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Abstract

Background. Glucocorticoid-induced osteoporosis represents a well-known type of sec-
ondary osteoporosis (SOp). While the most prevalent sub-category includes corticotherapy,
another important contributor is represented by Cushing’s syndrome. In this traditional
landscape, adrenal incidentalomas do not involve a standard cause of SOp, since most
of them are non-functioning adrenal tumours (NFATs). Yet, 30–40% of them are not en-
tirely “non-functioning”, due to mild autonomous cortisol secretion (MACS). Despite not
being a guideline-based diagnosis, a lower ACTH might point to various NFATs/MACS
complications. Objective. This study aimed to determine the relationship between the
bone health status of post-menopausal women with NFATs/MACS and their baseline
morning ACTH level. The bone health indicators were DXA, FRAX, and bone remod-
elling markers. Methods. This was a retrospective, real-life, transversal study in adult
females who were hospitalized in a single tertiary centre of endocrinology. They were all
anti-osteoporotic drug-naïve. The subjects underwent CT and DXA scanning and a 1 mg
dexamethasone suppression test (DST). Results. The cohort (sample size of N = 84 patients,
61.49 ± 7.86 years) had a type 2 diabetes rate of 18%, arterial hypertension rate of 75%, and
a dyslipidemia rate of 78%. Median ACTH was 11.89 pg/mL. The prevalence of MACS was
30.95%. The mean largest tumour diameter (LTD) was 2.25 ± 0.99 cm. ACTH correlated
with second-day cortisol after the 1 mg DST (r = −0.301, p = 0.024), and LTD (r = −0.434,
p < 0.001). ROC analysis for the bone resorption marker CrossLaps showed an AUC of
0.647 (p = 0.05), with the highest Youden index for the cut-off at 0.32 ng/mL (sensitivity
87.50%, specificity 39.50%). Bone impairment (osteoporosis + osteopenia) was found in
65% of patients, with an osteoporotic fracture prevalence of 4.76%. The lowest mean T-
score (−1.12 ± 1.00) showed osteopenia, and the median trabecular bone score pointed a
partially degraded microarchitecture [median (interquartile interval): 1.320 (1.230, 1.392)].
FRAX and FRAXplus estimations correlated with bone mineral density (BMD) at all three
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central DXA sites, regardless of the ACTH cut-off. Patients with a low ACTH (<10 pg/mL)
displayed similar bone/adrenal features when compared to those with normal ACTH,
except forbut they had a higher MACS rate (45.45% versus 21.57%, p = 0.021) and a larger
LTD (2.67 ± 0.98 versus 1.98 ± 0.92 cm, p = 0.003). Fracture estimation showed that only
in patients with a low ACTH, the 10-year fracture risk for major osteoporotic fractures
(MOF) adjusted for lumbar BMD was lower than the risk for MOF adjusted for diabetes
(p = 0.036), and the 10-year hip fracture risk was lower when adjusted for lumbar BMD
(p = 0.007). ACTH correlated with lumbar BMD (r = 0.591, p = 0.002) only in the group with
an ACTH < 10 pg/mL, suggesting its potential usefulness as a bone biomarker in these
cases. On the other hand, MACS-negative subjects with a low ACTH versus those with a
normal ACTH showed higher CrossLaps (0.60 ± 0.27 versus 0.42 ± 0.21 ng/mL, p = 0.022),
indicating an elevated bone resorption even in patients with tumours that are regarded as
true non-secretors. Conclusions. A subgroup of patients diagnosed with NFATs/MACS
might be prone to skeletal damage, and biomarkers such as ACTH (specifically, suppressed
ACTH) might serve as a surrogate pointer to help refine this higher risk in daily practice.
Further research to address other ACTH cut-offs will place ACTH assays in the overall
bone status evaluation in these patients, most probably not as a single biomarker, but in
addition to other assays.

Keywords: DXA; bone turnover marker; FRAX; diabetes; mild autonomous cortisol secre-
tion; dexamethasone test; FRAXplus; cortisol; hormone; endocrine

1. Introduction
Glucocorticoid-induced osteoporosis represents a well-known type of secondary cause

of bone loss [1,2]. While the most prevalent sub-category includes corticotherapy, another
important (endocrine) contributor is represented by Cushing’s syndrome caused by cortisol-
producing adrenal tumours, by adrenocorticotropic hormone (ACTH)–secreting pituitary
tumours (Cushing’s disease), or, to a lesser extent, by paraneoplastic Cushing’s syndrome
accompanying various malignancies (e.g., lung out cell carcinoma, medullary thyroid
cancer, or other neuroendocrine neoplasia) [3–10].

In this rather traditional landscape of cortisol-related bone impairment, adrenal inci-
dentalomas (in apparently healthy individuals in whom an adrenal tumour is accidentally
detected through imaging procedures for non-adrenal ailments) do not involve a standard
cause of secondary osteoporosis [11–13]. Most of them are generally designated as “non-
functioning adrenal tumours” (NFAT). One-third is not entirely “non-functioning”, since
mild autonomous cortisol secretion (MACS) has been reported [14–16] (Figure 1).

Both MACS-positive and MACS-negative adrenal incidentalomas are associated with
increased risks of various osseous and non-osseous ailments, noting that an adrenal inciden-
taloma is found in 1% to 5% of all imaging procedures [17–21]. For instance, Favero et al. [22],
in a meta-analysis from 2024, showed that patients with NFATs versus controls (non-NFATs)
had a statistically significant correlation with the presence of arterial hypertension (odds ratio
of 1.87, 95% confidence interval between 1.39 and 2.51), composite diabetes mellitus index
(odds ratio of 2.04, 95% confidence interval between 1.7 and 2.45), and metabolic syndrome
(odds ratio of 2.89, 95% confidence interval between 1.93 and 4.32) [22]. According to another
meta-analysis that was published in 2023, Pelsma et al. [23] analyzed 30 cross-sectional and
16 cohorts (enrolling a total of 17,156 subjects) and identified that individuals with MACS-
positive tumours had a statistically significant relative risk of diabetes of 1.44, hypertension of
1.24, and dyslipidaemia of 1.23. After adjustment for confounders, MACS was associated with
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a higher all-cause mortality, as reflected by a hazard ratio of 1.54 [23]. Notably, osteoporosis
(and abnormal DXA results) was reported in 20–40% of patients with NFATs and in 40–60% of
patients in certain MACS-positive subgroups [24].

Figure 1. Visual representation of a MACS-positive profile in the general category of non-functioning
adrenal tumours, which represents the most common type of adrenal incidentaloma; both MACS-positive
and the entire group of non-functioning adenomas are associated with an increased risk of cardio-
metabolic and osseous (osteoporosis, osteopenia, fragility fractures) complications when compared to
with healthy controls, with a higher rate for MACS-positive versus MACS-negative adenomas.

A current gap in daily practice is represented by the panel of confirmatory biomarkers
of mild endocrine tumour activity, which at present, from a guideline-based perspective,
is based on a 1 mg overnight screening suppression dexamethasone test (DST) [25–27]. A
non-functional profile is considered at a second-day post-DST cortisol value of less than
1.8 µg/dL, while MACS is positive at a blood cortisol level between 1.8 and 5 µg/dL (in the
absence of the overt Cushing’s syndrome–related clinical features) [28–30]. Over the years,
the terms “subclinical Cushing’s syndrome” and “subclinical hypertcortisolism” were no
longer recommended, while the criteria of diagnosis also varied, which might explain the
heterogeneous spectrum of the studies’ results over the years [31–37]. With respect to bone
status and glucocorticoid exposure, the use of DXA in terms of bone mineral density and
trabecular bone score has been proved useful [38–40].

Despite not being a guideline-based diagnosis, lower ACTH have been found as
feedback to the small cortisol excess from the adrenal tumour/incidentalomas. Yet, not all
NFATs express this profile (but a higher prevalence was observed in MACS-positive when
compared with MACS-negative adenomas, according to many studies, but this has not
been unanimously confirmed) [41–43]. ACTH assay is currently regarded as an additional
clue of mild endocrine secretion, as, similarly, it has been proposed for the suppressed
value of adrenal androgens [44–46]. As mentioned, even a MACS-negative adenoma might
present a decreased baseline morning ACTH, which suggests some limits of the current
MACS characterization amid DST testing [47–50].

Specifically, a low ACTH includes a completely suppressed (even undetectable) blood
level, a value below the lower upper normal, or a low-normal assay below certain cut-offs
(e.g., 10-to-15 pg/mL), which are not standardized yet, and do not represent a guideline-
based perspective. This assessment belongs to a patient-centred approach and may become
a fine index for the identification of cortisol-related comorbidities, as well as a pointer for
further management (e.g., adrenalectomy or conservative approach) in patients diagnosed
with NFAT/MACS [51–53]. Notably, the importance of adrenal incidentalomas starts from
a more frequent diagnosis in relation to more frequent imaging procedures during the
recent COVID-19 pandemic and goes into a deep perspective of multimodal complications
and tumour categories, as found in NFATs/MACS [54–64].
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Objective

This study aimed to determine the relationship between the bone health status of
post-menopausal women with NFATs/MACS and their baseline morning ACTH level. The
bone health indicators were DXA, FRAX, and bone remodelling markers. We analyzed
the rate of suboptimal bone health status, the relationship between bone health status
and adrenal biomarkers (hormonal and imaging panel—ACTH, cortisol, largest tumour
diameter), and the differences in bone health between subjects with different ACTH levels,
specifically at the 10 pg/mL cut-off.

