enough clinical concern to obtain iron studies. Hence, the diagnoses in Table 1 are routinely treated with
intense transfusion and chemotherapy.

In addition to iron loading through transferrin receptor-mediated processes and pathological loading via ion
channels'!, the liver loads iron by reticuloendothelial ingestion of erythrocytes. Thus, increase in LIC is
linearly related to the number of transfusions and can be considered a surrogate for transfusion volume in
the absence of chelation therapy or significant bleeding. In contrast, pathological extrahepatic iron loading
occurs only when circulating reactive ferrous (Fe™™) iron enters via divalent ion transporters (Zn™* and
Ca*t) which are not down-regulated by intracellular iron.!!?* The reactive ferrous sub species of non-
transferrin-bound iron (NTBI) is referred to as labile plasma iron (LPI).

Normally, iron from senescent autologous or transfused RBC is recycled and used to make new RBC. However,
when erythropoiesis is suppressed after cytotoxic chemotherapy, the iron binding ability of transferrin is
exceeded and levels of the NTBI and ferrous iron become very elevated leading to unregulated transport of
reactive iron into extrahepatic sites.>2%26 Thus, erythropoietic activity is a major regulator of ferrous iron
levels, iron toxicity, and distribution of iron into endocrine organs and heart. Iron is only detectable by MRI
after it is converted to non-reactive ferric iron and stored as aggregates of ferritin.2-2° Organ dysfunction
does correlate with the amount of extrahepatic iron detected by MRI.!1:22:30.31

This physiology is supported by numerous studies of iron loading, extrahepatic iron distribution, end organ
function and response to chelation in individuals with chronic transfusion dependent anemia associated with
normal, ineffective, and no erythropoiesis.?>33 The liver loads first and independently of marrow activity,
presumably because of the large reticuloendothelial space and direct ingestion of RBC.2 In the presence
of high circulating NTBI/LPI, the pancreas loads sooner than the heart.!® Presumably the relative loading
rates of the extrahepatic sites depends on differing kinetics of ferrous iron transport in various divalent iron
transporters in different organs.

Patients treated for high-risk malignancies have often been exposed to intensive chemotherapy that can
transiently shut off erythropoiesis, leading to prolonged exposure to elevated levels of NTBI/LPI due to
the absence of erythropoiesis, with NTBI/LPI levels subsequently decreasing with marrow recovery as has
been clearly shown during HSCT conditioning®?6. Transferrin saturation, an indirect measure of LPI 33
often increases to >80% in HSCT even when the patient is not iron loaded at the outset®2® and is inversely



related to reticulocyte count.?%:34

Most subjects (80%) had some level of pancreatic 10, and 16% had levels in range that has been associated
with glucose intolerance and diabetes.?> Twenty-eight percent (8/29) of the pituitary MRIs had siderosis
and pancreatic siderosis was evident in all those evaluated, consistent with prior studies of pituitary iron
loading in transfusion dependent anemia.?? Pituitary volume loss has been associated with pituitary dys-
function in transfused populations even in the absence of pituitary siderosis,?? suggesting that LPI may
cause damage even before there is enough loading to be detected by MRI. However, in this cohort, cranial
radiation or chemotherapy likely affect pituitary volume and function as well. Theoretically, oxidant damage
from radiation or chemotherapy will be markedly amplified by the presence of ferrous iron. This is sug-
gested by the 29-fold increased risk of second malignancy when radiation is delivered with myelosuppressive
chemotherapy.3® Thus, we cannot exclude a possible contribution of LPI to the volume loss seen in the brain
tumor patients even though there was no detectable iron in the pituitary (Figure 1). This raises interesting
questions regarding treatment timing and delivery of radiation in proximity to marrow suppression when
reactive iron levels would be very high. These pituitary iron and volume changes are particularly thought
provoking considering that over 75% of survivors of childhood cancer have pituitary dysfunction by 50 years
of age.3”

