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Abstract The variable presence of adrenal insufficiency

(AI) due to hypocortisolemia (HC) in patients with tha-

lassemia is well established; however, the prevalence of

adrenocortical hypofunction (ACH) in the zona glomeru-

losa and zona reticularis of the adrenal cortex is unknown.

To establish the prevalence of ACH, we examined the

cortisol response to 1-lg and 250-lg ACTH tests, plasma

aldosterone (A)/plasma renin activity (PRA) ratio, and

serum dehydroepiandrosterone sulfate (DHEAS) levels in a

large cohort of patients with thalassemia, and to investigate

the impact of total body iron load (TBIL) on adrenocortical

function. The setting used was University hospital and

government-based tertiary care center. One hundred

twenty-one (52 females) patients with b-thalassemia major

(b-TM) and 72 healthy peers (38 females) were enrolled.

The patients underwent a 250-lg cosyntropin test if their

peak cortisol was\500 nmol/L in a 1-lg cosyntropin test.

Magnetic resonance imaging (MRI) was performed to

assess the MRI-based liver iron content and cardiac MRI

T2* iron. The associations between ACH and TBIL were

investigated. The patients with thalassemia had lower

ACTH, cortisol, DHEAS, and A/PRA values compared

with the controls (p\ 0.001). Thirty-nine patients

(32.2 %) had HC [primary (n = 1), central (n = 36),

combined (n = 2)], and 47 (38.8 %) patients had reduced

DHEAS levels; 29 (24.0 %) patients had reduced A/PRA

ratios. Forty-six (38.0 %) patients had hypofunction in one

of the adrenal zones, 26 (21.5 %) had hypofunction in two

adrenal zones, and 9 (7.4 %) had hypofunction in all three

zones. Patient age and TBIL surrogates were significant

independent parameters associated with ACH. Cardiac

MRI T2* iron was the only significant parameter that

predicted the severity of ACH at a cut-off of 20.6 ms, with

81 % sensitivity and 78 % specificity. Patients with tha-

lassemia have a high prevalence of AI due to HC and zona

glomerulosa and zona reticularis hypofunction. TBIL sur-

rogates can predict ACH, but cardiac iron was the only

surrogate that was adequately sensitive to predict the

severity of ACH.
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Introduction

Excess iron is first deposited in the form of hemosiderin in

patients with thalassemia who are regularly transfused,

mainly in the mononuclear phagocyte system. It is even-

tually deposited in endocrine organs and the heart, which

leads to target-organ damage [1]. In the past, serum ferritin

was considered a reliable indicator of total body iron load

(TBIL). However, magnetic resonance imaging (MRI)

evaluation of the liver and cardiac iron overload is now

considered the standard of care whenever available [1],

because it provides low interscanner and interobserver

variability in tissue iron assessments.

Recent advances in the medical management of tha-

lassemia have greatly increased patient’s lifespan. The

most common causes of mortality in these patients are

heart failure and fatal arrhythmias. Iron load-related

endocrinopathies are the most important complications that

affect quality of life in patients with thalassemia [2].

Adrenal insufficiency (AI) is a common complication in

thalassemia. Adrenal androgen production declines with

advancing puberty in adolescents with thalassemia and

may explain the poor development of pubic and axillary

hair associated with this condition [3]. It is thought that

transfusion-related iron overload results in nontransferrin-

bound iron (NTBI) deposition in the adrenal glands,

hypothalamus, or pituitary, which in turn leads to the

development of primary or central AI. Autopsy findings

indicated that iron deposition in the adrenal glands occured

more frequently in the zona glomerulosa, where miner-

alocorticoids are produced, than in the cortisol-producing

zona fasciculata [4]. The incidence of b-thalassemia (b-
TM) and the number of globin gene mutation carriers are

very high in Southeast Turkey [5]. However, there are no

data regarding the prevalence of AI in patients with b-TM
in this region. To the best of our knowledge, studies

