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Endogenous Cushing’s syndrome (CS) is a rare disease characterized by prolonged glucocorticoid excess. Timely diagnosis is critical to allow prompt treatment and limit long-term disease morbidity and risk for mortality. Traditional biochemical diagnostic modalities each have limitations and sensitivities and specificities that vary significantly with diagnostic cutoff values. Biochemical evaluation is particularly complex in patients whose hypercortisolemia fluctuates daily, often requiring repetition of tests to confirm or exclude disease, and when delineating CS from physiologic, nonneoplastic states of hypercortisolism. Lastly, traditional pituitary MRI may be negative in up to 60% of patients with adrenocorticotropic hormone (ACTH)-secreting pituitary adenomas (termed “Cushing’s disease” [CD]) whereas false positive pituitary MRI findings may exist in patients with ectopic ACTH secretion. Thus, differentiating CD from ectopic ACTH secretion may necessitate dynamic testing or even invasive procedures such as bilateral inferior petrosal sinus sampling. Newer methods may relieve some of the diagnostic uncertainty in CS, providing a more definitive diagnosis prior to subjecting patients to additional imaging or invasive procedures. For example, a novel method of cortisol measurement in patients with CS is scalp hair analysis, a non-invasive method yielding cortisol and cortisone values representing long-term glucocorticoid exposure of the past months. Hair cortisol and cortisone have both shown to differentiate between CS patients and controls with a high sensitivity and specificity. Moreover, advances in imaging techniques may enhance detection of ACTH-secreting pituitary adenomas. While conventional pituitary MRI may fail to identify microadenomas in patients with CD, high-resolution 3T-MRI with 3D-spoiled gradient-echo sequence has thinner sections and superior soft-tissue contrast that can detect adenomas as small as 2 mm. Similarly, functional imaging may improve the identification of ACTH-secreting adenomas noninvasively; Gallium-68-tagged corticotropin-releasing hormone (CRH) combined with PET-CT can be used to detect CRH receptors, which are upregulated on corticotroph adenomas. This technique can delineate functionality of adenomas in patients with CD from patients with ectopic ACTH secretion and false positive pituitary lesions on MRI. Here, we review emerging methods and imaging modalities for the diagnosis of CS, discussing their diagnostic accuracy, strengths and limitations, and applicability to clinical practice.
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Introduction

Endogenous Cushing’s syndrome (CS) is characterized by prolonged glucocorticoid excess. Most cases are iatrogenic, resulting from prolonged or high-dose exposure to exogenous glucorticoids (1, 2). Conversely, endogenous CS is a rare disease with an estimated incidence of 0.7-2.4 million per year (3, 4). It is characterized by excessive adrenal cortisol secretion that can be either dependent or independent of adrenocorticotropic hormone (ACTH) secretion. Most cases of CS are ACTH-dependent (80-85%) (5), the causes of which include ACTH-secreting pituitary adenomas and ectopic ACTH or corticotropin-releasing hormone (CRH) secretion (6). ACTH-secreting pituitary adenoma, referred to as “Cushing’s disease (CD),” is the most frequent cause of endogenous CS (7). ACTH-independent Cushing’s syndrome is even rarer (20%), resulting from hypersecretion of cortisol by adrenal pathologies such as adrenal adenomas (6).

Recognizing CS is difficult as many clinical features are non-discriminatory and common in the general population, such as central obesity, weight gain, fatigue, depression, acne, decreased libido, myopathy, and oligo- or amenorrhea (3). However, early diagnosis is critical to mitigate effects of CS on associated comorbidities including metabolic syndrome, cardiac disease, hypercoagulability, osteoporosis, and increased susceptibility to infection (8). In fact, it has been estimated that most CS patients have a >20% risk of a major cardiovascular event within the next 10 years (9) and the mortality rate in these patients is estimated to be four times higher than expected in the general population (10). Thus, timely diagnosis allows prompt treatment and limits long-term disease morbidity and risk of mortality.

To diagnosis CS, current Endocrine Society guidelines recommend biochemical testing with 24-hour urinary free cortisol, low-dose dexamethasone-suppression test or late-night plasma or salivary cortisol, with two of three positive results indicating a diagnosis of CS (11). Once the diagnosis is confirmed, plasma ACTH concentration is measured to differentiate ACTH-dependent and ACTH-independent CS, with elevated plasma ACTH concentrations suggesting ACTH-dependent CS and suppressed plasma ACTH concentrations indicating ACTH-independent CS (12). Because ACTH-dependent CS most commonly originates from corticotroph pituitary adenomas, elevated ACTH levels are typically followed by pituitary magnetic resonance imaging (MRI) (5).

However, several challenges complicate the diagnosis of CS. Traditional biochemical diagnostic modalities each have their limitations and biochemical evaluation is particularly complex in patients whose hypercortisolemia fluctuates daily or occurs in specific episodes varying from days to weeks to even years (termed “cyclic Cushing’s syndrome”) or when delineating CS from physiologic, nonneoplastic states of hypercortisolism (also referred to as “pseudo-Cushing’s syndrome”). Moreover, diagnostic evaluation of suspected CD may be complicated by both false positive and false negative pituitary imaging findings, necessitating dynamic testing or even invasive procedures such as bilateral inferior petrosal sinus sampling (BIPSS) (3, 13). Here, we provide a brief review of the limitations of current diagnostic modalities for the diagnosis of CS. Moreover, we review emerging biochemical methods and imaging modalities for the diagnosis of CS, discussing their diagnostic accuracy, strengths and limitations, and clinical applicability.





