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Abstract

Individuals with cerebral palsy (CP) exhibit neuromuscular complications and low physical 

activity levels. Adults with CP exhibit a high prevalence of chronic diseases, which is associated 

with musculoskeletal deficits. Children with CP have poor musculoskeletal accretion accompanied 

by excess bone marrow fat, which may lead to weaker bones. Mechanistic studies to determine the 

role of bone marrow fat on skeletal growth and maintenance, and how it relates to systemic energy 

metabolism among individuals with CP, are lacking. In this review, we highlight the skeletal status 

in children with CP and analyze the existing literature on the interactions among bone marrow fat, 

skeletal health, and cardiometabolic disease risk in the general population. Clinically vital 

questions are proposed, including: (1) Is the bone marrow fat in children with CP metabolically 

distinct from typically developing children in terms of its lipid and inflammatory composition? (2) 

Does the bone marrow fat suppress skeletal acquisition? (3) Or, does it accelerate chronic disease 

development in children with CP? (4) If so, what are the mechanisms? In conclusion, while 

inadequate mechanical loading may initiate poor skeletal development, subsequent expansion of 

bone marrow fat may further impede skeletal acquisition and increase cardiometabolic disease risk 

in those with CP.
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Introduction

Cerebral palsy (CP) is the most common motor disability in childhood affecting 2 to 3.6 per 

thousand live births.1–4 It results from damage to or malformation of the infant brain leading 

to varying degrees of neuromuscular dysfunction and low levels of physical activity.5,6 The 

life expectancy for those with CP has increased over the past four decades, creating a 

growing adult patient population with a high prevalence and accelerated development of 

chronic diseases, such as cardiometabolic diseases (e.g., hypertension, hyperlipidemia).7–12 

Importantly, the high cardiometabolic multimorbidity prevalence (i.e., having ≥2 chronic 

diseases) in middle-aged adults with CP is associated with musculoskeletal deficits,11 and 

adults with CP are known to have significantly diminished musculoskeletal densities.13

The health of the adult musculoskeletal system is largely determined by mechanical and 

physiological factors experienced throughout childhood.14,15 Children with CP never reach 

optimum functional capacity and are predisposed to decline as they transition into- and 

throughout- their adults years.16 This is largely due to neuromuscular inefficiency17–19 and 

underdeveloped and weak skeletal muscles that are highly infiltrated with fat.5,6 Moreover, 

these problems vary based on the severity of the condition, ranging from mild (ambulatory) 

to severe (nonambulatory) functional restriction.20 This results in a spectrum of inadequate 

mechanical loading from muscle contraction pulling on bone and ground reaction forces 

experienced during ambulatory activities (e.g., walking, running, jumping). Since childhood 

is a critical stage of skeletal modeling coupled with remodeling, low levels of stress on the 

skeleton would suppress skeletal acquisition and organization leading to lower peak bone 

mass attainment and weaker bones. Suppressed skeletal acquisition may be further 

influenced by puberty. Children with CP have stunted pubertal growth,21 which is an 

essential window for optimizing skeletal development. Taken together, these complications 

may help to explain why children and adolescents with CP experience a high rate of low-

energy fractures22,23- a problem which varies widely based on the severity of the condition, 

and which is amplified in young adults with CP.24

Another potential contributor to low bone strength in CP is bone marrow fat, which is 

negatively correlated with mechanical loading25 and skeletal architecture and 

composition26–33 in adults. Bone marrow fat may not simply be a filler following bone 

atrophy, but rather an active tissue regulating the bone and marrow microenvironment.34 

Bone marrow fat is subject to metabolic alterations depending on factors that impact the 

skeleton, including age, sex, disease status, radiation exposure, nutrition, hormonal factors, 

and inflammation. Bone marrow fat is also associated with markers of poor cardiometabolic 

health in adults.35–37 Therefore, bone marrow fat may be a key regulator of skeletal 

homeostasis and may contribute to systemic energy metabolism. Other than a few 

anatomical studies, very little is known about bone marrow fat dynamics and its relation to 

skeletal and overall metabolic health during human growth and development, especially in 

children with physical disabilities. To date, only one study has investigated bone marrow fat 

