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Abstract

Abstract

Cushing's syndrome (CS) and acromegaly (ACRO) present with myopathy
and muscle weakness that persist after remission of excess hormones.
Intramuscular fatty infiltration has been associated with the deterioration of
muscle performance in several conditions. Muscle MRI with 2-point Dixon

technique studies the degree of myosteatosis.

Objectives: To evaluate myosteatosis using MRI 2-point Dixon sequence, and
correlate them with muscle functional tests in SC and acromegaly, where the

body composition is altered.

Patients with Cushing’s syndrome:

Methods: This was a cross-sectional study. Thirty-six women with CS in
remission, and 36 controls matched for age, BMI, menopausal status, and
level of physical activity. We analyzed the percentage fat fraction (FF) of the
thigh muscles in the anterior, posterior, and combined anterior and posterior
compartments using MRI and 2-point Dixon sequence. We assessed muscle
function and strength using the following tests: gait speed (GS), timed up and

go (TUG), 30-second chair stand, and hand grip strength.

Results: Fat fraction in all the compartments analyzed was increased in
patients as compared with controls. The performance on TUG, 30-second
chair stand, and GS was more impaired in CS patients versus controls. In
patients, greater FF was negatively associated with performance on functional
tests. Fat fraction in the combined anterior and posterior compartments
predicted performance on TUG (B 0.626, p < 0.000) and GS (B -0.461, p =

0.007), after adjusting for age, BMI, menopausal status, and muscle mass.



Abstract

Patients with acromeqaly

Methods: In a cross-sectional study, we included 36 patients with controlled
acromegaly and 36 matched controls. We assessed the percentage of fat
fraction in each thigh muscle, using MRI 2-point Dixon sequence, and muscle
performance and strength using the gait speed, timed up and go, 30-s chair
stand, and hand grip strength tests. We evaluated joint symptoms using the
Western Ontario McMaster Universities Osteoarthritis Index (WOMAC).

Results: Intramuscular fat fraction was greater in patients than controls (p <
0.05 for muscle compartments, rectus femoris (RF), vastus intermedius (V1),
adductor magnus (AM) and semimembranosus). Patients had slower gait
speed and poorer performance on the 30-s chair stand and timed up and go
tests than controls (p < 0.05). The greater fat fraction in the combined
anterior—posterior compartment and in each muscle was associated with
worse performance on timed up and go (p < 0.05). The fat fraction in the
anterior—posterior compartment predicted performance on timed up and go
after adjusting for muscle area, IGF-1 and WOMAC functional and pain
scores (B =0.737 p < 0.001).

Conclusions: Thigh muscle fatty infiltration is increased in CS patients with
long term remission and in controlled ACRO patients and it is associated with
poorer muscle performance and muscle weakness. Future studies are needed
to establish therapeutic strategies to improve muscle weakness in these

patients.
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Resumen

Resumen

El sindrome de Cushing (SC) y la acromegalia (ACRO) se presentan con
miopatia y debilidad muscular que persisten después de la remision del
exceso de hormonas. La infiltracion de grasa intramuscular se ha asociado con
el deterioro del rendimiento muscular en varias condiciones. La resonancia
magnética muscular con técnica de Dixon de 2 puntos estudia el grado de

mioesteatosis.

Objetivos: Evaluar la mioesteatosis mediante resonancia magnética secuencia
Dixon de 2 puntos, y correlacionarlas con pruebas funcionales musculares en

SC y acromegalia, donde la composicién corporal se encuentra alterada.

Pacientes con sindrome de Cushing:

Métodos: Este fue un estudio transversal. Treinta y seis mujeres con SC en
remision y 36 controles emparejados por edad, IMC, estado menopausico y
nivel de actividad fisica. Analizamos la fraccidn de grasa porcentual (FF) de
los musculos del muslo en los compartimentos anterior, posterior y anterior y
posterior combinados mediante resonancia magnética y secuencia Dixon de 2
puntos. Evaluamos la funcion y la fuerza muscular mediante las siguientes
pruebas: velocidad de la marcha (GS), cronometrado hacia arriba y hacia

adelante (TUG), parada en silla de 30 segundos y fuerza de agarre manual.

Resultados: La fraccion de grasa en todos los compartimentos analizados
aumento en los pacientes en comparacion con los controles. El rendimiento en
TUG, soporte de silla de 30 segundos y GS se deterioré mas en los pacientes
con CS que en los controles. En los pacientes, una mayor FF se asocid

negativamente con el rendimiento en las pruebas funcionales. La fraccion de

11



Resumen

grasa en los compartimentos anterior y posterior combinados predijo el
rendimiento en TUG (B 0,626, p <0,000) y GS (& -0,461, p = 0,007), después

de ajustar por edad, IMC, estado menopausico y masa muscular.

Pacientes con acromegalia

Métodos: En un estudio transversal, incluimos a 36 pacientes con acromegalia
controlada y 36 controles emparejados. Evaluamos el porcentaje de fraccion
de grasa en cada musculo del muslo, usando la secuencia de Dixon de 2
puntos de resonancia magnética, y el rendimiento y la fuerza muscular usando
la velocidad de la marcha, cronometrado y listo, soporte de sillade 30 sy
pruebas de fuerza de agarre. Evaluamos los sintomas articulares utilizando el
Indice de Osteoartritis de las Universidades Western Ontario McMaster
(WOMAUC).

Resultados: La fraccion de grasa intramuscular fue mayor en los pacientes
que en los controles (p <0.05 para los compartimentos musculares, recto
femoral (RF), vasto intermedio (VI), aductor mayor (AM) y
semimembranoso). Los pacientes tenian una velocidad de marcha més lenta y
un rendimiento mas deficiente en el soporte de la silla de 30 segundos y las
pruebas cronometradas para arriba y para adelante que los controles (p <0.05).
La mayor fraccion de grasa en el compartimento anterior-posterior combinado
y en cada musculo se asocio con un peor rendimiento en el cronometrado up
and go (p <0,05). La fraccion de grasa en el compartimento anteroposterior
predijo el rendimiento en cronometrado vy listo después de ajustar el area
muscular, las puntuaciones funcionales y de dolor de IGF-I y WOMAC (B =
0,737 p <0,001).
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Resumen

Conclusiones: La infiltracion grasa en el muslo del muslo esta aumentada en
pacientes con SC con remision a largo plazo y en pacientes controlados con
ACRO y se asocia con un peor rendimiento muscular y debilidad muscular.
Se necesitan estudios futuros para establecer estrategias terapéuticas para

mejorar la debilidad muscular en estos pacientes

13



14



Introduction and background

1. Introduction and background

1.1 Cushing's syndrome (definition, prevalence, etiology, clinical

manifestations)

Endogenous Cushing’s syndrome (CS) is a serious condition due to chronic
exposure to high circulating levels of glucocorticoids (GC) which, if
untreated, leads to impaired health-related quality of life (HRQoL) and
significant shortening of life expectancy due to multisystemic morbidity,
including neurocognitive dysfunction, cardiovascular diseases, metabolic
syndrome, osteoporosis, increased fracture risk, and proximal myopathy (1-
3). Cortisol is the main steroid hormone produced by the adrenal cortex in
response to adrenocorticotropic hormone (ACTH), which is, in turn, regulated
by hypothalamic secretion of corticotropin-releasing hormone (CRH) and
vasopressin. Cortisol secretion is modulated by a mechanism of feedback at
the hypothalamic and pituitary level, and exhibits circadian rhythm; in healthy
individuals, cortisol production peaks early in the morning and decreases until
a nadir around midnight (4). Endogenous CS is a rare disease, with an
incidence between 0.7 to 2.5 cases / million inhabitants per year. In  70%-
80% of cases CS is caused by excessive ACTH release from a pituitary
corticotrope adenoma (Cushing’s disease, CD) and less frequently by ectopic
ACTH or (very rarely) CRH production. CS can also be ACTH-independent
when caused by increased cortisol secretion by adrenocortical tumors or
hyperplasia. Endogenous CS occurs most frequently in women of
reproductive age, but it can affect males and females of any age (1).

