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Abstract

Advances in chelation therapy and noninvasive monitoring of iron overload have resulted in 

substantial improvements in the survival of transfusion dependent patients with thalassemia major. 

Myocardial decompensation and sepsis remain the major causes of death. While endocrine 

abnormalities are a well-recognized problem in these iron-overloaded patients, adrenal 

insufficiency and its consequences are under-appreciated by the hematology community. The aims 

of this study were to determine the prevalence of adrenal insufficiency in thalassemia major 

subjects, to identify risk factors for adrenal insufficiency, and to localize the origin of the adrenal 

insufficiency within the hypothalamic-pituitary-adrenal axis. Eighteen subjects with thalassemia 

major (18.9 ± 9.3 years old, 7 female) were tested for adrenal insufficiency using a glucagon 

stimulation test (GST). Those found to have adrenal insufficiency (stimulated cortisol < 18 μg/dL) 

subsequently underwent an ovine corticotrophin-releasing hormone (oCRH) stimulation test to 

define the physiological basis for the adrenal insufficiency. The prevalence of adrenal 

insufficiency was 61%, with an increased prevalence in males over females (92% vs. 29%, 

p=0.049). Ten of 11 subjects who failed the GST subsequently demonstrated normal ACTH and 

cortisol responses to oCRH, indicating a possible hypothalamic origin to their adrenal 

insufficiency.

*Corresponding author: John C. Wood, M.D., Ph.D., Children's Hospital Los Angeles, 4650 Sunset Boulevard, MS 34, Los Angeles, 
CA 90027, Tel: 011 1 323 361 5470, jwood@chla.usc.edu. 

Institution where study was conducted: Children's Hospital Los Angeles, 4650 Sunset Blvd, Los Angeles, CA, 90027

Disclosures: Thomas D. Coates has received Speakers Honoraria from Novartis and has served on Medical Advisory Boards for 
Apotex and Shire. Michell E. Geffner receives research funding from Pfizer, Eli Lilly, Novo Nordisk, Ipsen, and Versartis; is a 
member of the Steering Committee for a research study conducted by Daiichi Sankyo; receives consulting fees from Pfizer and Ipsen; 
and is the pediatric endocrinology editor for UpToDate. John C. Wood serves as a consultant for Shire and Biomed-Informatics and 
receives research funding from Shire. He also has served on Medical Advisory Boards for Apotex.The remaining authors have no 
conflicts of interest or funding to disclose.

HHS Public Access
Author manuscript
J Pediatr Hematol Oncol. Author manuscript; available in PMC 2016 January 01.

Published in final edited form as:
J Pediatr Hematol Oncol. 2015 January ; 37(1): 54–59. doi:10.1097/MPH.0000000000000199.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

thalassemia; iron overload; adrenal insufficiency

Introduction

Thalassemia is one of the most common genetic blood disorders worldwide. With recent 

improvements in medical therapy, patients with thalassemia major are living longer and, 

therefore, more likely to exhibit complications of chronic iron overload, including various 

endocrinopathies. Adrenal insufficiency, in particular, is important to identify because it is a 

potentially life-threatening co-morbidity for which preventative treatment is readily 

available. While severe day-to-day adrenal insufficiency is uncommon, adrenal insufficiency 

can play an important role in the event of acute cardiac decompensation, stress, or sepsis. 

Furthermore, screening for adrenal insufficiency is commonly overlooked by physicians 

who manage patients with thalassemia major.

Adrenal insufficiency reportedly affects between 13% and 46% of patients with thalassemia 

major 1-5. The prevalence appears to be increased in patients with greater transfusion 

burden, poor linear growth, and wasting 1,3. Adrenal insufficiency may also complicate the 

management of heart failure in thalassemia major patients who often require glucocorticoid 

support for hypotension 6. Thus, patients with thalassemia major and undiagnosed adrenal 

insufficiency may be at increased risk of significant morbidity or even mortality.

The pathophysiological basis of adrenal insufficiency in thalassemia major has not been 

well-defined, and there are currently no clear guidelines on how to diagnose adrenal 

insufficiency in patients with thalassemia major. Chronic transfusions produce iron overload 

in several organs 7. Deposition of iron in the pituitary gland leads to hypogonadotropic 

hypogonadism 8 and other manifestations of hypopituitarism, including growth hormone 

(GH) deficiency and central hypothyroidism 9. It would make sense, then, that pituitary iron 

deposition might reduce adrenocorticotropin hormone (ACTH) secretion producing 

secondary adrenal insufficiency.