Not surprisingly, there was no relation between treatment intensity (ITR-3)!* and magnitude of IO or
distribution of iron loading in this cohort. This was likely due to insufficient variability among the subjects
as all were in the highest levels of the intensity scale; further, this scale does not specifically consider
magnitude and duration of erythroid suppression. HSCT also did not influence iron loading or distribution
in this cohort, again likely due to the overall higher intensity of treatment received by this cohort. Prior
studies indicate higher-intensity therapy, particularly HSCT, is associated with higher transfusion burden
and higher levels of NTBI, thereby increasing risk of IO in both hepatic and extrahepatic sites.38-4°

While ferritin levels were obtained in this study and were often used by the referring oncologists to screen for
iron loading, the diagnosis of IO was based on MRI determination of LIC. Ferritin levels do correlate with LIC
in large populations but the variability is very large making single measurements not useful and even trends
can be misleading with ferritin trending upward when LIC is stable or dropping.*! We used ferritin trends to
optimize timing of confirmatory MRI for assessment of tissue iron as this is the “gold standard”, although
ferritin can be used to infer iron burden in resource restricted settings. We found ferritin over 800 ng/dl is 80%
predictive of a LIC >3 mg/g, consistent with data from large populations of transfusion dependent anemia
patients,*?*4 and confirmation with repeated measurement should prompt MRI for verification of IO to more
accurately assess if iron removing therapy is needed. Transferrin saturation is also highly variable, although
in large epidemiological studies, elevated transferrin alone predicts early death and higher probability of
malignancy.?> An elevated iron saturation, >60% on several measures, indicates higher likelihood of exposure
to LPI, which increases risk of endocrine and cardiac iron deposition, and utilization of chelation instead of
or in addition to phlebotomy should be considered. In fact, high pancreatic iron likely prompted a number
of subjects in this cohort to be treated with chelation rather than phlebotomy (Figure 3B).

The primary and novel conclusion of this work is that there is significant partitioning of iron into extrahepatic
sites in a large percent of pediatric patients after aggressive treatment for cancer. This extrahepatic loading
only occurs with significant exposure to the highly reactive and toxic ferrous form of iron (LPI). The presence
of elevated LPI is caused by decreased marrow erythroid activity in the face of multiple transfusions.

Strengths of this study include a diverse patient population with regard to age and diagnosis, and the
inclusion of initial and follow up MRI evaluation of liver, pancreas, cardiac and pituitary, the last of which is
novel in this setting. Inclusion of all referred patients and consistency in diagnostic approach are additional
strengths. Limitations include that this was an at-risk cohort specifically evaluated over concern for possible
10. Thus, these results are generalizable to children treated with higher-intensity cancer therapy and many
PRBC transfusions, but less so to childhood cancer patients as a whole. An additional limitation was the
inability to include PRBC transfusion data due to variations in documentation over the study period.



The goal of this work is to protect cancer survivors from the toxicity of iron over their lifespan. It is clear
from work outside the oncology realm that iron toxicity is primarily related to the amount of tissue ferrous
iron and the duration of exposure.?? This means a small amount of iron over many decades can cause
damage. As an example, ineffective erythropoiesis with transfusion every three weeks and no chelation in
thalassemia leads to pituitary dysfunction in about 5 years, diabetes in about 10, heart failure and death in
about 15 years and increased cancer risk in the fourth and fifth decade.3>4647 It is also clear that reducing
iron can reverse endocrine failure and reduce risk of new cancers by 30% even when iron is treated in the
sixth decade.!0:48

There are many interesting questions raised by this data regarding 10 and its incidence, prevalence, and
relation to specific therapy in malignancy. Critically, we need to know how much iron is in the body after
chemotherapy, and whether extrahepatic iron distribution is present. This information can be obtained by a
single abdominal MRI with pancreas in the field. If the pancreas is positive, the heart and pituitary should
be assessed. Since we do not know how much area-under-the-curve exposure to ferrous iron in childhood will
cause issues decades later, it seems prudent to eliminate measurable pathologic iron as soon as is practical.
Furthermore, measurable toxicity occurs long after loading is detected and likely after the patient leaves
the pediatric environment. We think it is optimal that pathological iron be addressed before the patient
transitions from the pediatric cancer treatment center. In addition to the magnitude and distribution of
loading, family understanding of the reasons for iron removal, the likelihood that normalizing iron will reduce
risk, reassurance of the certainty of our ability to safely remove the measurable iron, and design of a flexible
approach that is acceptable to the family are all critical considerations.