The primary treatment is transsphenoidal pituitary or adrenal surgery,
depending on the etiology. Pituitary surgery in CD is associated with
remission of cortisol excess in approximately 60-70% of patients, although

15



Introduction and background

success rate of transsphenoidal approach mainly depends upon surgeon’s
experience. If surgery is contraindicated or has not been successful, pituitary
irradiation can be a therapeutic option; medical therapy can also be used to

decrease circulating cortisol or block its action on peripherals tissues.

CS is associated with several metabolic features, including hypertension,
atherosclerosis, cardiomyopathy, dyslipidemia, diabetes/impaired glucose
tolerance and obesity (5). Specific symptoms related with protein wasting
may also be present, including proximal weakness, thin skin, easy bruising,
and decreased linear growth in children (4). Table 1 describes metabolic and

catabolic features in CS.

16
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Table 1. Metabolic and catabolic features in CS (1,5-8)

Morbidity Prevalence (%0)

Cardiometabolic symptoms

Weight gain 81%
Hypertension 55-85%
Atherosclerosis 30%
Cardiomyopathy 70%
Dyslipidemia 37-71%
Diabetes/ Impaired glucose 35% / 21-64%
tolerance

Catabolic symptoms

Skin abnormalities 73%
Proximal weakness 67%
Decreased linear growth in 80%
children

Fractures 21%

Clinical diagnosis of CS can be challenging due to the overlap between
hypercortisolism-related features and signs/symptoms commonly found in the
general population, such as obesity and hypertension. Moreover, the typical
proteocatabolic manifestations of CS may remain unrecognized during a long
period of time, due to interindividual differences in their severity degree. As a
result, CS patients are exposed to cortisol excess during several months or
even years prior to receive the correct diagnosis of their condition, which may

lead to irreversible damage of several tissues such as bone and brain (9,10).

17



Introduction and background

Indeed, recent evidence suggests that CS patients who achieve cortisol
normalization after surgical removal of the source of their hormone excess, do
not experience a parallel resolution of the systemic dysfunctions observed

during the active phase of the disease (11).

Glucocorticoid are widely used in clinical practice as a therapy for many
rheumatic, inflammatory or immune diseases and in transplanted patients
(12). A study using a detailed pharmacological recording system that covers 7
million individuals in England and Wales, identified 1.6 million oral
glucocorticoids prescriptions over a 10-year period (12). To disentangle the
relative role of glucocorticoids in these conditions is challenging (13). Thus,
CS is a unique model which allows elucidating the deleterious effects of
chronic GC excess, without the confounding effect of another concomitant

pathological condition.

1.2 Acromegqgaly (definition, prevalence, etioloqy, clinical manifestations)

Acromegaly (ACRO) is a clinical syndrome resulting from the excessive
secretion of growth hormone (GH) and increased serum concentrations of
insulin-like growth factor |1 (IGF-I). Acromegaly is associated with excess
mortality, mainly due to cardiovascular diseases (14,15). GH is produced by
somatotroph cells in the anterior pituitary and is released in a characteristic
pulsatile manner. GH remains almost undetectable most part of the day and
peaks during exercise and slow waves sleep. GH is mainly regulated by a
dual-hypothalamic control: it is stimulated by growth hormone releasing
hormone (GHRH) and inhibited by somatostatin. Finally, a third regulator of
growth hormone secretion is ghrelin, a gastrointestinal peptide secreted by
the oxyntic cells as a response to physical stimuli from the lumen and

chemical stimuli from the basolateral site (16,17). Ghrelin, which has a
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marked growth hormone-stimulating activity, is the first hormone linking

gastrointestinal system and pituitary axis.

GH exerts its actions directly or indirectly through IGF-I, which is mainly
synthesized in the liver as a consequence of GH stimulation. GH secretion is
also modulated by IGF-1 through a mechanism of negative feedback at the

hypothalamic and pituitary level (18).

ACRO is a rare disease, with an estimated prevalence in Europe of 30 to 70
individuals per million and an annual incidence of 3-5 cases per million
(19,20). The mean age at diagnosis is 40 to 45 years. The commonest cause of
acromegaly is a somatotroph (GH-secreting) adenoma of the anterior
pituitary, mainly macroadenomas (82%) (21). These adenomas account for
approximately one-third of all hormone-secreting pituitary adenomas. Growth
hormone excess that occurs before fusion of the epiphyseal growth plates in a
child or adolescent is called pituitary gigantism. The incidence rate of the

disease is similar between men and women (14).

ACRO is characterized by an acquired progressive somatic disfigurement,
mainly involving the face and extremities. ACRO is also associated with
several systemic morbidities, listed in Table 2. Cardiovascular comorbidities
are considered the main causes of mortality in these patients, its main
contributors being arterial hypertension, dyslipidemia and diabetes mellitus,
which are associated with chronic GH excess effects (22). GH has been
found to modulate the expression of various growth factors (besides IGF-I)
and receptors in several tissues. Both GH and IGF-I receptors are found in
myocardial tissue and blood vessels where regulate growth and remodeling.
As a matter of fact, left ventricular hypertrophy, myocardial fibrosis,
myocardial infarction and arterial hypertension are frequent complications of

ACRO(23). Also, GH acts as an anti-natriuretic hormone possibly mediated
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by the activation of the renin-angiotensin-aldosterone system which
predisposes to sodium and water retention in the kidney, thus increasing
plasma volume and arterial resistance (24). Increased sleep apnea syndrome
in ACRO due to craniofacial deformities has been associated to increased
cardiovascular events (25). GH excess also induces several metabolic
derangements, including insulin resistance, increased endogenous glucose
production, increased gluconeogenesis and decreased peripheral glucose
disposal in muscle. These effects appear to be secondary to the stimulation of
lipolysis and subsequent glucose-fatty acid substrate competition (26,27).
Also, GH exerts an overall lipolytic action, promoting lipid mobilization and
oxidation, and increasing circulating FFA (28).

Table 2 shows morbidities associated with ACRO and its prevalence (22).

20
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Table 2. Morbidity in ACRO patients (22)

Morbidity Prevalence (%)

Diabetes 37.4
Hypertension 39.1
Dyslipidemia 25.8
Arthropathy 19.6
Carpal tunnel syndrome 18.7
Goiter 22.4
Sleeping apnea 13.2
Cerebrovascular disease 7.1

Cardiovascular disease 14.1

Chronic pulmonary disease 4.9
Hypopituitarism, 25.7

Biliary stones 9.5

The clinical diagnosis is often delayed due to the slow progression of the
signs of ACRO over a period of many years. At diagnosis, several
comorbidities may be present already, secondary to chronic exposure to
excessive GH and tumoral mass effect. Hypertension (40%), neoplasms
mainly of thyroid, breast and colon (30%), hypopituitarism (22%), diabetes
mellitus (17%), arthropathies (15%) and sleep disorders (14%) are the most

frequent comorbidities (29).

The therapeutic goal in patients with ACRO is the total adenoma removal

which is not possible in most of the cases due to the tumor extension and

21
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invasion of peripheral tissues. Secondary goals are to lower serum IGF-I
concentrations to within the normal range for the patient's age and gender,
control adenoma size and reduce mass effects, improve symptoms, and
reverse metabolic abnormalities such as diabetes mellitus (30). Surgery is the
first choice of treatment in most of the cases, with a success rate of immediate
disease control of roughly 85% and 45% in microadenomas and

macroadenomas, respectively (21).

When serum GH and IGF-I concentrations decline to normal, the
characteristic soft tissue overgrowth and related symptoms gradually recede
and the metabolic abnormalities, such as diabetes mellitus, improve. In
addition, life expectancy seems to return to that of the general population
(31,32). Nonetheless, it is known that bone abnormalities, as well as joint
symptoms and low HRQoL persist or even worsen long-term despite

biochemical control of the disease (33-35).

1.3 Muscle in Cushing’s syndrome & acromegaly

GC and GH exert important effects on muscle. Typically, circulating GCs
excess causes an imbalance in protein formation due to its stimulatory effect
on protein catabolism and the inhibition of anabolic signals, with ultimate loss
of muscle tissue (36). Indeed, myopathy and muscle weakness are the most
frequent and detrimental effects of chronic exposure to GC. Indeed, the
European CS database, involving more than 1500 patients, reported that the
presence of muscle weakness at diagnosis was associated with increased

mortality rate at short term (1,37).