regarding the evaluation of adrenal function in patients

with thalassemia have primarily focused on the glucocor-

ticoid axis [1–3]. However, studies evaluating the secretion

dynamics of mineralocorticoids of the adrenal cortex in

patients with transfusion-dependent b-TM have not been

performed to date. In this preliminary study, we aimed to

evaluate the secretion dynamics of glucocorticoid, miner-

alocorticoid, and adrenal androgens of the adrenal cortex in

a large cohort of patients with transfusion-dependent b-
TM. We also evaluated the relationship between adreno-

cortical function and TBIL surrogates such as serum fer-

ritin, and hepatic and cardiac iron load, which was

measured using hepatic and cardiac MRI. To evaluate the

involvement of the adrenal cortex zones in patients with b-
TM, the term adrenocortical hypofunction (ACH) was

defined in this study as the presence of hypocortisolemia

(HC), reduced DHEAS levels, or reduced plasma A/plasma

renin activity (PRA) ratio.

Subjects and methods

Of 167 consecutive patients with b-TM aged 6–18 years,

121 were eligible for enrollment. The diagnosis of b-TM
was based on family history, complete transfusion depen-

dence, hemoglobin electrophoresis, and a genetic analysis.

Patients were excluded from the study in the presence of

any of the following: low body mass index (BMI), which

was defined as a BMI below the 5th percentile (-1.65

standard deviation score [SDS]; n = 29) according to the

CDC BMI chart for sex; refugee status from Syria, because

of incomplete data regarding transfusion history (n = 3);

chelation therapy other than deferasirox (n = 3); hepatitis

C (n = 2); the use of any medication within 3 months of

the study that could influence the assessed hormones

(n = 2); pregnancy (n = 1); or an increased resistance

index on a renal Doppler ultrasound (n = 6). At the time of

enrollment, each patient had been followed up for at least

2 years at the Pediatric Hematology Department of Harran

University School of Medicine and Children’s State

Hospital of Sanliurfa, and each required regular red cell

transfusions (12–15 mL/kg) every 3–4 weeks to maintain

hemoglobin levels above 9 g/dL. In 2006, the Ministry of

Health in Turkey approved the use of deferasirox. All

patients were given oral deferasirox [5–30 mg/(kg/day)]—

Exjade (DFX), Novartis Pharma AG, Basel, Switzerland.

A list of random healthy children and adolescents was

obtained from the Well-Child and Adolescent Health Care

Unit registry. Invitation letters were sent to the families of

the subjects who were selected by order sampling in each

age group to yield an age- and sex-matched control group.

Approximately, 40 % of the invited control subjects agreed

to participate. Seventy-two (38 F) healthy controls were

selected who lived in the same area and matched the

patients’ ages (mean age 11.4 years, range 5.8–17.8 years).

The study was approved by the ethics committee of

Harran University and was conducted in accordance with

the Declaration of Helsinki and Good Clinical Practice

Guidelines. Written informed consent was obtained from

all of the patients or their legal guardians.

Data collection

Transfusion history and transfusion-related laboratory data

were retrieved from an electronic patient records system.

Height and weight measurements were performed using

a portable Seca stadiometer (Birmingham, UK) and an

electronic device (sensitivity = 0.1 kg), respectively. The

SDs of these measurements and the BMI (weight divided
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by height squared) were calculated [6]. Tanner’s pubertal

staging was performed based on breast/testicular develop-

ment and Tanner’s staging for pubic/axillary hair. Clinical

blood pressure (BP) of all subjects and their parents was

measured three times at 1-min interval using a mercury

sphygmomanometer after the subjects had rested for at

least 10 min. The SDs of systolic and diastolic BP were

calculated [7]. In addition to measuring BP, an adult was

considered hypertensive if there was a history of hyper-

tension or if he/she was on treatment for hypertension.

Controls who were menstruating were assessed during the

early follicular stage (days 5–10) of their menstrual cycles.

Patients with thalassemia who were taking sex steroid

replacement therapy were tested during the estrogen phase

of treatment on days 5–10 of the treatment cycle.

Annualized median hemoglobin (Hb) and serum ferritin

levels were calculated using the median of the recorded

values over a period of 1 year prior to our evaluation.

Serum ferritin levels were measured using an electro-

chemiluminescence immunoassay (ECLIA; Roche Diag-

nostics, IN, USA) before hemotransfusion and long before

or after iron chelator administration.

