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Bone safety of dual-release
hydrocortisone in patients
with autoimmune primary
adrenal insufficiency
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Jacopo Giannelli 1, Lorenzo Campioni1, Vincenzo Cappiello1,
Maria Chiara Di Carlo1, Ezio Ghigo1, Massimo Procopio1

and Roberta Giordano 2*

1Division of Endocrinology, Diabetes and Metabolism, Department of Medical Sciences, University of
Turin, Turin, Italy, 2Department of Clinical and Biological Sciences, University of Turin, Turin, Italy
Background: Conventional glucocorticoids (C-GC) replacement regimens have

a detrimental effect on skeletal health in patients with adrenal insufficiency (AI),

ultimately leading to an increased fracture risk. The novel dual-release

hydrocortisone (DR-HC) formulations are characterized by a more favourable

safety profile on various clinical endpoints. Data comparing the impact of C-GC

and DR-HC on bone, however, are scarce.

Methods: Twenty-seven patients with autoimmune primary AI (PAI; 13 treated

with C-GC and 14 treated with DR-HC) were evaluated to compare bone-related

parameters between the two treatment groups.

Results: No significant differences between the two treatments groups were

observed with respect to bone turnover markers. Patients treated with C-GC

showed a lower bonemineral density (BMD) at lumbar spine (LS; 0.791 ± 0.195 vs.

0.942 ± 0.124 g/cm2, p=0.025) and at femoral neck (FN; 0.633 ± 0.114 vs. 0.716 ±

0.088 g/cm2, p=0.045). Moreover, they were characterized by a lower trabecular

bone score (TBS; 1.236 ± 0.035 vs. 1.383 ± 0.030, p=0.004) and by a higher mean

number of vertebral fractures per patient (0.75 vs. 0 fractures, p=0.002). TBS was

the best predictor of fracture risk, with a pseudo-R2 of 0.593; moreover, at

mediation analysis, it was able to fully explain the observed detrimental effect of

C-GC, compared to DR-HC, on fracture risk.

Conclusions: These results suggest that DR-HC is associated with less bone-

related complications compared to C-GC in patients with PAI. Moreover, TBS

seems to play a pivotal role in the mediation of the relationship between

glucocorticoid treatment regimens and fracture risk.

KEYWORDS

primary adrenal insufficiency, bone turnover markers, bone mineral density, trabecular
bone score, glucocorticoid replacement therapy, dual-release hydrocortisone
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Introduction

Patients affected by adrenal insufficiency (AI) require the

chronic administration of a glucocorticoid replacement therapy

(1). Although the aim of replacement therapies is to simulate as

much as possible the physiological cortisol secretion (1),

conventional glucocorticoid (C-GC) replacement regimens with

hydrocortisone or cortisone acetate are not able to fully mimic

the normal hormonal rhythm, inducing serum cortisol peaks

beyond physiological levels (2, 3). This determines a mild but

persistent glucocorticoid excess with a poor diurnal exposure-

time profile (4, 5), which in the long-term leads to detrimental

effects at different levels. Patients with AI, in fact, present an

increased morbidity and mortality compared to the general

population, mainly due to a worse metabolic profile and to a

higher risk of cardiovascular diseases (6–9).

The exogenous administration of systemic glucocorticoids

exerts a detrimental effect on bone metabolism, ultimately leading

to an increased fracture risk, which is related both to the dose and to

the duration of the ongoing glucocorticoid treatment (10–14). From

a pathophysiological point of view, these adverse effects are mostly

due to the persistent suppression of bone formation, which is

determined by a direct inhibitory effect of glucocorticoids on

osteoblast differentiation and function (11, 15). Nevertheless, an

early but transient increase in bone resorption is also present, due to

an initial stimulation of the differentiation, maturation and survival

of osteoclasts (11, 15).

Even though the alteration of bone metabolism is mainly

r epor t ed in ca s e o f g lucoco r t i co id t r e a tmen t s f o r

immunosuppressive and anti-inflammatory purposes, a long-term

replacement therapy with C-GC regimens has been demonstrated

to exert a negative impact on skeletal health as well, though to a

lesser extent (16, 17). A decrease in bone mineral density (BMD)

and an increase in fracture risk have been reported in adult patients

receiving C-GC replacement therapy for either primary adrenal

insufficiency (PAI), secondary adrenal insufficiency (SAI) or

congenital adrenal hyperplasia (CAH) (16–18); moreover, a

correlation between these outcomes and the cumulative

glucocorticoid dose has been observed (19, 20).