2. Material and Methods
2.1. Study Design

This was a retrospective, real-life, transversal study in adult females diagnosed with
adrenal incidentalomas who were hospitalized in a single tertiary centre of endocrinology.

2.2. Study Population

The subjects were analyzed according to the following inclusion and exclusion criteria
(Table 1).

Table 1. Inclusion and exclusion criteria according to our methods.

Inclusion criteria

confirmed menopause

age of 50 years or older

written consent during hospitalization (inpatient)

imaging diagnosis of an adrenal incidentaloma

available data (mineral and adrenal metabolism assays, adrenal CT scan, central DXA) within a maximum one-month
gap between these assessments

Exclusion criteria

overt (clinically manifested) Cushing’s syndrome

Cushing’s disease, suspected/confirmed paraneoplastic Cushing’s syndrome

active endocrine tumours

neuroendocrine neoplasia

multiple endocrine neoplasia syndrome

active thyroid dysfunction [we excluded the patients who did not present a normal value of freeT4 (thyroxine) and TSH
(thyroid stimulating hormone)]

bone metabolic conditions

active infectious or inflammatory disorders

chronic kidney disease

type 1 and secondary diabetes mellitus

prior or current exposure to specific anti-osteoporotic drugs

corticotherapy

insulin therapy

GLP-1 medication

bariatric surgery

unilateral or bilateral adrenalectomy

clear and conclusive results of the CT (both adrenal glands), DXA (lumbar, bone mineral density, total hip), and TBS

second-day cortisol following 1 mg DST of less than 5 µg/dL

suspected imaging features of an adrenal malignancy (primary or secondary)

registration time of the cortisol and ACTH assays (baseline) and second-day cortisol (DST) between 6:00 and 7:30 a.m.
(for both cortisol and ACTH on the first day and for second-day cortisol)

Abbreviations: CT = computed tomography; DXA = Dual-Energy X-Ray Absorptiometry; GLP-1 = glucagon-like
peptide-1 agonist; TBS = trabecular bone score.
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2.3. Study Protocol

Menopausal women over 50 years in whom an adrenal incidentaloma was discovered
during computed tomography (CT) were assessed for exclusion criteria and checked for
available DXA and DST results (Figure 2).

Figure 2. Flowchart of the study protocol (Abbreviations: CT = computed tomography; DXA = Dual-
Energy X-Ray Absorptiometry; DST = dexamethasone suppression test; N = number of patients;
* involves the exclusion criteria from Table 1; incomplete data at DST were considered if the timing of
blood registration at the hospital lab system was other than 6:00 to 7:30 a.m.).

The assessments included demographic features, body mass index (BMI) calculation
(kg/sqm), blood assays, CT-based features (unilateral/bilateral adrenal tumour/tumours
and the largest tumour diameter), DXA parameters, and FRAX (Fracture Risk Assessment
Tool)–based osteoporotic fractures probabilities (Table 2).

Table 2. The method of parameters’ evaluation/assessment.

Parameter/Variable Method/Manufacturer

Demographic features (age, years since menopause),
comorbidities (type 2 diabetes, hypertension,
dyslipidaemia), prior fragility fractures

medical records and evaluation during hospitalization

Total calcium, phosphorus, magnesium, total alkaline
phosphatase, fasting glucose, creatinine photometry (Roche)

PTH, P1NP, osteocalcin, CrossLaps, cortisol, ACTH ECLIA (Roche)

25-hydroxyvitamin D CLIA (DiaSorin)

Glycated hemoglobin A1c turbidimetry (Roche)

Central (lumbar, femoral neck, total hip) DXA GE Lunar Prodigy device

Trabecular bone score TBS iNsight software v3.0
Abbreviations: ACTH = adrenocorticotropic hormone; CLIA = Clinical Laboratory Improvement Amendments;
DXA = Dual-Energy X-Ray Absorptiometry; ECLIA = electrochemiluminescence immunoassay; PTH = parathy-
roid hormone; P1NP = procollagen type 1 N-terminal pro-peptide.
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Medical records and current hospitalization provided age (years); years since
menopause; prior/current diagnosis of type 2 diabetes mellitus, arterial hypertension,
and dyslipidaemia; and prior medical history, including prevalent fragility fractures. The
mineral metabolism assays included total serum calcium, phosphorus, magnesium, parathy-
roid hormone (PTH), 25-hydroxyvitamin D (25OHD), and blood bone turnover markers
[total alkaline phosphatase, osteocalcin, P1NP (procollagen type 1 N-terminal pro-peptide),
and CrossLaps].

Central DXA provided a bone mineral density (BMD)/T-score and, thus, traditional
World Health Organization (WHO) categories of osteoporosis (lowest central T-score of
less than or equal to −2.5) and osteopenia (T-score between −1 and −2.5) were identi-
fied [65]. We designated the group “bone impairment” for the patients with non-normal
BMD (osteoporosis + osteopenia). A lumbar DXA scan provided the trabecular bone
score (TBS). FRAX [66] allowed the calculation of 10-year major osteoporotic fracture
risk (MOF)/hip fracture risk (HF) with femoral neck BMD, and FRAXplus [67] allowed
MOF/HF adjustment for lumbar BMD and type 2 diabetes, respectively. Prevalent (osteo-
porotic, low-trauma, or spontaneous) fragility fractures were assessed based on medical
records and a screening X-ray of the thoracic and lumbar spine (for vertebral fractures). CT,
DXA, and X-Ray scans were re-analyzed by a trained radiologist who provided the second
opinion of the mentioned study parameters (M.K.)

DST included baseline plasma (fasting) cortisol and ACTH, as well as the second-
day cortisol after 1 mg dexamethasone administration. NFAT was designated for all
cases with second-day cortisol < 5 µg/dL, and among NFATs, the MACS-positive profile
was designated for those with a second-day cortisol > 1.8 and <5 µg/dL. We applied
another designation for the group with “suppressed ACTH”, which included individuals
with a blood baseline ACTH lower than 10 pg/mL (the threshold was based on prior
published data) [68–72], and a comparative analysis between group S and nonS (with
ACTH ≥ 10 pg/mL) was performed.

2.4. Statistical Analysis

SPSS v.29.0.2.0 (IBM, Armonk, NY, USA), Excel v.16.101 (Microsoft, Redmond, WA,
USA), and GraphPad Prism v.10.6.0 (GraphPad Software, Boston, MA, USA) were used to
perform the statistical analysis. Continuous variables were reported as mean ± standard
deviation (SD) for normal distributions or median (M) and quartiles (Q1, Q3) for non-
normal distributions. Categorical variables were presented as counts and percentages.
The distribution type of numerical variables was assessed using the Kolmogorov–Smirnov
test and visual inspection of histograms. Correlation between numerical variables was
evaluated using the Spearman coefficient. Differences between categorical variables were
assessed using the Chi-square test or Fisher’s exact test. Comparisons of continuous
variables between two independent groups were performed using the independent samples
t-test when assumptions of normality and homogeneity of variance were met, and the non-
parametric Mann–Whitney U test was applied otherwise. Receiver operating characteristic
(ROC) curves were generated to evaluate the association between numerical variables and
outcomes, and the area under the curve (AUC) was calculated to assess discriminatory
performance. The optimal cut-off value was identified using the Youden index. Multiple
linear regression was used to identify independent predictors, and results were reported
as unstandardized coefficients ± standard error (B ± SE) and standardized coefficients
(β). The selection of independent variables for the multiple linear regression model was
based on the unadjusted results of the univariate analyses performed on the dataset. The
coefficient of determination (R-squared) was used to assess the explanatory power of the
model. A two-tailed p-value < 0.05 was considered statistically significant for all tests.
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2.5. Ethical Approval

The Ethical Committees approved the retrospective data collection as follows: Carol
Davila University of Medicine and Pharmacy, Bucharest, Romania (7634-04/04/2025) and
“C.I. Parhon” National Institute of Endocrinology, Bucharest, Romania (37-09/22/2025).

3. Results
3.1. NFATs’ Characterization

A total of 84 patients with a mean age of 61.49 ± 7.86 years were evaluated. Type 2
diabetes mellitus was diagnosed in 18.07% of the women, arterial hypertension in 75.00%,
and dyslipidemia in 78.57%. BMI had a mean value of 29.48 ± 5.70 kg/sqm. The en-
docrine panel showed a median ACTH of 11.89 pg/mL; suppressed ACTH (baseline
value < 10 pg/mL) was found in 39.39% of the entire group, MACS was found in 30.95%
of the entire cohort, and the largest tumour diameter had a mean value of 2.25 ± 0.99 cm
(Table 3).

