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Purpose of review

To analyze the benefits and potential drawbacks of unilateral adrenalectomy (UA) for the treatment of patients with Primary bilateral macronodular adrenal hyperplasia (PBMAH) and hypercortisolism with either overt or subclinical Cushing's syndrome (CS).

Recent findings. Unilateral adrenalectomy has progressively emerged as an interesting

treatment for PBMAH as it offers a high rate of remission of CS, even in patients with free urinary cortisol well above 2 times the upper limit of normal. UA carries a risk for secondary adrenal insufficiency, which cannot be properly identified by the cosyntropin test, but is both limited and transient. This makes it an attractive alternative to bilateral adrenalectomy (BA), which condemns the patient to total and definitive primary adrenal insufficiency and a risk for adrenal crisis. Recently however the issue has been raised of a potential risk of mortality in UA patients, linked to persistent dysregulated secretion of cortisol or recurrence.

Summary Further studies are necessary to better compare the long term risks of dysregulated secretion of cortisol with UA vs adrenal insufficiency in BA. Up to now the clinician has to remember that UA can be transformed in BA, while the opposite is impossible.

Introduction

Primary bilateral macronodular hyperplasia (PBMAH) is a disease of the adrenal cortex that affects both adrenal glands, leading to a progressive enlargement of the adrenals and an increase in their secretion of cortisol, which is independent of pituitary ACTH.

The clinical impact of PBMAH is the consequence of chronic dysregulated secretion of cortisol, which first results in subclinical Cushing's syndrome (SCS), that can develop in overt Cushing's syndrome (OCS) generally after the 4 th decade. Although elegant, the pharmacological therapeutic strategy based on antagonizing activation of abnormally expressed receptors [START_REF] Lacroix | Ectopic and abnormal hormone receptors in adrenal Cushing's syndrome[END_REF] is rarely effective and tolerated on long term, and there are few reports on prolonged pharmacological inhibition of either cortisol synthesis or action, so that therapeutic choices are mainly between bilateral adrenalectomy (BA), unilateral adrenalectomy (UA), or observation. Bilateral adrenalectomy (BA) terminates cortisol hyper secretion but exposes the patient to the morbi-mortality of total and definitive primary adrenal insufficiency. In this review we will focus on the benefits and potential drawbacks of UA.

physiopathology of secretion and proliferation of PBMAH cells.

Primary bilateral macronodular hyperplasia (PBMAH) has a likely genetic origin, that has already been established in 25-50% of the cases, related to germinal mutations in ARMC5 [START_REF] Assie | ARMC5 mutations in macronodular adrenal hyperplasia with Cushing's syndrome[END_REF].

The adrenals of patients with PBMAH show two major differences with normal adrenals: a progressive enlargement, with the development of hyperplasia and multiple nodules over time, and a capacity to secrete cortisol in the absence of pituitary ACTH. In patients with ARMC5 mutations adrenal enlargement is at least partially explained by an anti apoptotic effect of the mutated ARMC5 gene, which behaves as a tumor suppressor gene: the inherited germinal mutation is believed to be responsible for hyperplasia whereas the somatic mutations would be reponsible for nodule development, both generating ultimately sufficient cell mass for hypersecretion [START_REF] Assie | ARMC5 mutations in macronodular adrenal hyperplasia with Cushing's syndrome[END_REF]. Pituitary independent cortisol secretion by PBMAH cells is dependent on activation of abnormally expressed receptors [START_REF] Lacroix | Ectopic and abnormal hormone receptors in adrenal Cushing's syndrome[END_REF], and intra adrenal secretion of ACTH [START_REF] Louiset | Intraadrenal corticotropin in bilateral macronodular adrenal hyperplasia[END_REF]. Interestingly, and counter intuitively, adrenocortical cells of PBMAH patients have a much lower cortisol synthesis activity than normal adrenocortical cells [START_REF] Assie | Systematic analysis of G protein-coupled receptor gene expression in adrenocorticotropin-independent macronodular adrenocortical hyperplasia identifies novel targets for pharmacological control of adrenal Cushing's syndrome[END_REF]. Accordingly pathogenic mutations of ARMC5 in PBMAH decrease, rather than increase, the secretion of cortisol [START_REF] Assie | ARMC5 mutations in macronodular adrenal hyperplasia with Cushing's syndrome[END_REF], which might appear paradoxical in a disease responsible for hypersecretion of cortisol. However it can be understood by considering that the number of adrenocortical cells progressively increases in PBMAH so with time the added secretions of a high number of low producing cortisol cells eventually exceeds the secretion of a normal adrenal, which suppresses pituitary ACTH production. As PBMAH cells can continue to secrete cortisol despite suppression of pituitary ACTH, hypercortisolism develops. It is important to note that, at the time when hypercortisolism appears, the size of PBMAH adrenals exceeds by far the size of normal adrenals, with each PBMAH adrenals usually much larger than 2 normal adrenals.