However, the adrenal glands might also be directly affected by iron toxicity. Patients with 

thalassemia major have been shown to have higher baseline ACTH levels than do controls, 

suggesting primary impairment of adrenocortical function and decreased adrenocortical 

reserve at baseline 5,10. Other studies have shown relative preservation of the hypothalamic-

pituitary-adrenal (HPA) axis in patients with thalassemia major, but evidence of decreased 

adrenal androgen production consistent with direct adrenal iron toxicity 11.

The administration of glucagon acutely stimulates ACTH and cortisol secretion in normal 

individuals 12, and therefore is a useful screening test to assess the integrity of the HPA axis. 

Once adrenal insufficiency has been established, the ovine CRH (oCRH) stimulation test is 

another endocrine function test that directly stimulates ACTH secretion from the pituitary 

gland, and subsequently cortisol secretion. A normal response does not rule out partial 

tertiary adrenal insufficiency, but an abnormal response can help to localize the defect 13,14.
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Thus, the primary purpose of this study was to examine the function of the HPA axis in 

patients with thalassemia major by conducting dynamic testing to enable us to pin-point the 

origin of the dysfunction, leading to a better understanding of the pathophysiology of 

adrenal insufficiency in this population. Our secondary purpose was to identify risk factors 

that predict adrenal insufficiency in our population of patients with thalassemia major.

Materials and Methods

Patients

This prospective study was conducted at Children's Hospital Los Angeles, Los Angeles, 

California, USA between September 2010 and January 2012. The study was approved by the 

Institutional Review Board at Children's Hospital Los Angeles (CCI#: 10-00070). Informed 

consent was obtained from subjects ≥ 18 years of age or parents/legal guardians of subjects 

< 18 years of age. Assent was obtained from subjects < 18 years of age.

Nineteen subjects with thalassemia major (74% β0/β0; 16% E/β0; 10% HbH Constant 

Spring) were enrolled in the study, including one who withdrew prior to completing any 

study visits. All subjects required chronic transfusion therapy of 10-15 mL/kg every 2-4 

weeks to maintain a pre-transfusion hemoglobin > 9.5 g/dL. All subjects were on 

appropriate chelation therapy as directed by their primary hematologist. Sixteen subjects 

were on deferasirox monotherapy (31.9 ± 13 mg/kg), and the remaining two were on 

combination therapy with deferasirox (36 ± 5.6 mg/kg), desferoxamine (64 ± 22.6 mg/kg) 

and deferiprone (68 mg/kg). Subjects were excluded if they were < 7 years of age, if they 

had been diagnosed with diabetes requiring treatment with insulin, or if they had been taking 

glucocorticoids on a daily basis or within one month of the study visits.

Data Collection

Demographic data included age, gender, height, weight, ethnicity, and number of years 

transfused. The five most recent ferritin levels (all drawn within 6 months of the study date) 

and MRI values for pituitary, liver, pancreatic, and cardiac iron were also recorded.

Glucagon Stimulation Test (GST)

All subjects underwent a GST as the initial test for adrenal insufficiency. Subjects were 

required to fast overnight for at least 8 hours. Baseline morning (8-9 AM) fasting levels of 

glucose, ACTH, cortisol, insulin, GH, plasma renin activity (PRA), dehydroepiandrosterone 

sulfate (DHEA-S), and aldosterone were measured, followed by injection of glucagon 

[GlucaGen, glucagon (rDNA origin), Bedford Laboratories, Bedford, OH, USA] at a dose of 

0.1 mg/kg (maximum dose of 1 mg) subcutaneously at T=0 minutes. This was followed by 

blood sampling for measurements of glucose, ACTH, cortisol, and GH, at T = +90, +120, 

+180, and +240 minutes. A failed GST, suggesting adrenal insufficiency, was defined as all 

cortisol levels < 18 μg/dL. Previous studies have cited cut-offs ranging from < 14.5 μg/dL to 

< 21 μg/dL 15-18. We selected a cut-off of 18 μg/dL to allow for greater sensitivity.
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Ovine corticotropin-releasing hormone (oCRH) Stimulation Test

