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Purpose of review
There is growing evidence that bone health is impacted during and after critical illness in multiple ways. In this review, we provide a practical update on postcritical care bone loss with an insight on identification of persons at risk, prevention and treatment strategies.
Recent findings
Critical illness is associated with an increase in bone turnover and with an uncoupling between bone resorption and bone formation. This results in loss of bone mass, as highlighted by changes in bone marker serum levels and in bone mineral density. Data suggest that ICU survivors are at an increased risk of bone fractures, but this is not completely quantifiable. A key driving factor for ICU-related bone loss, beside inflammation, undernutrition and vitamin D deficiency, is immobilization. Bone health and muscle health are closely related, through myokines and osteokines. Even if not completely proven in the context of critical care, it is likely that preserving muscle mass and strength helps reducing bone loss.
Summary
A history of critical illness should be considered as a strong risk factor for osteopenia and osteoporosis. ICU-related bone loss should be part of the postintensive care syndrome, and should be targeted by prevention and treatment strategies. Optimized and individualized protein and micronutrient provision (with specific attention to calcium, vitamin D and selenium), associated with physiotherapy and muscle training, should be implemented early after ICU admission and continued after ICU discharge. Antiresorptive agents such as biphosphonates should be considered on an individualized basis.
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INTRODUCTION
Patients who survive critical illness may experience physical, psychological and/or cognitive symptoms of varying severity and persistence. The physical domain mainly refers to muscle weakness and loss of autonomy for activities of daily living. However, there is growing evidence that bone health is also seriously impacted, likely independently from the original cause for ICU admission.
Clinical research on bone alterations during and after critical illness, its features, prevention and treatment, is still rare in the field of general critical care. Fortunately, the subject has been more extensively studied in severe burn patients, in whom the systemic response is more pronounced and prolonged, compared with other critically ill patients. This knowledge, often unpublished (yet), should certainly benefit other critically ill patients. We hereby provide a practical update on postcritical care bone loss with an insight on prevention and treatments strategies.
PRE AND POST-ICU OSTEOPENIA AND OSTEOPOROSIS
There is evidence of an association between critical illness and accelerated bone loss, leading to
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	KEY POINTS

 Critical illness is associated with increased bone turnover, bone loss and subsequent risk of fractures.
 Bone health and muscle health are closely related. This is a strong rationale for implementation of combined strategies aiming to preserve both muscle mass and bone mass, such as optimized nutrition (with a specific focus on vitamin D status) and muscle training.
 Medications aiming to limit the ICU-related bone loss include at least oxandrolone, propranolol and bisphosphonates.



secondary osteopenia and osteoporosis. The major driving factors of ICU-related bone loss are inflammation, neuroendocrine stress reaction, immobilization, vitamin D deficiency (especially in long stayers), malnutrition, gut microbiota dysregulation (by antibiotics) and medications such as corticosteroids, catecholamines or loop diuretics [1,2]. These factors add to known or unknown preexisting osteoporosis. The main preexisting risk factors for osteopenia are bone loss, such as older age, female sex, low BMI, reduced mobility, smoking habits, chronic diseases or family history.
Increase in bone resorption occurs early after the initial critical insult, during the first 2 or 3 weeks [3,4]. Most importantly, loss of bone mass persists for up to 2 years after ICU stay [5]. In children with severe burn, bone recovery is delayed by at least 3–6 months compared with muscle recovery [6]. Despite gradual improvement in bone formation, ICU or burn survivors may not completely regain bone mass for several years following acute illness. This underlines the magnitude of this metabolic consequence.
Assessment of bone turnover markers confirms the changes in bone turnover during and after critical illness. There are classically two categories of bone markers: the bone formation markers, derived from the osteoblastic activity [bone alkaline phosphatase (BSAP), osteocalcin, N-terminal propeptide (PINP) and C- terminal propeptide of type-I procollagen (PICP)], and the bone resorption markers, as well as the markers of osteoclastogenesis, resulting from degradation of bone collagen [intermolecular crosslinks pyridinoline (PYD) and deoxypyridinoline (DPD)], the C-terminal telopeptide (CTX), the N-terminal telopeptide (NTX) and matrix-metalloproteases (MMP)-generated (CTX- MMP or ICTP) type I collagen fragments, the enzymes secreted by the osteoclasts, namely tartrate-resistant acid phosphatase 5b isoform (TRAP-5b), and the receptor activator of nuclear factor NF-kB ligand (RANKL).
Critical illness is associated with an increase in boneresorption markersandinimmatureosteoblast activity [2]. The bone turnover is overall increased, with an uncoupling between osteoblasts and osteoclasts activities, or in other words, between bone formation and resorption [7&]. However, the data about bone turnover markers should be interpreted with caution in this specific context that can lead to alterations in preanalytic or analytic conditions [8].