Table 3. Analysis of the demographic characteristics, baseline biochemistry panel, and comorbidities.

Parameter Value Normal Range

Number of patients (%) 84 (100%)

Age (years), mean ± SD 61.49 ± 7.86

Years since menopause, mean ± SD 14.23 ± 8.73

Type 2 diabetes, N (%) 15 (18.07)

Arterial hypertension, N (%) 63 (75.00)

Dyslipidemia, N (%) 66 (78.57)

Body mass index (kg/sqm), mean ± SD 29.48 ± 5.70

Fasting glycemia (mg/dL), mean ± SD 108.60 ± 26.81 74–106

Glycated hemoglobin A1c (%), mean ± SD 6.13 ± 1.22 4.8–5.9

Serum creatinine (mg/dL), mean ± SD 0.79 ± 0.18 0.7–1.2

Baseline ACTH (pg/mL), M (Q1, Q3) 11.89 (7.93, 16.15) 3–66

Suppressed ACTH (group S), N (%) 33 (39.29)

Morning plasma (baseline) cortisol (µg/dL), median (Q1, Q3) 13.01 (9.82, 14.96) 6.2–19.4

Second-day plasma cortisol after 1 mg DST (µg/dL), M (Q1, Q3) 1.68 (1.04, 2.79) <1.8

MACS-positive, N (%) 26 (30.95)

Largest tumour diameter (cm), mean ± SD 2.25 ± 0.99

Prevalence of unilateral tumour, N (%) 55 (65.48)
Abbreviations: ACTH = adrenocorticotropic hormone; DST = dexamethasone suppression test; M = median;
MACS = mild autonomous cortisol secretion; Q = quartile SD = standard deviation.

In the cohort, 4.76% of patients had prevalent fragility fractures and 65.48% had bone
impairment (osteoporosis + osteopenia) (Table 4).

Statistically significant negative correlations were found between baseline ACTH with
second-day plasma cortisol after 1-mg DST (r = −0.301, p = 0.024), respectively, with largest
tumour diameter (r = −0.434, p < 0.001). Post-DST cortisol statistically, significantly, and
positively correlated with the largest tumour diameter (r = 0.572, p < 0.001) (Table 5).
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Table 4. Mineral metabolism assays, bone turnover markers, DXA assessment, and FRAX-based
probabilities.

Parameter Value Normal Range

Mineral metabolism

Total serum calcium (mg/dL), mean ± SD 9.58 ± 0.49 8.4–10.2

Serum ionized calcium (mg/dL), mean ± SD 4.13 ± 0.28 3.9–4.9

Serum phosphorus (mg/dL), mean ± SD 3.71 ± 0.56 2.5–4.5

Serum magnesium (mg/dL), mean ± SD 1.98 ± 0.20 1.6–2.6

25-hydroxyvitamin D (ng/mL), mean ± SD 24.90 ± 11.37 30–100

PTH (pg/mL), mean ± SD 45.42 ± 15.22 15–65

Bone turnover markers

Osteocalcin (ng/mL), mean ± SD 23.31 ± 11.65 14–46

Alkaline phosphatase (U/L), mean ± SD 80.46 ± 31.83 35–129

P1NP (ng/mL), mean ± SD 56.11 ± 22.87 20.25–76.31

CrossLaps (ng/mL), mean ± SD 0.49 ± 0.25 0.33–0.782

DXA assessment

Prevalent fragility fractures, N (%) 4 (4.76)

Bone impairment, N (%) 55 (65.48)

Osteoporosis, N (%) 17 (21.99)

Osteopenia, N (%) 38 (46.91)

Lumbar BMD (g/sqcm), mean ± SD 1.066 ± 0.167

Lumbar T-score (SD), mean ± SD −1.00 ± 1.39 >−1

Femoral neck BMD (g/sqcm), mean ± SD 0.860 ± 0.145

Femoral neck T-score (SD), mean ± SD −1.12 ± 1.00 >−1

Total hip BMD (g/sqcm), mean ± SD 0.937 ± 0.178

Total hip T-score (SD), mean ± SD −0.68 ± 1.18 >−1

TBS, M (Q1, Q3) 1.320 (1.230, 1.392) >1.350

FRAX-based probabilities

MOF with femoral neck BMD (%), M (Q1, Q3) 3.90 (2.83, 6.15)

MOF adjusted for lumbar BMD (%), M (Q1, Q3) 2.95 (2.20, 4.40)

MOF adjusted for diabetes (%), M (Q1, Q3) 3.50 (3.00, 6.10)

HF with femoral neck BMD (%), M (Q1, Q3) 0.70 (0.30, 1.78)

HF adjusted for lumbar BMD (%), M (Q1, Q3) 0.50 (0.20, 1.23)

HF adjusted for diabetes (%), M (Q1, Q3) 0.60 (0.30, 2.83)
Abbreviations: BMD = bone mineral density; DXA = Dual-Energy X-Ray Absorptiometry; HF = 10-year hip fracture
risk; M = median; MOF = 10-year major osteoporotic fracture risk; N = number of patients; PTH = parathyroid
hormone; P1NP = procollagen 1 N-terminal pro-peptide; Q = quartile; SD = standard deviation; TBS = trabecular
bone score.
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Table 5. Correlations between NFAT characteristics and central DXA-based BMD and FRAX-based probabilities.

Parameter
Baseline
ACTH

(pg/mL)

Morning
Plasma

(Baseline)
Cortisol
(µg/dL)

Second-
Day

Plasma
Cortisol

After 1 mg
DST

(µg/dL)

Largest
Tumour

Diameter
(cm)

Lumbar
BMD

(g/sqcm)

Femoral
Neck
BMD

(g/sqcm)

Total Hip
BMD

(g/sqcm)

MOF with
Femoral

Neck
BMD

MOF
Adjusted

for
Lumbar

BMD

MOF
Adjusted

for
Diabetes

HF with
Femoral

Neck
BMD

HF
Adjusted

for
Lumbar

BMD

HF
Adjusted

for
Diabetes

Baseline
ACTH

(pg/mL)

r = 0.228
p = 0.039

r = −0.301
p = 0.024

r = −0.434
p < 0.001

r = −0.078
p = 0.527

r = −0.075
p = 0.578

r = −0.077
p = 0.600

r = 0.018
p = 0.903

r = −0.001
p = 0.997

r = −0.358
p = 0.280

r = −0.009
p = 0.950

r = 0.005
p = 0.976

r = −0.395
p = 0.258

Morning
plasma

(baseline)
cortisol
(µg/dL)

r = −0.021
p = 0.878

r = −0.067
p = 0.566

r = 0.118
p = 0.347

r = 0.047
p = 0.733

r = −0.154
p = 0.295

r = −0.036
p = 0.811

r = −0.018
p = 0.907

r = 0.276
p = 0.412

r = −0.125
p = 0.401

r = −0.075
p = 0.625

r = 0.363
p = 0.303

Second-
day

plasma
cortisol

after 1 mg
DST

(µg/dL)

r = 0.572
p < 0.001

r = 0.109
p = 0.461

r = 0.134
p = 0.428

r = 0.110
p = 0.500

r = −0.102
p = 0.591

r = −0.204
p = 0.287

r = 0.288
p = 0.452

r = −0.090
p = 0.635

r = −0.123
p = 0.526

r = 0.286
p = 0.493

Largest
tumour

diameter
(cm)

r = 0.012
p = 0.923

r = 0.048
p = 0.739

r = 0.191
p = 0.209

r = 0.010
p = 0.951

r = −0.017
p = 0.913

r = −0.133
p = 0.696

r = −0.009
p = 0.952

r = −0.058
p = 0.714

r = −0.143
p = 0.693

Abbreviations: ACTH = adrenocorticotropic hormone; BMD = bone mineral density; DST = dexamethasone suppression test; HF = 10-year hip fracture risk; MOF = 10-year major
osteoporotic fracture risk.
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MOF, HF with femoral neck BMD and MOF, HF adjusted for lumbar BMD were
negatively correlated with lumbar BMD, and total hip BMD. (Table 6, Figure 3).

Table 6. Correlations between central DXA-based BMD and FRAX-based estimation of fracture risk.

Parameter
MOF with

Femoral Neck
BMD

MOF
Adjusted for
Lumbar BMD

MOF
Adjusted for

Diabetes

HF with
Femoral Neck

BMD

HF Adjusted
for Lumbar

BMD

HF Adjusted
for Diabetes

Lumbar BMD
(g/sqcm)

r = −0.510
p < 0.001

r = −0.505
p < 0.001

r = 0.031
p = 0.933

r = −0.463
p < 0.001

r = −0.475
p < 0.001

r = 0.050
p = 0.898

Femoral neck
BMD

(g/sqcm)

r = −0.878
p < 0.001

r = −0.811
p < 0.001

r = −0.460
p = 0.181

r = −0.925
p < 0.001

r = −0.927
p < 0.001

r = −0.544
p = 0.130

Total hip
BMD

(g/sqcm)

r = −0.852
p < 0.001

r = −0.811
p < 0.001

r = −0.741
p = 0.057

r = −0.862
p < 0.001

r = −0.876
p < 0.001

r = −0.600
p = 0.208

Abbreviations: BMD = bone mineral density; HF = 10-year hip fracture risk; MOF = 10-year major osteoporotic
fracture risk.