In all patients, systolic and diastolic parameters were

evaluated by the same pediatric cardiologist (AY) using an

M-mode echocardiography (Sonosite Titan). The mea-

surements were performed one week after transfusion in

accordance with the recommendations of the American

Society of Echocardiography [8]. Cardiac and liver MRIs

(1.5 T scanner, GE Sigma/Excite HD, Milwaukee, WI,

USA) were performed, and a T2* algorithm was used to

estimate iron loads. A T2* analysis was performed using

Thalassemia Tools (a plug-in from CMR Tools, Cardio-

vascular Imaging Solutions, London, UK) with curve

truncation to account for background noise [9]. MRI-based

liver iron concentration (LIC) was calculated [10, 11].

Hormonal assessments

Fasting blood samples were drawn from all subjects

between 08.00 and 09.00 am to assess plasma ACTH,

aldosterone (A), PRA, DHEAS, sodium, potassium, and

creatinine levels. A 20-h urine collection was performed

between 19.00 pm and 07.00 am to calculate the fractional

excretion of sodium (FeNa12h = [urinary sodium 9 serum

creatinine]/[serum sodium 9 urinary creatinine] 9 100).

All patients underwent a 1-lg ACTH (Synacthen; Novartis,

Basel, Switzerland) stimulation test. Patients with a peak

cortisol\500 nmol/L in the 1-lg ACTH test underwent a

250-lg ACTH test to differentiate primary and central AI.

Patients with low/normal ACTH levels and a peak cortisol

level \500 nmol/L in the 250-lg ACTH test were diag-

nosed as having combined AI, i.e., both primary and cen-

tral AI. Those with reduced DHEAS levels (SDS\-2

SDS), which were measured using reference curves

developed by fitting two separate half-normal distributions

to the age- and sex-specific reference ranges provided by

the assay manufacturer were diagnosed as having DHEAS

[12]. A reduced plasma A/PRA ratio was diagnosed using a

cut-off value of 1.1, which was the 2.5th percentile value of

the A/PRA ratios of the controls.

Hormone assays

Corticotropin was measured using a commercial enzyme

immunoassay (DPC Biermann Gmbh, Bad Nauheim,

Germany) and an Immulite automated hormone analyzer.

The interassay coefficients were 9.6 % with 24 ± 3 pg/

mL, 6.1 % with 101 ± 6.2 pg/mL, and 3.1 % with

504 ± 15.6 pg/mL. Cortisol levels were measured using a

radioimmune assay (RIA), and a recovery-corrected

extraction was performed for cortisol. For the cortisol

assay, the intra-assay CV was 5.2 %, and the interassay CV

was 8.7 %. DHEAS levels were analyzed using a chemi-

luminescence immunoassay (Immulite; Diagnostic Prod-

ucts Corp., Los Angeles, CA). The lower and upper limits

of detection for the assays were 3 and 1500 lg/dL,
respectively. Plasma A and PRA levels were measured

using a radioimmunoassay (Marseille, France). The

interassay CV for the A assay was 11.1 % at a plasma A

level of 214 ng/L. The normal ranges for PRA were

0.2–0.8 ng/(mL h) with a normal salt intake in a sitting

position, and the intra- and interassay CVs were\10 %.

Statistical analyses

All analyses were performed using IBM SPSS version 22

(SPSS IL, USA) and GraphPad Prism 6 (San Diego, USA)

software. The normality of variables was tested using a

D’Agostino-Pearson omnibus normality test. The results

are presented as means (95 % confidence interval [CI]) or

medians [25–75 % interquartile ranges (IQR)] unless and

otherwise stated. Categorical variables were compared

using the v2 test and Fisher’s exact test. Student’s t test was

used to compare variables between groups. A nonpara-

metric test (Mann–Whitney U test) was used if the vari-

ables did not have Gaussian distribution. Serum cortisol

levels were compared using a univariate analysis after

adjustments for Tanner’s pubertal staging [13].