in children with CP and found it to be higher compared to sex-, age-, and race-matched 

controls.5

Whitney et al. Page 2

Am J Phys Med Rehabil. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A better understanding of the interactions among bone marrow fat, skeletal development, 

and systemic energy metabolism is essential to maximize skeletal development, and offset 

the accelerated age-dependent chronic disease trajectory in those with CP.11 Therefore, we 

provide a thorough review of the existing literature related to the bone marrow fat regulation 

of skeletal metabolism and cardiometabolic disease risk in individuals with CP and other 

populations. Importantly, while this review is focused on those with CP, the questions and 

ideas proposed here are relevant to other populations with physical disabilities or who are 

physically inactive.

Skeletal Status in Children with CP

Skeletal deficits in children with CP

Children with CP have a high incidence of low-energy fracture, with a fracture distribution 

of roughly 80% occurring in the lower extremities.22 This is in contrast to typically 

developing children, wherein roughly 80% of fractures occur in the upper extremities.38 The 

high susceptibility and unique distribution of fractures in children with CP may be explained 

by a weak and poorly developed skeleton, which becomes progressively worse throughout 

growth and development,39 especially of the lower extremities.39–41 Using magnetic 

resonance imaging, Modlesky and colleagues41 showed that nonambulatory children with 

CP exhibit a severely underdeveloped mid-femur size as indicated by 51 – 55% lower total, 

cortical, and bone marrow cavity volumes, up to 48% thinner cortical walls, and up to 71% 

lower estimates of bone strength compared to typically developing children. While the femur 

is the most commonly fractured bone, the distal femur is the most commonly fractured site 

in children with CP.22 This can be explained by a markedly underdeveloped trabecular bone 

microarchitecture at the distal femur compared to typically developing children,40,42 with 

the deficits being more pronounced with greater distance away from the growth plate within 

the metaphysis.40 Bone mineral density, the most commonly used surrogate of bone 

strength, has also been found to be significantly lower in children with CP.39,43

Bone marrow fat in children with CP

The lone study to report on bone marrow fat in those with CP showed that ambulatory 

children with CP, compared to sex-, age-, and race-matched typically developing children, 

had underdeveloped cortical bone architecture of the middle-third tibia and estimates of 

bone strength of nearly 33% lower. The bone deficits in children with CP were accompanied 

by a higher concentration of fat in the bone marrow, which was evident even after 

statistically controlling for tibia length, and with no group differences in bone marrow 

volume. Furthermore, the children with CP had a thinner cortical wall in the medial aspect 

of the bone.5 In typically developing children, bone and bone marrow fat mass both increase 

during growth. While ambulatory children with CP develop bone marrow volumes similar to 

that of typically developing children, they experience inadequate bone accrual and develop 

higher fat content within the bone marrow.5 In contrast, nonambulatory children with more 

severe forms of CP have been shown to have lower bone marrow volumes compared to 

typically developing children.41 While unsynchronized and inadequate bone development 

observed in children with CP may be the result of many factors (e.g., nutrition, hormonal, or 

side effects of medication), partial or complete skeletal unloading is largely to blame in the 
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early years of life. However, the skeleton adapts to chronic disuse in ways that may be 

deleterious to skeletal acquisition, growth, and energy metabolism, including greater fat 

partitioning towards skeletal depots.5 While the mechanisms in children with CP are 

unknown, excess bone marrow fat is associated with an imbalance in regulatory pathways 

leading to skeletal pathophysiology,44 a process that may be independent of mechanical 

loading. However, even compared to children with less severe forms of CP, children with CP 

who are not independently ambulant or with severe forms of CP are at a high risk for 

developing low areal bone mineral density.45

Given the skeletal and bone marrow fat profiles in children with CP, clinically important 

questions, pertaining to physical medicine and rehabilitation, include: (1) Is the elevated 

bone marrow fat in children with CP metabolically distinct from typically developing 

children in terms of its lipid and inflammatory composition? (2) Does the elevated bone 

marrow fat suppress skeletal acquisition? (3) Or, is it deleterious to chronic disease 

development in children with CP? (4) If so, what are the mechanisms?