Conflict of Interest Statement: There is no conflict of interest to disclose.

Acknowledgements: Nathan Smith, project manager at the Children’s Hospital cancer and blood institute
for his contribution with data collection and organization and keeping the project on track.

References

1. Ruccione KS, Wood JC, Sposto R, Malvar J, Chen C, Freyer DR. Characterization of transfusion-derived
iron deposition in childhood cancer survivors. Cancer Epidemiol Biomarkers Prev 2014;23:1913-9.

2. de Ville de Goyet M, Moniotte S, Robert A, et al. Iron overload in children undergoing cancer treatments.
Pediatr Blood Cancer 2013;60:1982-7.

3. Sahlstedt L, von Bonsdorff L, Ebeling F, Parkkinen J, Juvonen E, Ruutu T. Non-transferrin-bound iron
in haematological patients during chemotherapy and conditioning for autologous stem cell transplantation.
Eur J Haematol 2009;83:455-9.

4. Huang KE, Mittelman SD, Coates TD, Geffner ME, Wood JC. A significant proportion of thalassemia ma-
jor patients have adrenal insufficiency detectable on provocative testing. J Pediatr Hematol Oncol 2015;37:54-
9.

5. Beguin Y, Aapro M, Ludwig H, Mizzen L, Osterborg A. Epidemiological and nonclinical studies investi-
gating effects of iron in carcinogenesis—a critical review. Crit Rev Oncol Hematol 2014;89:1-15.

6. Kuo DJ, Bhagia P. Incidentally Detected Transfusion-associated Iron Overload in 3 Children After Cancer
Chemotherapy. J Pediatr Hematol Oncol 2018;40:e164-€6.

7. Oeffinger KC, Mertens AC, Sklar CA, et al. Chronic health conditions in adult survivors of childhood
cancer. N Engl J Med 2006;355:1572-82.

8. Rigoli L, Petrungaro A, Di Bella C, Caruso R. Iron overload and malignancies in patients with
haemoglobinopathies: A single center experience. Transfus Apher Sci 2019;58:647-51.

9. Farmaki K, Tzoumari I, Pappa C. Oral chelators in transfusion-dependent thalassemia major patients
may prevent or reverse iron overload complications. Blood Cells Mol Dis 2011;47:33-40.



10. Zacharski LR, Chow BK, Howes PS, et al. Decreased cancer risk after iron reduction in patients with
peripheral arterial disease: results from a randomized trial. J Natl Cancer Inst 2008;100:996-1002.

11. Coates TD. Physiology and pathophysiology of iron in hemoglobin-associated diseases. Free radical
biology & medicine 2014;72:23-40.

12. Coates TD, Wood JC. How we manage iron overload in sickle cell patients. British journal of haematology
2017;177:703-16.

13. Kazak AE, Hocking MC, Ittenbach RF, et al. A revision of the intensity of treatment rating scale:
classifying the intensity of pediatric cancer treatment. Pediatr Blood Cancer 2012;59:96-9.

14. Wood JC, Enriquez C, Ghugre N, et al. MRI R2 and R2* mapping accurately estimates hepatic iron
concentration in transfusion-dependent thalassemia and sickle cell disease patients. Blood 2005;106:1460-5.

15. Wood JC. Guidelines for quantifying iron overload. Hematology Am Soc Hematol Educ Program
2014;2014:210-5.

16. St Pierre TG, Clark PR, Chua-anusorn W, et al. Noninvasive measurement and imaging of liver iron
concentrations using proton magnetic resonance. Blood 2005;105:855-61.