Independent associations of the following putatively

influential covariates with the presence and severity of

ACH were assessed using binary logistic regression anal-

yses: age, duration of chelation therapy, duration of

transfusion, Tanner’s pubertal staging for breast/testicular

development, serum ferritin, LIC, and cardiac MRI T2*

iron. The last three covariates were not included in the
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assessed models because they were intercorrelated

(r = 0.21–0.44; p\ 0.001 for all).

Receiver operating characteristics (ROC) curves were

used to assess the ability of the TBIL surrogates to predict

the presence of one or more ACHs. The optimal cut-off

values were determined for serum ferritin, MRI-based LIC,

and cardiac MRI T2* iron for diagnosing AHC, and the area

under the ROC curves (AUC) for the sensitivity and speci-

ficity of these parameters. The ‘‘best fit’’ value of the curve

(the threshold value for which {Sensitivity ? Speci-

ficity - 100} is maximized) was determined using the

Youden index. The AUCs for serum ferritin, LIC, and car-

diac MRI T2* iron were compared using the method

described by Hanley et al. [14]. The results are presented

with 95 % CIs. Two-tailed significance was set at p\ 0.05.

Results

Transfusion history and total body iron load

The patients’ transfusion history and data related to TBIL are

shown in Table 1. The patients had regularly received red cell

transfusion since amedianage of8 months.All patients began

receiving chelation therapy at a median age of 4 years.

Twenty-five (20.7 %) patients had undergone a splenectomy.

Forty-eight (39.7 %) patients had mildly elevated ALT levels

(ALT[ 35 U/L). Forty-three patients (35.5 %) had annual-

ized mean Hb levels lower than 9.0 g/dL. The mean annual-

ized serum ferritin was 1679 ng/mL [IQR: 1169–2805].

Median LIC (assessed using MRI) was 2.9 mg/g tissue [IQR:

2.6–6.2]. Cardiac iron levels were assessed using MRI T2*

and were found as 27.40 ms [IQR: 18.87–32.61]. Echocar-

diographic assessment of systolic and diastolic dysfunction

revealed normal findings in all patients (data not shown).

Comparative analyses of the patients

with thalassemia major vs. controls

The comparative results of the anthropometric- and labo-

ratory-related data of the patients with thalassemia and

controls are shown in Table 2. The number of patients with

history of hypertension in at least 1 parent was compared to

that of the controls (p = 0.50). Sixteen (13.2 %) patients

were aged less than 10 years of age at the time of the study.

Overall, the patients had lower BMI SDs, Tanner’s pubertal

staging, and diastolic BP SDs compared with the controls.

The patients also had lower ACTH, cortisol, DHEAS, and

A/PRA values than the controls (Table 3).The difference in

serum cortisol levels between the patients and controls

persisted after adjustment for Tanner’s pubertal staging. No

patients had reduced A and/or PRA levels.

Estimated prevalence of adrenal cortex

hypofunction in the patients with thalassemia major

Thirty-nine (32.2 %) patients were diagnosed as having AI.

Primary AI was diagnosed in one patient with a plasma

ACTH level of 70 pg/mL and peak post-corticotropin

(250 lg) cortisol level of 13 lg/dL. Central AI was diag-
nosed in 36 patients, and combined AI in two patients.

Forty-seven (38.8 %) patients had reduced DHEAS levels,

and 29 (24.0 %) patients had reduced A/PRA ratios. Forty-

six patients had ACH in one zone of the adrenal cortex, 26

patients had ACHs in two zones, and 9 patients had

hypofunction in three zones. Of the 16 patients aged less

than 10 years, six (37.5 %) had ACHs, three had reduced

A/PRA ratios, two had isolated HC, and one had both HC

and a reduced DHEAS level. Forty (33.1 %) patients had

normal adrenocortical functions.