Limitations of traditional diagnostic modalities

Each biochemical test to establish endogenous hypercortisolism has caveats which are important to be aware of when interpreting test results (Table 1) (14–17). Urinary free cortisol (UFC) excretion has a limited sensitivity which is in part due to day-to-day variation in cortisol excretion in some patients with CS in whom days with elevated cortisol production alternate with days with normal cortisol excretion (19). Therefore, repeated UFC measurements are often necessary. In addition, UFC measurements can be influenced by gender, age, urinary volume (low, high) and sodium intake (13, 20).


Table 1 | Diagnostic accuracy and limitations of traditional first-line biochemical tests, as well as the newer hair tests used for the diagnosis of Cushing’s syndrome (14–18).



The low-dose (1 mg) dexamethasone suppression test (LDST) has a high sensitivity to confirm CS. However, incompliance can be a cause of a false-positive result. For this reason, it can be useful to measure plasma dexamethasone concentrations concurrently, which can be measured via a rapid, simple, and sensitive liquid chromatography/tandem mass spectrometry (LC–MS/MS) assay (21, 22). Further, overnight dexamethasone suppression testing requires that patients attend a health care facility for venopuncture; however, a recent study reported that salivary cortisone correlates strongly with serum cortisol in the LDST and may be used as an alternative sampling method that can be collected at the patient’s home (23). Additionally, drugs that enhance cortisol-globulin production like estrogens and mitotane can cause higher measured cortisol levels (13, 20) and drugs that interfere with CYP3A4, which metabolizes dexamethasone in the liver, can influence DST results. Inducers of CYP3A4 (e.g., antiepileptic drugs) can cause false-positive results via acceleration of dexamethasone breakdown, resulting in less exposure of the pituitary to negative feedback inhibition. Conversely, inhibitors of CYP3A4 (e.g., diltiazem and fluoxetine) can prolong dexamethasone bioavailability, which can suppress ACTH production by adenomas that are sensitive to negative feedback and thus lead to false-negative results (13, 20).

Late night salivary cortisol (LNSC) levels have generally a good performance to establish endogenous hypercortisolism, detecting the failure to achieve a normal circadian nadir in cortisol secretion, and are frequently the first test to become abnormal in patients with recurrent CD (24). While normal individuals typically have a cortisol level < 125 ng/dL during the nadir, higher results support a diagnosis of CS with a sensitivity and specificity of 90-98% and 90-100% respectively (25). That said, cut-off values are assay specific. Caveats include shift working, which disrupts the normal circadian rhythm, and blood contamination. In addition, one study found higher LNSC levels in older subjects without CS, in particular when hypertension and diabetes mellitus were also present (26). Further studies are needed to explore whether the reference values for LNSC should be adjusted according to age and comorbidities. Finally, glycyrrhizic acid, a component of licorice and some teas, inhibits 11beta-hydroxysteroid dehydrogenase type II, which converts cortisol to cortisone (27). Excess use of glycyrrhizic acid can thus lead to elevated salivary cortisol levels.

Limitations of first-line screening tests can further be found in several conditions, including cyclical CS, pregnancy, nonneoplastic states of hypercortisolism, and renal failure. In cyclical CS, episodes of hypercortisolism alternate with periods of biochemical remission. If first-line screening tests are performed in the quite phase, the diagnosis can be missed. Therefore, if cyclical CS is suspected, repeated measurement of UFC and/or LNSC are often necessary to confirm the diagnosis (13).

The diagnosis of CS during pregnancy is challenging because of overlap in clinical features of both conditions and in the physiological changes that occur in hypothalamus-pituitary-adrenal (HPA) axis function. Total plasma cortisol levels start to rise in the first trimester due to an increase in cortisol-binding globulin production and an increase in ACTH secretion. As a result, the LDST can give false positive results (11, 28). UFC levels modestly increase in the second and third trimester and, although UFC levels of more than 3 times the upper limit of normal (ULN) are indicative of CS, it can be difficult to distinguish CS from physiological activation of the HPA-axis when UFC levels are mildly elevated (11, 28). Measurement of LNSC concentrations can be useful to detect CS during pregnancy. LNSC levels physiologically increase during pregnancy, up to two times the ULN in the third trimester, but in CS significantly higher cortisol levels are found (29).

Nonneoplastic states of hypercortisolism are conditions that are accompanied by activation of the HPA-axis like psychiatric disorders, severe obesity, poorly controlled diabetes and chronic alcohol and drug abuse (13, 20). Subjects with nonneoplastic hypercortisolism often have clinical features of CS in combination with increased UFC and/or post-LDST cortisol concentrations (30). LNSC, midnight plasma cortisol levels, and the dexamethasone-CRH test have a good performance to differentiate CS from nonneoplastic hypercortisolism (30). Nevertheless, there is a lack of availability of CRH testing which has limited it’s use in the U.S. Further, some overlap in test results is observed and, in some patients, the diagnostic process can be very challenging.

Diagnosis of CS in a patient with renal failure is difficult because UFC (false-normal due to decreased cortisol clearance) and the LDST (inadequate suppression of plasma cortisol) are not reliable in this condition. Detection of loss of cortisol circadian rhythm by LNSC measurement is the most accurate test to diagnose CS in these patients; however, chronic kidney disease and dialysis can also be accompanied by a disturbed cortisol diurnal rhythm (31).