Subjects who failed the GST underwent a second, confirmatory test for adrenal 

insufficiency, the oCRH stimulation test. This test was performed within 35 ± 27 days 

following the GST. Subjects were required to fast for at least 4 hours. For this test, baseline 

morning (8-9 AM) fasting levels of ACTH and cortisol were drawn, followed by injection of 

oCRH (Acthrel, corticorelin ovine triflutate, Ferring Pharmaceuticals, Inc., Suffern, NY, 

USA) at a dose of 1 μg/kg intravenously at T=0 minutes. This was followed by blood 

sampling for measurements of ACTH and cortisol at T = +15, +30, +45, +60, +75, and +90 

minutes. A failed oCRH stimulation test (suggesting adrenal insufficiency) was defined as a 

stimulated cortisol level < 16.3 μg/dL 17.

MRI Methods

All MRI studies were performed on 1.5T General Electric CVi and Philips Achieva 

scanners. MRI methods for the liver, heart, and pancreas have been previously 

described 19-21. Organ iron burden was quantified from MRI scans done on the day of the 

GST (2/18 subjects), using linear interpolation of values from annual MRI scans done before 

and after the stimulation test (12/18 subjects), or from the most recent MRI study (246 ± 190 

days prior to the study; 4/18 subjects). MRI methods for the pituitary have also been 

previously described 8. Pituitary iron measurements were unavailable for 2/18 patients. 

Pituitary iron burden was quantified from MRI scans using linear interpolation of values 

from MRI scans done before and after the stimulation test (7/18 subjects), or from the most 

recent MRI study (294 ± 230 days prior to the study; 9/18 subjects).

Laboratory Assays

All assays were performed at Quest Diagnostics Nichols Institute, San Juan Capistrano, CA, 

USA. Plasma glucose was measured by spectrophotometry (hexokinase). Plasma ACTH was 

measured by immunochemiluminometric assay (ICMA). Serum cortisol was measured by 

liquid chromatography-tandem mass spectrometry (LC/MS/MS). Serum insulin was 

measured following acid treatment and PEG precipitation by radioimmunoassay (RIA). 

Serum GH was measured by ICMA. PRA was measured by Angiotensin I generation RIA. 

DHEA-S was measured by ICMA. Serum aldosterone was measured by LC/MS/MS.

Statistical Analysis

All normally distributed results are expressed as mean ± SD. All non-normally distributed 

results are expressed as median; 5th and 95th percentiles. Comparisons between continuous 

variables of two normally distributed groups of data were addressed by linear regression. 

Comparisons between groups (adrenal insufficiency vs. no adrenal insufficiency) and 

continuous normally distributed variables (age, duration of chelation, ferritin levels, and 

MRI iron levels) were addressed by unpaired two-tailed T test. Fisher's exact test was used 

to compare adrenal insufficiency vs. no adrenal insufficiency across gender. Comparisons 

between groups (adrenal insufficiency vs. no adrenal insufficiency) and continuous non-

normally distributed variables (GH) were addressed by non-parametric Wilcoxon test. 

Statistical analyses were performed using JMP statistical software version 5.1.2.

Huang et al. Page 4

J Pediatr Hematol Oncol. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Eighteen subjects completed the study. Subjects ranged from 7 to 43 years of age and the 

majority of patients were male and of Asian ethnicity (Table I). The initial study day was 

13.8 ± 7.9 days following the most recent blood transfusion.

The mean basal morning cortisol level of this cohort was 8.6 ± 3.6 μg/dL (reference range: 

5-21 μg/dL). Eleven subjects (61%) failed the GST, defined as a peak stimulated cortisol 

level < 18 μg/dL (Fig. 1). There were no significant correlations between peak stimulated 

cortisol level and basal morning cortisol level, age, peak GH level, or number of years 

transfused. There was no significant difference between subjects who passed and who failed 

the GST with regard to age, number of years transfused, peak GH level, or basal morning 

cortisol level. There was a trend toward lower ferritin levels in the group of subjects who 

failed the GST (p = 0.078), although this was not statistically significant (Table II). Analysis 

of MRI characteristics can be found in Table III. Patients who failed the GST had somewhat 

lower liver iron content (LIC) and smaller pituitary volume (p = 0.08 and 0.11, respectively) 

than those who passed.