Finally one has to note that, although cortisol secretion of PBMAH cells is independant of pituitary ACTH in the sense that it can continue despite suppression of pituitary ACTH, it is actually quite sensitive to stimulation by ACTH. This is shown by the good response of PBMAH patients to the cosyntropin test (4), even if this response remains low for cell mass, which is explained by low expression of MC2R and steroidogenic enzymes [START_REF] Antonini | Expression of ACTH receptor pathway genes in glucose-dependent insulinotrophic peptide (GIP)-dependent Cushing's syndrome[END_REF].

Secretion of the remaining PBMAH gland after Unilateral adrenalectomy (Figure 1)

These characteristics of PBMAH cells help understand the unique situation of a PBMAH patient with overt Cushing's syndrome right after unilateral adrenalectomy: the patient is left with a large adrenal, but, due to previous long-standing suppression by hypercortisolism his pituitary ACTH secretion is suppressed, so this large adrenal can only secrete its dysregulated, pituitary ACTH independant, cortisol secretion. This secretion might be insufficient at morning or during stress conditions, resulting in secondary adrenal insufficiency , although it might at the same time exceed normal values during evening and the first part of the night. The patient is then expected to progressly recover pituitary ACTH secretion, resulting in normal cortisol values at morning and during stress conditions and remission of adrenal insufficiency but he is not likely to recover a normal circadian rythm and he may keep inappropriate levels of cortisol during evening and night, similar to what is encountered in patients with subclinical Cushing's syndrome (SCS) or in any kind of Cushing's syndrome treated by drugs that inhibit cortisol secretion. Finally, the patients' remaining adrenal might enlarge with time, carrying the prospect for recurrence of Cushing's syndrome.

In PBMAH patients without overt Cushing's syndrome who present with dysregulated cortisol secretion or "subclinal Cushing's syndrome" UA is also suppose to reduce cortisol secretion by at least 50%. If ACTH secretion is suppressed before UA the frequency of post operative AI is expected to be higher than in overt Cushing's syndrome as the remaining adrenal secretion is expected to be lower, but one might expect a more rapid recovery of pituitary ACTH secretion.

With this complex physiopathology in mind the rationale of UA for the treatment of overt hypercortisolism linked to PBMAH is the following: removing one of the 2 adrenals should diminish global cortisol production enough to eliminate the clinical consequences of hypercortisolism, while keeping a cortisol production sufficient to prevent adrenal insufficiency. Finally the remaining adrenal should not progress so that there is no recurrence of hypercortisolism.

In this review we will analyze the results of UA in PBMAH with the aim to compare them to the results of the main alternative therapy, bilateral adrenalectomy (BA). The results of BA are easier to describe: total and definitive primary adrenal insufficiency, a condition which imposes life long substitution and has its own morbidity and mortality [START_REF] Bergthorsdottir | Premature mortality in patients with Addison's disease: a population-based study[END_REF], even in educated patients [START_REF] Hahner | High incidence of adrenal crisis in educated patients with chronic adrenal insufficiency: a prospective study[END_REF] and even in 2018 [START_REF] Hahner | Acute adrenal crisis and mortality in adrenal insufficiency: Still a concern in 2018![END_REF] .

Unilateral Adrenalectomy for treatment of overt hypercortisolism (Table 1)

The rationale of UA for the treatment of overt hypercortisolism linked to PBMAH is based on the assumption that removal of one of the 2 adrenals will diminish global cortisol production enough to bring it back to normal levels and this would induce clinical remission of Cushing's syndrome. Ideally cortisol production by the remaining adrenal would be sufficient to prevent adrenal insufficiency, and finally the remaining adrenal would not progress so that there is no recurrence of hypercortisolism.