17. Carpenter JP, He T, Kirk P, et al. On T2* magnetic resonance and cardiac iron. Circulation
2011;123:1519-28.

18. Angelucci E, Brittenham GM, McLaren CE, et al. Hepatic iron concentration and total body iron stores
in thalassemia major. N Engl J Med 2000;343:327-31.

19. Noetzli LJ, Papudesi J, Coates TD, Wood JC. Pancreatic iron loading predicts cardiac iron loading in
thalassemia major. Blood 2009;114:4021-6.

20. Wood JC. Estimating tissue iron burden: current status and future prospects. British journal of
haematology 2015;170:15-28.

21. Noetzli LJ, Panigrahy A, Hyderi A, Dongelyan A, Coates TD, Wood JC. Pituitary iron and volume
imaging in healthy controls. AJNR Am J Neuroradiol 2012;33:259-65.

22. Noetzli LJ, Panigrahy A, Mittelman SD, et al. Pituitary iron and volume predict hypogonadism in
transfusional iron overload. American journal of hematology 2012;87:167-71.

23. Coates TD. Iron overload in transfusion-dependent patients. Hematology Am Soc Hematol Educ Pro-
gram 2019;2019:337-44.

24. Ganz T. Systemic iron homeostasis. Physiological reviews 2013;93:1721-41.

25. Bradley SJ, Gosriwitana I, Srichairatanakool S, Hider RC, Porter JB. Non-transferrin-bound iron induced
by myeloablative chemotherapy. British journal of haematology 1997;99:337-43.

26. Sahlstedt L, Ebeling F, von Bonsdorff L, Parkkinen J, Ruutu T. Non-transferrin-bound iron during
allogeneic stem cell transplantation. British journal of haematology 2001;113:836-8.

27. Ghugre NR, Coates TD, Nelson MD, Wood JC. Mechanisms of tissue-iron relaxivity: nuclear magnetic
resonance studies of human liver biopsy specimens. Magn Reson Med 2005;54:1185-93.

28. Ghugre NR, Gonzalez-Gomez I, Butensky E, et al. Patterns of hepatic iron distribution in patients with
chronically transfused thalassemia and sickle cell disease. American journal of hematology 2009;84:480-3.

29. Ghugre NR, Gonzalez-Gomez I, Shimada H, Coates TD, Wood JC. Quantitative analysis and modelling
of hepatic iron stores using stereology and spatial statistics. Journal of microscopy 2010;238:265-74.

30. Kirk P, Roughton M, Porter JB, et al. Cardiac T2* magnetic resonance for prediction of cardiac
complications in thalassemia major. Circulation 2009;120:1961-8.



31. Puliyel M, Mainous AG, 3rd, Berdoukas V, Coates TD. Iron toxicity and its possible association with
treatment of Cancer: lessons from hemoglobinopathies and rare, transfusion-dependent anemias. Free radical
biology & medicine 2015;79:343-51.

32. Berdoukas V, Nord A, Carson S, et al. Tissue iron evaluation in chronically transfused children shows
significant levels of iron loading at a very young age. American journal of hematology 2013;88:E283-5.

33. Garbowski MW, Cabantchik I, Hershko C, Hider R, Porter JB. The clinical relevance of detectable
plasma iron species in iron overload states and subsequent to intravenous iron-carbohydrate administration.
American journal of hematology 2023;98:533-40.

34. Altes A, Remacha AF, Sarda P, Baiget M, Canals C, Sierra J. The relationship between transferrin
saturation and erythropoiesis during stem cell transplantation. Haematologica 2006;91:992-3.

35. Noetzli LJ, Mittelman SD, Watanabe RM, Coates TD, Wood JC. Pancreatic iron and glucose dysregu-
lation in thalassemia major. American journal of hematology 2012;87:155-60.

36. Tukenova M, Diallo I, Anderson H, et al. Second malignant neoplasms in digestive organs after childhood
cancer: a cohort-nested case-control study. Int J Radiat Oncol Biol Phys 2012;82:e383-90.

37. Hudson MM, Ness KK, Gurney JG, et al. Clinical ascertainment of health outcomes among adults
treated for childhood cancer. Jama 2013;309:2371-81.