Bone loss has also been confirmed using bone mineral density (BMD) measurement by dualenergy X-ray absorptiometry (DXA). Loss in BMD inICUsurvivorsduringtheyearfollowingacutecare was greater than in an age and sex-matched population [9]. Timing of BMD loss differed between sex: male ICU survivors presented a more pronounced BMD loss in the second year following acute care, although BMD loss in women survivors was predominant during the first year following ICU stay [5]. DXA testing during ICU stay clearly is not only feasible but also not required, but should be performed during the follow-up period.
On the basis of animal models of severe burn injury, it has been suspected that the loss of bone mass is accompanied by changes in the bone collagen network, which modify the mechanical properties of the bone [10].
At present, no formal quantification of ICUrelated bone loss prevalence has been performed. Moreover, there is no published comparison of such prevalence after different types of critical illness. The role of illness severity in bone loss is unclear. Surprisingly, nonsevere burn injuries have been associated with bone disruption, especially in trabecular bone compared with cortical bone [11]. Yet, in a recent publication using a mouse model, hypermetabolism was inducible even by a small burn. Minor burn was associated with a significant increase in inflammatory cytokines levels and a significant weight loss [12&]. These findings are alarming and should lead to evaluate the fracture risk also in patients with minor burns.
CONSEQUENCES IN ICU SURVIVORS
The long-term health impact of altered bone metabolism after critical illness remains unclear but is certainly underdiagnosed and underestimated. The current osteologic literature does not address ICU stay as an important risk factor for osteoporosis
[13].
A major consequence of bone loss is increased risk for fragility fractures. Only a few studies investigated this long-term outcome. An increased risk of fragility fracture has been described, especially in older women [14,15]. In burn adults, as in burn children, the risk of postburn fracture was at least two times higher than in healthy subjects [6]. Fragility fractures, as well as elevated bone turnover markers, have been associated with an increased mortality in various medical conditions [7&]. Unfortunately, fracture risk cannot be adequately predicted in ICU survivors, neither based on bone turnover markers, nor on DXA. Nonetheless, using FRAX (Fracture Risk Assessment tool) in ICU survivors could help clinicians screening the patients at a higher risk of fracture [15].
The risk of fractures is closely linked to falls, which are common in ICU survivors, either during hospitalization [16] or after hospital discharge [17]. In burn patients, falls and fractures lead to an elevated postdischarge hospital service use for musculoskeletal diseases [18].
Unfortunately, a small minority of ICU survivors are obliged of continuous bedrest, with an extreme immobilization. Here, spontaneous fractures and during nursing activities are observed, leading to high skeletal morbidity [19].
RELATIONSHIP/INTERACTION BETWEEN BONE AND MUSCLE
Skeletal muscles and bones are tightly connected with each other, locally and functionally. Osteoblasts and myoblasts have the same origin, the mesenchymal stem cell. The ‘musculo-skeletal system’ is influenced by factors such as genetics, age, hormones, endocrine diseases and mechanical demands [20,21].
The lack of muscle activity leads to a decrease in bonemass,byincreasedosteocytesclerostinproduction [22]. However, immobilization is not the only driving factor for muscle weakness in ICU patients. Muscle wasting is observed early after admission, within the first 3 days in subjects with multiorgan failure [23] and is caused by the imbalance between protein synthesis and degradation. Moreover, ICU acquired muscle wasting and weakness is characterized by impaired muscle fibre contractility, which is caused by reduced mitochondria content and function, altered muscle architecture, abnormality in calcium homeostasis and calcium channels, and maybe lipid toxicity. Injury of the peripheral nervous system is an additional stimulus for the dominance of proteolysis [24]. Because of the close mechanical interaction, muscle atrophy precedes the decline in bone mass and very likely also bone quality [25].
Muscle disuse causes a net bone loss and a deterioration in bone microstructure [26]. Muscle and bone are both endocrine organs, communicating with each other. Several myokines, cytokines and proteins released by muscle tissue (e.g. myostatin, irisin, ß-aminoisobutyric acid, brain-derives neutropenic factor, interleukines) influence bone turnover [27&&,28]. In return, osteokines secreted by osteoblasts and osteocytes (e.g. sclerostin, osteocalcin, insulin-like growth factor 1, bone morphogenic protein, fibroblast growth factors, nuclear factor-kappa B ligand, dickkopf 1, prostaglandin E2) have an impact on muscle metabolism
[27&&,29,30&&].Clinicalimplicationsofsuchdialogue remain to be demonstrated [31]. However, it is obvious that preserving muscle mass helps preserving bone mass and vice versa.