Table 1 Transfusion history

and laboratory data of 121

patients with transfusion-

dependent b-thalassemia major

related to total body iron load

Baseline characteristics of patients

Age at onset of transfusion (years) 0.68 (0.33–1.50)

Age at onset of chelation treatment (years) 4.0 (3.2–4.3)

Duration of chelation treatment (years) 7.4 (4.3–10.0)

Splenectomy, n (%) 25 (20.7)

Age at splenectomy (years) 7.4 (5.9–8.9)

Serum alanine aminotransferase (ALT) (U/L) 31.00 (24.00–47.75)

Elevated ALT ([35 U/L), n (%) 48 (39.7)

Mean annualized pretransfusion hemoglobin (g/dL) 9.1 (8.9–9.2)

Mean annualized serum ferritin (ng/mL) 1679 (1169–2805)

Liver iron content (mg/g dry tissue) 2.9 (2.6–6.2)

Cardiac MRI T2* iron (ms) 27.40 (18.87–32.61)

Results are expressed as mean (95 % confidence interval) or median (25–75 % interquartile ranges) unless

and otherwise stated

MRI magnetic resonance imaging
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Analyses of the putative influential factors

on adrenal cortex functions and its severity

in patients with thalassemia major

The comparison of TBIL in patients with ACH in at least

one zone (n = 81) vs. those with normal adrenal cortex

functions (n = 40) revealed higher median annualized

serum ferritin, lower median LIC, and lower median

cardiac MRI T2* iron in the former subgroup (1457 ng/ml

[IQR: 1008–2096] and 896 ng/ml [IQR: 1399–2564],

p = 0.004; 4.3 mg Fe/g [IQR: 2.8–9.3] and 2.8 mg Fe/g

[IQR: 2.5–3.4], p = 0.007; 20.8 ms [IQR: 12.1–23.0] and

31.5 ms [IQR: 24.1–35.9], p\ 0.001, respectively). When

the patients with one ACH were compared with those with

two or three ACHs, the median cardiac MRI T2* iron was

significantly lower in the latter subgroup (21.4 ms

Table 2 Comparison of

demographic and clinical

characteristics of 121 patients

with transfusion-dependent

beta-thalassemia major vs. 72

healthy controls

Patients Controls p*

Age (years), mean (range) 11.2 (6.0–17.7) 11.4 (5.8–17.8) 0.80

Gender, female, n (%) 52 (43) 38 (52.7) 0.23

Parental history of hypertension, n (%) 17 (14.1) 7 (9.7) 0.50

Anthropometric data (SDS)

Weight -1.7 (-1.9 to -1.5) 0.1 (-0.2 to 0.1) \0.0001*

Height -2.2 (-2.4 to -1.9) -0.2 (-0.5 to 0) \0.0001*

Body mass index -0.1 (-0.8 to 0.8) 0.5 (-0.7 to 0.9) \0.0001*

Tanner’s stage for breast or testis development, n (%)

1 92 (76) 29 (40.3)

2 9 (7.4) 18 (25.0) 0.0001*

3–5 20 (16.6) 25 (34.7)

Tanner’s stage for pubarche, n (%)

1 99 (81.8) 34 (47.2)

2 14 (11.6) 20 (27.8) 0.0001*

3–5 8 (6.6) 18 (25)

Systolic blood pressure SDS -0.21 (-0.29 to -0.13) -0.09 (-0.23 to 0.04) 0.11

Diastolic blood pressure SDS -0.27 (-0.35 to -0.19) -0.10 (-0.21 to 0.03) 0.02*

Results are presented as median (25–75 % interquartile ranges) or mean (95 % CI) unless and otherwise

stated

SDS standard deviation score

* p value less than 0.05 is significant

Table 3 Biochemical and hormonal evaluation of 121 patients with transfusion-dependent beta-thalassemia major and 72 healthy controls

Patients Controls p

Sodium (meq/L) 137.5 (137.1–137.9) 138.6 (138.2–139.0) 0.09

Potassium (meq/L) 4.4 (4.1–4.9) 4.1 (4.0–4.7) 0.82

Corticotropin (ACTH) (pg/mL) 19.0 (12.3–26.7) 25.5 (18.0–36.7) \0.0001**

Cortisoladjusted* (lg/dL) 10.9 (10.3–11.5) 12.7 (11.9–13.5) \0.0001**

Dehydroepiandrosterone sulfate(DHEAS) (lg/dL) 24.0 (2.3–48.8) 71.0 (17.3–148.3) \0.0001**