On the contrary, GH and IGF-I have a net anabolic effect in muscle as they
stimulate protein synthesis and nitrogen balance, and inhibit proteolysis (38—
40). However, while substitution treatment with physiological doses of GH in
patients with GH deficiency (GHD) increased muscle mass and normalized

22



Introduction and background

strength and performance (41), the effect of supraphysiological concentrations
of this hormone, such as those observed in ACRO, has not been clearly
established. Interestingly, patients with ACRO complain of persistent muscle

weakness even after normalization of GH excess.
1.3.1 Muscle in Cushing’s syndrome

1.3.1.1 Effects of glucocorticoids on muscle

Proximal and symmetric myopathy associated with muscle weakness is a
frequent complication of long term exposure to exogenous or endogenous GC
(36). Histological studies have shown atrophy of type 2a fibers (involved in
rapid power contraction), loss of myosin filaments in sarcomeres, and
necrosis in the muscles of patients treated with GC (42,43). Accordingly,
patients with CS present with slow muscle fiber conduction and profound

muscle weakness (42,44).

While around 70% of patients with chronic endogenous glucocorticoid excess
complain of muscle weakness mainly affecting the appendicular muscles of
the pelvic girdle and lower limbs, a decrease in lean mass by 15%, especially
at the level of the legs, as measured using dual-energy X-ray absorptiometry
(DXA), and a reduction of skeletal muscle mass, as assessed using whole-
body MRI, have been found in active CS patients as compared with BMI-
matched controls (43,45-47). Moreover, the presence of muscle weakness at
diagnosis has been associated with a high mortality rate in a large cohort of

patients who underwent surgical treatment (37).

1.3.1.2 Muscle dysfunction in active and “cured” Cushing’s syndrome (CS)

A decrease in both hand grip strength and proximal muscle functionality has
been described in CS patients during the active phase of the disease when
compared with obese controls (1,48). Recent data analyzed from the German
Cushing’s Registry demonstrated that patients who had previously suffered
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from CS not only maintained muscle weakness after 13 years of remission of
hypercortisolism, but that muscle performance, corrected for age, was even
lower than that measured during the active phase of disease (48).
Furthermore, in a study with T1-weighted whole-body magnetic resonance
imaging (MRI), a reduction in absolute muscle mass was found after 20
months of remission (47,49). These data indicate that previous chronic
exposure to GC induces irreversible structural and functional alterations in the
muscle, which seriously affects the physical capacity of patients and their

quality of life in the long term.

Persistence of residual morbidity and HRQoL deterioration, as assessed using
the disease-specific CushingQoL questionnaire, have been documented even
long-term after biochemical “cure” is reached, and mortality appears to
remain more elevated in CS patients in remission as compared with that in
the general population (50). These findings suggest that prior exposure to
hypercortisolism in CS patients may be associated with pathophysiology
changes in several tissues, which are maintained over time despite hormone
normalization (51,52). Data from the ERCUSYN registry indicate that
patients with CS who have been in remission for 4 years reported a lower
quality of life (measured using the specific CushingQoL questionnaire, than
in the active phase also due to the presence of muscle fatigue (52). In
addition, the impact of myopathy on bone health in CS is yet to be
determined. Of interest, lower bone mineral density (BMD) was observed in
premenopausal women who had suffered from CS as compared with healthy

controls, after an average of 11 years of biochemical healing (9).
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1.3.2 Muscle in acromegaly

1.3.2.1 Effects of growth hormone (GH) and insulin like grow factor type |

(IGE-I) in muscle

GH and IGF-lI exert important effects on skeletal muscle mass and
metabolism. GH, both directly and indirectly via IGF-I, has a net anabolic
effect on whole body protein metabolism, essential to maintain skeletal
muscle protein mass (26—28). Muscle biopsies in patients with GH excess due
to ACRO have shown hypertrophy of type 1 fibers and atrophy of fibers 2,
but the muscle mass does not appear to significantly change in shape,
contrary to what would be expected due to the anabolic effect of GH on
muscle (53). In particular, a body composition study with DXA demonstrated
an increase in lean mass in active ACRO patients, mainly due to increased
extracellular collagen deposition and fluid retention in soft tissues rather than
to muscle cell hyperplasia (54). Likewise, a study using whole-body T1
MRI images did not document any difference between the muscle mass of
active ACRO patients and healthy controls (55). Despite this, ACRO patients
had lower muscle mass 2 years after control of GH excess, as compared with
that measured at diagnosis, suggesting that the loss of muscle tissue may

progress over time regardless of hormone normalization (56).

1.3.2.2 Muscle dysfunction in acromegaly

Musculoskeletal symptoms are frequent at diagnosis of ACRO and they may
persist or even worsen long-term after control of GH/IGF-1 excess (53,57).
There are few data on muscle functionality in ACRO patients, most of which
only evaluating strength or balance in uncontrolled disease. Some studies
found a balance impairment as well as increased risk of falls and poor muscle
function in lower limbs, as compared with healthy controls (58-60). A

longitudinal study evaluating muscle strength found low hand grip strength at
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diagnosis, which normalized after biochemical control was reached.
Interestingly, fast concentric extension and endurance were decreased in
controlled patients after 11 years of disease control as compared with
baseline, suggesting that previous exposure to overt GH concentrations may
have determined irreversible changes of muscle structure and/or quality
potentially leading to altered functionality (61). However, impaired muscle
performance in ACRO patients cannot be explained by changes in muscle
mass, since the latter did not differ from that of healthy controls, at diagnosis

or after successful treatment (55,61).

It should be noted that myopathy significantly contributes to the development
and severity of ACRO arthropathy, one of the most frequent and disabling
complications of this disease, which leads to irreversible degeneration of the
osteoarticular structures (62). Musculoskeletal alterations have a serious
impact on the HRQoL of patients and are associated with a significant
deterioration in their physical function and psychological state, which persists
beyond 10 years after remission of the disease (33). Also, the mechanisms
whereby the decrease in muscle strength affects bone mineral density and the

high risk of fractures observed in ACRO remains to be determined (35,63).

1.4 Potential role of myosteatosis on the development of muscle

dysfunction
The decline in muscle strength that occurs with aging or obesity is associated

with an accumulation of intramuscular fat infiltration (myosteatosis). The
factors leading to myosteatosis are poorly understood, but recent evidence
indicates that disuse, altered leptin signaling, sex steroid deficiency, and
glucocorticoid treatment contribute to it (64-68). Conditions leading to

intramuscular fat accumulation are summarized in Table 3.

26



Introduction and background

Table 3. Conditions leading to intramuscular fat accumulation, and its

consequences.
Aging

GC Increased lipid stores and lipid

Unloading/disuse droplet size in skeletal muscle | |,q,lin resistance

Sex steroid deficiency Inflammation

Leptin deficiency Differentiation of | Functional deficit
Muscle injury fibro/adipogenic  progenitors Fragility
Increase  circulating | (FAPS’s) towards to

lipids adipocyites

Intramuscular fat is not an inert fat depot that simply fills the space left by
lean mass loss, but an important factor and a possible predictor of muscle
function that seems to act synergistically with sarcopenia (69). Both in vitro
and in vivo studies suggest that it may be an important contributor to
structural and metabolic changes leading to atrophy of muscle fibers, poor
muscle performance, weakness, musculoskeletal fragility, and insulin
resistance (70-75). Furthermore, it is associated with high all-cause mortality
in the elderly, regardless of cardiovascular comorbidities (76). In particular,
recent data indicates that the volume of intramuscular fat is associated with
poor muscle functionality and mobility limitations in human aging, muscular
dystrophies, and in models of muscle injury, such as massive rotator cuff tear
(70,77-81).
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Even though the specific mechanisms underlying the harmful effects of
myosteatosis on local and systemic muscle metabolism are yet unknown,
some theories involving metabolic, endocrine and mechanical factors have
been proposed. The “metabolic theory” proposes that the close proximity of
fat to the muscle fiber may damage the local muscle environment through the
paracrine secretion of pro-inflammatory cytokines which have a direct impact
on skeletal myocyte metabolism (82,83). Recent findings indicate that an
increased number of inter-muscular adipocytes may enhance myotube mRNA
expression of genes involved in oxidative metabolism (84,85). In animal
models, high synthesis of ceramide, a product of muscle oxidative damage,
was independently related to myocytes insulin resistance induced by
adipocyte-derived cytokines such as interleukine-6 (IL6) and tumor necrosis
factor-o (TNF- o) (86,87). Some studies have also suggested that
proinflammatory cytokines may also favor proteolysis and muscle catabolism
(82,83,88,89). One study suggested that myosteatosis may also lead to the
transition of type Il to type I muscle fibers (90), which ultimately impairs
contractile function and muscle power (product of force and speed).