There is a lack of mechanistic studies of bone marrow fat, skeletal acquisition, and 

cardiometabolic disease risk in children with CP and other child-onset disabilities. 

Therefore, the remainder of this review will utilize investigations of adults with skeletal 

disease and animal models.

Bone Marrow Fat

Bone marrow occupies the majority of the marrow cavity followed by trabecular bone. Bone 

marrow exists predominantly as hematopoietic tissue with prenatal conversion or 

replacement by fat,46,47 which progressively fills the majority of the bone marrow cavity by 

the 3rd decade of life from a distal to proximal direction.48,49 Adipocytes are largely made 

up of lipid droplets which contain fatty acids and their metabolites that facilitate cellular 

metabolism to support physiological homeostasis and promote anabolic processes, like 

growth. In adults, there is a relationship between the amount of bone marrow fat in the axial 

(lumbar vertebrae ~54%) and appendicular (femur/tibia ~85%) sites.36 However, while total 

body, visceral, and subcutaneous fat depots tend to correlate with one another and with body 

size, the degree of bone marrow fat tends to be independent of body size and other fat 

depots.31,50–52 Although, not all studies agree.53,54 For example, patients with anorexia 

nervosa exhibit the opposite trend as they have low total body fat stores but high bone 

marrow fat.55 Taken together, bone marrow fat is a unique depot, and the extent to which it 

contributes to or is present in concert with musculoskeletal pathophysiology is still to be 

determined.

The link between bone and bone marrow fat

Seminal studies, as early as the 1970s, have shown an inverse relationship between 

trabecular bone and bone marrow fat in humans and animals,26–28 with decreases in bone 

and increases in bone marrow fat with age.56 This inverse relationship is consistent in the 

diaphysis in healthy young31–33 and older32 adults. Bone marrow-derived mesenchymal 

stem cells are pluripotent and can differentiate into an array of lineages.57 Within the bone 

marrow cavity, these progenitor cells have a bi-potential differentiation fate of an osteogenic 
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or adipogenic program.58 Although filling of the bone marrow cavity by adipocytes was 

once considered a passive and inert process,26–28,59 it is now recognized that fat tissue has 

autocrine, paracrine, and classic endocrine effects. While little is known about how bone 

marrow fat contributes to metabolic and endocrine effects on organs, high levels of bone 

marrow fat are associated with markers of poor bone health54,56,60 and fracture.56,60

In healthy adults, bone marrow fat expansion could be due to partitioning of mesenchymal 

stem cell metabolism towards adipogenesis, resulting in a greater number of bone marrow 

adipocytes at the expense of osteoblasts, and therefore, reduced bone-forming potential. If 

this conjecture is true, then in a local region, a one-unit increase in bone marrow fat would 

coincide with a proportionate unit loss of bone-forming potential (i.e., osteoblasts), leading 

to a predictable inverse relationship between bone and bone marrow fat, which has been 

observed in healthy adults.31–33,61

In persons with skeletal disease (e.g., osteoporosis, idiopathic low bone mineral density), the 

mesenchymal stem cell lineage commitment may not be as simple as a switch from an 

osteogenic to an adipogenic program.61,62 Cohen et al.61 reported that premenopausal 

women with idiopathic osteoporosis or low bone mineral density (grouped as skeletal 

disease) had significantly compromised trabecular bone microarchitecture compared to 

controls. The skeletal disease group also had higher bone marrow adipocyte size, volume, 

and number compared to controls. Furthermore, there were inverse relationships between 

adipocyte volume with trabecular bone microarchitecture and bone formation rate in the 

controls, but no significant relationships were observed in the skeletal disease group. These 

data suggest a disconnect between the extent of bone marrow fat relative to bone metabolic 

deficits in skeletal disease. This may reflect a difference in mesenchymal stem cell 

metabolism and post-differentiation modifications causing enlargement of the adipocytes 

within the bone marrow microenvironment, thus masking the bone-fat relationship in those 

with skeletal disease.