In recent years, a dual-release hydrocortisone (DR-HC)

preparation (Plenadren®) was developed to maintain cortisol

levels in a more physiological range, better reproducing the

endogenous cortisol rhythm both when evaluated by serum

cortisol (21, 22) and by salivary cortisol (23) levels. Compared to

C-GC, this formulation has been demonstrated to have a more

favourable clinical profile, with better outcomes with respect to

blood pressure control, glucose metabolism, lipid metabolism, body

weight, and health-related quality of life (22, 24–27).

Data about the impact of DR-HC on bone metabolism, however,

are scarce. In a recent study by Frara et al. (28), performed on

patients with SAI, a shift from C-GC to DR-HC was associated with

a significant increase in BMD values at lumbar spine and femoral

neck. Similar results were demonstrated by Guarnotta et al. (29) in a

cohort of patients with PAI, in which a treatment with DR-HC was

associated with a more favourable clinical profile in terms of BMD,

bone turnover markers and, possibly, fracture risk.
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Further data are thus required to better establish the safety

profile of DR-HC, compared to C-GC, on skeletal health. Based on

this background, we designed a clinical study aimed at comparing

bone-related parameters between patients with PAI treated either

with DR-HC or with C-GC replacement therapies. Both

biochemical and imaging parameters were assessed, and possible

mediators of the relationship between glucocorticoid treatment

regimens and fracture risk were analysed.
Methods

Patient selection

Twenty-seven patients with PAI of autoimmune aetiology were

evaluated between September 2020 and August 2021. Twenty-one

were affected by autoimmune polyendocrine syndrome (APS) type

2, one by APS type 4, and five by autoimmune isolated

Addison’s disease.

The following exclusion criteria were applied: (a) APS type 1;

(b) hypo- or hyperparathyroidism; (c) hyperthyroidism; (d) end-

stage chronic kidney disease; (e) current or previous treatment with

anti-osteoporotic drugs (apart from calcium and vitamin

D supplementation).

All pre-menopausal women were studied in the early follicular

phase. Female patients with primary ovarian insufficiency were

under appropriate replacement therapy at the time of the study, as

well as male patients with primary hypogonadism. Patients with

autoimmune hypothyroidism were under appropriate treatment

with levothyroxine at the time of the study. Patients affected by

vitamin D insufficiency received adequate supplementation.

The following parameters were evaluated for each patient: age,

sex, disease duration, current treatment duration (defined as the

duration of therapy with the current formulation and dosage),

hydrocortisone equivalent (HCeq) dose, smoking habit, weight,

body mass index (BMI), creatinine, fasting glucose, HbA1c,

serum and urinary calcium, serum and urinary phosphate,

parathyroid hormone (PTH), 25-OH vitamin D (25(OH)D), bone

alkaline phosphatase (BAP), osteocalcin, urinary crosslinks, bone

mineral density (BMD) at lumbar spine (LS), femoral neck (FN)

and total hip (TH), trabecular bone score (TBS) at LS, and number

of vertebral fractures at vertebral morphometry.

The study was approved by the local Ethics Committee and was

in accordance with the principles of the Declaration of Helsinki.

Written informed consent was obtained from all included patients.
Analytical methods

Blood samples were taken in the morning between 8 and 9 am,

after an overnight fast. Serum PTH (ng/L), BAP (µg/L) and

osteocalcin (mg/L) were tested by chemiluminescence

immunoassay (CLIA; Liason Analyzer, DiaSorin, Saluggia, Italy).

Serum 25(OH)D (µg/L) was tested by chemiluminescence

microparticle immunoassay (CMIA; Alinity system, Abbott

Laboratories, Chicago, Illinois, USA). Urinary crosslinks (nmol/
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mmol of creatinine) were tested by crosslinks method

(Chromsystems, Grafelfings, Germany) with fluorescent detection

based on high performance liquid chromatography (HPLC;

Prominence System, Shimadzu Corporation, Kyoto, Japan). All

other biochemical variables were assayed in plasma, serum or

urine using standard methods.
BMD, TBS and vertebral
morphometry analysis

BMD was measured by dual energy x-ray absorptiometry

(DXA) at L1-4 LS, FN and TH, using a Hologic QDR 4500

densitometer. Fractured vertebrae were excluded from the

calculation of BMD and its derived parameters. The coefficient of

variation of BMD measurements was equal to 1.0% at all examined

sites. T-scores were calculated by comparing BMD results with

those obtained in a sex-matched Caucasian population at peak of

bone mass. Z-scores were calculated by comparing BMD results

with those obtained in an age and sex-matched Caucasian

population. TBS was evaluated from LS DXA scans using the TBS

iNsight® software (version 3.0.2.0, Medimaps SASU, Pessac,

France). The coefficient of variation of TBS measurements was

equal to 1.2%. Vertebral morphometry was performed on lateral

spine images obtained by DXA scan; conventional spinal

radiographs (T4-L4) in the lateral and the anteroposterior

projections would have been performed in case on unclear or

inconclusive findings at lateral spine DXA imaging (30), but this

was not necessary for any patient in the present study.
Statistical analysis

Continuous data were summarised using mean and standard

deviation (SD) for normally distributed variables, and median and

interquartile range (IQR) for non-normally distributed variables.