We will thus analyze the published reports on UA in PBMAH with overt Cushing's syndrome with 3 questions in mind 1) is removal of one adrenal sufficient to normalize cortisol production? (primary efficacy of UA)

2) is the remaining adrenal sufficient to prevent AI? (short term morbidity of UA)

3) can the remaining adrenal be responsible for recurrence of Cushing's syndrome or at least subclinical Cushing's syndrome (long term morbidity of UA)? UA has been reported since 1996 in several studies, including case reports and small size series, which are listed in Table 1 [START_REF] Li | Diagnosis and treatment of adrenocorticotrophic hormoneindependent macronodular adrenocortical hyperplasia: A report of 23 cases in a single center[END_REF][START_REF] Tanaka | Retention of aberrant cortisol secretion in a patient with bilateral macronodular adrenal hyperplasia after unilateral adrenalectomy[END_REF] [START_REF] Osswald | Long-Term Outcome of Primary Bilateral Macronodular Adrenocortical Hyperplasia After Unilateral Adrenalectomy[END_REF] and on which we will base our analysis.

Primary efficacy of UA

The primary efficacy of UA is rather satisfying: overall normalization of urinary free cortisol (UFC) has been reported in 91% of the cases, and disappearance or at least significant improvement of CS in 81% of the case. Such good results are often surprising to many clinicians who have a tendency to believe that in PBMAH patients UA would only normalize UFC if UFC is below 2 times the normal range. Our analysis clearly shows that this "2 times the normal limit" rule is not true : although we did not have access to all the individual data of the patients described in these studies, we do list in Table 1 all the UFC values that are available in the articles and it is clear that most patients with a UFC over 2 ULN were controlled. If we consider the 36 patients controlled by UA who had available individual pre-operative UFC data reported, 21 patients (58%) have a UFC above 2ULN. We believe that the explanation for the efficacy of UA even in patients with a UFC above 2ULN is firstly that UA of the larger adrenal removes more than 50% of the production of cortisol and secondly that even if UA was removing only 50% of cortisol production in patients with 2 adrenals of similar size, a 50% reduction of cortisol production is expected to reduce UFC by more than 50%, as UFC is not linear to cortisol production, as discussed in [START_REF] Debillon | Unilateral Adrenalectomy as a First-Line Treatment of Cushing's Syndrome in Patients With Primary Bilateral Macronodular Adrenal Hyperplasia[END_REF].

Short term morbidity of Unilateral Adrenalectomy: adrenal insufficiency

The frequency of AI after UA is significant: 37%, which further demonstrates that despite being much larger than a normal adrenal, the remaining large hyperplastic adrenal in a PBMAH patient treated by UA may not be able to secrete as much cortisol as a normal adrenal. It should be noted that unlike AI after BA AI after UA is a secondary adrenal insufficiency, due to previous suppression of pituitary ACTH by hypercortisolism, and it does not last long : the median of recovery is 3 months in the Munich study [START_REF] Osswald | Long-Term Outcome of Primary Bilateral Macronodular Adrenocortical Hyperplasia After Unilateral Adrenalectomy[END_REF], where it is elegantly demonstrated that recovery of AI after UA for PBMAH is much faster than in UA for a unilateral cortisol producing adenoma (CPA) (18 months) . This fast recovery of AI after UA for PBMAH is very likely due to the recovery of ACTH secretion, acting on an adrenal which is not hypotrophic, unlike the controlateral adenoma of a a patient operated by UA for a CPA.

The other important difference of AI in UA vs BA in PBMAH is that with BA the AI is not only definitive, but also total, with both cortisol and aldosterone deficiency whereas with UA AI is only a secondary cortisol deficiency.

In conclusion UA in PBMAH can be complicated by post operative AI, but this is a secondary, incomplete and transient AI. It still needs to be diagnosed and treated in the immediate post operative period and regarding diagnosis there is an important point : the cosyntromin test does not appear to be appropriate for diagnosis of AI after UA for PBMAH patient, as the remaining adrenal might be both insufficient but still sensitive to ACTH, allowing a "normal" cortisol response to this test although the pituitary ACTH deficient patient will not be able to stimulate his adrenal (see the case report in ( 21)).

So AI diagnosis should be based either on a low 8 am cortisol levels or on the response to a test that explores pituitary fonction such as insulin-induced hypoglycemia test.