If ACTH-dependent CS is established, a pituitary cause should be differentiated from an ectopic cause and imaging of the sellar region is the first diagnostic step. Conventional MRI can detect a pituitary adenoma in about 50% of cases, whereas MRI with spoiled gradient recalled

acquisition in the steady state technique has a better diagnostic performance with a detection rate of 80% (32, 33). In patients with non-visible adenomas or adenomas smaller than 6 mm BIPSS is the gold standard to demonstrate a pituitary source of ACTH overproduction (2). Nevertheless, BIPSS has pitfalls which can lead to false-negative results (e.g., catheter malposition, anatomical abnormalities of the inferior petrosal sinus, adenomas unresponsive to CRH) and false-positive results (e.g., IPSS in remission phase of cyclical CS and ectopic CRH production) (34). Noninvasive dynamic tests to differentiate between pituitary-dependent CS and ectopic ACTH production include the CRH test, the high-dose dexamethasone suppression test and the desmopressin test. Although these tests can be useful in a subset of patients, the diagnostic accuracy is lower compared to BIPSS due to overlap in response in both patient groups and discordant test results in individual patients (2, 13).





Hair cortisol and cortisone

One of the emerging methods to determine hypercortisolism is hair analysis of cortisol and cortisone. It has been shown that glucocorticoids are incorporated in scalp hair. Hair cortisol concentrations (HCC) have been shown to represent long-term systemic exposure to cortisol. In recent years, both hair cortisol and the inactive form, hair cortisone, have been shown to be useful measures to accurately diagnose overt CS (18, 35). Since scalp hair is growing roughly one centimeter a month, levels of cortisol in hair can be used as a retrospective biomarker for long-term cortisol exposure. While standard first-line screening tests capture cortisol exposure at one timepoint or (for) up to several days, hair measurements allow assessment of glucocorticoid concentrations in the past months to years.

The hair test is appealing since the method is non-invasive and sample collection is easy and patient friendly. Standard tests such as a dexamethasone suppression test, collection of 24-hour urine, and consecutive saliva collections can be quite burdensome for patients. In contrast, collection of a small hair sample (with scissors) is quick, is independent of the time of the day (e.g., can easily be performed at the outpatient department), and is not influenced by (non)fasting states, acute stress, test adherence, renal function, and use of drugs which could alter dexamethasone clearance and/or levels of cortisol-binding globulin. The number of laboratories providing hair analysis is increasing, although this method is not yet widely available. Since hair samples can be easily kept at room temperature and kept for at least months, they can easily be sent by mail to laboratories with expertise in hair analysis.

Multiple studies in the field of stress-related research used HCC as a long-term stress biomarker (36). Also, in normal conditions, hair cortisol has been evaluated and compared to more commonly used cortisol measures. Short et al. performed a validation study in a small sample of healthy participants to investigate the extent to which HCC captures cumulative cortisol production (37). They examined the correspondence of HCC obtained from the proximal 1 cm hair segment with 30-day mean salivary cortisol area-under-the curve (AUC) based on three samples collected per day (on awakening, +30 min, and at bedtime) as well as the mean of four weekly 24-h UFC assessments. They found that HCC was most strongly associated with the prior 30-day integrated cortisol production measure (as estimated by average salivary cortisol AUC) (r=0.61, p=0.01). Their findings support the notion that HCC can be used as a reliable estimate of long-term integrated free cortisol production that is corresponding to integrated salivary cortisol production measured over a one-month period. Cross-sectional population-based studies showed consistent positive associations between hair glucocorticoids and BMI as well as waist circumference, as would be expected due to the known glucocorticoid tissue effects (38). Interestingly, the most prominent and clinically relevant associations were observed for hair cortisone and waist circumference.

In the past decade, the clinical relevance of hair glucocorticoid measurements in the field of CS diagnostics has become evident (18). Hair cortisol, but even stronger, hair cortisone, has been shown to accurately differentiate with high sensitivity and specificity between healthy controls and CS patients (18, 39). HCC have been shown to correlate significantly with UFC within patients with CS (35). Most studies use a 3 cm hair fragment per individual patient. Hair glucocorticoid measurements are performed with either immunoassay (35, 40) or liquid chromatography tandem mass spectrometry (LC-MS/MS) (18, 39). The glucocorticoid analysis in the 3 cm hair segment corresponds to mean glucocorticoid levels of approximately the past 3 months. In accordance with the observed strong correlations between hair cortisone and waist circumference in population-based studies (38), we also found that in CS patients, hair cortisone has a higher differentiating capacity (sensitivity 87%, specificity 90%) than hair cortisol (sensitivity 81%, specificity 88%) (Table 1) (18).

An important issue in clinical practice is the endocrine evaluation of adrenal incidentalomas (41). These incidentally found, mostly benign adenomas can secrete cortisol autonomously, which is often a mild hypersecretion in which a typical CS phenotype is lacking. This condition has been known as subclinical Cushings (42, 43) and has been renamed mild autonomous cortisol secretion (MACS) or possible ACS (44) (41). Since these chronically, slightly elevated cortisol levels seem to be associated with a variety of cardiometabolic comorbidities (45–47) and increased mortality (48–50), it is relevant to detect the hypercortisolism and to quantify it. In fact, a large study from the European Network for the Study of Adrenal Tumors found that all-cause mortality is particularly high in adult females less than 65 years of age with autonomous cortisol secretion, whereas mortality was only moderately increased in women >65 and men <65 years of age, and was not affected in men >65 years of age (51).

The main diagnostic tool to evaluate adrenal incidentalomas is the 1-mg overnight dexamethasone suppression test (DST), with cortisol levels ≤ 50 nmol/L excluding ACS, cortisol levels > 138 nmol/L indicating ACS, and cortisol levels between 50 and 138 nmol/L defined as possible ACS (52). However, the DST can yield false positive or negative test results. Also, measurement of UFC, midnight salivary cortisol, and morning plasma ACTH can contribute to the diagnosis, but their value has been shown to be limited due to their only short-term or timepoint measurement as well as possible interferences and analytical issues (53).