Figure 3. Heatmap showing the correlation coefficients between lumbar BMD, femoral neck BMD,
total hip BMD and 10-year fracture risk score (green asterisk = correlations with p > 0.05).
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3.2. Analysis Depending on ACTH Threshold

The entire cohort was assessed based on two groups—group S (N = 33) and nonS
(N = 51)—depending on the ACTH cut-off of 10 pg/mL (<10 versus ≥10 pg/mL). Age
sub-analysis showed a similar rate of patients in each group (p = 0.146) (Table 7).

Table 7. Distribution of patients according to a 5-year age sub-category within group S and group nonS.

Age Group (years)
N (%)

Group S
(N = 33, 39.29%)

Group nonS
(N = 51, 60.71%) p-Value

45–49 5 (15.15) 1 (1.96) 0.146

50–54 3 (9.09) 4 (7.84)

55–59 6 (18.18) 14 (27.45)

60–64 10 (30.30) 17 (33.33)

65–69 7 (21.21) 6 (11.76)

70–74 0 (0.00) 3 (5.88)

75–79 2 (6.06) 6 (11.76)
Abbreviations: N = number of patients; red font = group S; blue font = group nonS.

Most patients were found in the sub-category between 60 and 64 years (Figure 4).

Figure 4. Stacked bar chart showing number of patients from group S and group nonS in each
age-group.

Demographic parameters were similar between group S and group nonS. The preva-
lence of MACS was statistically significantly higher in group S versus nonS (p = 0.021). The
largest tumour diameter was statistically significantly elevated in group S (2.67 ± 0.98 cm)
versus group nonS (of 1.98 ± 0.92 cm, p = 0.003) (Table 8).

Second-day plasma cortisol after 1 mg DST was statistically significantly higher in
group S versus nonS [2.08 (1.58, 3.08) versus 1.25 (0.94, 2.02) µg/dL, p = 0.014].

An ROC curve plotted sensitivity and 1-specificity of the largest tumour diameter for
predicting suppressed ACTH (<10 pg/mL), with a statistically significant AUC of 0.702
(p = 0.003). The Youden index was computed for each cut-off value, and the highest index
yielded a sensitivity of 63.30% with a 95% confidence interval (CI) between 45.51 and 78.13
and a specificity of 75.00% (95% CI: 61.22–85.08), corresponding to a cut-off value of 2.45
cm (Table 9).
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Table 8. Demographic features, comorbidities, and adrenal panel assessment in group S versus nonS.

Parameter Group S
(N = 33, 39.29%)

Group nonS
(N = 51, 60.71%) p-Value

Age (years), mean ± SD 60.06 ± 8.63 62.41 ± 7.26 0.182

Years since menopause, mean ± SD 13.28 ± 8.72 14.91 ± 8.80 0.479

Type 2 diabetes mellitus, N (%) 7 (21.21) 8 (16.00) 0.572

Arterial hypertension, N (%) 25 (75.76) 38 (74.51) 0.897

Dyslipidaemia, N (%) 25 (75.76) 41 (80.39) 0.613

Body mass index (kg/sqm), mean ± SD 28.26 ± 3.96 30.46 ± 6.68 0.104

Fasting glycaemia (mg/dL), mean ± SD 106.94 ± 28.34 109.68 ± 26.14 0.712

Glycated haemoglobin A1c (%), mean ± SD 6.02 ± 0.93 6.21 ± 1.40 0.574

Serum creatinine (mg/dL), mean ± SD 0.75 ± 0.14 0.81 ± 0.21 0.276

Baseline ACTH (pg/mL), M (Q1, Q3) 7.37 (6.19, 8.60) 15.37 (12.30, 20.48) <0.001

Morning plasma (baseline) cortisol (µg/dL),
M (Q1, Q3) 12.27 (9.48, 14.30) 13.43 (10.01, 15.97) 0.163

Second-day plasma cortisol after 1-mg DST (µg/dL), M (Q1,
Q3) 2.08 (1.58, 3.08) 1.25 (0.94, 2.02) 0.014

MACS, N (%) 15 (45.45) 11 (21.57) 0.021

Largest tumour diameter (cm), mean ± SD 2.67 ± 0.98 1.98 ± 0.92 0.003

Unilateral tumour, N (%) 20 (60.61) 35 (68.63) 0.450
Abbreviations: ACTH = adrenocorticotropic hormone; DST = dexamethasone suppression test; M = median;
MACS = mild autonomous cortisol secretion; N = number of patients; Q = quartile; SD = standard deviation; red
font = group S; blue font = group nonS.

Table 9. Sensitivity and specificity of the 2.45 cm cut-off value for the largest tumour diameter,
respectively, of 0.32 ng/mL cut-off value for CrossLaps for predicting suppressed ACTH (<10
pg/mL).

Cut-off Value Largest
Tumour Diameter (cm) for
Suppressed ACTH

AUC Sensitivity (95% CI) Specificity (95% CI) Youden Index

2.45 cm 0.702 63.30 (45.51–78.13) 75.00 (61.22–85.08) 0.383

Cut-off value of CrossLaps
(ng/mL) for suppressed
ACTH

AUC Sensitivity (95% CI) Specificity (95% CI) Youden Index

0.32 ng/mL 0.647 87.50 (69.00–95.66) 39.50 (25.60–55.28) 0.270
Abbreviations: ACTH = adrenocorticotropic hormone; AUC = area under curve; CI = confidence interval.

Using ROC curve analysis, sensitivity and 1-specificity values of CrossLaps were
examined for the ability to predict suppressed ACTH, with a statistically significant AUC
of 0.647 (p = 0.050). The highest Youden index corresponded to a cut-off value of 0.32
ng/mL, with a sensitivity of 87.50% (95% CI: 69.00–95.66) and specificity of 39.50% (95% CI:
25.60–55.28) (Figure 5).

The rate of prevalent fragility fractures and DXA-based bone impairment, as well as
10-year fracture risk estimations were similar between group S and group nonS (Table 10).
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Table 10. Mineral metabolism assays, bone turnover markers, DXA assessment and FRAX-based
probabilities in group S and group nonS.

Parameter Group S
(N = 33, 39.29%)

Group nonS
(N = 51, 60.71%) p-Value

Mineral metabolism

Total serum calcium (mg/dL), mean ± SD 9.58 ± 0.49 9.58 ± 0.49 0.990

Serum ionized calcium (mg/dL), mean ± SD 4.19 ± 0.23 4.09 ± 0.31 0.191

Serum phosphorus (mg/dL), mean ± SD 3.72 ± 0.64 3.70 ± 0.50 0.866

Serum magnesium (mg/dL), mean ± SD 1.99 ± 0.24 1.96 ± 0.17 0.557

25-hydroxyvitamin D (ng/mL), mean ± SD 23.03 ± 10.07 26.21 ± 12.16 0.258

PTH (pg/mL), mean ± SD 41.85 ± 13.81 47.84 ± 15.86 0.165

Bone turnover markers

Osteocalcin (ng/mL), mean ± SD 25.33 ± 14.16 22.05 ± 9.77 0.294

Alkaline phosphatase (U/L), mean ± SD 91.15 ± 38.84 73.49 ± 24.30 0.017

P1NP (ng/mL), mean ± SD 58.35 ± 29.32 55.02 ± 19.54 0.661

CrossLaps (ng/mL), mean ± SD 0.56 ± 0.29 0.44 ± 0.22 0.050

DXA assessment

Prevalent fragility fractures, N (%) 3 (9.09) 1 (1.96) 0.295

Bone impairment, N (%) 22 (66.67) 33 (64.71) 0.853

Osteoporosis, N (%) 8 (24.24) 9 (18.75) 0.551

Osteopenia, N (%) 14 (42.42) 24 (50.00) 0.651

Lumbar BMD (g/sqcm), mean ± SD 1.087 ± 0.173 1.052 ± 0.163 0.404

Lumbar T-score (SD), mean ± SD −0.85 ± 1.49 −1.10 ± 1.33 0.453

Femoral neck BMD (g/sqcm), mean ± SD 0.875 ± 0.155 0.851 ± 0.141 0.557

Femoral neck T-score (SD), mean ± SD −1.02 ± 1.17 −1.18 ± 0.88 0.573

Total hip BMD (g/sqcm), mean ± SD 0.930 ± 0.185 0.940 ± 0.177 0.846

Total hip T-score (SD), mean ± SD −0.75 ± 1.40 −0.63 ± 1.05 0.719

TBS, M (Q1, Q3) 1.337 (1.244, 1.429) 1.291 (1.199, 1.401) 0.393

FRAX-based probabilities

MOF with femoral neck BMD (%), M (Q1, Q3) 3.60 (2.80, 6.15) 3.95 (2.93, 6.15) 0.630

MOF adjusted for lumbar BMD (%), M (Q1, Q3) 2.80 (2.10, 4.23) 3.05 (2.30, 4.40) 0.471

MOF adjusted for diabetes (%), M (Q1, Q3) 4.40 (3.38, 6.60) 3.50 (2.00, 7.55) 0.461

HF with femoral neck BMD (%), M (Q1, Q3) 0.85 (0.20, 1.95) 0.65 (0.30, 1.68) 0.801

HF adjusted for lumbar BMD (%), M (Q1, Q3) 0.65 (0.18, 1.00) 0.45 (0.23, 1.35) 0.520

HF adjusted for diabetes (%), M (Q1, Q3) 2.10 (0.40, 2.95) 0.40 (0.20, 3.60) 0.402
Abbreviations: BMD = bone mineral density; DXA = Dual-Energy X-Ray Absorptiometry; HF = 10-year hip
fracture risk; M = median; MOF = 10-year major osteoporotic fracture risk; M = median; N = number of patients;
PTH = parathormone; P1NP = procollagen 1 N-terminal pro-peptide; Q = quartile; SD = standard deviation; TBS
= trabecular bone score; red font = group S; blue font = group nonS.