DHEAS SDS -1.8 (-2.3 to -1.4) -0.4 (-1.2 to 0.6) \0.0001**

Aldosterone (ng/dL) 8.1 (7.3–8.7) 9.0 (8.0–9.9) 0.09

Plasma renin activity (PRA) [ng/(mL h)] 4.9 (3.1–6.7) 2.9 (1.9–3.9) \0.0001**

Aldosterone/PRA 1.6 (1.1–2.3) 3.2 (2.1–4.4) \0.0001**

FeNa 0.69 (0.58–0.81) 0.66 (0.56–0.78) 0.63

To convert corticotropin (ACTH) from pg/mL to pmol/L, multiply90.22. To convert cortisol from lg/dL to pmol/L, multiply927.743. To convert

dehydroepiandrosterone sulfate from lg/dL to mcmol/L, multiply 90.027. To convert Aldosterone from ng/dL to nmol/L, multiply 90.0277. To

convert PRA from ng/mL per h to lg/L per h multiply 91

* The estimated means after adjustment for Tanner’s pubertal staging were presented; ** p\ 0.01 is significant

SDS standard deviation score
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[25–75 % IQR: 20.4–24.0] and 20.1 ms [25–75 % IQR:

9.9–20.7], respectively, p\ 0.001). However, the serum

ferritin and liver iron content were comparable between the

subgroups (p[ 0.05; data not shown).

The use of ROC curves for serum ferritin and MRI-

based liver iron content and myocardial MRI T2*

iron to predict the presence and severity

of adrenocortical hypofunction in patients

with thalassemia major

The ROC curve analysis revealed that the annualized

serum ferritin, LIC, and cardiac MRI T2* iron levels pre-

dicted the presence of ACH in patients with thalassemia

major (Fig. 1). An annualized serum ferritin cut-off of

1372 ng/mL predicted the presence of ACH with 78 %

sensitivity and 48.9 % specificity. LIC cut-off of 3.2 mg

Fe/g predicted the presence of ACH with 59 % sensitivity

and 74 % specificity. A cardiac MRI T2* iron cut-off of

23.4 ms predicted ACH with 86 % sensitivity and 75 %

specificity (Table 4). The comparison of the ROC curves of

the TBIL surrogates revealed that cardiac MRI T2* iron

was more sensitive than either serum ferritin or LIC for

detecting ACHs (p\ 0.01). The ROC curve analysis of

cardiac MRI T2* iron levels at a cut-off of 20.6 ms pre-

dicted the presence of more than one ACH in patients with

thalassemia major with 81 % sensitivity and 78 % speci-

ficity (Fig. 2).

The logistic regression analysis revealed that the age and

cut-off values of the TBIL surrogates derived from the ROC

curve analyses (assessed in separate models) were indepen-

dently associated with the presence of ACH in patients with

thalassemiamajor odds ratio (OR)age = 1.5 (95 %CI1.2–1.7);

ORROC_ferritin = 3.7 (95 % CI 1.5–9.7); ORROC_LIC =

2.1 (95 % CI 1.2–5.6); and ORROC_cardiac MRI T2*iron = 18.6

(95 % CI 6.7–51.4). However, when the same covariates

were investigated in relation to the presence of two or three

ACHs, only cardiac MRI T2* iron was associated with the

severity of ACH: ORROC_cardiacMRI T2*iron = 12.2 (95 % CI

4.0–37.5).

Discussion

To our knowledge, this is the first study to report the

prevalence of subclinical mineralocorticoid deficiency in

transfusion-dependent patients with thalassemia. Our large

cohort of patients had a high prevalence of AI, which

reflects the variable involvement of all three layers of the

adrenal cortex. In our cohort, we found that serum ferritin,

LIC, and cardiac MRI T2* iron were surrogates for the

presence of ACH with either HC, reduced A/PRA, or

reduced DHEAS levels, and that cardiac MRI T2* iron was

a predictor of the severity of AI. Age was also an inde-

pendent significant parameter that predicted ACH in our

patients, which suggests that factors other than TBIL may

influence the evolution of ACH in thalassemia.

Hypofunction in at least one adrenal cortex zone was

diagnosed in 37 % of the patients aged less than 10 years,

which suggests that ACH had developed in these patients

and that the age limit for routine screening should possibly

be lowered for patients with thalassemia in developing

countries; suboptimal chelation therapy induces earlier

onset endocrinopathies [1].