Myosteatosis may also impair nutritive blood flow to muscle (91).

The “endocrine theory” proposes that myosteatosis may disrupt the secretion
of the so-called myokines, cytokines synthesized and released by myocytes
during muscular contraction (92). The muscle expression of myostatin, a
myokine that inhibits the conversion of the muscle mesenchymal cell towards
to the myogenic line, increases proportionally to the degree of myosteatosis in
older people (93). Finally, myosteatosis may also impair the contractile
capacity due to changes in muscle fiber orientation (“mechanical theory™).
Future studies are needed to determine which are the mechanisms linking

intramuscular fatty infiltration and muscle weakness.
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1.4.1 What is known of the relationship between muscle and fat in Cushing’s

syndrome?

Cortisol excess in CS is associated with fat partitioning, consistent with
glucocorticoids being prominent regulators of body fat metabolism and
regional distribution (47,94,95). As a matter of fact, total fat, visceral fat, and
trunk subcutaneous fat, as measured by whole-body MRI, were greater in
active CS as compared with controls (47). Interestingly enough, Geer et al
showed that whole-body intermuscular fat (IMAT), defined as the adipose
tissue located between muscle groups and beneath the muscle fascia, did not
change in patients with CD after a mean of 20 months of remission, despite a
concomitant reduction of the other fat depots, including visceral, trunk
subcutaneous, and pelvic bone marrow adipose tissue, as compared with the
pretreatment measurements (96). In light of this evidence suggesting that
abnormal fat distribution may persist in the muscles of CS patients despite
remission, we aimed at assessing whether there is intramuscular fatty
infiltration in CS patients after long-term remission, and whether this is

associated with poor muscle function.

1.4.2 What is known of the relationship between muscle and fat in

acromegaly?

GH has important effects on muscle energy metabolism and its actions on fat
metabolism are tissue-specific. Whereas GH is globally lipolytic and induces
whole-body lipid oxidation, in muscle, it down-regulates genes involved in
lipid B-oxidation, promoting lipid storage and carbohydrate utilization as
primary fuel energy (49). It is well known that GH stimulates whole-body
lipid oxidation in healthy humans (97-99). Administration of GH to adults
with growth hormone deficiency (GHD) induces protein retention primarily

by increasing protein synthesis, decrease in overall glucose turnover, and
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stimulates of lipid oxidation, leading to an increase of plasma fatty acids
levels (100-102). In skeletal muscle, GH action is rather the opposite. GH
treatment down-regulated genes involved in lipid B-oxidation in skeletal
muscle of aged rats (103-105). Moreover, GH replacement in adult GHD
patients was found to be lipogenic in muscle, in that inhibited the expression
of genes related to lipid metabolism, as well as tricarboxylic acid cycle
activity and mitochondrial respiration in skeletal muscle, promoting lipid

storage and anaerobic substrate metabolism for ATP synthesis (106).

Chronic excess of GH, as occurs in ACRO is associated with significant
adipose tissue redistribution (107). In patients with uncontrolled ACRO,
abdominal subcutaneous and visceral fat were lower than predicted, consistent
with the well-known lipolytic effect of GH (107,108) . On the contrary, both
the IMAT and intramyocelular lipids deposits were unexpectedly high in
active ACRO patients compared to healthy subjects, despite the lipolytic
effect of GH (109,110). Indeed, two years after hormonal excess control, the
former persisted elevated, while intramuscular fat did not vary compared to
the volume measured before biochemical control (109). These findings
suggest that the metabolic derangements associated with GH/IGF-I excess
may lead to fat accumulation in muscles of ACRO patients, which may persist
despite hormone control (97,109,111), therefore we aimed at investigating
whether there is increased fat accumulation in muscles in ACRO and this is

associated with muscle function impairment.
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In Figure 1 fat deposits compartments in the thigh are depicted in a 2point

Dixon sequence MRI image.

Figure 1. Differentiation of fat deposits in the muscle: MRI Segmentation of
muscle and fat compartments in thigh: (a) superimposed ROIs for
subcutaneous fat and bone and bone marrow regions; (b) subcutaneous
adipose tissue mask; (c) mask including all the muscle regions and excluding
the bone and bone marrow regions; (d) muscle ROIs used for the evaluation
of fat distribution; (e) masks of ten muscle ROIs; and (f) mask of soft tissue
excluding subcutaneous fat and six muscular ROIls. Fat within the mask of (e)

corresponds to intramuscular fat within the mask of (f) corresponds to

intermuscular fat.
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1.5 Techniques to assess intramuscular fatty infiltration in Cushing’s

syndrome (CS) and acromegaly (ACRO)

Muscle “quality” is a novel term, referring to both micro and macroscopic
changes in muscle architecture and composition (112). Highly-sensitive
imaging tools such as CT and MRI have been used to assess it in research
settings, by using the attenuation of the muscle or determining infiltration of
fat into muscle, respectively (69,113) (Table 4). An ideal specific tool that
could be used as a biomarker of muscle quality should be quantitative and
reflect specific pathological events with accuracy. These characteristics would
allow determining to what extent muscle quality is altered (severity),
monitoring pathological changes over time and, most importantly, evaluating
skeletal muscle responses to therapeutic intervention. In this line, in the last
years, quantitative muscle MRI has been used to quantify fatty infiltration in
the skeletal muscle of patients with several muscle disorders (114). The ideal
tool is the Dixon technique, a specific sequence applied to MRI images,
which is a robust chemical-shift imaging application producing water- and
fat-only images from different echo acquisitions and has excellent accuracy
for intramuscular fat quantification, expressed as percentages of fat fraction

(FF), in comparison to spectroscopy, and histology examination (115-117).

Importantly, the fat fraction maps acquired with Dixon sequences have
proven their capability to detect subtle changes in muscle composition, as
might occur in CS and ACRO, and have repeatedly shown superior sensitivity
over standard functional evaluation and the semiquantitatives methods T1-
weighted MRI and echo intensity of ultrasonography (118,119) (Table 4).
Moreover, Dixon-assessed FF has proven to be a reliable outcome measure
that is related to muscle function parameters in several neuromuscular
disorders (80,114,116,119-121). Figure 3 summarizes the existing techniques

to assess intramuscular fatty infiltration
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Table 4. Techniques to assess intramuscular fatty infiltration

Quantitative MRI: Only water Only Fat Fat fraction

Dixon

Ectopic Fat: Exact

Fat %

Semiquantitative
MRI: T1 weighted
MRI:

Estimated Fat %

Computed
Tomography:

Muscle Attenuation

Ultrasonography
Muscle Echo

Intensity
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1.6 New definition of sarcopenia applied to Cushing’s syndrome

Although sarcopenia has been traditionally defined as the loss of muscle mass
occurring in aging, recent evidence has recognized it as a muscle disease,
mainly characterized by reduced muscle strength and function, which are not
necessarily associated with low muscle mass (122,123). Traditionally, loss of
muscle mass has been considered the primum movens for the development of
sarcopenia and therefore, quantification of muscle mass has been used as the
most reliable tool to diagnose sarcopenia in the elderly (124). This assumption
has been recently challenged by the observation that reduction of muscle
strength and/or performance is a key feature of aging-related sarcopenia,
which appears to be more linked to muscle quality impairment rather than to a
decrease in muscle mass (125). Indeed, sarcopenia is now considered as an
independent clinical entity which may be observed in several groups of
individuals, across the lifetime (125). In agreement with this, the European
Working Group on Sarcopenia in Older People 2 (EWGSOP2) recently
suggested a comprehensive clinical algorithm for case-finding, diagnosis,
confirmation and severity classification of sarcopenia, taking into account
muscle quality and quantity, muscle strength and physical performance (125).
Patient’s perception has also been recognized as an important parameter to

suspect sarcopenia and measure its impact on patient’s daily life (125).