Long term morbidity of Unilateral Adrenalectomy: sub clinical Cushing's, recurrence and mortality

Although UA appears to have a good primary efficiency with a limited incidence of partial and transient post operative AI there is some concern regarding the long term outcome of patients. First there is a risk for recurrence, which is not surprising as the remaining adrenal is still a pathological adrenal, which might be expected to continue to increase both in size and in cortisol secretion. Although increase in size is rarely reported, increase in cortisol secretion leading to recurrency of CS have been reported, with widely difference in frequency, as high as 71% in the Italian Padua study (22), as low as 13% in the multicenter French study [START_REF] Debillon | Unilateral Adrenalectomy as a First-Line Treatment of Cushing's Syndrome in Patients With Primary Bilateral Macronodular Adrenal Hyperplasia[END_REF] whereas in the Munich study [START_REF] Osswald | Long-Term Outcome of Primary Bilateral Macronodular Adrenocortical Hyperplasia After Unilateral Adrenalectomy[END_REF], only 12% of the patients needed a controlateral adrenalectomy for either recurrence or persistance but 33% of the patients treated by UA experienced on long term recurrence in hypercortisolism defined by an elevation of UFC. This underlines a major question for the follow-up of these patients, who have a remaining adrenal that does not have a proper circadian rythm, a little similar to what has been described in patients with pituitary ACTH independant cortisol secretion by a unilateral cortisol secreting adrenal adenoma, diagnosed mostly as an incidentaloma, in whom the question of increased mortality has been raised by several retrospective studies, including 2 major studies [START_REF] Debono | Cortisol as a marker for increased mortality in patients with incidental adrenocortical adenomas[END_REF][START_REF] Dalmazi | Cardiovascular events and mortality in patients with adrenal incidentalomas that are either non-secreting or associated with intermediate phenotype or subclinical Cushing's syndrome: a 15-year retrospective study[END_REF]. In this light the recent results of the Munich study are worrysome [START_REF] Osswald | Long-Term Outcome of Primary Bilateral Macronodular Adrenocortical Hyperplasia After Unilateral Adrenalectomy[END_REF], as they report 3 deaths in the follow up of 25 PBMAH patients treated by UA vs no death in 9 PBMAH patients treated by BA. Of note this article does not provide the stasticial analysis to compare these 2 groups as they curiously provide instead a statistical analysis on the comparison of the 25 PBMAH patients treated by UA to a composite group including not only the 9 PBMAH patients treated by BA, but also 39 patients with an other adrenal disease: CPA. So that we learn that CPA patients treated by UA have a better outcome than PBMAH patients treated by UA but this is not the issue when you have to decide how to treat a PBMAH patient, who cannot be transformed in a CPA patient. It should also be noted that the 3 deaths reported in the Munich study were all in patients with biological hypercortisolism, but it is not clear whether these were patients with a recurrence or patients not in remission after UA. Finally it must also be noted that in the Munich study 38% of the PBMAH patients treated by BA had an adrenal crisis per year, whereas as expected no adrenal crisis occured in the patients treated by UA.

Unilateral Adrenalectomy for treatment of subclinical hypercortisolism (Table

2)

We decided to analyze separately the reports on treatment by UA of PBMAH patients with no overt Cushing's syndrome. Some of these patients are present in the studies already mentionned ( 15), ( 12),( 22) while some studies specifically target PBMAH patients with no overt Cushing's syndrome [START_REF] Ogura | Unilateral adrenalectomy improves insulin resistance and diabetes mellitus in a patient with ACTH-independent macronodular adrenal hyperplasia[END_REF][START_REF] Vezzosi | Familial adrenocorticotropin-independent macronodular adrenal hyperplasia with aberrant serotonin and vasopressin adrenal receptors[END_REF], the largest series being greek [START_REF] Perogamvros | Biochemical and Clinical Benefits of Unilateral Adrenalectomy in Patients with Subclinical Hypercortisolism and Bilateral Adrenal Incidentalomas[END_REF] .