In the current study, we did not include patients with a

BMI below the 5th percentile to eliminate malnutrition as a

potential confounder for adrenal dysfunction. However, we

cannot totally exclude the possibility of micronutrient

deficiencies in our cohort because patients with thalassemia

were reported to have decreased levels of several nutri-

tional biomarkers, which could potentially affect endocrine

function [15]. The patients with thalassemia in our study

also had lower BMIs than the controls. Therefore, we

included BMI with other covariates, such as anemia and

splenectomy status [16], infection with hepatitis C, and

other hepatotropic viruses [17] in our assessments to

eliminate recognized sources of increased tendency toward

endocrinopathy in the patients with thalassemia.

The prevalence of AI in our patients was similar to the

results of previous studies of thalassemics with iron over-

load [18, 19], reviewed in [20]. The majority of the AI in

the patients with thalassemia in our cohort was very likely

the result of hemochromatosis of the hypothalamo-pituitary

glands because of the much lower prevalence of primary

AI. Using the 1-lg and 250-lg ACTH tests, it was possible

Fig. 1 Receiver operating characteristics (ROC) curves of annualized

serum ferritin and MRI-based liver iron content (LIC) to predict the

presence of adrenocortical hypofunction in patients with thalassemia.

Area under the ROC curve (AUC) of cardiac MRI T2* iron (AUC:

0.83 [95 % CI 0.75–0.92], p\ 0.0001) was significantly greater than

those of annualized serum ferritin (AUC: 0.63[95 % CI 0.54–0.71],

p = 0.0036) and LIC (AUC: 0.65 [95 % CI 0.54–0.75], p = 0.0041);

p\ 0.01
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that some patients with subtle primary AI could have been

diagnosed as having central AI. Thus, we also measured

baseline ACTH levels to discriminate between types of AI.

In our cohort, combined involvement of the hypothalamo-

pituitary and adrenal glands was identified in 2 patients

who had normal or reduced ACTH levels and reduced peak

cortisol responses to the 250-lg ACTH test. We recognize

that the 1-lg ACTH test may have overestimated the

prevalence of AI compared with the insulin tolerance test

(ITT). However, we would rather avoid unwanted com-

plications related to hypoglycemia in our patients. In

addition, a recent study by Poomthavorn et al. [21] reported

only a small discrepancy in the prevalence of AI using the

1-lg ACTH test vs. ITT in patients with thalassemia.

Therefore, the prevalence of AI reported herein should be

acceptable. Huang et al. [22] performed an ovine corti-

cotropin-releasing hormone (oCRH) test in a small cohort

of thalassemics and found hypothalamic AI in 91 % of

their patients who had been diagnosed as having AI.

However, the oCRH test was not standardized with pedi-

atric reference values [23, 24].

Serum DHEAS levels were reduced in 39 % of the

patients with thalassemia in our cohort, which suggests the

involvement of the zona reticularis of the adrenal cortex.

Our patients had significantly lower Tanner’s stages for

pubarche than the healthy controls, which possibly repre-

sent a clinical delay of adrenarche in our patients. How-

ever, it should be noted that DHEAS is a weak androgen,

and it is the peripheral metabolism of this weak androgen

that causes clinical adrenarche [25]. DHEAS has pleio-

tropic effects related to well being in humans [26]. Treat-

ment with DHEA improves mood and general well being in

adult patients, children, and adolescents with adrenal

insufficiency [27, 28]. However, DHEAS replacement in

this population requires further study. Androstenedione is

another adrenal androgen; however, we did not analyze

androstenedione levels in our cohort because of its signif-

icant gonadal contribution during puberty, which could

have interfered with our primary aim of assessing the

adrenal cortex.