Because diagnosis of sarcopenia is based on imaging that is technically
difficult and expensive or not immediately available in primary care, several
biomarkers have been advocated in recent years as a cost-effective tool to

easily diagnose muscle dysfunction in clinical practice (126).
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Creatinine (Cr) and cystatin C (CysC) are serum markers commonly used to
measure glomerular filtration rate. Cr freely filters in the glomeruli, and is
excreted unchanged in the urine except for a small but variable degree of
proximal tubular secretion. Because Cr production varies with body
composition, it could underestimate actual GFR in case of high muscle mass
and vice versa (127). CysC is a low molecular weight protein which also
freely filters in glomeruli but is reabsorbed completely by the proximal
tubular cells. Since CysC is excreted by all nucleated cells, the impact of
muscle mass on its production is negligible. The Sarcopenia Index (SI) [Cr
(mg/dL) / CysC (mg/L) x 100] has recently been proposed as a potential
marker of muscle mass, muscle quality and muscle function in patients with
normal renal function hospitalized in intensive care units, as well as in
patients with type 2 diabetes, hepatocellular carcinoma, and in lung transplant
candidates (128-130).

Because of the lack of studies determining the prevalence of sarcopenia in
patients previously exposed to endogenous cortisol excess and its potential
impact on HRQoL we aimed at investigating which is the prevalence of
sarcopenia in CS patients in long-term remission using the EWGSOP2 criteria
and the impact of sarcopenia on HRQoL in these patients. We also aimed at
determine if the Sarcopenia Index (SI) is a reliable surrogate marker of

sarcopenia in CS.
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2. Hypothesis

This evidence led us to hypothesize that:

e Muscle architecture remains impaired long-term after normalization of
cortisol levels in Cushing’s syndrome (CS) patients, and control of GH
excess in acromegaly patients (ACRO) due to increased fatty

infiltration.
e Intramuscular fatty infiltration in “cured” CS and controlled ACRO

patients may be associated with muscle weakness and poor

functionality
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3. Objectives

Main Obijective:

e To study the degree of intramuscular fat fraction (%), (by MRI with 2-
point Dixon) in patients with Cushing syndrome with long term
remission and in patients with controlled acromegaly, to clarify
mechanisms responsible for persistent sarcopenia and muscle weakness
in these patients.

Secondary objective:

e To correlate myosteatosis and structural alterations of the muscle with
muscle strength and performance in patients with Cushing syndrome

with long term remission and in patients with controlled acromegaly.
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5. Global summary of the results

5.1 Patients with Cushing’s syndrome

Primary outcome

Patients with Cushing’s syndrome (CS) showed greater muscle fat fraction
(FF) in both the anterior and posterior compartment as well as in the
combined anterior-posterior compartments of the thigh as compared with
controls controls (18.9+4.8% vs. 16.2+4.8%, p = 0.027 for anterior
compartment; 22.5£5.9%vs.19.2 = 4.8%, p = 0.015 for posterior
compartment; 20.6£4.8% vs. 17.9£4.7%, p = 0.027 for anterior-posterior
compartment). The lean muscle volume was not different in CS as compared
with controls (131981879 cm?® vs. 13589+1901cm®; p = 0.24). When only
premenopausal and postmenopausal women were analyzed, separately, FF in
the anterior compartment and in the posterior compartment, respectively, was
still greater in CS patients as compared with controls (16x4 vs. 13+2.3; p =
0.027 for anterior compartment in premenopausal women, 24.9+5.4 vs.

21.2+4.4; p = 0.022 for posterior compartment in postmenopausal women).

Performance on all functional tests was worse in CS patients as compared
with controls as demonstrated by longer time needed to complete the timed up
and go (TUG) test, lower average number of times the former stood from a
chair during 30-seconds in the 30-seconds chair stand test (30-s) and lower
velocity in their usual space, in the gait speed test (GS) (6.7£1.6 vs. 5.9+1.5s;
p = 0.023 for TUG, 14.6%4.1 vs. 17.615; p = 0.011 for 30-s, 1.1+0.2s/m vs.
1.2+0.2s/m; p = 0.034 for GS). Also, performance on 30-s remained
significantly more impaired in either premenopausal or postmenopausal
patients as compared with their counterpart in the control group, as well as

performance in TUG test was still significantly poorer in postmenopausal
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patients as compared with controls (17.2+4 vs. 21.3%4.3; p = 0.021 in
premenopausal women and 13.2+34 vs. 154+39; p = 0.033 in
postmenopausal women for 30-s, 7.2£1.8 vs. 6.3x1.6; p = 0.033 in
postmenopausal women for TUG). These results suggest impaired static and
dynamic balance, lower strength in lower limbs and lower functional capacity

in patients.

Secondary outcome

Considering the association between FF and muscle function, only in CS
patients and not in controls, greater mean FF in all thigh muscle
compartments was negatively associated with performance on TUG, 30-s and
GS (p < 0.05 for all associations).

Regard predictors of muscle function, only in CS patients FF in the combined
anterior-posterior compartments were predictors of performance on TUG and
GS, after adjusting for age, BMI, menopause and muscle volume in a multiple
linear regression model (3 .626, p < 0.0001 for TUG; [ -.461, p = 0.007 for
GS)

5.2 Patients with acromeqgaly

Primary outcome

Patients with acromegaly (ACRO) showed greater muscle FF in the anterior,
posterior and combined anterior-posterior compartment of the thigh, as
compared with controls (25.6 + 7.2% vs. 18.4 + 5.7%, p < 0.001 for anterior
compartment; 334 + 59% vs. 21.6 £ 7.5%, p < 0.001 for posterior
compartment; 29.5 + 7.7% vs. 19.9+ 6.4%, p < 0.001 for combined anterior-
posterior compartment). When each muscle was evaluated separately, FF in
muscle rectus femoris (RF), vastus intermedius (VI), adductor magnus (AM)
and semimembranosus (SM) was greater in ACRO patients as compared with
controls (24.1 + 8.9% vs. 18.2 + 5.5%, p = 0.03 , for RF; 18.7 + 5.4% vs. 15.6
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+ 5.1%, p = 0.012, for VI; 21.3 + 4.7% vs. 18.4 + 3.7%, p = 0.019, for AM,;
25.1 £5.5% vs. 21.4 £ 4.7%, p = 0.038 for SM). When women were analyzed
separately, FF in anterior, posterior and combined anterior-posterior
compartment, as well as in RF, VI, AM and SM was still greater in ACRO
patients as compared with controls (p < 0.05 for all comparisons). Also, FF in
sartorius (Sart) was greater in ACRO women as compared with the controls
(36.2 £ 31.3, p = 0.029). When males were analyzed separately, FF of the
anterior, posterior and combined anterior-posterior compartment was still
greater in ACRO patients as compared with controls (p < 0.05 for all
comparisons).

ACRO patients had worse performance in all muscle functional test as
reflected by longer time needed to complete TUG, less sit to stand times in
the 30-s and slower speed at their usual pace on the GS as compared with
controls (6.8 + 1.3 vs. 5.5 + 0.2, P <0.001 for TUG; 16.4 + 5.5 vs. 19.9 + 6.1,
p = 0.021 for 30-s; 1.15 + 0.21 m/s vs. 1.34 £ 0.21m/s, p = 0.001 for GS).
When ACRO women and men were analyzed separately, they still had poorer
performance on TUG as compared with their controls (7.07 £.1.19 vs. 5.54 +
0.98, p < 0.001 for women; 6.4 + 1.3 vs. 5.4 £0.6, p = 0.041 for men).
Performance on GS was still significantly poorer in ACRO males when
analyzed separately (1.15 £ 0.24 vs. 1.5 £ 0.19, p = 0.001). These results
suggest that ACRO patients have worse mobility, balance, walking ability and
greater fall risk as well as decreased strength in lower limbs and lower
functional mobility.