Count data were summarised using the mean number of observed

events per patient. Categorical data were summarised using percent

values. Normality of continuous variables was assessed through

Kolmogorov-Smirnov test. Differences between treatment groups

were evaluated by Student t-test or by Mann-Whitney U-test for

continuous variables, by exact Poisson regression for count

variables, and by Fisher’s exact test for categorical variables. The

same tests have been applied to evaluate differences between

patients with and without vertebral fractures.

All the bone-related parameters that were significantly different

between treatment groups at univariate analysis were further

analysed by analysis of covariance (ANCOVA) if continuous-

type, or by multivariable exact Poisson regression if count-type;

adjustments for age, disease duration, current treatment duration,

HCeq dose, 25(OH)D levels, and HbA1c levels were performed.

Univariate and multivariable exact Poisson regressions were

used to further define the most relevant factors associated with

vertebral fractures, considering as potential predictors the

glucocorticoid treatment regimen (C-GC vs. DR-HC), together

with all the other parameters found to be significantly associated
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with fractures at univariate analyses. Finally, a mediation analysis

was performed in order to assess whether the impact of

glucocorticoid treatment regimen on fracture risk could be

explained by one or more of the bone-related parameters that

have been analyzed; a mediation model aims to uncover and

elucidate the mechanism that lies beneath an observed

relationship between an independent variable and a dependent

variable via the inclusion of a third variable, known as a mediator

variable (31, 32); through this approach, the total exposure-

outcome effect is decomposed into direct and indirect effects, the

first one being the direct exposure-outcome effect, while the second

being the combination of exposure-mediator and mediator-

outcome effects, as visually represented by direct acyclic graphs

(31, 32); with regard to this study, thus, the total effect of

glucocorticoid treatment regimen on fracture risk was

decomposed to assess whether this relationship was significantly

mediated by other measured variables.

A cut-off of 0.05 was adopted for the definition of statistical

significance. Statistical analysis was performed using STATA 17

(StataCorp, College Station, Texas, USA).
Results

General characteristics of the
study population

Thirteen patients were treated with C-GC replacement therapy

(4 patients with cortisone acetate, divided in two or three doses; 9

patients with hydrocortisone, divided in two or three doses).

Fourteen patients were treated with DR-HC (single dose in the

morning). In addition, all patients were treated with fludrocortisone

(0.025-0.1 mg/day in the morning). All patients reported adequate

adherence to prescribed treatments. The main anthropometric,

clinical and biochemical characteristics of the patients are

reported in Table 1.

Comparing patients treated with C-GC and those treated with

DR-HC, those belonging to the first group showed a tendency

towards an older age (59.5 ± 11.4 vs. 49.8 ± 15.0 years, p=0.070),

while no differences were found in terms of sex (23.1 vs. 35.7% of

males, p=0.678), disease etiology/subtype (isolated PAI or APS,

p=1.000), disease duration (15.5 ± 12.9 vs. 17.8 ± 9.4 years,

p=0.631), current treatment duration (5.0 [IQR: 3.6-8.4] vs. 7.0

[IQR 4.0-8.0] years, p=1.000), and HCeq dose (20.0 ± 3.7 vs. 22.1 ±

3.8 mg/day, p=0.149) (Table 1). Weight, BMI and fasting glucose

were comparable between groups, while HbA1c was higher in

patients treated with C-GC than in those treated with DR-HC

(46.1 ± 13.0 vs. 35.3 ± 7.1 mmol/mol, p=0.012) (Table 1).
Comparison of bone-related
parameters between C-GC and
DR-HC replacement therapies

With respect to bone-related biochemical parameters, no

differences could be observed between patients treated with C-GC
frontiersin.org

https://doi.org/10.3389/fendo.2023.1234237
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Bioletto et al. 10.3389/fendo.2023.1234237
TABLE 1 Clinical characteristics of patients treated with C-GC therapy versus patients treated with DR-HC formulation.