38. Ruccione KS, Mudambi K, Sposto R, Fridey J, Ghazarossian S, Freyer DR. Association of projected
transfusional iron burden with treatment intensity in childhood cancer survivors. Pediatr Blood Cancer
2012:59:697-702.

39. Lecka M, Stomka A, Albrecht K, Zekanowska E, Romiszewski M, Styczynski J. Unbalance in Iron
Metabolism in Childhood Leukemia Converges with Treatment Intensity: Biochemical and Clinical Analysis.
Cancers 2021;13.

40. Nottage K, Gurney JG, Smeltzer M, Castellanos M, Hudson MM, Hankins JS. Trends in transfusion
burden among long-term survivors of childhood hematological malignancies. Leuk Lymphoma 2013;54:1719-
23.

41. Puliyel M, Sposto R, Berdoukas VA, et al. Ferritin trends do not predict changes in total body iron in
patients with transfusional iron overload. American journal of hematology 2014;89:391-4.

42. Taher AT, Porter JB, Viprakasit V, et al. Defining serum ferritin thresholds to predict clinically
relevant liver iron concentrations for guiding deferasirox therapy when MRI is unavailable in patients with
non-transfusion-dependent thalassaemia. British journal of haematology 2015;168:284-90.

43. Wilson SR, Sears M, Williams E, et al. Gaps in the diagnosis and management of iron overload in sickle
cell disease: a 'real-world’ report from the GRNDaD registry. British journal of haematology 2021.

44. Chou ST, Alsawas M, Fasano RM, et al. American Society of Hematology 2020 guidelines for sickle cell
disease: transfusion support. Blood Adv 2020;4:327-55.

45. Ellervik C, Andersen HU, Tybjeerg-Hansen A, et al. Total mortality by elevated transferrin saturation
in patients with diabetes. Diabetes Care 2013;36:2646-54.

46. Kremastinos DT, Farmakis D, Aessopos A, et al. Beta-thalassemia cardiomyopathy: history, present
considerations, and future perspectives. Circulation Heart failure 2010;3:451-8.

47. Hodroj MH, Bou-Fakhredin R, Nour-Eldine W, Noureldine HA, Noureldine MHA, Taher AT. Thalassemia
and malignancy: An emerging concern? Blood Rev 2019;37:100585.

48. Farmaki K, Tzoumari I, Pappa C, Chouliaras G, Berdoukas V. Normalisation of total body iron load
with very intensive combined chelation reverses cardiac and endocrine complications of thalassaemia major.
British journal of haematology 2010;148:466-75.

10



Figure Legends:
Figure 1: Prevalence of iron deposition by cancer diagnosis and organ

Histograms with frequencies represented as percentage of sample (n) for each diagnosis and organ. Liver iron
severity defined by liver iron concentration (LIC) as none (x<3), mild (3[?]x<7), moderate (7[?]x<15), or
severe (x[?]15). Pancreatic iron defined by pancreas R2* as none (x<28), mild-moderate (28[?]x<100), or
severe (x[?]100). Cardiac iron defined by cardiac T2* as none (x[?]30), borderline (20[?]x<30), or moderate
(x<20). Pituitary siderosis defined by pituitary R2 Z-score [?]2 in coronal and sagittal planes, while pituitary
volume loss defined by pituitary total volume Z-score [?]-2.

Figure 2. Iron deposition by organ and prescribed therapy

Stem and leaf plots of iron deposition by organ with respect to management. Liver iron concentration (LIC)
and pancreatic iron measurements by R2* were associated with intervention (p<0.0001), as was cardiac iron
by T2* (p=0.028). Pancreatic iron is expressed on logarithmic scale to accommodate outliers.

Figure 3: Hepatic and pancreatic iron over time by method of iron removing therapy

Multilinear regression of (A) hepatic iron by R2* liver iron concentration (LIC) and (B) pancreatic iron by
R2* from baseline to last follow-up in subgroup of subjects who had multiple MRI assessments. Subjects
grouped by method of iron removing therapy with line of fit and shaded 95% confidence interval.
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