In vivo staining of the zona glomerulosa of the adrenal

cortex has long been established [4]. However, the renin-

angiotensin-aldosterone (RAS) system in patients with

thalassemia has not yet been evaluated. We found subtle

alterations in the RAS system, which were reflected by the

reduced A/PRA ratio and possibly by the reduced diastolic

BP SDS in the patients with thalassemia. However, the

FeNa12h and serum electrolyte levels were similar to those

of the controls, which suggests a compensated status. The

association between RAS derangement and TBIL warrants

further studies because this association was not found in an

earlier study of patients with primary hemochromatosis

[29]; however, this study was limited by the inclusion of

very few patients with primary hemochromatosis, and only

one patient was found to have hyporeninemic hypoaldos-

teronism [29]. None of the patients in our cohort had

reduced A and/or PRA levels.

Our association analyses of TBIL surrogates also

revealed novel findings. Annualized median ferritin and

LIC values had significantly lower sensitivity and speci-

ficity for predicting the presence of ACH in patients with

thalassemia than cardiac MRI T2* iron. In addition, cardiac

MRI T2* iron was the only TBIL surrogate that predicted

ACH severity with a sensitivity of 81 % and specificity of

78 % at a cut-off value of 20.6 ms. Serum ferritin and LIC

were not reliable predictors of ACH in the current study.

This finding is supported by ample evidence from recent

Table 4 Best cut-off values of total body iron surrogates predicting the presence of adrenocortical hypofunction in patients with b-thalassemia

major

Total body iron surrogate Best cut-off value Area under the ROC curve (95 % CI) Sensitivity (%) Specificity (%)

Annualized ferritin (ng/mL) 1372 0.64 (0.53–0.72) 78 49

Liver iron content (mg Fe/g dry tissue) 3.1 0.65 (0.54–0.75) 59 74

Cardiac MRI T2*iron (ms) 23.4 0.83 (0.75–0.92) 86 75

ROC receiver operating characteristics, MRI magnetic resonance imaging

Fig. 2 Receiver operating characteristics (ROC) curve of cardiac

MRI T2* iron to predict the presence of more than one adrenocortical

hypofunction in patients with thalassemia. Area under the ROC curve:

0.81 (95 % CI 0.71–0.91), p\ 0.0001
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studies [30–32]. Although serum ferritin trends remain an

important monitoring tool, serum ferritin is a poor marker

of iron balance because it varies with inflammation,

ascorbate status, the intensity of transfusion therapy, other

disorders, and liver damage [30]. Once elevated, serum

ferritin levels are related to the degree of iron excess and

especially to hepatic iron content. However, an absolute

increase in serum ferritin is more important when iron

deposits are located in the reticuloendothelial system than

when they are located in parenchymal cells [31]. The liver

is the dominant iron-storage depot for the body; it has high-

capacity mechanisms for clearing both transferrin- and

nontransferrin-bound iron (NTBI) species from the circu-

lation. In contrast, the heart and endocrine tissues have

tightly regulated transferrin uptakes and develop iron

overload only in the presence of circulating NTBI. NTBI

rebounds whenever iron chelators are not present because

transferrin is nearly always saturated in TM. Although a

retrospective study documented the association of liver

iron with adrenal iron in a small number of patients [33],

from a cardiac and endocrine perspective, no amounts of

liver iron are currently considered safe and extrahepatic

monitoring using MRI is essential [32]. The gold standard

approach to screening tissue iron content is MRI T2* iron

assessment of endocrine organs, but this procedure is costly

and impractical. Herein, we suggest that cardiac MRI

T2*iron, which must be evaluated to determine iron toxi-

city to the heart, would be a good surrogate of ACH.

Our study was not without limitations. We did not

attempt to analyze the associations between biochemical

alterations in adrenal cortex functions and symptoms of AI

because of the high possibility that similar symptoms

would be present (because of chronic anemia, for exam-

ple). The possible effect of residual confounding factors on

the findings of this study is an inherent weakness of any

cross-sectional design. Nevertheless, this cross-sectional

study was suitable for analyzing the prevalence of ACH in

a large cohort of patients with thalassemia and for identi-

fying associations between ACH status and TBIL surro-

gates after adjustment for potential confounders, even if it

was not designed to establish causal relationships.

In conclusion, our study showed a high prevalence of

subtle mineralocorticoid deficiency in transfusion-depen-

dent patients with b-TM. Although TBIL surrogates are

associated with ACH, cardiac MRI T2* iron is a better

surrogate of the presence and severity of ACH in patients

with thalassemia.
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