It would make sense that hair glucocorticoids could fill this diagnostic gap, as chronic subtle glucocorticoid excess could be reflected in hair. Indeed, Brossaud et al. reported higher hair cortisol and cortisone levels in mild CS compared to healthy controls (p < 0.01) (39). They also showed that the performance of hair cortisol and hair cortisone to diagnose overt CS was even better (92 and 100% sensitivity, 91 and 99% specificity, respectively). The sensitivity and specificity to diagnose mild CS was lower compared to overt CS for both hair cortisol and hair cortisone (sensitivity: 59% and 68%, and specificity: 79 and 94%, respectively). In accordance with the better performance of hair cortisone in studies with ACTH-dependent CS as well as features in population-based studies, hair cortisone was correlated with midnight serum cortisol (p < 0.02) and volume of adrenal incidentalomas (p < 0.04). Hair cortisone did not correlate with UFC. However, in contrast to the normal UFC, both hair cortisol and cortisone were in the range of overt CS in 11 out of 23 patients with mild CS. Interestingly, patients with mild CS and increased hair cortisone required more antihypertensive treatments and showed more unfavorable lipid profiles than patients with normal hair cortisone. Thus, Brossaud et al. demonstrated that hair glucocorticoid measurement performed better in overt than in mild CS. They concluded that hair steroid analysis is a useful adjunct to diagnose mild CS and to identify adrenocortical incidentalomas excessively secreting cortisol.

These findings were not confirmed in a recent study of Puglisi et al. who analyzed data of 67 adrenal incidentaloma patients (of whom 32 patients had autonomous cortisol production) and 81 healthy subjects (54). No differences in hair cortisol or cortisone concentrations between healthy controls and adrenal incidentaloma patients were found. In addition, no significant difference was found in hair cortisol and cortisone in adrenal incidentaloma patients with or without autonomous cortisol production (definition based on serum cortisol after 1 mg dexamethasone). It should be noted that in the latter study, most patients had normal levels of 24-hour UFC and plasma ACTH was suppressed only in few patients, indicating that probably only a minimal degree of cortisol excess must have been present.

Another clinically relevant aspect of hair glucocorticoid analysis is that scalp hair can be used as a historical timeline. In particular, hair analysis can be useful in detecting cyclic CS (40, 55). The cyclical variant of CS is often a diagnostic challenge, since these patients periodically secrete excess cortisol yielding normal test results when patients are screened at a moment between episodes of hypercortisolism. We previously reported in a set of patients suspected of cyclic Cushing’s syndrome that retrospective timelines of hair cortisol indeed showed that dynamic cortisol concentrations over time corresponded well with clinical cushingoid features (40).

An additional, albeit rare, condition for which hair analysis can be valuable to detect retrospective hypercortisolism is pituitary apoplexy. In this situation, the apoplexy may induce acute remission of the hypercortisolism that was due to an ACTH overproducing adenoma, while many features of the clinical phenotype (e.g., increased abdominal fat mass, muscle atrophy, decreased bone mineral density) may persist. In these cases, the diagnosis cannot biochemically be confirmed by routine tests for Cushing’s syndrome. This was demonstrated in a case with an evident clinical picture of Cushing’s syndrome, who presented with pituitary apoplexy (56). Hair cortisol analysis clearly showed hypercortisolism in the period before the apoplexy. This is of clinical importance since clinicians may anticipate the sequelae of the previous extended period of severe hypercortisolism, such as symptoms of (relative) hypocortisolism afterwards, as well long-lasting mental and physical complaints after remission of CS (40).

In summary, scalp-hair cortisol and cortisone measurements are emerging valuable tests to assess long-term glucocorticoid exposure in patients with CS. Also, hair glucocorticoid analysis is a valuable addition to the current limited options to diagnose transient periods of hypercortisolism in retrospect as present in cyclic CS or pituitary apoplexia which was preceded by a clinical picture of CS.





The desmopressin test

Desmopressin is a synthetic analogue of arginine vasopressin (AVP). AVP is an important regulator of ACTH secretion, acting as an ACTH secretagogue at the pituitary vasopressin receptor (receptor V3) (57). In contrast, desmopressin is selective for the renal AVP receptor (receptor V2), resulting in an antidiuretic effect that makes it the treatment of choice for central diabetes insipidus (58). In most healthy adults, desmopressin’s effect on ACTH secretion is negligible (57). In contrast, patients with ACTH-dependent CS exhibit an enhanced ACTH and cortisol response following administration of desmopressin (59, 60).

The cortisol responses to desmopressin in CS was first evaluated in 1993 by Malerbi et al., finding that a cortisol increase by 40-45% from baseline was seen in all but one of the 16 patients with CD, but was not observed in the patients with adrenal CS (59). Thereafter, the desmopressin test became widely adopted across Europe, but it’s utilization in the United States is relatively recent. Though the mechanism of this abnormal response is not fully elucidated, aberrant expression of the renal V2 receptor on corticotroph tumors may be responsible (61). Consequently, a desmopressin (DDAVP) stimulation test may be utilized in the diagnosis of CS.

The desmopressin stimulation test is performed by measuring plasma ACTH and serum cortisol levels before and after 10 μg of DDAVP administration. In general, a cortisol rise >20% above basal and an ACTH rise >50% above basal supports a diagnosis of CS; however, cut-off values are not universally accepted and vary significantly within the literature (62). Because this aberrant desmopressin response is a result of neoplastic cells, it is particularly useful for distinguishing patients with endogenous CS from nonneoplastic hypercortisolism (57). In fact, the desmopressin stimulation test has an estimated sensitivity and specificity to distinguish endogenous CS from nonneoplastic hypercortisolism of 75-90% and 90-92% respectively (16). A recent meta-analysis by Mondin et al. found that the desmopressin test had high specificity (>90%) for differentiating patients with nonneoplastic hypercortisolism from those with CS (63). Notably, the specificity may be lower than the CRH test and the CRH stimulation test after dexamethasone suppression (16, 63, 64), but it may be a simpler and more widely available diagnostic test.