Bone formation marker alkaline phosphatase had a statistically significantly higher
value in group S versus nonS (91.15 ± 38.84 U/L versus 73.49 ± 24.30 U/L, p = 0.017),
as did bone resorption marker CrossLaps (0.56 ± 0.29 ng/mL versus 0.44 ± 0.22 ng/mL,
p = 0.05).
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Figure 5. ROC curve of the largest tumour diameter (left) and the CrossLaps level (right) for predicting
a suppressed blood ACTH (<10 pg/mL).

MOF (calculated with femoral neck BMD) was statistically significantly higher when
compared to MOF adjusted for lumbar BMD within each of the groups (p < 0.001 for each).
MOF adjusted for diabetes was statistically significantly higher than MOF adjusted for
lumbar BMD only within group S (p = 0.036) (Table 11).

Table 11. FRAX-based probabilities for MOF and HF within group S and nonS.

MOF with Femoral Neck
BMD-MOF Adjusted for
Lumbar BMD
p-Value

MOF Adjusted for Lumbar
BMD-MOF Adjusted for
Diabetes
p-Value

MOF Adjusted for
Diabetes-MOF Adjusted for
Lumbar BMD
p-Value

Group S <0.001 0.832 0.036

Group nonS <0.001 0.289 0.244

HF with femoral neck
BMD-HF adjusted for lumbar
BMD
p-value

HF adjusted for lumbar
BMD-HF adjusted for
diabetes
p-value

HF adjusted for diabetes-HF
adjusted for lumbar BMD
p-value

Group S 0.007 0.068 0.095

Group nonS 0.111 0.439 0.300
Abbreviations: BMD = bone mineral density; HF = 10-year hip fracture risk; MOF = 10-year major osteoporotic
fracture risk; red font = group S; blue font = group nonS.

HF calculated with femoral neck BMD was statistically significantly higher than HF
adjusted for lumbar BMD only in group S (p = 0.007).

Group S showed a statistically significant positive correlation between second-day
plasma cortisol after 1 mg DST and the largest tumour diameter (r = 0.591, p = 0.002) and
between baseline ACTH and lumbar BMD (r = 0.434, p = 0.024). On the other hand, group
nonS was found to have statistically significant correlations between baseline ACTH and
morning plasma (baseline) cortisol (r = 0.315, p = 0.028), between ACTH and the largest
tumour diameter (r = −0.395, p = 0.005), and between baseline cortisol and total hip BMD
(r = −0.391, p = 0.033) (Table 12).

https://doi.org/10.3390/diagnostics16020180

https://doi.org/10.3390/diagnostics16020180


Diagnostics 2026, 16, 180 15 of 28

Table 12. Correlations between NFAT’s (hormonal and CT) characteristics with central DXA-BMD, respectively, FRAX-based calculations within group S and group
nonS.

Baseline
ACTH

(pg/mL)

Morning
Plasma

(Baseline)
Cortisol
(µg/dL)

Second-
Day

Plasma
Cortisol

After 1-mg
DST

(µg/dL)

Largest
Tumour

Diameter
(cm)

Lumbar
BMD

(g/sqcm)

Femoral
Neck BMD

(g/sqcm)

Total Hip
BMD

(g/sqcm)

MOF with
Femoral

Neck BMD

MOF
Adjusted

for Lumbar
BMD

HF with
Femoral

Neck BMD

HF
Adjusted

for Lumbar
BMD

Group S

Baseline
ACTH
(pg/mL)

r = −0.082
p = 0.649

r = 0.016
p = 0.942

r = −0.095
p = 0.942

r = 0.434
p = 0.024

r = 0.149
p = 0.510

r = −0.067
p = 0.791

r = 0.059
p = 0.803

r = −0.004
p = 0.987

r = 0.070
p = 0.769

r = −0.087
p = 0.730

Morning
plasma
(baseline)
cortisol
(µg/dL)

r = −0.082
p = 0.649

r = 0.170
p = 0.427

r = 0.273
p = 0.145

r = 0.250
p = 0.208

r = 0.204
p = 0.363

r = 0.251
p = 0.316

r = −0.056
p = 0.816

r = −0.066
p = 0.794

r = −0.245
p = 0.299

r = −0.306
p = 0.217

Second-day
plasma
cortisol
after 1-mg
DST
(µg/dL)

r = 0.016
p = 0.942

r = 0.170
p = 0.427

r = 0.591
p = 0.002

r = 0.049
p = 0.842

r = 0.176
p = 0.547

r = 0.136
p = 0.630

r = −0.149
p = 0.628

r = −0.161
p = 0.617

r = −0.085
p = 0.781

r = −0.165
p = 0.608

Largest
tumor
diameter
(cm)

r = −0.095
p = 0.942

r = 0.273
p = 0.145

r = 0.591
p = 0.002

r = 0.027
p = 0.897

r = 0.052
p = 0.833

r = 0.093
p = 0.722

r = −0.042
p = 0.874

r = −0.048
p = 0.860

r = −0.153
p = 0.557

r = −0.245
p = 0.360
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Table 12. Cont.

Baseline
ACTH

(pg/mL)

Morning
Plasma

(Baseline)
Cortisol
(µg/dL)

Second-
Day

Plasma
Cortisol

After 1-mg
DST

(µg/dL)

Largest
Tumour

Diameter
(cm)

Lumbar
BMD

(g/sqcm)

Femoral
Neck BMD

(g/sqcm)

Total Hip
BMD

(g/sqcm)

MOF with
Femoral

Neck BMD

MOF
Adjusted

for Lumbar
BMD

HF with
Femoral

Neck BMD

HF
Adjusted

for Lumbar
BMD

Group nonS

Baseline
ACTH
(pg/mL)

r = 0.315
p = 0.028

r = −0.146
p = 0.426

r = −0.395
p = 0.005

r = −0.185
p = 0.246

r = −0.172
p = 0.322

r = −0.229
p = 0.214

r = −0.177
p = 0.368

r = −0.252
p = 0.196

r = −0.195
p = 0.320

r = −0.165
p = 0.402

Morning
plasma
(baseline)
cortisol
(µg/dL)

r = 0.315
p = 0.028

r = 0.081
p = 0.664

r = −0.223
p = 0.137

r = 0.058
p = 0.724

r = −0.055
p = 0.759

r = −0.391
p = 0.033

r = −0.020
p = 0.923

r = −0.034
p = 0.868

r = −0.108
p = 0.593

r = −0.027
p = 0.893

Second-day
plasma
cortisol
after 1-mg
DST
(µg/dL)

r = −0.146
p = 0.426

r = 0.081
p = 0.664

r = 0.339
p = 0.067

r = 0.149
p = 0.440

r = 0.238
p = 0.274

r = 0.120
p = 0.566

r = −0.058
p = 0.826

r = −0.089
p = 0.736

r = −0.202
p = 0.437

r = −0.097
p = 0.710

Largest
tumor
diameter
(cm)

r = −0.395
p = 0.005

r = −0.223
p = 0.137

r = 0.339
p = 0.067

r = −0.073
p = 0.664

r = −0.040
p = 0.829

r = 0.167
p = 0.395

r = 0.225
p = 0.268

r = 0.258
p = 0.204

r = 0.245
p = 0.227

r = 0.203
p = 0.319

Abbreviations: ACTH = adrenocorticotropic hormone; BMD = bone mineral density; DST = dexamethasone suppression test; HF = 10- year hip fracture risk; MOF = 10-year major
osteoporotic fracture risk; red font = group S; blue font = group nonS.
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Both group S and group nonS confirmed that MOF/HF calculated with femoral
neck BMD (FRAX) and MOF/HF adjusted for lumbar BMD (FRAXplus) were statistically
significantly and negatively correlated with lumbar BMD, femoral neck BMD, and total hip
BMD (Table 13).

Table 13. Correlations between DXA-BMD and FRAX-based probabilities within group S and group nonS.