SYSTEMIC IMPACTS OF BONE HEALTH
Fibroblast growth factor 23 (FGF23), a hormone expressed by osteocytes, osteoblasts or osteoprogenitor cells, has been found to be elevated during criticalillness,maybein link with pro-inflammatory stimuli [32] and iron status [33]. That was associated withadverseoutcomesandevenincreasedmortality [34,35]. Whether it is a severity marker or a contributor is still unclear. FGF23 could influence morbidity and infection risk through hypophosphatemia, inhibition of extra-renal vitamin D activation or monocyte inhibition of antimicrobial molecule LL37 [36].
Bone loss also promotes glucose intolerance or systemic inflammation [27&&], that in turn worsens muscle or bone loss.
PREVENTION/TREATMENT
The consequences of bone loss after critical illness, the impact on health-related costs and quality of life, and the interaction between bone and muscle underline the need of an interdisciplinary integrated and multimodal prevention strategy, best started early during critical illness.
Nutrition
Nutritional support is a mainstay intervention to minimize the risk of malnutrition and the subsequent worsening of sarcopenia and osteopenia. Nutrition in ICU is a topic that is constantly evolving. Currently, continuous enteral feeding is the preferred feeding method in critically ill patients who are not able of volitional intakes, but intermittent feeding is thought to contribute to restoring an anabolic effect of amino-acid provision in a context ofanabolic resistance[37]. However,thisneedstobe confirmed by clinical studies. Furthermore, critically ill patients do not have the same requirements, and their needs are not stable throughout the critical care and postcritical care trajectory. As such, feeding should obviously be individualized. The latest European Society of Parenteral and Enteral Nutrition (ESPEN) guidelines help avoiding both undernutrition and overnutrition [38&&]. Optimizing nutrition during ICU stay and after discharge, especially ensuring adequate provision of amino acids, may have synergic effects with exercise and pharmacological therapy (see below) to increase the rate of protein synthesis in muscle [39]. Specific attention should also be paid to mineral intakes, such as calcium[40],orselenium.Somestudiesshowedpositive association between selenium levels or intakes and muscle mass and performance [41].
There are currently no clinical data on the impact of a protein and mineral-adjusted nutritional strategy on bone loss and bone recovery in ICU patients.
Vitamin D
The beneficial effect of vitamin D on the musculoskeletal system is undebated. A normal vitamin D level requires regular vitamin D supplementation in many individuals, typically in a daily dose of 600– 2000IU [42]. Ultra-high and rare doses are no longer recommended for musculoskeletal outcomes because of the associated higher risk of falls and fractures [43]. High-dose vitamin D is currently under investigation for its potential effect on ICU mortality/morbidity [44,45].
Severe burn patients are at a high risk of vitamin D deficiency, both during acute care, and after discharge. An important feature is that scars are unable toconvert7-dehydrocholesteroltoprevitaminD3,at least during the 8–20 months following injury [46]. Moreover, these patients are usually advised to wear pressure garments and to avoid direct sun exposure. Preliminary reports suggest a beneficial effect of vitamin D3 supplementation in reducing postdischarge fracture risk in burn children [47], or in increasing quadriceps strength in burn adults [48].
Gut microbiome modulation
The microbiomeissuspectedto influencebonemass and quality [49]. Experimental data have shown that modulation of gut microbiota using probiotics can increase bone mass [50]. In humans, prebiotics consumption has also been associated with an enhanced calcium absorption and a favourable change in gut microbiota composition, leading to improved bone mass regulation [51]. In the future, microbiome modulation may become a novel adjuvant strategy to prevent or even treat ICU-related osteopenia or osteoporosis.
Rehabilitation
Early mobilization has been proven to be feasible and well tolerated in most ICU patients [52–54]. Several meta-analyses [55–57,58&] showed shortterm improvements in physical function after implementation of such strategy. Neuromuscular electrical stimulation (NMES) could be a useful additive in the preservation of muscle mass and/or strength [59–62]. Whole body vibration has been demonstrated to be an effective training option for increasing BMDin postmenopausal women[63] and in burn children [64]. Such adjunct therapy also improves muscle mass and muscle strength [65]. A systemic anabolic effect has also been evoked, through an increase in IGF1 blood levels [66].
The impact of physical rehabilitation during ICU stay on bone mass and fracture risk has not been studied so far, but physical rehabilitation is part of ICU clinical practice guidelines [67,68]. In addition, it is absolutely necessary to keep up with rehabilitation after ICU discharge (in the general ward) and after hospital discharge [69].