Efficacy of UA in PBMAH patients with no overt Cushing's syndrome can be evaluated by analyzing the evolution of comorbidities usually associated with subclinical Cushing's / autonomous cortisol secretion (31): hypertension, glucose intolerance and diabetes, dyslipidemia, obesity, osteoporosis. Table 2, which relies mostly on the greek study [START_REF] Perogamvros | Biochemical and Clinical Benefits of Unilateral Adrenalectomy in Patients with Subclinical Hypercortisolism and Bilateral Adrenal Incidentalomas[END_REF] shows that after UA for PBMAH there is some normalization of cortisol secretion abnormalities and some improvement in these comorbidities, with a relatively high rate of adrenal insufficiency (50%).

How to choose which adrenal should be removed

For patients with either overt or subclinical Cushing's syndrome if UA is decided it seems logical to try to remove the adrenal that secretes the most, in order to maximize the chance of remission, even if it might increase the chance of post operative AI. The explorations available to evaluate pre operatively which adrenal secretes the most includes the size of the adrenals at CT scan, the intensity of fixation at iodine 131noriodocholesterol, while some also advocate bilateral adrenal veinous sampling (AVS) [START_REF] Ueland | Adrenal Venous Sampling for Assessment of Autonomous Cortisol Secretion[END_REF]. The criteria for choosing the side of adrenalectomy are not always detailed in all the studies who often combine different procedures, as in [START_REF] Osswald | Long-Term Outcome of Primary Bilateral Macronodular Adrenocortical Hyperplasia After Unilateral Adrenalectomy[END_REF]. In [START_REF] Lamas | Is unilateral adrenalectomy an alternative treatment for ACTH-independent macronodular adrenal hyperplasia?: Long-term follow-up of four cases[END_REF][START_REF] Iacobone | Adrenal Cushing's syndrome due to bilateral macronodular adrenal hyperplasia: prediction of the efficacy of beta-blockade therapy and interest of unilateral adrenalectomy[END_REF][START_REF] Ogura | Unilateral adrenalectomy improves insulin resistance and diabetes mellitus in a patient with ACTH-independent macronodular adrenal hyperplasia[END_REF][START_REF] Perogamvros | Biochemical and Clinical Benefits of Unilateral Adrenalectomy in Patients with Subclinical Hypercortisolism and Bilateral Adrenal Incidentalomas[END_REF] the choice was always to remove the larger gland on CT. In the french multicenter study the choice of the adrenal removed was always the larger on CT and primary efficacy of UA was 100% in 15 patients [START_REF] Debillon | Unilateral Adrenalectomy as a First-Line Treatment of Cushing's Syndrome in Patients With Primary Bilateral Macronodular Adrenal Hyperplasia[END_REF]. In this study 8 patients were also explored by iodine 131noriodocholesterol scintigraphy and in all 8 patients the adrenal with the maximum uptake of 131 iodo cholesterol was always the larger on CT scan. In (22) the choice was also based on the larger gland on CT but when the sizes of the 2 adrenals were equal it was based on the gland with the higher iodine 131-noriodocholesterol uptake. In the study by Ueland AVS is supposed to be the gold standard, however 5 patients with no lateralization of cortisol secretion at AVS were treated by UA with removal of the larger gland at CT, and from the data presented in this study one can conclude that at least 4 were in remission post operatively [START_REF] Ueland | Adrenal Venous Sampling for Assessment of Autonomous Cortisol Secretion[END_REF]. So in conclusion it appears that in most cases the adrenal removed was the larger on CT scan.

Conclusion

The clinician in charge of a patient with PBMAH faces a difficult choice, as he may choose two different solutions which have their own benefits and drawbacks (Figure 3 and4) .

If the patient has overt Cushing's syndrome he can either choose UA, which has a rate of primary success around 85%, even in patients with UFC above 2 ULN, with a 37% risk of transient and incomplete (secondary) AI which means the patient has a high chance of clinical improvement, with either no medical treatment or only substitutive therapy for some months. However this patient may be at risk for recurrence and long term complications of dysregulated cortisol secretion, so it is essential that the patient agrees with a long term follow-up, which can result in a decision of controlateral adrenalectomy. If the the clinican rather chooses BA the primary sucess is 100% and the risk for recurrence virtually inexisent (there was one case of recurring nodule after BA in ( 25)) but the patient will need life time substitutive therapy and he will be exposed to the risk of adrenal crisis, which can result in mortality. One can also add that even in BA patients there might be some long term cardiovascular morbi-mortality if substitutive therapy brings too much glucocorticoids.