Further, diagnostic accuracies reported in the literature vary by cut-off values. Using a peak ACTH level >6 pmol/L (>27 pg/mL), Moro et al. identifying 90% of patients with CD with a specificity of 96.7% (64). With this same cut-off value, Pecori et al. reported a sensitivity of 81% and specificity of 90% (65), and Tirabassi et al. reported a sensitivity of 75% and specificity of 89% (66). Interestingly, when Tirabassi et al. used a baseline serum cortisol >12 ug/dL and peak ACTH level >4 pmol/L (>18.18 pg/mL), their sensitivity and specificity increased to 90% and 91% respectively % (66). Lastly, a recent study by Rollin et al. found that using a cut-off peak ACTH value of >15.8 pmol/L (>71.8 pg/ml), they were able to diagnose CD with a sensitivity of 90.8% and specificity of 94.6%, yielding a positive and negative predictive value of 95.3% and 89.9% respectively (67).

The utility of the desmopressin test has also been investigated in the setting of ACTH-dependent CS. In the initial study by Malerbi et al., the three patients with suspected ectopic-ACTH secretion did not exhibit a positive desmopressin test (59). This theory was also supported in early studies (68, 69); however, subsequent studies have demonstrated that patients with CS secondary to confirmed ectopic-ACTH secretion may exhibit positive cortisol responses as well (60, 70), suggesting that the desmopressin test may have a limited role in differentiating ACTH-dependent CS from CD (57). In fact, studies report between 0-75% of ectopic ACTH-secreting lesions will show stimulation with desmopressin (57).

Conversely, a recent meta-analysis comparing three dynamic testing methods (including the CRH test, the desmopressin test, and the high-dose dexamethasone suppression test [HDDST]) found that the desmopressin test, though it was reported on in fewer studies, had a high sensitivity for CD (up to 85%) (71). Still, the CRH test had the highest sensitivity for detecting CD (ACTH 86.9%, cortisol 86.2%) and highest specificity for detecting ectopic-ACTH secretion (ACTH 93.9%, cortisol 89.4%) (71). Thus, the CRH test appears to differentiate CD and ectopic ACTH secretion with the greatest diagnostic accuracy but when considering the shortage of CRH in the United States, the desmopressin test may be useful when CRH is not readily available.

The role of the desmopressin test in assessing postoperative remission and recurrence has also been of interest. Transsphenoidal resection, the most efficacious therapeutic option for patients with CD, results in remission in 70-90% of patients. Still, recurrence has been reported to occur in up to 66% of patients during follow-up (72). The desmopressin test has been suggested to serve as a prognostic marker of long-term risk of recurrence in the immediate post-operative period as well as a useful early marker of recurrence during long-term follow-up (57). Many biochemical tests have been suggested as postoperative predictors of long-term outcomes, such as a very low postoperative cortisol level (73) or a normal dexamethasone suppression test (74). Though a very low early postoperative cortisol level is the most widely adopted, none of the current markers can predict long-term remission with high accuracy (57, 72).

Unlike other proposed markers, the desmopressin test is able detect the presence of residual neoplastic corticotrophs and thus risk of future recurrence. Prior studies report sensitivities ranging from 20-100% and specificities between 57-100% (57). That said, there is significant variation between definitions of desmopressin response, remission, and recurrence, and follow-up period between studies. Many studies defined a positive desmopressin response by relative increases in cortisol or ACTH, leaving room for false positives in patients with very low postoperative cortisol levels that exhibited small variations in cortisol levels in response to dexamethasone. Instead, using an absolute cortisol increment may improve diagnostic accuracy, resulting in a specificity and sensitivity of 95% and 68% respectively (57, 75–78). One study by Vassiliadi et al. found that an increase in serum cortisol ≥7.4 μg/dL from baseline following desmopressin administration had a hazard ratio for recurrence of 24.7 (78) – superior to the more commonly used criterion of very low or undetectable cortisol levels in the immediate postoperative period. Thus, the desmopressin test may augment our ability to assess a patient’s long-term risk of recurrence when used in the immediate postoperative period, with a loss of the paradoxical response indicating a more favorable outcome. However, larger prospective studies with longer follow-up periods are needed.

Furthermore, detecting early recurrence remains a challenge in the postoperative follow-up of CD patients. In the early recurrence periods, there is low disease activity that may render traditional biochemical tests only marginally abnormal. Earlier detection of recurrence allows for more timely intervention and minimizes risk of prolonged hypercortisolemia. One patient series reported by Ambrosi et al. described three patients who, though initially had negative postoperative desmopressin tests, later exhibited positive desmopressin tests during follow-up. In all three patients, the positive desmopressin test preceded other biochemical abnormalities indicating recurrence by 4-39 months (79). Similarly, another study found that 17 of 20 patients with recurrent CD had prior positive desmopressin tests that preceded an increase in midnight cortisol or UFC in 71% of patients (80). Lastly, a recent study reported that, during long-term follow-up of 43 CD patients in remission following transsphenoidal resection, all patients with initially negative desmopressin tests that later had positive responses during follow-up experienced recurrence. In these patients, the positive desmopressin tests preceded frank recurrence by years (81). Thus, a positive desmopressin test may serve as an earlier marker of recurrence in the follow-up of CD patients achieving remission following transsphenoidal resection.