Parameter
MOF with

Femoral Neck
BMD

MOF
Adjusted for

Lumbar BMD

HF with
Femoral Neck

BMD

HF Adjusted
for Lumbar

BMD

Group S

Lumbar BMD
(g/sqcm)

r = −0.537
p = 0.021

r = −0.526
p = 0.025

r = −0.523
p = 0.026

r = −0.494
p = 0.037

Femoral neck
BMD (g/sqcm)

r = −0.817
p < 0.001

r = −0.694
p = 0.001

r = −0.943
p < 0.001

r = −0.919
p < 0.001

Total hip BMD
(g/sqcm)

r = −0.760
p = 0.004

r = −0.709
p = 0.015

r = −0.823
p = 0.001

r = −0.858
p < 0.001

Group nonS

Lumbar BMD
(g/sqcm)

r = −0.499
p = 0.007

r = −0.503
p = 0.006

r = −0.489
p = 0.008

r = −0.490
p = 0.008

Femoral neck
BMD (g/sqcm)

r = −0.911
p < 0.001

r = −0.862
p < 0.001

r = −0.894
p < 0.001

r = −0.935
p < 0.001

Total hip BMD
(g/sqcm)

r = −0.869
p < 0.001

r = −0.842
p < 0.001

r = −0.770
p < 0.001

r = −0.841
p < 0.001

Abbreviations: BMD = bone mineral density; HF = 10-year hip fracture risk; MOF = 10-year major osteoporotic
fracture risk; red font = group S; blue font = group nonS.

The multivariate linear regression model for baseline ACTH had an R-squared of 0.225
(p = 0.016). The intercept corresponded to an ACTH value of 13.65 ± 7.32 pg/mL, which
was not statistically significant (p = 0.079). The largest tumour diameter was identified as
a statistically significant negative predictor of baseline ACTH, with each 1 cm increase in
size associated with a 3.07 ± 0.98 pg/mL decrease in baseline ACTH (p = 0.003). Morning
plasma cortisol, MACS-positive profile, age, and BMI were not statistically significant
predictors of baseline ACTH (Table 14).

Table 14. Multiple linear regression model to predict baseline ACTH.

Baseline ACTH
(pg/mL)

Parameter B ± SE β p-Value

Constant 13.65 ± 7.32 0.079

Morning plasma (baseline)
cortisol (µg/dL) 0.06 ± 0.16 0.05 0.710

MACS −1.23 ± 2.13 −0.08 0.567

Largest tumour diameter (cm) −3.07 ± 0.98 −0.43 0.003

Age (years) −0.01 ± 0.11 −0.02 0.905

BMI (kg/sqm) 0.21 ± 0.15 0.18 0.165

Model summary R Square = 0.225 0.016
Abbreviations: ACTH = adrenocorticotropic hormone; BMI = body mass index; MACS = mild autonomous
cortisol secretion; B = unstandardized regression coefficient; SE = standard error; β = standardized regression
coefficient; R Square = coefficient of determination.
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3.3. Analysis Depending on ACTH Threshold in Addition to MACS-Positive Profile (Based on
Second-Day Cortisol After 1 mg DST)

As mentioned, the entire cohort was split into group S (39.29%) and group nonS
(60.71%). Additionally, MACS-positive tumours within groups S and nonS showed a rate
of 45.45% and 21.57%, respectively, with a statistically significant difference (p = 0.021)
(Figure 6).

Within group S, the prevalence of diabetes was statistically significantly higher in the
MACS versus the nonMACS subgroup (40.00% versus 5.56%, respectively; p = 0.03), and an
increase in BMI (p = 0.011) was observed. Within both groups, the largest tumour diameter
was statistically significantly increased in MACS versus non-MACS (p < 0.008 and p = 0.039,
respectively). The sub-analysis between MACS + low ACTH versus MACS+ normal ACTH
showed similar results (Table 15).

Table 15. Demographic features, panel of analysed comorbidities, and adrenal (hormonal and CT)
profile in group S versus nonS: MACS sub-analysis.

Group S Group nonS

Parameter
MACS
(N = 15,
45.45%)

nonMACS
(N = 18,
54.55%)

p-Value
MACS
(N = 11,
21.57%)

nonMACS
(N = 40,
78.43%)

p-Value p1-Value p2-Value

Age (years), mean ± SD 57.80 ± 7.61 61.94 ± 9.18 0.173 63.45 ± 4.63 62.13 ± 7.85 0.483 0.701 0.943

Years since menopause,
mean ± SD 48.44 ± 4.95 48.81 ± 3.69 0.178 49.29 ± 3.09 48.75 ± 3.60 0.934 0.254 0.973

Type 2 diabetes mellitus, N
(%) 6 (40.00) 1 (5.56) 0.030 2 (18.18) 6 (15.38) 0.999 0.395 0.413

Arterial hypertension, N
(%) 12 (80.00) 13 (72.22) 0.699 9 (81.82) 29 (72.50) 0.706 0.907 0.983

Dyslipidaemia, N (%) 12 (80.00) 13 (72.00) 0.699 10 (90.91) 31 (77.50) 0.428 0.614 0.744

BMI (kg/sqm), mean ± SD 30.42 ± 3.96 26.74 ± 3.26 0.011 34.41 ± 5.31 29.67 ± 6.71 0.091 0.090 0.098

Fasting glycaemia (mg/dL),
mean ± SD 109 ± 28.76 105.51 ±

29.14 0.784 112.00 ±
34.59

109.08 ±
24.27 0.839 0.852 0.685

Glycated haemoglobin A1c
(%), mean ± SD 6.15 ± 0.68 5.87 ± 1.80 0.493 6.51 ± 1.97 6.09 ± 1.12 0.560 0.556 0.609

Serum creatinine (mg/dL),
mean ± SD 0.78 ± 0.17 0.74 ± 0.13 0.478 0.89 ± 0.27 0.78 ± 0.18 0.297 0.314 0.409

Baseline ACTH (pg/mL),
M (Q1, Q3)

8.00 (6.64,
8.90)

7.24 (5.87,
8.01) 0.229 14.71 (12.29,

19.51)
15.65 (12.31,

20.59) 0.801 <0.001 <0.001

Morning plasma (baseline)
cortisol (µg/dL), M (Q1,
Q3)

11.58 (8.77,
13.25)

13.49 (9.63,
15.12) 0.178 12.15 (9.96,

15.92)
13.92 (9.90,

16.66) 0.455 0.605 0.668

Second-day plasma cortisol
after 1 mg DST (µg/dL), M
(Q1, Q3)

2.79 (2.18,
3.44)

1.34 (1.01,
1.64) <0.001 2.80 (1.88,

4.86)
1.02 (0.83,

1.25) <0.001 0.919 0.056

Largest tumour diameter
(cm), mean ± SD 3.12 ± 0.74 2.21 ± 0.99 0.008 2.51 ± 0.96 1.84 ± 0.87 0.039 0.087 0.888

Abbreviations: BMI = body mass index; MACS = mild autonomous cortisol secretion; SD = standard deviation;
red font = group S; blue font = group nonS; p1-value between MACS from group S and MACS from group nonS;
p2-value between nonMACS from group S and nonMACS from group nonS.

Bone status evaluation (including the estimation of the fracture risk) was similar in
the MACS-focused sub-analysis, except at the CrossLaps level, which was statistically
significantly higher in individuals with nonMACS + low ACTH versus nonMACS + normal
ACTH (Table 16).
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Table 16. Mineral metabolism assays, bone turnover markers, DXA, and FRAX/FRAXplus results in
MACS versus nonMACS within group S and nonS.

Group S Group nonS

Parameter
MACS
(N = 15,
45.45%)

nonMACS
(N = 18,
54.55%)

p-Value
MACS
(N = 11,
21.57%)

nonMACS
(N = 40,
78.43%)

p-Value p1-Value p2-Value

Mineral metabolism

Total serum calcium (mg/dL),
mean ± SD 9.49 ± 0.47 9.65 ± 0.51 0.343 9.54 ± 0.30 0.59 ± 0.53 0.735 0.731 0.650

Serum ionized calcium
(mg/dL), mean ± SD 4.11 ± 0.20 4.26 ± 0.24 0.105 4.19 ± 0.25 4.06 ± 0.33 0.208 0.404 0.054

Serum phosphorus (mg/dL),
mean ± SD 3.82 ± 0.62 3.64 ± 0.67 0.455 3.59 ± 0.37 3.73 ± 0.53 0.361 0.314 0.609

Serum magnesium (mg/dL),
mean ± SD 1.90 ± 0.26 2.06 ± 0.22 0.069 1.95 ± 0.21 1.97 ± 0.17 0.746 0.651 0.088

25-hydroxyvitamin D (ng/mL),
mean ± SD 24.95 ± 10.60 21.36 ± 9.64 0.356 25.63 ± 13.63 26.38 ± 11.93 0.883 0.897 0.163

PTH (pg/mL), mean ± SD 39.86 ± 10.87 42.84 ± 15.35 0.653 45.66 ± 10.95 48.48 ± 17.17 0.686 0.340 0.317

Bone turnover markers

Osteocalcin (ng/mL),
mean ± SD 23.90 ± 12.63 26.24 ± 15.46 0.708 23.09 ± 12.73 21.77 ± 9.05 0.790 0.897 0.238