Importantly, excess accrual of fat in the bone marrow occurs at the expense of more than just 

bone. Bone marrow is highly complex and composed of many different cellular lineages. In 

addition to bone and fat, bone marrow also contains hematopoietic tissue. Justesen et al.63 

reported that iliac crest bone biopsies from men and women with osteoporosis present with a 

greater proportion of bone marrow fat volume concurrent with less bone and hematopoietic 

tissue volume. This suggests that bone marrow fat accumulates at the expense of bone and 

hematopoietic tissue. (Although hematopoietic tissue plays a pivotal role in skeletal 

metabolism, the focus of this review is on the direct correlates of bone marrow fat and bone, 

and will no longer discuss hematopoietic tissue. However, for additional information, 

see34,64,65.)

These anatomical studies have led to investigations attempting to unravel the mechanisms 

relating bone marrow fat to bone.

Bone marrow fat and its interaction with the microenvironment

Bone turnover during skeletal modeling and remodeling is governed by bone-forming 

osteoblasts and bone-resorbing osteoclasts, which are derived from mesenchymal and 

Whitney et al. Page 5

Am J Phys Med Rehabil. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hematopoietic stem cells, respectively, within the bone marrow. These cells regulate one 

another in various stages of cellular development via direct and indirect regulatory factors.
66–68 With regard to osteoblast regulation of osteoclasts, one important pathway involves the 

early and late osteoblast expression and release of receptor activator of NfκB ligand 

(RANKL) and osteoprotegerin (OPG), respectively. Through competitive binding to the 

same osteoclast progenitor RANK receptors, RANKL induces formation and maturation of 

osteoclasts whereas OPG inhibits these actions.

Recent evidence demonstrates the potential role of human bone marrow adipocytes in 

regulating osteoclastogenesis via osteoclast regulatory molecules.69,70 In vitro, 

mesenchymal-derived marrow adipocytes have revealed expression of RANKL and OPG 

that are capable of supporting osteoclast-like cell formation.71 Similarly, isolated bone 

marrow from osteoporotic women, a condition associated with high bone marrow fat,26 

expresses higher markers of bone resorption compared to controls.44 In addition to 

competing with osteoblasts at the level of their shared stem cell,58 bone marrow fat impedes 

mature osteoblast function and mineralization by releasing lipid-specific factors72 and 

induces adipocyte characteristics in osteoblasts, resulting in a reduction of mature osteoblast 

secreted markers.73 This finding has led to the conclusion that osteoblasts can 

transdifferentiate into adipocytes,73–77 which would make this mechanism a prime target for 

interventions intended to increase bone mass. However, other evidence suggests that instead 

of osteoblasts transdifferentiating into adipocytes, osteoblasts have the capacity to take on 

bone marrow adipocyte characteristics, such as lipid accumulation and expressing adipocyte 

markers.73,78 These data suggest that the function of bone marrow fat tissue may not be 

exclusive to bone marrow adipocyte activity, as lipids can infiltrate and influence early and 

mature osteoblasts and osteoclasts.

Another candidate molecule to explore in those with CP is sclerostin, which is higher in 

nonambulatory than ambulatory adults with CP.20 Sclerostin is an osteocyte-derived 

molecule that blocks bone formation via the Wnt/β-catenin pathway and stimulates 

adipogenesis79 from bone marrow-derived mesenchymal stem cells.80 Mechanical loading 

downregulates sclerostin allowing for a cascade of events that activate Wnt signaling, 

leading to osteoblastogensis and bone-formation.81 On the other hand, while mechanical 

unloading induces adipogenesis at the expense of osteogenesis, hindlimb unloaded mice 

lacking sclerostin (Sost−/− on C57BL/6 background) do not exhibit bone loss,82 while 

administration of sclerostin antibodies rescues the unloading-induced bone loss in a dose-

dependent manner.79

Taken together, these data show that bone marrow fat can have a negative association with 

the neighboring bone tissue. Adipocyte extracellular vesicles containing adipogenic factors 

are released onto specialized bone cells,83 altering their differentiation potential, function, 

and survival. It is debated whether bone marrow adipocytes are characteristically similar to 

white adipocytes, which store lipids and have a low mitochondrial density, or brown 

adipocytes, which dissipate energy and are rich in mitochondria. However, existing evidence 

suggests bone marrow fat has a unique combination of characteristics of both types of fat 

tissue,84,85 which differentially associate with metabolic regulation.86–89 The paracrine 

mechanisms of bone marrow fat-releasing factors on bone include the secretion of fatty 
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acids, fatty acid metabolites, inflammatory cytokines, and adipokines. Different diseases and 

stages of development likely elicit unique secretome profiles from bone marrow adipocytes, 

with varying degrees of similarity to other fat depots (i.e., white, beige, or brown). 