Parameter
C-GC therapy

(n = 13)
DR-HC therapy

(n = 14)
p-value

Age (years) 59.5 ± 11.4 49.8 ± 15.0 0.070

Male sex (n, %) 3 (23.1) 5 (35.7) 0.678

Disease etiology/subtype

1.000
Isolated AD (n, %) 2 (15.4) 3 (21.4)

APS type 2 (n, %) 11 (84.6) 10 (71.4)

APS type 4 (n, %) 0 (0.0) 1 (7.1)

Disease duration (years) 15.5 ± 12.9 17.8 ± 9.4 0.631

Current treatment duration (years) a 5.0 [3.6-8.4] a 7.0 [4.0-8.0] a 1.000 a

HCeq dose (mg/day) 20.0 ± 3.7 22.1 ± 3.8 0.149

Current smoking (n, %) 0 (0.0) 0 (0.0) NA

Weight (kg) 62.6 ± 11.9 65.7 ± 10.0 0.483

BMI (kg/m2) 24.3 ± 4.3 23.6 ± 2.7 0.637

Creatinine (mg/dL) 0.88 ± 0.20 0.78 ± 0.21 0.225

Glucose (mg/dL) 90.8 ± 31.7 79.4 ± 17.3 0.252

HbA1c (mmol/mol) 46.1 ± 13.0 35.3 ± 7.1 0.012

Calcium (mmol/L) 2.37 ± 0.12 2.38 ± 0.30 0.932

Urinary calcium (mmol/24h) 3.16 ± 1.60 3.54 ± 2.11 0.606

Phosphate (mmol/L) 1.15 ± 0.22 1.17 ± 0.16 0.740

Urinary phosphate (mmol/24h) 19.00 ± 8.40 20.61 ± 10.21 0.660

PTH (ng/L) 27.9 ± 7.2 24.5 ± 8.7 0.270

25(OH)D (mg/L) 39.0 ± 8.1 33.3 ± 11.4 0.151

BAP (mg/L) 12.4 ± 4.1 10.8 ± 2.6 0.255

Osteocalcin (mg/L) 21.9 ± 3.2 25.5 ± 6.5 0.083

Urinary crosslinks (nmol/mmol of Cr) 26.6 ± 9.1 29.8 ± 17.1 0.556

Lumbar spine T-score -2.01 ± 1.51 -1.10 ± 1.04 0.080

Total hip T-score -1.47 ± 0.89 -1.26 ± 0.62 0.489

Femoral neck T-score -1.85 ± 1.02 -1.39 ± 0.67 0.167

Lumbar spine Z-score -1.13 ± 1.20 -0.44 ± 0.97 0.122

Total hip Z-score -0.86 ± 0.77 -0.70 ± 0.70 0.586

Femoral neck Z-score -1.10 ± 0.50 -0.65 ± 0.78 0.099

Lumbar spine BMD (g/cm2) 0.791 ± 0.195 0.942 ± 0.124 0.025

Total hip BMD (g/cm2) 0.752 ± 0.128 0.820 ± 0.091 0.128

Femoral neck BMD (g/cm2) 0.633 ± 0.114 0.716 ± 0.088 0.045

Trabecular bone score 1.236 ± 0.035 1.383 ± 0.030 0.004

Prevalence of vertebral fractures (%) b 25.0 0 0.085

Mean n. of fractures per patient b,c 0.75 c 0 c 0.002 c
F
rontiers in Endocrinology
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aData reported as median [IQR] and tested for differences with Mann-Whitney U-test due to the non-normal distribution of the considered parameter according to Kolmogorov-Smirnov test; b

Missing data in one patient treated with conventional glucocorticoid therapy; c Count-type data tested for differences by exact Poisson regression.
25(OH)D, 25-OH vitamin D; AD, Addison’s disease; APS, autoimmune polyendocrine syndrome; BAP, bone alkaline phosphatase; BMD, bone mineral density; BMI, body mass index; C-GC,
conventional glucocorticoid; Cr, creatinine; DR-HC, dual-release hydrocortisone; eGFR, estimated glomerular filtration rate; HCeq, hydrocortisone equivalent; n, number; NA, not applicable;
PTH, parathyroid hormone.
Bold values indicate statistically significant results.
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and those treated with DR-HC. In particular, the two treatment

groups presented with comparable levels of serum and urinary

calcium, serum and urinary phosphate, 25(OH)D, and PTH

(Table 1). A borderline-significand trend towards lower

osteocalcin levels in the C-GC group could be observed (21.9 ±

3.2 vs. 25.5 ± 6.5 mg/L, p=0.083); the other evaluated bone turnover

markers (i.e., BAP and urinary crosslinks) were similar between the

two groups (Table 1).

Considering DXA evaluation, patients treated with C-GC showed

a lower BMD at LS (0.791 ± 0.195 vs. 0.942 ± 0.124 g/cm2, p=0.025)

and at FN (0.633 ± 0.114 vs. 0.716 ± 0.088 g/cm2, p=0.045), while

only a non-significant trend could be observed at TH (0.752 ± 0.128

vs. 0.820 ± 0.091 g/cm2, p=0.128) (Table 1). At TBS analysis, lower

values were observed in patients treated with C-CG compared to

those treated with DR-HC (1.236 ± 0.035 vs. 1.383 ± 0.030, p=0.004)

(Table 1). Vertebral fractures were observed in 3 patients treated with

C-GC, with a total number of 9 fractures (one patient with 2 fractures,

one with 3 fractures, one with 4 fractures); conversely, no vertebral

fractures were observed in patients treated with DR-HC (p=0.002 for

difference between groups) (Table 1).