ACRO patients showed greater median values (interquartile range, IQR) for
Western Ontario McMaster Universities Osteoarthritis Index (WOMAC)
score on pain, stiffness and functionality subscales as compared with controls
(3.5 (6) vs. 1 (1.7), p < 0.001 for pain; 3 (3) vs. 0.94 (1.4), p < 0.001, for
stiffness; 18.5 (25.5) vs. 1.6 (2.19), p < 0.001; for functionality).
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Secondary outcome

In ACRO patients only, worse performance on TUG was correlated with
greater mean FF in the anterior compartment, combined anterior-posterior
compartment, RF, VI, VL (vastus lateralis), AM, BHL, ST, Sart, SM, gracilis
(G) and vastus medialis (VM) (p < 0.05 for all correlations)

In ACRO patients, slower GS was associated with higher WOMAC
functional and stiffness score, indicating that higher degree of functional
impairment and joint stiffness have slower pace (r = -0.525, p = 0.025; r = -
0.469, P= 0.043). Also, in ACRO patients, worse performance on TUG was
associated with higher WOMAC pain score, and WOMAC functional score,
indicating that patients with greater lower limb joint pain and greater
functional impairment have worse mobility, balance, walking ability, and
greater fall risk (r = -0.483, p = 0.036; r = -0.500 p = 0.029). In ACRO
patients, worse performance in 30-second chair stand test was associated with
higher WOMAC functional score, indicating that patients with higher degree
of functional impairment have greater muscle weakness in lower limbs (r = -
0.464, p = 0.045).

For the multiple logistic regression model, we examined all variables that may
be involved in muscle function. Only in patients the FF in the combined
anterior-posterior compartment was associated with the performance on TUG,
regardless of muscle mass, IGF-I SDS and WOMAC functional and pain
score indicating that higher FF in thigh muscles altogether predict longer time
to complete TUG test, meaning worse functional mobility in ACRO patients
(B = 737, P < 0.001)
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6. Global summary of the discussion of the results obtained

6.1 Intramuscular fatty infiltration in patients with Cushing’s syndrome

and patients with acromegaly and its relationship with muscle

performance

We have shown that patients with Cushing’s syndrome (CS) in long-term
remission as well as patients with controlled acromegaly (ACRO) have
increased intramuscular fatty infiltration in thigh muscles, as compared with
controls carefully matched for age, gender, BMI and degree of physical
activity. Also, we demonstrated that this is associated with impaired
performance on functional tests which assess individual functional capacity,
balance, and strength in both groups of patients. Moreover, this relationship
was independent of factors which are known to affect physical performance,

such as low muscle mass and joint symptoms.

“Cured” CS patients frequently complain of fatigability at follow-up Visits.
Indeed, Berr et al. showed that performance on chair rising test, which was
more impaired in active CS as compared with controls, did not improve 6
months after successful treatment of hypercortisolism (48). Moreover, the
chair rising test performance was not different in CS patients after a mean of
13 years of remission in comparison to that described in active CS patients
(48)

Muscle weakness, mostly involving the lower limbs, is one of the commonest
complications of chronic exposure to cortisol excess in CS (1). Steroid-
induced myopathy, which is characterized by the preferential atrophy of type
Ila, fast-twitch muscle fibers, is partly related to the well-known anti-
anabolic, proteolytic, and pro-apoptotic effects of glucocorticoids, resulting in
the breakdown of the contractile proteins and suppression of myofibrillar

protein synthesis (1,36). The imbalance of anabolic and catabolic processes
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would ultimately cause muscle loss in patients exposed to hypercortisolism,
which is reflected by the slowing of muscle fiber conduction and decrease in
circulating muscle protein levels (44). As a matter of fact, studies of body
composition using both dual-energy X-ray absorptiometry (DXA) and whole-
body MRI showed a decrease in lean mass of the limbs and reduced skeletal
muscle mass respectively, in active CS patients as compared with BMI-
matched controls (47,95). Thus, one could speculate that, after successful
treatment of CS, persistent impairment of muscle function is due to the
irreversible loss of muscle mass that occurred during the active phase of the
disease (48). Yet, we have shown that after 13 years of remission, muscle
volume in the thigh is not different in CS patients as compared with controls,
and is unrelated to physical performance. Our findings are in line with
previous studies using DXA or bioelectrical impedance analysis to assess
body composition in CS after more than one year of eucortisolism, which did
not find any differences in lean body mass or skeletal muscle mass in patients
as compared with BMI-matched controls (122-124). Burt el al. documented
the restoration of protein synthesis 13 months after successful treatment of CS
along with a significant increase in percentage of lean body mass, suggesting
that changes in muscle mass may, at least in part, be reversible following

hormone normalization (125).

We have demonstrated that fat infiltration was elevated in thigh muscles of
“cured” CS patients, despite long lasting biochemical remission.
Glucocorticoid excess in CS is associated with changes in fat distribution,
such as elevated total fat, visceral fat and trunk subcutaneous fat (124,126).
Persistent elevation of both DXA-measured total fat and trunk fat was
documented in CS patients after long-term remission as compared with
controls (124). Noteworthy, Geer et al. found that the intermuscular adipose

tissue (IMAT), as measured by whole-body semi-quantitative MRI, was the
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only fat depot that did not decrease after 20 months of remission in 14 CS
patients, as compared with their preoperative measurements, suggesting that
the metabolic derangements leading to fat deposition between muscles may be

maintained over time (47).

Pathways whereby glucocorticoids regulate fat metabolism and mediate
specific fat accumulation in muscle are complex and not completely
understood. Glucocorticoids are known to enhance both the conversion of
pre-adipocytes to adipocytes and the differentiation of the bone marrow
mesenchymal stem cells towards the adipocyte lineage (71). While
dexamethasone administration to mice enhanced adiposity and insulin-
resistance in muscle, an in vitro study showed that dexamethasone promoted
the differentiation of murine muscle adipogenic progenitors to adipocytes
through the inhibition of inteleukin-4 signaling (127,128). Role of
glucocorticoids in the modulation and maintenance of fat infiltration in
muscles of CS patients should be clarified in future studies. Moreover, to
elucidate the impact of hypercortisolism-related comorbidities, such as type 2
diabetes and osteoporosis, on fatty accumulation in muscle of CS patients

should be an important goal of future research.

Estrogen deficiency is also known to increase both lipid content and the
expression of adipogenic genes in muscle and, consistently, intramuscular
fatty infiltration has been documented in postmenopausal women (129).
However, the relationship between menopause and muscle performance is not
well-established, with most of the studies suggesting that muscle dysfunction
in postmenopausal women is due to many factors, especially aging, physical
activity and adiposity, rather than to estrogen deprivation per se (130). In
agreement with this, when we analyzed separately patients and controls

according to the menopausal status, fat fraction (FF) remained greater while
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muscle performance on some tests was still poorer in either premenopausal or
postmenopausal women with CS as compared with controls. These findings
suggest that the negative impact of prior exposure to cortisol excess on
muscle quality prevails on any potential protective or detrimental effect of
estrogen-sufficiency or deficiency, respectively. Accordingly, previous
studies showed altered body composition and low bone mineral density in
estrogen-sufficient women with CS as compared with estrogen-sufficient
controls, indicating that the protective effects of estrogens is lost in the

presence of cortisol excess (9,131).

The small sample size is a limitation of the study as well as the inclusion of
patients with both pituitary-dependent and adrenal-dependent CS. However, a
large population-based study did not show any differences in self-reported
muscle weakness between patients with pituitary-dependent and those with
adrenal-dependent CS (1). Also, we have only included patients in long-term
remission. Future studies are needed to prospectively evaluate structural and
functional changes in muscle of CS patients before and after surgical
correction of cortisol excess. Although we have only included female patients
with CS in order to analyze a more homogeneous sample, inter-gender
differences in muscle structure and function may exist and therefore, future

studies should also evaluate these parameters in men (142).