Therefore, identifying specific patient-population bone marrow fat secretome profiles would 

provide a deeper understanding of its metabolic implications, especially in children with CP 

who exhibit suppressed skeletal acquisition throughout growth.39

Bone marrow lipid composition

Bone marrow fat is transcriptionally and characteristically different from other adipose 

tissues49,90,91 and across different skeletal sites.49,92 Lecka-Czernik and Stechschulte92 

show that in the proximal tibia, fat is interspersed among trabecular bone, while the distal 

portion of the tibia is associated with higher fat and a dense, ring-like aggregation of fat 

within the endosteal surface. This finding was supported by a study demonstrating that 

postnatal development of the mouse tibia coincided with bone marrow fat expansion in the 

distal portion shortly after birth, which morphologically resembled white fat.49 With aging, 

bone marrow fat expansion continues to the middle and proximal portion of the tibia, but the 

cells are morphologically distinct from the distal tibia, i.e., small, single adipocytes spread 

amongst hematopoietic tissue. It is therefore likely that bone marrow fat has unique 

functions based on the localization and lipid composition of the depot, which are derived 

from different, but unknown origins.49,93

The skeleton is highly involved in nutrient uptake and clearance, especially of fatty acids,94 

which are stored mostly in bone marrow, and to a lesser extent in mineralized tissue 

independent of cell membrane constituents.95 Bone marrow adipocytes are a depot for lipids 

containing predominantly triacylglycerol and trace amounts of cholesterol and 

phospholipids. Although there is conflicting evidence as to the fatty acid profile in human 

bone marrow,91,96 studies have reported an increasing unsaturated index (proportion of 

unsaturated to saturated fatty acids) from skeletal sites in the direction of the proximal femur 

to distal tibia.49,91 This is driven by a conversion of the saturated fatty acids, palmitic and 

stearic acid, to their monounsaturated derivatives.49

The unsaturated index has been suggested as a biomarker for osteoporosis,97 and is lower in 

the lumbar spine in postmenopausal women with osteopenia, osteoporosis,98 and fragility 

fractures99 compared to controls. On the other hand, Miranda et al.96 reported a higher 

unsaturated index of the iliac crest in osteoporotic women with vs. without fracture, and 

found no differences in overall fatty acid composition from bone marrow supernatant fluid 

among controls, osteopenic, and osteoporotic women. Griffith et al.91 reported a similar 

finding of no group difference in saturated vs. unsaturated fatty acid composition in a similar 

cohort of men and women, but found a lower monounsaturated fatty acid index in 

osteoporotic vs. osteopenic and control men and women in a mixed sample of bone marrow 

from lumbar, hip, and knee skeletal sites.

The conflicting evidence of the bone marrow fatty acid profiles and their relation to skeletal 

health in humans91,96–99 may be due to variations of fatty acid composition between and 

within axial and appendicular skeletal sites.49 For example, an in vivo imaging study found a 

negative and positive association between unsaturated index and total lipid content from 
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femoral neck and calcaneus bone marrow fat, respectively, in postmenopausal women.97 

Therefore, cohort studies examining the fatty acid profiles of different skeletal sites in 

typically developing children and healthy to osteoporotic men and women are needed to 

better understand site-specific variations of bone marrow fatty acid composition and how it 

relates to skeletal development and health.