Alkaline phosphatase (U/L),
mean ± SD 82.14 ± 19.97 99.03 ± 49.29 0.223 71.10 ± 30.64 74.14 ± 22.71 0.775 0.296 0.069

P1NP (ng/mL), mean ± SD 51.28 ± 36.02 65.41 ± 21.18 0.388 52.14 ± 17.74 55.94 ± 20.38 0.643 0.956 0.298

CrossLaps (ng/mL), mean ± SD 0.51 ± 0.32 0.60 ± 0.27 0.469 0.49 ± 0.27 0.42 ± 0.21 0.473 0.922 0.022

DXA assessment

Prevalent fragility fractures,
N (%) 1 (6.67) 2 (11.11) 0.999 0 (0.00) 1 (2.50) 0.999 0.382 0.225

Bone impairment, N (%) 9 (60.00) 13 (72.22) 0.488 7 (63.64) 26 (65.00) 0.933 0.851 0.764

Osteoporosis, N (%) 3 (20.00) 5 (27.78) 0.699 2 (18.18) 7 (18.92) 0.956 0.907 0.499

Osteopenia, N (%) 6 (40.00) 8 (44.44) 0.999 5 (45.45) 19 (51.35) 0.731 0.781 0.775

Lumbar BMD (g/sqcm),
mean ± SD 1.100 ± 0.168 1.078 ± 0.181 0.747 1.079 ± 0.103 1.044 ± 0.179 0.445 0.733 0.539

Lumbar T-score (SD),
mean ± SD −0.65 ± 1.23 −1.02 ± 1.69 0.516 −0.79 ± 1.23 −1.19 ± 1.36 0.370 0.777 0.682

Femoral neck BMD (g/sqcm),
mean ± SD 0.893 ± 0.146 0.860 ± 0.166 0.635 0.915 ± 0.085 0.829 ± 0.150 0.118 0.694 0.575

Femoral neck T-score (SD),
mean ± SD −0.78 ± 1.19 −1.23 ± 1.16 0.388 −0.78 ± 0.60 −1.32 ± 0.93 0.115 0.996 0.798

Total hip BMD (g/sqcm),
mean ± SD 0.961 ± 0.192 0.905 ± 0.185 0.540 0.994 ± 0.083 0.922 ± 0.198 0.332 0.671 0.821

Total hip T-score (SD),
mean ± SD −0.53 ± 1.27 −0.97 ± 1.55 0.470 −0.18 ± 0.70 −0.79 ± 1.11 0.134 0.447 0.677

TBS, median (Q1, Q3) 1.354 (1.259,
1.517)

1.336 (1.229,
1.429) 0.730 1.350 (1.341,

1.358)
1.280 (1.177,

1.444) 0.410 0.999 0.583

FRAX-based probabilities

MOF with femoral neck BMD
(%), M (Q1, Q3) 3.10 (2.00, 4.10) 4.90 (3.20, 8.70) 0.080 3.10 (2.70, 4.45) 4.20 (2.90, 6.20) 0.318 0.699 0.772

MOF adjusted for lumbar BMD
(%), M (Q1, Q3) 2.15 (1.50, 2.68) 3.70 (2.73, 6.30) 0.021 2.40 (2.20, 3.30) 3.10 (2.30, 4.50) 0.264 0.354 0.603

HF with femoral neck BMD (%),
M (Q1, Q3) 0.30 (0.15, 1.55) 0.90 (0.30, 2.10) 0.370 0.30 (0.20, 0.70) 0.70 (0.40, 1.90) 0.107 0.898 0.942

HF adjusted for lumbar BMD
(%), M (Q1, Q3) 0.20 (0.10, 0.78) 0.70 (0.20, 1.80) 0.146 0.35 (0.15, 0.55) 0.50 (0.30, 1.40) 0.193 0.833 0.893

Abbreviations: BMD = bone mineral density; DXA = Dual-Energy X-Ray Absorptiometry; HF = 10- year hip frac-
ture risk; M = median; MOF = 10-year major osteoporotic fracture risk; PTH = parathormone; P1NP = procollagen
1 N-terminal pro-peptide; Q = quartile; SD = standard deviation; TBS = trabecular bone score; red font = group S;
blue font = group nonS; p1-value between MACS from group S and MACS from group nonS; p2-value between
nonMACS from group S and nonMACS from group nonS.

https://doi.org/10.3390/diagnostics16020180

https://doi.org/10.3390/diagnostics16020180


Diagnostics 2026, 16, 180 20 of 28

Figure 6. Multi-level doughnut chart showing percent of patients with MACS-positive features
within group S and group nonS.

4. Discussion
4.1. Study-Focused Analysis

We analyzed a cohort of menopausal females with NFATs/MCAS (N = 84, age of
61.49 ± 7.86 years). The endocrine panel showed an ACTH of 13.51 ± 8.29 pg/mL, while
39.39% of the subjects had an ACTH < 10 pg/mL, and MACS confirmation was detected in
one-third of the entire cohort (a rate that is similar to that in prior published data [18,19]).
Of note, at this point, an ACTH < 10 pg/mL is not standardized and is highly assay-
dependent. A suppressed ACTH may reflect subtle autonomous cortisol secretion but
cannot differentiate MACS from false positives.

Bone impairment based on a DXA assessment (non-normal BMD) was found in 65% of
the cases, with a fragility fracture prevalence of 4.76%. The values of bone turnover markers
showed a homogenous distribution, with means within normal blood ranges. Median TBS
pointed to a partially degraded microarchitecture (1.320). The lowest mean T-score was
at the femoral neck, highlighting osteopenia ranges (−1.12 ± 1.00). Notably, women who
were already under specific anti-osteoporotic medication were ruled out, and, hence, the
patients with osteoporosis have been underestimated in this cohort. The study population
showed the expected associations between FRAX/FRAXplus-based estimations on the one
hand and DXA-BMDs on the other hand, as found in the general population [65,73]. The
highest median of 10-year fracture probabilities upon FRAX/FRAXplus models was for
MOF calculated with a femoral neck BMD (3.9%).

ACTH inversely correlated with the largest tumour diameter (r = −0.434, p < 0.001),
as well as the second-day plasma cortisol after 1 mg DST (r = −0.301, p = 0.024), but not
with BMDs, TBS, or FRAX-based estimations. We conducted an analysis in groups based
on the 10 pg/mL threshold for baseline ACTH. Previous research had reported that a
cut-off of 10 pg/mL (2.2 pmol/L) associated high specificity (92.6%) with a sensitivity
of 55.6% [68–72]. ACTH levels below this threshold have been suggested as additional
diagnostic biomarker criteria for MACS, which is still an open matter [69–71]. An ROC
curve plotted sensitivity and 1-specificity of the largest tumour diameter for predicting this
suppressed ACTH level (<10 pg/mL) [AUC of 0.702 (p = 0.003)]. The Youden index was
the highest for 2.45 cm (sensitivity 63.30%, specificity 75.00%). Moreover, ROC analysis for
the bone resorption marker CrossLaps showed an AUC of 0.647 (p = 0.05), with the highest
Youden index for the cut-off 0.32 ng/mL (sensitivity of 87.50%, specificity of 39.50%).
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Multivariate regression showed that only the largest tumour diameter was a statistically
significant predictor of baseline ACTH, with each 1 cm increase in size associated with a
3.07 ± 0.98 pg/mL decrease in baseline ACTH (p = 0.003).

Group S versus nonS showed a similar age distribution, as well as did the panel of
studied comorbidities and biochemical and hormonal assays, except for a higher MACS rate
(45.45% versus 21.57%, p = 0.021), an increased largest tumour diameter (2.67 ± 0.98 versus
1.98 ± 0.92 cm, p = 0.003), and elevated second-day cortisol after DST [2.08 (1.58, 3.08)
versus 1.25 (0.94, 2.02) µg/dL, p = 0.014]. Despite these mentioned endocrine anomalies
(which imply adrenal status may be a potential source of the bone damage), the mineral
metabolism exploration, DXA-BMD, TBS, and FRAX-based estimations were similar, noting
that total alkaline phosphatase was elevated in group S versus nonS, with intra-normal
average values (91.15 ± 38.84 U/L versus 73.49 ± 24.30 U/L, p = 0.017). Of note, BMD-
FRAX correlations remained statistically significant, as previous studies described them in
non-NFAT individuals [72–74].

Interestingly, MOF was statistically significantly lower when an adjustment for lumbar
BMD was performed in both groups (p < 0.001), while MOF adjusted for lumbar BMD
was lower than MOF adjusted for diabetes in group S (p = 0.036). HF was lower when
adjusted for lumbar BMD within group S, as well (p = 0.007). These results, hence, suggest
that FRAXplus might be a more useful tool in these patients (than the traditional FRAX
algorithm, which provided MOF and HF), since differences between FRAX and FRAXplus
estimations might be expected. Moreover, these differences seem more important in the
group with lower ACTH, and a refinement of the 10-year fracture risk probability should
take into consideration an ACTH threshold, but further validation by analyzing incidental
fractures across longitudinal observations is mandatory in this specific matter, and only
limited data have been published so far.