We have shown that patients with long-term controlled ACRO have increased
fatty infiltration in thigh muscles, as compared with controls. GH has
important effects on muscle energy metabolism and composition. GH
stimulates whole-body lipid oxidation in humans (97-99). Administration of
GH to healthy men increased lipid oxidation, circulating free fatty acid levels
and intra-myocellular triglyceride content (99). GH excess in ACRO was

associated with significant increase in the flux of free fatty acids into the
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muscle due to enhanced whole-body lipolysis in extra-muscle fat depots
(98,111). It may be speculated that the increased intramuscular fatty
infiltration documented in our study may be the result of the elevated lipid

uptake which occurred in muscle during the active phase of the disease.

In vivo studies also showed that GH treatment down-regulated genes involved
in lipid B-oxidation in skeletal muscle of aged rats (103-105). Moreover, GH
replacement in adult GH-deficient (GHD) patients inhibited the expression of
genes related to lipid metabolism, as well as tricarboxylic acid cycle activity
and mitochondrial respiration in muscle, suggesting that GH may enhance
lipid storage and anaerobic substrate metabolism for ATP synthesis (106).
Future studies are needed to clarify if GH may also play muscle-specific
metabolic effects which could promote, under certain conditions, a lipogenic

pattern, opposite to its extra-muscle lipolytic action (132).

Reyes-Vidal et al. prospectively examined the potential changes occurring in
both whole-body adipose tissue depots, as assessed using semi-quantitative
MRI, and intramyocellular lipid content (IMCL), measured using proton MR
spectroscopy, in the tibialis anterior of 14 ACRO patients before and 2 years
after successful surgical treatment (107). They did not find any differences in
the IMCL of controlled ACRO as compared with baseline, despite
postsurgical increase in trunk adipose tissue, abdominal subcutaneous and
visceral fat, and intrahepatic lipid content. Moreover, intermuscular fat
(IMAT) was greater than predicted in active ACRO and decreased after
surgery only in women (107,109). These findings suggest that fat
accumulation may occur in muscle of uncontrolled ACRO and persist despite
normalization of GH and IGF-I, likely due to tissue-specific differences in the
responsiveness of the adipose tissue depots to the metabolic effects of GH
(107).

73



Global summary of the discussion of the results obtained

We have shown that patients with long-term controlled ACRO have slower
gait speed and poorer performance on muscle function tests. In particular,
worse performance on the timed up and go test (TUG), which reflects
impaired mobility, balance, walking ability, and higher fall risk, was
associated with greater degree of fatty infiltration independent of muscle area
and joint symptoms (133). TUG is an easy test which reflects daily functional
ability and was recently recognized by the European Working Group on
Sarcopenia in Older People (EWGSOP) as a reliable tool to assess physical
performance and identify those patients with severe sarcopenia, a muscle
disease characterized by muscle dysfunction and low muscle mass and/or

altered muscle quality (133-135).

One previous study found less peripheral muscle strength and greater
fatigability, as assessed using isometric dynamometry, surface
electromyography and a six-minute walk test in 12 young controlled ACRO
patients as compared with controls (58). A longitudinal study evaluating
muscle strength found decreased fast concentric extension and endurance in
controlled patients after 11 years of follow-up since the start of treatment, as
compared with baseline (61).

Studies in humans showed that GHD is associated with changes in both
muscle contractile properties and neural activation independent of muscle
mass (136-138). Growth-hormone administration to both healthy subjects and
GHD patients increased body cell mass without a concomitant improvement
of muscle strength and endurance (137-139). These findings suggest that the
mechanisms whereby GH influences muscle function are multiple and not
merely limited to its pro-anabolic effects.

An independent relationship between the deterioration of muscle quality,

mainly due to increased fatty infiltration, and impaired muscle function has
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also been described in several neuromuscular disorders, in Cushing’s
syndrome as well as in human aging (78,140-142).

We found that CS patients after long term remission as well as controlled
ACRO patients have increased intramuscular fatty infiltration and this is
associated with impaired performance on functional tests which assess
individual functional capacity, balance and strength (143-146). Moreover, the
relationship we have described between fatty infiltration of skeletal muscle
and poor functionality was independent of factors which are known to affect
physical performance, such as low muscle mass, older age, menopausal status

as well as joint symptoms (133).

These results support the hypothesis that the sustained alteration of physical
performance in these patients may be associated with the deterioration of
muscle quality due to intramuscular fat accumulation rather than to decreased
muscle mass (147). This is consistent with previous observations in human
aging (77,78,141) In a large cohort of elderly people followed-up over three
years, a progressive decline of muscle strength was reported, which was only
minimally paralleled by concomitant loss of muscle mass (141). Moreover,
aged subjects who were able to increase their muscle mass through exercise,
did not attain a relevant gain of strength, suggesting that qualitative changes
of muscle may be one of the main determinants of functional impairment
(142). Indeed, fat infiltration in the thigh muscles, as assessed using CT,
progressively increases with aging and has been found to be an independent
predictor of both loss of strength and mobility limitation in weight-stable aged
men and elderly people, respectively (140). An inverse association between
the degree of skeletal muscle fatty infiltration and physical performance has
also been described in patients with neuromuscular disorders (79,80,148—
152).
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We used the Dixon technique to quantify, for the first time in CS and in
ACRO, the exact percentage of fat in thigh muscles, which is the adipose

tissue located inside the muscle and surrounding the muscle fibers.

A strength of our study is the low prevalence of hypopituitarism in our
patients in with CS. While pituitary hormone deficiency is a frequent
complication of surgery in many patients with pituitary-dependent CS, only
5% of our patients presented with hypopituitarism. They were on long-term
hormone replacement and had normal hormone levels at study entry.
Moreover, after excluding both patients with GH deficiency, and the two who
were on hydrocortisone replacement, our results did not change. Also, we
have performed an extensive evaluation of muscle function in patients and
carefully matched control group, and evaluated the potential impact of joints
symptoms, a common feature in ACRO, on muscle dysfunction. Interestingly,
the relationship we have found between impaired performance on TUG and
FF remained significant after adjusting for the coexistence of WOMAC
functional limitation and pain scores. Furthermore, we included 10 patients on
somatostatin analogs and 2 on pegvisomant. Potential, muscle-specific effects
of medical treatment in ACRO patients have not been extensively studied thus
far. Madsen et al. showed that co-treatment with somatostatin analog and GH
receptor antagonist decreased intramyocellular content in the tibialis anterior
muscle in 12 ACRO after 24 weeks, as compared with patients treated with
somatostatin analogs only, supporting the hypothesis that the latter may exert
independent metabolic actions on peripheral tissues, including skeletal muscle
(167,168). However, when we excluded patients on medical treatment from
the analysis, the difference in both fatty infiltration and muscle functionality
between ACRO and controls remained significant. Larger studies are needed

to confirm our results and evaluate potential effects of comorbidities and
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concomitant medical treatment on muscle quality and function in ACRO

patients.

Limitations of this study include the relatively small size of the total and sex-
specific sample, and the cross-sectional design which prevents from inferring
causality based on our data. Another limitation is that we included 22% of
patients with hypopituitarism, which may affect muscle status. However, all
our patients had been on stable hormone replacement for more than one year
and their hormone levels were not different as compared with those in
controls. In addition, the outcomes analyzed were similar between patients

with hypopituitarism as compared with those without.

Interpretation of our results needs to consider that we included only 4
estrogen sufficient women (20%). Because estrogens contribute to the
regulation of adipogenic pathways in muscle, future studies should
specifically address the question of whether fatty infiltration and muscle

function differ in ACRO women depending on the menopausal status (129).