All parameters found to be significant at univariate analysis

were further evaluated by taking into account the main possible

confounding factors (i.e., age, disease duration, current treatment

duration, HCeq dose, 25(OH)D level and HbA1c), using ANCOVA

for continuous-type data and multivariable exact Poisson regression

for count-type data (Table 2). The difference between groups in LS-

BMD remained statistically significant after accounting for almost

all confounders (p=0.045 adjusted for age; p=0.024 adjusted for

disease duration; p=0.047 adjusted for HCeq dose; p=0.047 adjusted

for 25(OH)D; p=0.008 adjusted for HbA1c), with the exception of

current treatment duration, for which a borderline significance was

nevertheless observed (p=0.052) (Table 2). The difference between

groups in FN-BMD remained statistically significant when

accounting for disease duration (p=0.021) and HbA1c (p=0.032),

but the significance was lost when adjusting the analysis for age

(p=0.108), current treatment duration (p=0.135), HCeq dose

(p=0.082), and 25(OH)D (p=0.107) (Table 2). The difference
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between groups in TBS remained statistically significant in all

adjusted analyses (p=0.023 adjusted for age; p=0.007 adjusted for

disease duration; p=0.020 adjusted for current treatment duration;

p=0.007 adjusted for HCeq dose; p=0.011 adjusted for 25(OH)D;

p=0.006 adjusted for HbA1c) (Table 2). The same held true for the

difference in the mean number of fractures per patient (p=0.029

adjusted for age; p=0.013 adjusted for disease duration; p=0.004

adjusted for current treatment duration; p=0.004 adjusted for HCeq

dose; p=0.008 adjusted for 25(OH)D; p=0.002 adjusted for HbA1c)

(Table 2). Further analyses accounting for multiple confounders at

the same time were not feasible due to the limited sample size.
Prediction of fragility fractures

Regardless of the treatment, patients with vertebral fractures

were characterized by a significantly longer disease duration (30.7 ±

10.1 vs. 15.0 ± 10.2 years, p=0.021), lower LS T-score (-3.20 ± 1.92

vs. -1.32 ± 1.18, p=0.022), lower FN T-score (-2.73 ± 0.12 vs. -1.49 ±

0.83, p=0.018), lower FN-BMD (0.545 ± 0.013 vs. 0.695 ± 0.102 g/

cm2, p=0.019), and lower TBS (1.098 ± 0.096 vs. 1.343 ± 0.117,

p=0.002) compared to those without vertebral fractures (Table 3).

Among the parameters that significantly differed between

patients with and without vertebral fractures, TBS was the one

that showed the best predictive performance at univariate Poisson

regression, with a pseudo-R2 of 0.593. The performance of TBS in

fracture prediction could not be improved by adding to the model

any of the other variables that were significant at univariate analysis,

which all lost significance when adjusted for TBS values (p=0.667

for disease duration; p=0.625 for LS T-score; p=0.625 for FN T-

score; p=0.625 for FN-BMD), while TBS always maintained a

significant association with the outcome (p<0.01 in all models).

Finally, the hypothesis of a mediating effect of TBS in the

relationship between glucocorticoid treatment regimen (C-GC vs.

DR-HC) and fracture risk was tested in a mediation analysis model.

The retrieved results showed that, in our cohort, the detrimental

effect of C-GC on fracture risk was entirely explicable through the
TABLE 2 Adjusted comparison between treatment groups of bone-related parameters that were significantly different at univariate analysis.

Dependent
variable

Crude p-value
for difference

between
treatment
groups

Adjusted p-value for difference between treatment groups

Adjustment
for age

Adjustment
for disease
duration

Adjustment
for current
treatment
duration

Adjustment
for HCeq

dose

Adjustment
for 25(OH)D

levels

Adjustment
for HbA1c

levels

Lumbar spine
BMD (g/cm2)

0.025 0.045 0.024 0.052 0.047 0.047 0.008

Femoral neck
BMD (g/cm2)

0.045 0.108 0.021 0.135 0.082 0.107 0.032

Trabecular bone
score

0.004 0.023 0.007 0.020 0.007 0.011 0.006

Mean n. of
fractures per
patient

0.002 0.029 0.013 0.004 0.004 0.008 0.002
25(OH)D, 25-OH vitamin D; BMD, bone mineral density; n, number.
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TABLE 3 Comparison of the clinical characteristics of patients with and without vertebral fractures, irrespective of the ongoing glucocorticoid
treatment regimen.