There was a marked sex difference in peak cortisol levels following glucagon stimulation 

with males having a blunted response (14.5 ± 4.9 μg/dL in males vs. 20.1 ± 4.4 μg/dL in 

females, p = 0.02, T test). Nine of 11 (92%) male subjects demonstrated adrenal 

insufficiency compared with two of 7 (29%) female subjects (p = 0.049, Fisher exact test). 

Males had somewhat lower basal morning cortisol level (7.5 ± 1.9 μg/dL) than did females 

(10.4 ± 4.9 μg/dL), but this was not statistically significant (p = 0.18, T test). Males also had 

significantly lower body mass index standard deviation score (SDS) than did females (-0.57 

± 0.29 vs. 0.60 ± 0.37, p = 0.02, T test). There were no significant differences between 

males and females with regard to age, number of years transfused, peak GH level, ferritin 

level, or MRI iron measurements.

Adrenal mineralocorticoid and androgen levels were compared between the group with 

adrenal insufficiency and the group without adrenal insufficiency, but no significant 

differences were found. Age was used as an independent variable and compared to basal and 

stimulated cortisol levels, GH level, ferritin, and MRI iron measurements, but there were no 

significant correlations.

Of the 11 subjects who underwent subsequent oCRH stimulation testing, only one 

demonstrated an inadequate response to oCRH with a stimulated cortisol level < 16.3 μg/dL 

(Figure 1, Table IV). This subject (#8) had an elevated basal morning ACTH level of 62 

pg/mL (reference range: 7-50 pg/mL), a peak cortisol level of 13.6 μg/dL, and an elevated 

peak ACTH level of 144 pg/mL, all suggesting primary adrenal insufficiency.

Of the remaining 10 subjects who failed the GST and yet passed the oCRH stimulation test, 

the basal morning cortisol level was 8.7 ± 4.0 μg/dL and peak oCRH-stimulated cortisol 

level was 22.3 ± 2.1 μg/dL. The basal morning ACTH level was 20.5 ± 9.5 pg/mL and peak 

ACTH level was 96.9 ± 37.7 pg/mL. Three of the 10 subjects had markedly decreased basal 

morning cortisol levels < 4 μg/dL with correspondingly low-normal ACTH levels of ≤ 15 

pg/mL.
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Discussion

In our study cohort, the prevalence of adrenal insufficiency, defined by a failed GST, was 

61%. This is relatively high compared with other studies 1,2,4,5,22, but may be due to a 

relatively conservative peak cortisol cut-off used (18 μg/dL), as well as a somewhat small 

study cohort. There have been various proposed cut-off levels to define adrenal insufficiency 

using the GST in non-thalassemia major populations. One study compared the GST, ITT, 

and CRH stimulation tests in children with short stature and found no intra-individual 

differences between peak cortisol levels for all three tests. A peak cortisol level of 16.3 

μg/dL yielded 88.5% sensitivity and 86.8% specificity for the diagnosis of adrenal 

insufficiency 17. Another study compared the GST to the ITT in children with GH 

deficiency and also found similar peak cortisol levels in both tests. ROC analysis determined 

a cut-off of 14.6 μg/dL to have 66.67% sensitivity and 100% specificity for adrenal 

insufficiency 15. Yet another study compared the GST to ITT in 49 adults, who had 

undergone resection of hypothalamic or pituitary tumors, and found that a peak cortisol cut-

off of 21.7 μg/dL following glucagon stimulation yielded 100% sensitivity and 32% 

specificity for the diagnosis of adrenal insufficiency 16. In our study, we selected a cut-off of 

18 μg/dL to allow for greater sensitivity, since we were planning a confirmatory test for 

those who failed. In spite of this, if a lower cut-off (peak cortisol of 14.6 μg/dL) were used 

to define adrenal insufficiency, the prevalence of adrenal insufficiency in our population was 

still 44%.

Adrenal insufficiency was far more common in males; this has not been previously 

described. However, the literature has suggested that females with thalassemia major may 

experience a lower frequency of complications. Females with thalassemia major have better 

overall survival, which is not related to compliance 23. Females also have a lower incidence 

of heart failure despite similar levels of cardiac and liver iron compared to males 24. Males 

have been diagnosed with osteoporosis/osteopenia more frequently and more severely than 

females, even when correcting for their degree of hypogonadism 25. Proposed hypotheses 

for sex differences in thalassemia major include a protective role of estrogens, less oxidative 

damage in females, and greater resistance of females to the damaging effects of iron 24, 

though none of these hypotheses has been studied in thalassemia major patients.