Combination tests

For patients with ACTH-depending Cushing’s syndrome, determining the origin of ACTH secretion can be challenging. Although there are many diagnostic tests, the overlapping biochemical features between CD and ectopic ACTH syndrome (EAS) prevent any one biochemical test from exhibiting complete specificity. The most commonly used algorithm utilizes a 2-step strategy in which dynamic biological testing is evaluated in combination with a pituitary MRI (82). In general, if there is no evidence of a pituitary adenoma > 6 mm in diameter on MR imaging or if the results of biochemical testing are inconclusive, BIPSS may be performed. Another strategy, used in specialized centers, is to directly perform BIPSS, considering the limitations of dynamic tests. BIPSS is considered the “gold standard” diagnostic procedure for identifying CD, as it has a sensitivity and specificity of 94% (83). Still, the diagnostic test has limitations: BIPSS is an invasive procedure with associated risks and its availability varies. Moreover, false negatives may occur in individuals with variations in the venous anatomy of the petrosal sinuses and in patients with cyclical CS (83, 84). As such, noninvasive diagnostic strategies that combine multiple biochemical analyses with imaging studies have been of interest and can reduce the need for BIPSS in a subset of patients (83). The diagnostic accuracies of such strategies are summarized in Table 2 (33, 83, 85–87).


Table 2 | Summary of non-invasive strategies and reported diagnostic accuracies for differentiating Cushing’s Disease and ectopic ACTH syndrome (33, 83, 85–87).



A recent study by Frete et al. investigated the diagnostic utility of combining the CRH and desmopressin stimulation tests with pituitary MR imaging to differentiate CD from EAS, finding that CD was detected with greater sensitivity and specificity than either test in isolation. In this analysis, a relative increase in cortisol >17% and an increase in ACTH > 37% in response to CRH stimulation was considered indicative of CD. A desmopressin stimulation test yielding a relative cortisol increase >18% and ACTH increase >33% was considered consistent with CD. All patients had a pituitary MRI. In cases in which biochemical and imaging results were discordant, or if the tests were indicative of EAS, a thin-slice whole body computed tomography (CT) scan was performed prior to BIPSS. When analyzed in isolation, the CRH stimulation test exhibited a sensitivity and specificity of 83%. The desmopressin stimulation test demonstrated a sensitivity of 85% and specificity of 81%. Combining the results of the two biochemical assays, the specificity increased to 93% with a positive predictive value (PPV) of 98%. Incorporating the results of imaging studies improved the PPV further: the PPV for CD was 100% in patients with positive responses to the CRH and desmopressin tests who had MRI findings indicative of a pituitary adenoma. Similarly, there was a 100% PPV for CD in patients whose CRH and desmopressin tests yielded positive responses and whose imaging studies showed a negative pituitary MRI and negative whole-body CT. In addition, there was a 100% negative predictive value (NPP) for CD in patients with negative responses to the CRH and desmopressin tests, negative pituitary MRI, and a CT scan positive for EAS. Thus, in these groups, BIPSS becomes unnecessary, allowing the procedure to be avoided in 47% of patients with ACTH-dependent Cushing’s syndrome (86).

Another study by Barbot et al. found that combining the results of a patient’s CRH stimulation test and dexamethasone 8 mg overnight suppression test (HDDST) allowed clinicians to distinguish CD from EAS more reliably. In this study, a CRH stimulation resulting in an increase in ACTH >72% and a HDDST resulting in a decrease in cortisol by >52.7% were considered positive for CD. When the results of these two tests were assessed in series, two positive tests were 75.6% sensitive for diagnosing CD and two negative tests were 100% sensitive for identifying EAS. None of the analyzed cases of EAS yielded positive results in both tests and 5.6% of cases of CD demonstrated negative results in both tests. The authors suggested that by combining the CRH stimulation test with the HDDST, patients with a positive result in both tests may not require BIPSS (87).

Lastly, concordant positive responses to dynamic testing may be sufficient to diagnose CD, irrespective of MRI findings. A recent study by Ferrante et al. found that, among patients with negative pituitary MR imaging (undetectable or detectable lesion <6 mm), a positive response to the CRH test, HDDST, and desmopressin test was present in 89.4% of patients. A concordant positive response to both the CRH test and HDDST or the CRH test and desmopressin test had a positive predictive value of 100% for the diagnosis of CD. Thus, the authors suggest that, even in patients with negative pituitary MRI findings, concordant positive response to noninvasive dynamic tests is sufficient to diagnose CD and that BIPPS can be reserved for cases in which responses are discordant (88).





Advances in imaging techniques

The available non-invasive diagnostic tests for CS are divided into two major categories based on anatomical imaging, which provides morphological information, and molecular positron emission tomography (PET) imaging, which provides functional and morphological information when combined with CT or MRI.

Anatomical imaging modalities, including CT and MRI, rely on high resolution and intravenous contrast information, yielding differential enhancement between native glands (pituitary or adrenal) and the adenomas. The detection rates are higher in lesions larger than 1 cm, but there is a chance that these diagnostic tests may fail if the lesions are too small or do not reveal discrete contrast information due to aberrant vascularity. MRI has inherently high spatial and soft tissue contrast compared to CT and is the workforce for pituitary adenomas. In adrenal gland imaging, CT is commonly preferred over MRI due to wide availability, and fast acquisition.