Parameter
Patients without vertebral fractures

(n = 23)
Patients with vertebral fractures

(n = 3)
p-value

Age (years) 52.7 ± 14.3 67.7 ± 4.2 0.087

Male sex (n, %) 7 (30.4) 1 (33.3) 1.000

Disease etiology/subtype

0.562
Isolated AD (n, %) 4 (17.4) 1 (33.3)

APS type 2 (n, %) 18 (78.3) 2 (66.7)

APS type 4 (n, %) 1 (4.3) 0 (0.0)

Disease duration (years) 15.0 ± 10.2 30.7 ± 10.1 0.021

Current treatment duration (years) a 6.0 [3.4-8.0] a 9.7 [3.0-32.0] a 0.322

HCeq dose (mg/day) 21.6 ± 3.7 20.0 ± 0.0 0.456

Current smoking (n, %) 0 (0.0) 0 (0.0) NA

Weight (kg) 64.6 ± 11.1 64.0 ± 11.5 0.927

BMI (kg/m2) 24.0 ± 3.4 24.4 ± 5.4 0.845

Creatinine (mg/dL) 0.80 ± 0.18 1.00 ± 0.34 0.115

Glucose (mg/dL) 84.9 ± 26.6 85.0 ± 24.9 0.994

HbA1c (mmol/mol) 40.3 ± 11.4 44.0 ± 16.5 0.614

Calcium (mmol/L) 2.39 ± 0.24 2.26 ± 0.09 0.341

Urinary calcium (mmol/24h) 3.43 ± 1.76 2.06 ± 2.41 0.233

Phosphate (mmol/L) 1.19 ± 0.18 1.01 ± 0.22 0.119

Urinary phosphate (mmol/24h) 19.64 ± 8.78 20.17 ± 15.98 0.929

PTH (ng/L) 25.2 ± 7.6 33.9 ± 10.1 0.083

25(OH)D (mg/L) 35.4 ± 10.6 41.4 ± 8.8 0.353

BAP (mg/L) 11.6 ± 3.6 12.3 ± 2.2 0.740

Osteocalcin (mg/L) 24.3 ± 5.6 19.5 ± 3.1 0.160

Urinary crosslinks (nmol/mmol of Cr) 29.8 ± 14.1 20.8 ± 6.2 0.293

Lumbar spine T-score -1.32 ± 1.18 -3.20 ± 1.92 0.022

Total hip T-score -1.32 ± 0.75 -1.93 ± 0.57 0.190

Femoral neck T-score -1.49 ± 0.83 -2.73 ± 0.12 0.018

Lumbar spine Z-score -0.62 ± 0.98 -1.80 ± 1.77 0.085

Total hip Z-score -0.75 ± 0.76 -0.97 ± 0.25 0.629

Femoral neck Z-score -0.80 ± 0.72 -1.27 ± 0.25 0.285

Lumbar spine BMD (g/cm2) 0.889 ± 0.168 0.740 ± 0.212 0.170

Total hip BMD (g/cm2) 0.802 ± 0.113 0.688 ± 0.039 0.101

Femoral neck BMD (g/cm2) 0.695 ± 0.102 0.545 ± 0.013 0.019

Trabecular bone score 1.343 ± 0.117 1.098 ± 0.096 0.002
F
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 fro
aData reported as median [IQR] and tested for differences with Mann-Whitney U-test due to the non-normal distribution of the considered parameter according to Kolmogorov-Smirnov test
25(OH)D, 25-OH vitamin D; AD, Addison’s disease; APS, autoimmune polyendocrine syndrome; BAP, bone alkaline phosphatase; BMD, bone mineral density; BMI, body mass index; n,
number; Cr, creatinine; eGFR, estimated glomerular filtration rate; HCeq, hydrocortisone equivalent; n, number; NA, not applicable; PTH, parathyroid hormone.
Bold values indicate statistically significant results.
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mediation of a reduced TBS; in fact, the direct path from the

treatment regimen to fracture risk lost any statistical significance

(p=0.875); on the other hand, the indirect path passing through TBS

showed a significant mediating effect of this variable (p=0.004 for

the association between glucocorticoid treatment regimen and TBS;

p<0.001 for the association between TBS and vertebral

fractures) (Figure 1).
Discussion

In this study, we compared the impact of two different

glucocorticoid replacement regimens (C-GC vs. DR-HC) on

skeletal health in a group of patients with PAI. Both biochemical

and imaging parameters were assessed, and possible mediators of

the relationship between glucocorticoid treatment regimens and

fracture risk were analysed. Overall, our data seemed to suggest a

more favorable bone-safety profile in patients treated with DR-HC;

in fact, these patients displayed higher BMD values, higher TBS

values, and a lower fracture rate compared to those treated with C-

GC. Given the observational nature of this study, a possible role of

confounding variables cannot be excluded in this regard; although

not significantly, patients treated with C-GC were older than those

treated with DR-HC, and this may have contributed to the

differences in bone health parameters between the two groups;

overall, however, our findings were essentially confirmed also after

adjusting for age, disease duration, current treatment duration,

HCeq dose, 25(OH)D levels and HbA1c.