Another discordance in the interpretation of adrenal-bone assessment is reflected
by the fact that ACTH is statistically significantly correlated with lumbar BMD in the
group with suppressed ACTH, but not in the one with normal ACTH (r = 0.591, p = 0.002);
thus, it might serve as a biomarker of bone impairment in menopausal women with
NFATs/MACS, if baseline value is less than 10 pg/mL. Other possible explanations include
differential cortisol sensitivity, the influence of the tumour size, or distinct adrenal venous
drainage patterns.

Within group S, the prevalence of diabetes was statistically significantly higher in
the MACS versus the nonMACS subgroup (40.00% versus 5.56%, respectively; p = 0.03),
and an increased BMI (30.42 ± 3.96 versus 26.74 ± 3.26 kg/sqm, p = 0.011) was observed.
These findings suggest that in females with low ACTH + MACS, a higher rate of metabolic
disturbances might be detected, and this may be indirectly reflected in the associated comor-
bidities, including osseous ones. Moreover, another MACS sub-analysis showed that blood
Crosslaps levels were statistically significantly higher in MACS-negative subjects with low
ACTH than in those with normal ACTH (0.60 ± 0.27 versus 0.42 ± 0.21 ng/mL, p = 0.022).
This suggests that in patients with tumours that are considered true non-secretors (with
a second-day plasma cortisol below 1.8 µg/dL), tumour-associated bone resorption (as
indicated by the collagen-derived biomarker) might be reflected by a suppressed baseline
ACTH. Furthermore, it is still debatable whether a subgroup of patients diagnosed with
NFATs/MACS is prone to skeletal damage, and it seems more likely that the surrogate
biomarkers or models that point out this higher risk originate from the adrenal panel.
Overall, these data suggest that closer monitoring of patients with ACTH < 10 pg/mL
should be performed even if they are DST-negative. Moreover, ACTH might become a tool
for addressing adrenalectomy in these patients based on the spectrum of complications.
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4.2. Pathogenic Pathways of Bone Involvement in NFATs/MACS

The analysis of even mild cortisol secretion in adrenal incidentalomas shows heteroge-
neous results in daily practice. The pathogenic background involves various contributors
that are directly cortisol-related effects or indirectly prone to bone anomalies (as seen
for cardio-metabolic complications), e.g., increased oxidative stress or chronic inflamma-
tion [44,75–78].

Cortisol acts via the glucocorticoid receptor at the bone level, and, generally, the
cortisol actions involve a negative effect on bone formation with osteoblast differentiation
inhibition while stimulating their apoptosis. A sclerostin increase, as well as osteocalcin
and osteoprotegerin decrease elevates the activity of receptor activator of nuclear factor κβ
ligand (RANKL), and, hence ostoclastogenesis is stimulated. This enhances the bone loss,
in addition to the 11-β-hydroxysteroid dehydrogenase type 1–mediated osteoblast effects,
damage of the bone microarchitecture, and elevation of the osteocyte apoptosis. The larger
frame of glucocorticoid actions also includes the reduction of calcium intestinal absorption
and renal tubular reabsorption; altered growth hormone and gonadotropins secretion, and
an impairment of PTH effects on bone by interfering with the PTH receptor [77,79–81]. In
this study, as mentioned, the mineral metabolism hormones (PTH and 25OHD), as well as
total serum calcium, were similar, regardless of the subgroup.

In NFATs/MACS, DXA-based BMD might not be affected, and the increase in frac-
ture risk may involve an anomaly of bone quality or an elevated fall risk due to muscle
impairment/sarcopenia, frailty, and diabetes-associated complications. As applied in the
type 2 diabetic menopausal population, TBS might prove useful, but current statistical
evidence is limited. In the present study, TBS showed no differences, regardless of ACTH
cut-offs ± MACS. Alternative tools such as the spinal deformity index or high-resolution
peripheral quantitative computed tomography may be applied to some extent, but currently
they are not recommended in everyday practice. Other tools are represented by biomarkers
such as DHEA-S (dehydroepiandrosterone-sulphate) or the cortisol/DHEA-S ratio, or by
integrated multifactorial algorithms that take into consideration bone turnover markers,
age, menopause duration, type 2 diabetes, etc. [80–84].

4.3. The Larger (Non-Osseous) Frame in NFATs/MACS

The study population had a type 2 diabetes rate of 18%, an arterial hypertension rate
of 75%, and a dyslipidemia rate of 78%. We found that MACS-positive versus MACS-
negative tumours in patients with suppressed ACTH had a higher prevalence of diabetes,
which was not reflected in BMD/TBS differences. For example, we mention one recent
study in 70 MACS-positive versus 101 MACS-free tumours showing a higher prevalence of
dyslipidemia (96% versus 52%, p = 0.037), but not diabetes, while a baseline ACTH level of
<15 pg/mL was an independent MACS predictor [84]. Another study from 2025 also found
a higher rate of diabetes in MACS-positive versus MACS-negative patients (35% versus
20%) [85].

4.4. Current Limits and Further Expansion

As limitations, in addition to the retrospective design of data collection and the sample
size, we mention that we limited the inclusion of post-menopausal women who were not
under anti-osteoporotic drugs to avoid the bias that comes from active intervention to
reduce fracture risk and enhance BMD. Also, we restricted (from a technical perspective)
the patients who did not have cortisol/ACTH registration times within the mentioned
frame in order to avoid the bias of inadequate/incorrect testing.

Of note, we applied the term “NFATs” in both MACS-positive and MACS-negative
tumours, since we addressed ACTH cut-offs, not the second-day plasma cortisol after DST,
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but recently, NFAT was proposed as an exclusive MACS-negative category. Notably, a
large panel of exclusion criteria was applied (e.g., anti-obesity medication, bariatric surgery,
adrenalectomy, etc.) to avoid the bias associated with the glucose metabolism-related
influence on bone status, weight-associated anomalies of the skeletal health, and other
hormonal connections.

Also, baseline 25-hydroxyvitamin D was mean of 24.9 ng/mL, which represents an
insufficient level, noting that vitamin D alterations might act as a confounder for bone
parameter interpretation. Other biases might be related to the potential assay variability
for cortisol and ACTH (Roche ECLIA), the influence of obesity/overweight (as shown by
mean BMI), which independently affects cortisol dynamics, and the fact that overall we
analyzed a population with a relatively low prevalence of fractures (4.76%), which might
limit fracture-specific conclusions.

Further expansion across a longitudinal design, as well as the inclusion of males and
pre-menopausal women is mandatory. The retrospective design, lack of longitudinal follow-
up, and the single-centre setting potentially limit generalizability to diverse populations,
and further external validation is required. To the best of our knowledge, this study adds
to the limited number of previous clinical studies that addressed the osseous biomarkers in
the field of adrenal incidentalomas.

5. Conclusions
In this study of ACTH-related bone impairment in menopausal women diagnosed

with adrenal incidentalomas, two-thirds of patients had a non-normal BMD at DXA, with a
prevalent rate of osteoporotic fractures of almost 5%. While the lowest mean T-score showed
osteopenia and lumbar DXA-derived TBS pointed a partially degraded microarchitecture,
FRAX and FRAXplus estimations correlated with all three central DXA sites, regardless of
the ACTH cut-off. Patients with a low ACTH displayed similar bone/adrenal features to
those with normal ACTH, except for a higher MACS rate and a larger tumour. Fracture
estimation showed that only in patients with low ACTH, MOF adjusted for lumbar BMD
was lower than MOF adjusted for diabetes, and HF was lower when adjusted for lumbar
BMD; hence, FRAXplus might be a better predictor tool. ACTH correlated with lumbar
BMD only in the group with suppressed values, and this suggests its potential usefulness
as a bone biomarker. On the other hand, MACS-negative subjects with low ACTH versus
those with normal ACTH showed higher CrossLaps; hence, elevated bone resorption
may be detected even in patients with tumours that are regarded as true non-secretor. A
subgroup of patients diagnosed with NFATs/MACS might be prone to skeletal damage,
and the use of biomarkers, including ACTH, might help refining this higher risk. We further
reinforce the need for prospective longitudinal studies, standardized ACTH thresholds,
and the integration of TBS and FRAXplus into future NFAT/MACS risk stratification.
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DHEA-S dehydroepiandrosterone-sulphate
DXA Dual-Energy X-Ray Absorptiometry
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FRAX Fracture Risk Assessment Tool
GLP-1 glucagon-like peptide-1 agonist
HF 10-year hip fracture risk
LTD largest tumour diameter
MOF 10-year major osteoporotic fracture risk
MACS mild autonomous cortisol secretion
M median
N number of patients
NFAT non-functioning adrenal tumour
PTH parathyroid hormone
P1NP procollagen type 1 N-terminal pro-peptide
ROC receiver operating characteristic
RANKL receptor activator of nuclear factor κβ ligand
Q quartile
SD standard deviation
SOp secondary osteoporosis
TBS trabecular bone score
WHO World Health Organization
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