A standard pituitary MRI protocol on a 3T magnet includes dynamic T1W image acquisition which has a limitation of 6 mm for minimal lesion size detection. Conversely, postcontrast Golden-Angle Radial Sparse Parallel (89) sequencing obtained on a 3T magnet is well suited to achieve submillimetric (aproximately 0.8 mm) isotropic voxel resolution during a 180- second scan timeframe (90). Temporal resolution is reconstructed to 20 seconds per frame, allowing for the dynamic view of contrast information. Besides the qualitative evaluation, quantitative analysis can be achieved by postprocessing the permeability maps extracted from the GRASP data. A region-of-interest (ROI) is drawn to generate corresponding time-dependent enhancement curves, differentiating microadenomas from non-functional cysts or macroadenomas from hyperplasia of the gland. Despite all the advancement in pituitary MRI, up to 40% of cases are “MR imaging–negative”. A further consequence of this is the unknown CD-free prognosis in those patients, even if further diagnostic studies such as BIPPS are carried-out and lead to surgical operation (91).

Contrast-enhanced MRI has a sensitivity of 50% to 60% and a PPV of 86% for detecting adrenocorticotropin-secreting pituitary tumors (33). In up to 90% of cases, CD is caused by microcorticotropinoma, with the majority being less than 6 mm in size, which could be a limitation of MRI tissue resolution. Further, MRI cannot distinguish non-functional pituitary adenomas from functional adenomas in the case of solid enhancement. In MRI negative CD, BIPSS has excellent accuracy in differentiating ectopic from a pituitary source of ACTH production, but the PPV for corticotropinoma lateralization is 60% - 70% (92), leading to only 45% curative rates (93). In fact, with the currently available advanced diagnostics, there is a 30% to 40% risk of failure to detect a pituitary microadenoma, negatively effecting the intraoperative yield for selective pituitary adenomectomy.

Moreover, with innovations in PET detector technology and image reconstruction algorithms, there have been an increasing number of reports using PET for pituitary adenoma. Molecular PET imaging is well-suited to address the shortcomings of MRI and BIPSS, providing highly sensitive functional information. Molecular PET can be performed as PET/CT or PET/MRI. The latter is preferred for pituitary gland evaluation, as it provides volumetric MRI coregisteration, achieving subcentimeter tissue resolution and excellent diagnostic lesion localization. Though earlier studies investigated the detection of pituitary adenomas using 18F-fluorodeoxy-glucose (FDG), pituitary FDG-uptake was shown to be dependent on secretory activity, leading to diurnal variation and reduced sensitivity (94). More recent studies have primarily focused on using amino acid analogues such as 11C-Methionine (MET) and 18F-Fluoroethyl-L-tyrosine (FET) or 68Ga-Corticotrophin Releasing Hormone (CRH) as suitable radiopharmaceuticals.

Aside from practical differences, both methionine and fluoroethyltyrosine are taken up at sites of peptide synthesis, possibly via the same l-type amino acid transporter (LAT1). Early studies confirmed increased 11C-MET uptake in most types of pituitary adenomas and several groups have demonstrated the utility of MET PET/MRI to localize small corticotroph adenomas (95). However, 11C-MET PET has a significant limitation of a short half-life (~ 20 min), which necessitates on-site cyclotron availability. In contrast, 18F-FET PET with its longer half-life (~ 110 min) can be synthesized and then transported to off-site centers. Though only small cohorts of patients have been studied with these radiopharmaceuticals, the sensitivity and specificity for FET-PET/MRI for tumor localization was 100% (95% CI 66.37-100%) with histopathology comparison (95, 96). Further, somatostatin-based radiotracers such as 68Ga-DOTATATE combined with PET/CT or PET/MRI improves the detection and localization of ACTH-secreting tumors, and may be particularly useful for localizing ectopic ACTH-secreting lesions (97) (98)

CRH is the major regulator of ACTH secretion from the adenohyphysis and acts via CRH-1 receptors. The receptor expression status is retained in autonomous corticotropinomas, which is the target for 68Ga-CRH PET. In modern PET scanners, the molecular PET are combined with either CT (PET/CT) or MRI (PET/MRI). 68Ga- CRH PET/MRI in particular may provide a one-stop shop for functional and morphological assessment of pituitary adenomas.

In a recent study published by Walia et al. (99), 68Ga-CRH PET/CT correctly detected corticotropinoma in all 24 cases of CD, all of which were confirmed on histopathology. The advantage of 68Ga-CRH PET imaging is that it provides a global view of not only the pituitary but the whole body, including the adrenal glands. It can detect any ectopic ACTH-secreting lesions (e.g., lungs) and adrenal gland abnormalities such as adenomas that may not be detected otherwise. The same authors showed that only 10/24 patients with CD had adenomas < 6 mm in size and in only 4/10 was a lesion not visualized on MRI. Larger validation studies are needed to further assess the value of 68Ga-CRH PET imaging beyond MRI-negative or MRI-inconclusive CD. The potential utility in early recurrence, metastatic disease and identifying the mechanisms of lack of treatment response is yet to be elucidated.

Lastly, there is growing interest in using artificial intelligence (AI), specifically machine learning and deep learning algorithms, as a diagnostic tool for imaging analysis to enhance tumor assessment and improve diagnostic accuracy. AI has already demonstrated success in brain tumor MRI radiomic analysis, accurately differentiating between pituitary tumors (100, 101). While several studies have used AI to predict post-operative outcomes in patients with Cushing’s disease (102–104), there is little data on preoperatively differentiating pituitary neuroendocrine tumors using radiomics. Similarly, several studies have used texture analysis to differentiate benign and malignant adrenal lesions (105, 106), but these methods have not yet been applied to identify cortisol hypersecretion in adrenal incidentalomas. Still, this is an interesting area of future study.