Anatomical studies evaluating the degree of bone marrow fat in relation to skeletal health do 

not capture the physiological role of bone marrow fat on skeletal metabolism. The four most 

highly expressed fatty acids from bone marrow fat are palmitic, stearic, linoleic, and oleic 

acids.91,96 Palmitic and stearic acids are saturated fatty acids that are lipotoxic to bone,
100,101 and are known to impair osteoblast function.102,103 However, in their 

monounsaturated forms, palmitoleic and oleic acids, respectively, are characterized as fat 

tissue-derived hormones that inhibit osteoclast formation and function,104 promote 

mesenchymal stem cell and osteoblast function,101 and have positive systemic metabolic 

homeostatic properties.105 Moreover, oleic acid-fortified milk consumption is associated 

with improved skeletal metabolism in adults.106,107 Linoleic acid is an unsaturated fatty acid 

that augments osteoblast differentiation, function, mineralization, and survival,103,108 and 

inhibits osteoclast differentiation and function.109 Therefore, the volume of bone marrow fat 

does not necessarily equate to adverse metabolic actions on the bone. The distal tibia has 

higher bone marrow fat than proximal skeletal sites49,92 concurrent with a higher 

unsaturated index,49,91 which may be due to lower proportions of anti-osteogenic saturated 

fatty acids and higher proportions of their osteogenic monounsaturated forms.49 Moreover, 

palmitoleic acid has been shown to be positively associated with bone mineral density in 

adults.91 Collectively, these results may indicate that bone marrow lipid composition may be 

more important than overall quantity in relation to skeletal health.

In addition to bone marrow lipids, locally produced lipid metabolites (e.g., prostaglandins) 

have extensive biological roles in bone cell functions on many levels, including regulation of 

numerous bone-specific signaling pathways. While the topic of lipid intermediates and 

metabolites on bone health is out of the scope of the current review, a very comprehensive 

review by During et al.110 outlines many facets of localized lipid action in relation to 

skeletal physiology. Future research is certainly warranted to better understand the role of 

lipids and their metabolites as early regulators of skeletal health in those with CP.

What remains to be fully understood is how the bone marrow fatty acid composition varies 

throughout the lifespan and interacts with certain disease states, such as CP. Further, whether 

the elevated bone marrow fat in children with CP is reflective of a fatty acid profile 

exhibiting a lower unsaturated index, and what specific fatty acids or lipid-producing 

metabolites are altered, requires further studies.

Bone marrow fat and chronic inflammation

In addition to the direct effects of altered bone marrow fatty acid composition impacting 

skeletal physiology, indirect effects may include excess production of inflammatory 

cytokines creating a deleterious lipotoxic environment.
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Inflammatory cytokines, such as interleukin (IL)-1β, IL-6, and tumor necrosis factor-α 
(TNF-α), are rich in fat tissue and are associated with metabolic dysregulation111–114 and 

bone resorption by acting through the RANKL/RANK/OPG pathway.115–117 Halade et al.
117,118 demonstrated that the femur and tibia of mice fed a high fat diet exhibited 

deteriorated trabecular bone microarchitecture, elevated bone marrow fat, elevated RANKL 

(osteoclast inducer) expression in the bone, and suppressed OPG (osteoclast inhibitor) 

within the bone marrow. These mice also had an increased gene expression of inflammatory 

cytokines, such as IL-1β, IL-6, and TNF-α, downregulation of Runx2 (a primary osteogenic 

transcription factor), and upregulation of PPARγ (a primary adiogenic transcription factor) 

from the whole femur bone and bone marrow from the femur and tibia. However, the effect 

of inflammation on bone deterioration may have been mediated by systemic inflammation in 

addition to bone and bone marrow inflammation. Nevertheless, other studies have reported 

that altered bone marrow fat composition is associated with excess inflammatory cytokine 

release causing endoplasmic reticulum stress-induced apoptosis and impaired osteoblast 

function.100,101 The deleterious effect of elevated inflammation caused by altered bone 

marrow fatty acid composition can be reversed by intervening with unsaturated fatty acids,
101,107,119–121 with further benefits of lower osteoclast activation107,119–121 resulting in 

higher bone mineral density.119,120 This notion is supported by a study that acquired bone 

marrow from osteoporotic women and found higher markers for bone resorption, IL-6, and 

TNF-α compared to controls.44 These data suggest a possible link between high levels or 

altered bone marrow fat composition, inflammation, and poor bone health.