6.2 Mechanisms linking intramuscular fat accumulation and impaired

muscle contractility in patients with Cushing’s syndrome and acromegaly

We postulated that this fat depot may be persistently elevated patients
previously exposed to overt hypercortisolism as well as overt GH
concentrations determining irreversible changes of muscle structure and/or
quality possibly perpetuating functional impairment after biochemical control
(80,116,121,153-155)

Although the mechanisms linking intramuscular fat accumulation and muscle
contractility are still to be elucidated, it has been suggested that the close
proximity of adipocytes and myofibers in muscle may promote muscle

dysfunction, through the production of fatty acids, adipokines and
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chemokines from adipose tissue that induce inflammation and oxidative stress
(73,156-159). Increased flux of free fatty acid into the muscle and
intramuscular lipid deposition have been associated with altered insulin
signaling and mitochondrial dysfunction, leading to ATP pool depletion and
impairment of myofibril contractile function (84). Indeed, decreased ATP
synthesis and oxidative capacity, as measured using magnetic resonance
spectroscopy (MRS), and respiratory gas exchange, have been described in
the skeletal muscle of 7 ACRO patients long-term after successful treatment,
as compared with healthy controls (160). In vitro studies showed that
intramuscular secretion of pro-inflammatory adipokines blunts the expression
of contractile proteins in myotubes, impairs myoblast differentiation and
promotes myofibers atrophy (73,74,156). Moreover, fatty infiltration of
muscle is associated with insulin-resistance which may determine glycolytic
disturbances and reduced cellular uptake of glucose, ultimately leading to
reduced ATP pool and impaired myofibril contractile function (161,162).
Fatty infiltration may also induce direct, mechanical alteration in the muscle.
Yoshida et al. demonstrated that the presence of non-contractile tissue, such
as intramuscular fat, blocked muscle activation and force production in older
adults, inducing both the compression of the motor unit and changes in

muscle fiber orientation and fiber pennation angle (163).

6.3 Addressing fatty infiltration to prevent and treat sarcopenia in

Cushing’s syndrome patients and acromegaly.

While the mechanisms underlying this progressive deterioration of muscle
functionality are still to be determined, efforts should be made to prevent and,
possibly, revert it through the adoption of a healthy lifestyle. The beneficial
effects of exercise on physical and mental health are well known. A sedentary

lifestyle has been associated with poor muscle performance and significant
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alterations of muscle composition and quality (i.e. excessive accumulation of
fat within the muscle) in elderly people (164). A structured physical training
program positively changed muscle composition in them, which was
associated with significant amelioration of physical performance and, if
continued, even prevented age-related decline of muscle function (165,166).
Thus, physical activity should be considered as an important therapeutic
intervention integrating and supporting other treatments, such as surgery and
drugs, aimed at pursuing changes in patient’s health. Exercise trainers should
be part of the multidisciplinary health care team accompanying patients

during all the phases of their disease.

According to the evaluation of Postgraduat subcomission, the Manuscript
“Prevalence of sarcopenia after remission of hypercortisolism and its impact
on HRQoL” cannot be part of the main body of the thesis, since it is
published in a Q3 Journal. However, it is interesting information added about
the new definition of sarcopenia applied to Cushing’s syndrome and its

impact on health related quality of life in these patients.

6.4 Prevalence of sarcopenia and its impact on quality of life in patients

with Cushing’s syndrome (Annex)

We have demonstrated that 19% (7 patients) of CS patients in long-term
remission have sarcopenia, being greater than in controls. Also, from these 7
patients, 1 had severe sarcopenia. Such prevalence is similar to that described
in both people older than 70 years (1-29%) and patients with type 2 diabetes
mellitus (7.5-19.5%), and suggest that prior exposure to glucocorticoid excess
plays a negative effect on muscle performance, strength and muscle quality,
which persists even many years after its resolution (166,167). This important
clinical information deserves to be taken into account to optimize treatment in

CS as well as in patients on chronic glucocorticoid treatment. Indeed,
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prevalence of secondary sarcopenia in inflammatory diseases range from 14%
to 37%, depending on the disease, sample characteristics, and criteria used to
define it (13). Traditionally, loss of muscle mass has been considered the
primum movens for the development of sarcopenia and therefore,
quantification of muscle mass has been used as the most reliable tool to
diagnose sarcopenia in the elderly (124). This assumption has been recently
challenged by the observation that reduction of muscle strength and/or
performance is a key feature of aging-related sarcopenia, which appears to be
more linked to muscle quality impairment rather than to a decrease in muscle
mass (125). Indeed, deterioration of muscle function in older people was two-
to five-fold faster than muscle mass wasting and was not reverted/prevented
by specific training programs aimed at increasing muscle mass (168). Thus,
sarcopenia has recently been recognized as a complex disease characterized
by unfavourable changes in both muscle structure and function potentially

occurring across a lifetime (125).

Based on our findings, the EWGSOP2 criteria should be used to diagnose
sarcopenia in CS patients, since it is the only consensus including muscle
quality and 30-second chair stand test as reliable parameters as an alternative
to muscle quantity and hand grip strength, which are not deteriorated in our
patients. However, it includes tools, such as the MRI 2-point Dixon, which
are not always available in the clinical setting, due to elevated costs and

specific technical requirements (169).

CS patients scored worse on the Sar-QoL questionnaire (auto-administered
patient-reported outcome measure specific for sarcopenia, to evaluate how
muscle weakness affects QoL), as well as on five of the eight dimensions of
the generic Short-Form 36-Item (SF-36) HRQoL questionnaire. CS patients
with sarcopenia had a lower SarQoL score as compared with those without
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sarcopenia, indicating that the former perceived a poorer well-being. CS
patients with sarcopenia scored worse on the functionality domain as
compared with those without. Patients with sarcopenia also scored worse on
CushingQoL pain, easy bruising, and worries on physical appearance as

compared with patients without sarcopenia.

6.5 Usefulness of the Sarcopenia Index (SI) (Annex)

We have shown that a cut-off value of 72 for the Sarcopenia Index (SI)
[Creatinine-Cr- (mg/dl)/cystatin C-CysC- (mg/L) x 100] identified those CS
patients at risk of having muscle weakness and poor physical function. The Sl
was associated with low muscle mass, impaired muscle quality, poor
functionality, and decreased HRQoL. Interestingly, while CysC levels were
proportional to the amount of adipose tissue, the SI was associated with body
muscle mass and total body fat in obese patients (170). Thus, it could be
speculated that CysC levels may reflect changes in muscle quality, and
potentially predict muscular functional decline in CS patients with sarcopenia.
Future prospective studies are needed to confirm the usefulness of the Sl in
the clinical setting, to evaluate physical function in CS patients at every stage
of the disease, and monitor the responsiveness to specific treatments aimed at

improving muscle performance.

Interestingly, our middle-aged CS patients with sarcopenia had a similar
SarQoL to that described in older sarcopenic patients(138). Moreover, CS
patients with sarcopenia had impaired physical functioning and a greater score
for easy bruising than patients without sarcopenia, indicating that the former
had a more severe proteocatabolic state associated with significant physical
limitations. In light of such an important impact of muscle dysfunction on
patient’s well-being, SarQoL could complement the CushingQoL

questionnaire to evaluate health perception in patients with CS in remission.
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7. Final conclusions

Patients previously exposed to cortisol excess present with greater fatty
infiltration in the thigh skeletal muscle along with poorer muscle

function as compared with healthy controls.

There is an independent association between fatty infiltration and
impairment of performance on several function tests in “cured” CS
patients. This suggests that clinicians should be aware of this sustained
deterioration of muscle health and specifically address this problem

during follow-up.

Patients previously exposed to long-standing high circulating levels of
GH and IGF-I have greater fatty infiltration in thigh muscles along with

poorer muscle functionality, as compared with healthy controls.

There is an independent association between fatty infiltration and worse
performance on the timed up and go test (TUG), reflecting impaired
mobility, balance, walking ability, and greater fall risk in ACRO
patients. This indicates that muscle performance should be evaluated in
ACRO patients even long-term after normalization of GH and IGF-I

levels.
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Future lines

8. Future lines

Larger studies are needed to confirm our results and evaluate the
potential effects of comorbidities and concomitant medical treatment on
muscle quality and function in patients with Cushing’s syndrome (CS)

and in patients with controlled acromegaly (ACRO).

Pathways whereby glucocorticoids and GH/IGF-I regulate fat metabolism
and mediate specific fat accumulation in muscles are complex and not

completely understood.

Mechanisms linking intramuscular fat accumulation and impaired muscle
function in patients with CS with long term remission and patients with

controlled ACRO are unknown.
Further studies are needed to increase its understanding and to establish

therapeutic strategies aimed at reducing intramuscular fat accumulation,

with the purpose of reversing muscle dysfunction in these patients.
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