Discussion

The diagnosis of endogenous CS is fraught with challenges, including differentiating it from related conditions such as nonneoplastic hypercortisolism and accurately making the diagnosis in patients with cyclic hypercortisolemia or certain patient populations like pregnant women and those with renal disease. To mitigate these challenges, several new diagnostic methods and imaging modalities have emerged within the literature. Each aims to improve diagnostic accuracy, limit the need for invasive diagnostic tests, and allow for prompt diagnosis and treatment, reducing the impact of CS on related comorbidities and limiting long-term disease morbidity and mortality risk (8, 10).

Emerging modalities such as hair cortisol and cortisone measures and desmopressin stimulation testing may diagnose endogenous CS with higher accuracy, overcoming some of the limitations of traditional biochemical testing. In addition, hair cortisol and cortisone measures are especially useful for the diagnosis cyclic-CS. The desmopressin stimulation test is thought to be particularly useful for differentiating endogenous CS from nonneoplastic hypercortisolism. It has also been suggested to serve as a prognostic marker of long-term risk of recurrence and as a useful early marker of recurrence during long-term follow-up.

However, further efforts are required to improve and standardize the methods for extracting and measuring hair cortisol and cortisone levels, as protocols vary globally. In addition, studies comparing the accuracy of immunoassay and mass spectrometry techniques are needed (107); though immunoassays are relatively easy and inexpensive, they are an indirect measurement and prior studies comparing the two techniques have demonstrated differences in accuracy (108). Interestingly, multiple other steroid hormones can simultaneously be measured in scalp hair using LC-MS/MS based techniques (109). To what extent these steroid profiles may also contribute to the diagnosis of CS or other steroid hormone-related diseases needs further investigation.

Further, there is variability in the reported sensitivity and specificity of the desmopressin stimulation test depending on cut-off values used for peak ACTH and serum cortisol levels. Future studies should examine optimal cut-off values to maximize diagnostic accuracy, improve comparability between studies, and facilitate clearer result interpretation.

After confirming the diagnosis of CS, distinguishing between CD and ectopic ACTH secretion poses distinct challenges, with no single test demonstrating absolute specificity. In effort to improve noninvasive diagnostic accuracy, combining biochemical assays such as the CRH and desmopressin stimulation tests with imaging studies can reduce the need for BIPSS in a subset of patients. Studies have demonstrated high sensitivity and specificity, allowing for the avoidance of BIPSS in up to 47% of patients with ACTH-dependent Cushing’s syndrome (86). However, though combining the desmopressin test with CRH has been previously suggested to improve the test’s ability to diagnose ACTH-dependent CS, the performance of this combined test has not been reliability demonstrated (57).

Further, use of molecular PET imaging for pituitary adenoma may diminish the shortcomings of traditional pituitary MRI and invasive diagnostic methods such as BIPSS. Few, small cohort studies have demonstrated increased 11C-MET and 18F-FET uptake in pituitary adenomas, which may have utility in detecting small corticotroph adenomas (95, 96). However, uptake of amino-acid analogue radiopharmaceuticals is not specific to corticotropinomas. In contrast, 68Ga-CRH PET imaging is specific to ACTH-secreting lesions and allows for both morphological and functional assessment of pituitary adenomas, while also allowing for detection of ectopic ACTH-secreting lesions elsewhere in the body.

While not covered at length in this manuscript, identifying patients to screen for Cushing’s syndrome is a challenging task as the clinical presentation is variable, and many features are commonly found in the general population. Clinical scoring systems have the potential to serve as valuable and straightforward diagnostic tools for assisting in the identification of at-risk patients. Several clinical scores for Cushing’s syndrome have been published, the first of which was developed in 1964 by Nugent et al. (110) but was not widely adopted into clinical practice due to concerns regarding a high number of false negatives. More recent clinical scoring systems have demonstrated improved sensitivity but specificity is not satisfactory, such that patients require additional biochemical testing for diagnostic confirmation or exclusion (111, 112). For example, the “Cushing score” developed by Parasiliti-Caprino et al. aims to distinguish patients with a high- versus low-pretest probability of CS based on baseline clinical features (e.g., facial fullness, hirsutism, obesity, hypertension) with an AUC of 0.87 (sensitivity 96.2%, specificity 82.9%) (112). Given the heterogenous nature of CS, it is unclear if any current clinical scoring model can accurately identify high-risk patients. as recent scoring systems have not been externally validated. Still, they may serve as useful guides, particularly for primary care physician. Additional validation studies in the future could enhance their utility (113, 114).

The emerging diagnostic methods discussed here may help mitigate the limitations of traditional methods used to diagnose CS and improve diagnostic accuracy while reducing burden and risk to patients. Still, many of these methods are relatively new and the diagnostic accuracies and limitations of each have yet to be fully elucidated. Larger, multiinstitutional validating studies are warranted. Further, additional studies to clarify optimal protocols and cut-off values are necessary to improve comparability between studies. Standardization may help improve the ease of which test results are interpreted as well as provide a basis for future societal diagnostic guidelines. Nevertheless, availability of the resources necessary to carry out these novel techniques are likely to vary significantly between institutions and the feasibility and cost-effectiveness of routine implementation of these methods into diagnostic algorithms is unclear.

In conclusion, there are several novel biochemical and imaging techniques that hold potential to transform the diagnostic work-up of CS, addressing many of the short-comings of traditional diagnostic tests. Nonetheless, the diagnosis of CS remains complex. As the diagnostic accuracy and feasibility of these innovative modalities continue to be studied, patients at specialized institutions for whom diagnostic uncertainty persists despite traditional work-up may benefit from the novel diagnostic methods described.
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