To the best of our knowledge, only two studies provided, so far,

a comparison between C-GC and DR-HC with respect to bone-

related endpoints. The first one, published in 2018 by Frara et al.

(28), was a retrospective cohort study which enrolled 14 patients
Frontiers in Endocrinology 07
with SAI who were shifted from C-GC to DR-HC upon clinical

decision; this therapeutic change was associated with a significant

increase in LS-BMD and FN-BMD after a follow-up of 24 months;

no data on other parameters, such as bone turnover markers, TBS

or fractures, were available. The second one, published in 2022 by

Guarnotta et al. (29), was a retrospective cohort study which

enrolled 70 patients with PAI, half of which were shifted from C-

GC to DR-HC upon clinical decision; after a follow-up of 60

months, patients who switched to DR-HC displayed a significant

increase in BAP, LS-BMD and FN-BMD; on the other hand,

patients who continued on C-GC displayed a significant decrease

in BAP, osteocalcin and LS-BMD, together with an increase in

vertebral fracture rate. Overall, these results are in line with those

observed in our study; however, some elements of novelty of our

research should be underlined.

From a pathophysiological point of view, glucocorticoid-

induced osteoporosis (GIO) is characterised by a preferential loss

of trabecular bone, with a lesser impact on cortical bone; as a

consequence, the spinal column is the skeletal site that is most

affected, with a preferential loss of BMD at LS and a more

prominent increase in vertebral fracture risk (33, 34). Overall,

however, the increase in fracture risk in patients treated with

chronic systemic glucocorticoids is only partially related to the

observed changes in BMD (35–37). Although a reduction in BMD is

present, in fact, this parameter alone has a poor discriminatory

capacity in predicting fracture risk in the setting of GIO (35–37).

The mechanisms underlying this BMD-independent increase in

fracture risk are related to a glucocorticoid-induced impairment of

bone microarchitecture, with a greater decrease in bone quality

rather than in bone density (38–40).

In recent years, alternative parameters of skeletal fragility have

been sought, in place of BMD, for a better fracture risk assessment
B

A

FIGURE 1

Graphical representation of the association between glucocorticoid treatment regimen (C-GC vs. DR-HC) and fracture risk. The upper panel
(A) shows the results of the univariate analysis; the lower panel (B) shows the results of the multivariable mediation analysis, considering TBS as a
mediating path. aUnivariate exact Poisson regression; bLinear regression; cMultivariable exact Poisson regression. C-GC, conventional glucocorticoid;
DR-HC, dual-release hydrocortisone; GC, glucocorticoid; N, number; TBS, trabecular bone score.
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in patients with primary and secondary osteoporosis (41–47),

including GIO (38, 39, 48). Among these, TBS has emerged as a

novel index of bone micro-architectural health and skeletal fragility

(41, 42). TBS is a qualitative index that captures the mean rate of

gray-level variations in LS DXA images; higher TBS values reflect a

better trabecular bone microstructure, while lower TBS values

indicate a trabecular microstructure impairment (41, 42).

Compared to BMD, TBS is able to better characterize bone

fragility in GIO, demonstrating a higher discriminatory capacity

in the estimation of fracture risk (49, 50). Within the setting of AI,

however, data are scarce; to our knowledge, only one study has to

date evaluated TBS values in patients with AI (51); in this study,

TBS was negatively correlated with age and disease duration, but no

data were available comparing TBS between patients treated with C-

GC and DR-HC replacement therapies, nor about its possible role

as a predictor of fracture risk (51).

In our study, in agreement with previous literature (28, 29), we

observed that DR-HC was associated with higher BMD values

compared to C-GC, both at LS and FN. Our study, however, was

the first to evaluate the possible role of TBS in this setting, with

promising results. The evaluation of TBS represented a key point for

a finer assessment of skeletal fragility in the enrolled cohort. In fact,

the difference between treatment groups in terms of TBS was

stronger, and TBS was the only DXA-derived parameter that

strictly remained statistically significant in all adjustments

performed by ANCOVA.

The key role of TBS in our study, however, became even more

evident in the analysis of the predictors of vertebral fractures.

Overall, our data showed a significant difference in terms of

vertebral fracture risk between the two treatment groups, with a

significantly higher number of fractures in patients treated with C-

GC. This result is in line with the one reported by Guarnotta et al.