We postulated that both hepatic and extrahepatic iron burdens would correlate with the risk 

of hormonal insufficiency, based on our observations in both the pituitary gland and 

pancreas 8,26. Previous studies have found greater transfusion burden and serum ferritin 

levels to be a risk factor for primary adrenal insufficiency 1. This was not the case in our 

study; rather, the mean ferritin and LIC in the subjects with adrenal insufficiency trended 

lower than those of the subjects without adrenal insufficiency. However, prior reports of 

adrenal insufficiency have come from cohorts with much poorer access to iron chelation 

than our study population, suggesting that chronic, severe iron overload is required to 

develop primary adrenal insufficiency.

Another possible explanation for our apparently discrepant observations is that adrenal 

insufficiency is multifactorial and can occur from derangements at multiple levels in the 

HPA axis. For example, the single patient we found with primary adrenal insufficiency had 
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survived a failed allogeneic bone marrow transplantation 2.5 years prior to his study date; 

heavy corticosteroid use is a known risk factor for adrenal insufficiency27. Although 

pituitary iron was detectable in some of our patients, oCRH stimulation produced a 

satisfactory ACTH response in 10/11 subjects evaluated, suggesting that pituitary function 

was intact. Thus, the adrenal insufficiency described here represents a failure of glucagon to 

provoke its normal physiologic response. The mechanism by which glucagon stimulates the 

HPA axis has not been fully elucidated, but it is known that glucagon does not act directly 

on the pituitary corticotrophs to produce ACTH. Indirect mechanisms that have been 

proposed include promoting secretion of GH secretagogues that have ACTH-releasing 

activity 28, stimulating endogenous CRH and arginine vasopressin to mediate ACTH 

release 29, and releasing ACTH through peptides produced by glucagon degradation or 

enhanced catecholamine production 30. If, indeed, glucagon acts through CRH, then 

hypothalamic undersecretion of CRH (tertiary adrenal insufficiency) appears to be the 

dominant mechanism of adrenal insufficiency in our study population.

Since the hypothalamus is predominantly protected from iron overload by the blood-brain 

barrier 31, a diagnosis of tertiary adrenal insufficiency would explain why we observed no 

relationship between adrenal insufficiency and increased iron overload. Hypothalamic 

dysfunction has been proposed as the etiology of short stature in patients with thalassemia 

major 32,33, who were found to have decreased GH reserve and decreased nocturnal GH 

secretion with normal IGF-I generation by the liver. Support for hypothalamic dysfunction 

in our population was also evident by MRI. Subjects with adrenal insufficiency had pituitary 

volumes that were one standard deviation smaller than those of subjects without adrenal 

insufficiency, despite having similar pituitary iron levels. Chronically decreased secretion of 

releasing factors from the hypothalamus could lead to atrophy of the hormone-producing 

cells in the pituitary contributing to a smaller overall pituitary volume. Indeed, patients with 

pituitary stalk transection have been found to have pituitary gland hypoplasia on MRI 34. 

There is no clear explanation as to why these subjects would have impaired synthesis or 

secretion of hypothalamic hormones.

Individuals with thalassemia major have a number of chronic stressors that could potentially 

impair hypothalamic function. Chronic anemia forces them to maintain higher cardiac 

output to preserve oxygen delivery, increasing their basal metabolic rate 35; this could 

potentially impact the HPA axis similar to derangements in gonadal function observed in 

female endurance athletes 36. Despite regular transfusion therapy, patients with thalassemia 

major develop mild tissue hypoxia during the latter third of their transfusion cycle, and 

fluctuations in tissue oxygenation may potentially modulate hypothalamic function. 

Thalassemia major patients also experience chronic oxidative vascular stress from 

circulating labile iron species. Indeed, the pattern of iron chelation (hours per day that 

chelator is present) is very important to protect vascular endothelia from accelerated aging. 