Pharmacological modulation of hypermetabolism
Muscle protein synthesis has been induced in patients with multiple organ failure receiving recombinant human growth hormone (rhGH) [70]. Such treatment was not able to improve muscle function [71] and even increased mortality [72]. Because of its harm, rhGH cannot be recommended as an anabolic option in ICU patients. However, in severe burn children, rhGH administration after discharge increased lean body mass [73], bone mineral content and height without any adverse outcome [74].
The synthetic testosterone analog oxandrolone seems to be a more promising treatment option. A recent meta-analysis showed that it does not affect mortality while increasing lean body mass and BMD in patients suffering from severe burns [75]. Weight loss has also been shown to be reduced in trauma patients receiving oxandrolone [76].
Blunting adrenergic activity may return protein metabolism towards normal in critically ill patients with hypermetabolism. Propranolol proved to reverse muscle catabolism and to prevent bone loss in children with severe burns [77,78].
Osteoporosis medications
All osteoporosis medications, aiming to reduce fracture risk, should best be initiated in sufficient vitamin D levels, because of the risk of severe hypocalcaemia.
So far, no antiresorptive agents are approved for immobilization but some studies exist: bone resorption has been shown to be reduced after bisphosphonate infusions in patients with acute spinal cord injuries [79] or acute Charcot neuropathy [80].
In critically ill patients, a single dose of ibandronate transiently reduced serum levels of C-telopeptide in critically ill patients [81]. In burn children, two doses of pamidronate during the acute phase of burn injury completely blocked the resorptive bone loss for period of at least 2 years following injury [82,83]. Furthermore, pamidronate has also been shown, in similar populations, to reduce protein breakdown in muscle [84,85]. This muscle effect is thought to be related to the prevention of bone resorption and the consequent release of bonederived muscle catabolic factors [85].
Interestingly, bisphosphonate users admitted in ICU had a significantly lower reduction in BMD compared with bisphosphonate nonusers. The results with co-use of bisphosphonate and vitamin D were even better, and an additive reduction of mortality was observed [86]. Similarly, in ICU survivors treated with antifracture drugs, a reduced loss of BMD was observed, compared with nontreated patients [5].
The RANKL (receptor activator nuclear factor kappa B ligand) inhibitor denosumab has been shown to improve bone metabolism in individuals with relatively recent spinal cord injury [87,88]. Unfortunately, denosumab has not been investigated in ICU patients, but a positive effect may be suspected. In contrast to bisphosphonates, denosumab skeletal retention has not been described and a rebound phenomenon after discontinuation of denosumab therapy with an increased vertebral fracture risk has even been suspected. However, it appears to be lower in patients treated for 2 years or less than in patients on long-term treatment [89]. Thus, a single administration during an ICU admission should not cause a rebound phenomenon.
Teriparatide, a recombinant human parathyroid hormone, is a very efficient anabolic treatment for severe osteoporosis. No data concerning PTH therapy in ICU patients exist, but it appears that antiresorptive therapy is biologically better suited to reduce fracture risk in and after acute illness.
The sclerostin inhibitor romosozumab is approved in Europe to treat severe osteoporosis in postmenopausal women at a high risk of fracture [90,91]. To date, no data on the efficacy of immobilized patients or ICU patients exist.
Hormone replacement therapy and selective oestrogen receptor inhibitors (SERMs, raloxifen) may be used in osteoporosis but are no attractive options in the special circumstances of ICU survivors.
CONCLUSION
Critical illness is a major risk factor for future fractures. Even minor burn injuries appear to have a profound effect on bone metabolism. As more and more patients survive critical illness and the ICU population also ages, we advise to follow the recommendations based on previous literature summarized in Table 1 and to allocate more research resources to better understand and treat the detrimental effect of critical illness on bone.
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Table 1. Recommendations
	General
	Falls and fractures should be part of the post-ICU syndrome
National and international bone societies should include burns and previous ICU stay as a major risk factor for future fractures.

	During ICU
	
	Appropriate nutritional provision of protein and micronutrients, in particular vitamin D, according to individualized needs
Early mobilization and muscle training (active muscle exercises, neuromuscular electrical stimulation, whole-body vibration)
Oxandrolone and propranolol may be considered, at least in burn patients

	After ICU
	ICU and burn survivors should receive long-term follow-up, including DXA screening and counselling for prevention of post-ICU osteoporosis and fractures
Appropriate nutritional provision of protein and micronutrients, in particular vitamin D, according to individualized needs, should be continued after discharge
Supervised exercise and regular physical activities should be intensively continued after hospital discharge Antiresorptive therapy including bisphosphonates and denosumab should be considered
Anabolic therapy including teriparatide and romosozumab should be evaluated in appropriate candidates
General measures of fall reduction should be implemented if necessary (hearing/seeing aids, removal of carpets and so on, avoidance of benzodiazepines and other medications associated with increased fall risk)
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