(29), who reported an increase in vertebral fracture rate in patients

treated with C-GC but not in those treated with DR-HC. When

evaluating the possible predictors of vertebral fractures, TBS was the

one that displayed the strongest association with the outcome, with

a pseudo-R2 of 0.593. Notably, none of the other considered

variables could improve this performance when added to the

model, thus emphasizing the pivotal role of TBS for the

assessment of fracture risk in this clinical setting.

Moreover, a mediation analysis model was used to analyze the

possible mediating role of TBS in the association between

glucocorticoid treatment regimens (C-GC vs. DR-HC) and

fracture risk. In this analysis, the total effect of the glucocorticoid

treatment regimen on fracture risk was partitioned into direct and

indirect effects, considering TBS as a possible mediator.

Interestingly, the whole detrimental role of C-GC on fracture risk

could be explained by the indirect path passing through TBS, while

the direct path from the treatment regimen to fracture risk lost any

statistical significance. In other words, TBS was able to capture the

entire association between the glucocorticoid treatment regimen

(C-GC vs. DR-HC) and fracture risk: the treatment regimen had a

significant impact on TBS, and, in turn, TBS had a significant

impact on fracture rate, but no significant direct (i.e., not TBS-
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mediated) impact of the treatment regimen on fractures could

be detected.

With respect to biochemical parameters, in our study, bone

turnover markers did not significantly differ between the two

treatment groups. Nevertheless, a borderline-significant trend

towards lower levels of osteocalcin in patients treated with C-GC

could be seen. This difference is in line with the findings by previous

authors (22, 29), and suggests a stronger inhibitory effect on bone

formation exerted by C-GC compared to DR-HC.

Our study had some limitations. First, it was a proof-of-concept

study with a limited sample size; the obtained results should be

considered as preliminary and need to be confirmed in larger

cohorts. Second, it had a cross-sectional design, and did not

evaluate the effect of treatments over time; this permits to infer

associations, but it does not allow to establish a link of causality.

Third, the assignment to treatment regimen was not randomized

and, thus, even if we evaluated the influence of possible covariates

by multivariable analyses, the presence of a residual confounding

cannot be excluded.

In conclusion, our study suggests a better safety profile of DR-

HC, compared to C-GC, in terms of bone-related complications in

patients with PAI. These results are in line with the more favorable

pharmacological profile of DR-HC, which is able to better

reproduce the endogenous cortisol rhythm, thus leading to less

side effects related to glucocorticoid excess. Notably, TBS seems to

play a pivotal role in the mediation of the relationship between

glucocorticoid treatment regimens and fracture risk. This finding is

coherent with the specific impairment of bone microarchitecture

that is determined by glucocorticoid excess, which affects bone

quality rather than bone density.
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51. Zdrojowy-Wełna A, Halupczok-Żyła J, Słoka N, Syrycka J, Gojny Ł, Bolanowski M.
Trabecular bone score and sclerostin concentrations in patients with primary adrenal
insufficiency. Front Endocrinol (Lausanne) (2022) 13:996157. doi: 10.3389/fendo.2022.996157
frontiersin.org

https://doi.org/10.1186/s12874-021-01426-3
https://doi.org/10.1186/s12874-021-01426-3
https://doi.org/10.1111/CEN.14637
https://doi.org/10.1007/s001980200108
https://doi.org/10.1007/s001980200108
https://doi.org/10.1359/JBMR.040134
https://doi.org/10.1007/s00198-009-0901-6
https://doi.org/10.1007/s00198-009-0901-6
https://doi.org/10.1080/17446651.2020.1772051
https://doi.org/10.1080/17446651.2020.1772051
https://doi.org/10.1210/er.2018-00097
https://doi.org/10.1359/jbmr.2001.16.1.97
https://doi.org/10.1002/JBMR.2176
https://doi.org/10.1007/s12020-014-0280-4
https://doi.org/10.1016/j.bone.2012.11.041
https://doi.org/10.1159/000528199
https://doi.org/10.1007/s00198-021-05999-z
https://doi.org/10.1002/jbmr.3901
https://doi.org/10.3389/fmed.2020.590139
https://doi.org/10.1007/S00198-015-3078-1
https://doi.org/10.1007/S00198-015-3078-1
https://doi.org/10.1093/RHEUMATOLOGY/KEZ464
https://doi.org/10.1155/2017/4210217
https://doi.org/10.3389/fendo.2022.996157
https://doi.org/10.3389/fendo.2023.1234237
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Bone safety of dual-release hydrocortisone in patients with autoimmune primary adrenal insufficiency
	Introduction
	Methods
	Patient selection
	Analytical methods
	BMD, TBS and vertebral morphometry analysis
	Statistical analysis

	Results
	General characteristics of the study population
	Comparison of bone-related parameters between C-GC and DR-HC replacement therapies
	Prediction of fragility fractures

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