Lastly, we cannot exclude the possibility of an iron chelator effect, especially since iron 

burdens trended lower in the patients with adrenal insufficiency. All of these patients were 

taking deferasirox, which has not been reported to cross the blood-brain barrier. Although 

adrenal insufficiency has never been described with iron chelators before, this question has 

never been systematically studied, either. Carefully designed prospective studies will be 

required to test any of these potential mechanisms.
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Based on the results of this study, given the relatively high prevalence of biochemical 

adrenal insufficiency in our population, we would recommend annual screening of patients 

for adrenal insufficiency. With heart failure and infection as leading causes of morbidity and 

mortality in patients with thalassemia major 37, we would further consider administration of 

stress doses of glucocorticoids peri-operatively and during acute stressful situations with low 

or borderline low adrenal reserve. It remains to be seen whether this type and degree of 

adrenal insufficiency is clinically significant. It is possible that these patients exhibit an 

impaired HPA axis response to glucagon, but may be capable of mounting an appropriate 

response to physiological stress. Patients with thalassemia major have actually been found in 

prior studies to have normal cortisol responses to surgical stress when compared with 

controls 10. Further research is warranted to explore the underlying mechanisms and 

consequences before maintenance therapy can be recommended.

In conclusion, we found a prevalence of adrenal insufficiency of 61% in our population of 

patients with thalassemia major, with male patients predominantly affected. All but one of 

these patients had intact HPA function following administration of oCRH, implying a 

possible hypothalamic origin to their adrenal insufficiency. These findings are novel to the 

field, and further studies are necessary to explore these possibilities and to characterize HPA 

axis function in thalassemia major patients.
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Figure 1. 
Diagram of 18 thalassemia major patients who underwent glucagon stimulation testing and 

11 thalassemia major patients who underwent ovine Corticotrophin Releasing Hormone 

stimulation testing.
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Table I
Baseline participant characteristics

n 18

Age (yrs) 18.9 ± 9.3

Female Sex, n (%) 7 (39)

BMI SDS -0.11 ± 1.11

Years transfused 16.4 ± 9.3

Ethnicity

 Cambodian, n (%) 1 (5.5)

 Chinese, n (%) 7 (39)

 Filipino, n (%) 2 (11)

 Greek, n (%) 1 (5.5)

 Hispanic, n (%) 1 (5.5)

 Indian, n (%) 3.5 (19)

 Thai, n (%) 1 (5.5)

 Vietnamese, n (%) 1.5 (8)

8:00 AM cortisol (μg/dL) 8.6 ± 3.6

Ferritin (ng/mL) 1409 ± 1408

Data are mean ± SD for normally distributed continuous variables or n (%) for categorical variables
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Table II
Glucagon stimulation test results of 18 subjects with thalassemia major

Adrenal Sufficiency Adrenal Insufficiency p

n 7 11 n/a

Age (yrs) 18.8 ± 7.8 19 ± 10.5 0.96

Female Sex, n (%) 5 (71) 2 (18) 0.049

Transfusion history (yrs) 15.1 ± 7.3 17.3 ± 10.6 0.6

8:00 AM cortisol (mcg/dL) 9.6 ± 5.3 8.0 ± 2.0 0.48

Peak cortisol (mcg/dL) 22.1 ± 3.7 13.3 ± 2.6 n/a

8:00 AM ACTH (pg/mL) 22 ± 11 25 ± 20 0.72

Peak ACTH (pg/mL) 97 ± 66 47 ± 50 0.12

Peak GH (ng/mL) 9.6 (5.5-34) 7.8 (2.4-32) 0.47

Ferritin (ng/mL) 2401 ± 1979 802 ± 500 0.078

Days since last transfusion 14 ± 10 13.6 ± 6.8 0.93

Data are mean ± SD for normally distributed continuous variables; median (10th and 90th percentiles) for non-normally distributed variables; or n 
(%) for categorical variables
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Table III
MRI characteristics of 18 subjects who underwent GST

Adrenal Sufficiency Adrenal Insufficiency p

n 7 11 n/a

Heart R2* 46.2 ± 42.2 46.5 ± 29.0 0.98

Pancreas R2* 190 ± 186 109 ± 106 0.32

LIC 13 ± 11.9 3.6 ± 3.7 0.08

Pituitary R2* Sagittal Z 4.6 ± 3.1 3.8 ± 2.5 0.6

Pituitary R2* Coronal Z 4.9 ± 3 4 ± 3.7 0.59

Pituitary Volume Z 0.6 ± 1.5 - 0.6 ± 1.1 0.11

Data are mean ± SD for normally distributed continuous variables, LIC = Liver iron content measured by MRI
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