As long as there is no prospective randomized trial comparing not only the short but also the long term outcomes of UA and BA in PBMAH the clinician will have to discuss with the patient the benefits and drawbacks of both strategies and he will need to be sensitive to the patients preferences. It is wise to note that UA can always be transformed in BA while the opposite is obviously impossible.

In PBMAH patients with no overt Cushing's syndrome but only autonomous cortisol secretion/SCS it seems to us that the drawbacks of BA, life long substitutive therapy and risk for adrenal crisis, would outweigh its benefits and we would favor UA, although in patients with no metabolic or cardiovascular comorbidities there can be a case for observation as UA will carry a relativey high risk of post operative AI . Title and Legends of the Figure The effect of UA can be compared to a travel back to the time when the patient had the same adrenal mass with 2 adrenals than with one adrenal after UA, except that he will keep a suppressed ACTH, which can be responsible for post operative secondary adrenal insufficiency. 
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 1 Figure 1 Schematic representation of the development of hypercortisolism in PBMAH and the effects of UA in patients with overt Cushing's syndrome.
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 2 Figure 2 Schematic representation of the development of hypercortisolism in PBMAH and the effects of UA in patients with subclinical Cushing's syndrome.
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 34 Figure 3 Pros and cons of UA in PBMAH patients with overt Cushing's syndrome Figure 4 Pros and cons of UA in PBMAH patients with subclinical Cushing's syndrome

Table 1

 1 Studies on PBMAH patients with overt hypercortisolism treated by Unilateral

	Adrenalectomy								
	Study	n Norm	pre operative	pre operative	Post	Improve	recurrenc	Death	follow-up
			alisat	UFC	of	UFC of non	opera	ment CS	e of CS		(yrs)
			ion	normalized		normalized	tive		requiring	
			UFC	patients		patients	Adren		reinterve	
			or AI	(ULN)			al		ntion	
							insuffi			
							ciency			
	(9)	1 1	4,0		-	0	1	0	0	10 yrs
	(10)	1 1	NR		-	ND	1	0	0	ND
	(11)	1 1	NR		-	1	1	0	0	2,25
	(12)	4 4	1.1;1.1; 2.4;	-	2	4	0	0	6,6
				3.0						
	(13)	1 1	2.8		-	1	ND	0	0	0,7
	(14)	1 1	14.6		-	1	1	0	0	1,7
	(15)	7 6	1.2;1.4		6.6	3	6	0	0	4,4
				3.8;5.6;						
				7.6;14.2						
				(average						
				5.6)						
	(16)	1 1	5.7		-	0	1	0	0	7
	(18)	1 1	NR		-	0	1	0	0	2yrs
	(19)	1	12	4.7 (average	NR	2	12	0	0	5,75
		3		13 patients)					
	(20)	1 1	NR		-	0	1	1 (3 yrs) 0	3 yrs
	(21)	1	15	1.4;1.5;1.6;	-	6	15	2	0	5
		5		1.7;1.7;1.9;				(7yrs,8y	
				2.0;2.2;2.3;				rs)	
				2.3;2.3;3.2;					
				3.5;4.0;6.7						
				(average						
				2.5)						
	(22)	8 7	1.5;1.5;2.1;	1.16	2	7	5(4,5yrs	0	7,9
				2.8;4.0;8.2;				)	
				9.6						
				(average						

Table 2

 2 Studies on PBMAH patients with subclinical hypercortisolism treated by

	Unilateral Adrenalectomy						
	Study n	Normali	Normalisation	Normalisatio	Improvement	Adrenal	recurrence death	Foll
			sation	1mg Dex	n ACTH levels	of metabolic parameters	insufficiency			ow
			of							up
			cortisol							
			Circadia							
			n rythm							
	(28)	1	NR	1	1	HOMA	0	0	0	0.8
						HbA1c				
	(29)	1	1	1	0		1	0	0	0.6
	(17)	1	NR	NR	0	HbA1c	0	1	0	5
	(30)	14	13/14	10/14	13/14	Hypertension	7/14		0	4.5
						4/7		0		
						IGT 3/3				
						Diabetes 1/1				
						Dyslipidemia				
						1/1				
						Osteoporosis				
						2/3				
	(22)	3	NR	NR	NR	NR	NR	2/6	0	4.6