Systemic inflammation among individuals with CP may be related to prolonged neurological 

injury processes.122 However, little is known about the inflammatory milieu after infancy,
123,124 leading to speculative models of peripheral inflammatory response due to secondary 

pathologies associated with CP.10 It is well known that chronic inflammation precipitates 

cardiometabolic diseases as well as premature mortality in the general population. It is 

therefore of interest in determining if those with CP have bone marrow inflammation and the 

extent that bone marrow inflammation contributes to skeletal metabolism and systemic 

inflammation. Knowing this information may help to unravel tissue-specific contributions of 

inflammatory-related mechanisms leading to the accelerated musculoskeletal loss and 

cardiometabolic disease risk in adults with CP.

Cardiometabolic Disease

Adults with CP are at a heightened risk for multiple cardiometabolic diseases,12 which is 

associated with musculoskeletal deficits.11 Most studies investigating body composition in 

children with CP have found no difference in total body fat compared to controls.125–127 

Using magnetic resonance imaging, we have reported no difference in total or subcutaneous 

fat volume of the lower extremities, but elevated skeletal muscle and bone marrow fat in 

children with CP,5,6 and elevated visceral fat in adults with CP13 compared to matched 

controls. Future research is needed to parse and quantify the distinct functional implications 

of these elevated fat depots on skeletal metabolism and cardiometabolic disease risk in those 

with CP. For example, although vertebral bone marrow and visceral fat correlate in 

premenopausal obese women, bone marrow fat was independently associated with a lower 

marker of systemic energy metabolism.53
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Bone marrow fat and cardiometabolic disease in adults

Bone marrow fat contributes to approximately 10–15% of total fat, but is the major source of 

systemic adiponectin,128 which is an adipokine and biomarker of insulin resistance and 

cardiovascular disease.129 Paradoxically, obesity and insulin-resistance is coincident with 

lower adiponectin levels.130,131 The discordant bone marrow fat-adiponectin axis is not fully 

understood. Excess bone marrow fat may lead to adipocyte dysfunction and alter adiponectin 

metabolism,132 leading to glucose dysregulation. Indeed, bone marrow fat content has been 

shown to be inversely related to bone marrow glucose uptake35 and positively related to 

glycated hemoglobin levels37 and serum lipid measures.36 Studies in postmenopausal 

women with and with type 2 diabetes reported no difference in vertebral bone marrow fat 

between groups,37,99 but when the diabetic group was stratified by 7% glycated hemoglobin, 

a cut off value for diabetes, the group >7% had greater vertebral bone marrow fat than the 

group <7%.37 Moreover, diabetic women had a lower bone marrow unsaturated index,99 

which further emphasizes the importance of evaluating bone marrow lipid composition 

rather than just quantity.

Glucose dysregulation predisposes cardiovascular disease-related mortality.133 Studies 

clinically investigating the interaction among bone marrow fat, glucose dysregulation, and 

cardiovascular disease are limited and tend to have small sample sizes or use animal models. 

Small animals have a lower proportion of bone marrow fat compared to humans134 and 

diabetes models are often studied untreated, which does not necessarily represent human 

physiology. Therefore, questions remain as to the role of bone marrow fat in systemic energy 

metabolism. In those with CP, a more comprehensive understanding of the role of bone 

marrow fat, in conjunction with other fat depots, in relation to cardiometabolic disease is 

needed.

Proposed mechanisms of bone marrow fat regulation of skeletal acquisition in children 
with CP

Children with CP have poor development of musculoskeletal mass, strength, and function, 

which is associated with greater fat infiltration.5,6 Inadequate mechanical loading likely 

precipitates poor skeletal development, but the subsequent expansion of bone marrow fat 

may further impede skeletal acquisition in an independent manner. To date, no studies have 

examined bone marrow fat dynamics in terms of lipid composition or inflammation and how 

it interacts with skeletal metabolism in those with CP. Further, elevated or altered bone 

marrow fat composition may potentially initiate or exacerbate the accelerated chronic 

disease trajectory observed in adults with CP,7–12 which is interrelated with musculoskeletal 

deficits.11

In light of the little that is actually known, clinically important questions are as follows: (1) 

Is the elevated bone marrow fat in children with CP metabolically distinct from typically 

developing children in terms of its lipid and inflammatory composition? (2) Does the 

elevated bone marrow fat suppress skeletal acquisition? (3) Or, is it deleterious to chronic 

disease development in children with CP? (4) If so, what are the mechanisms? Knowing this 

information will help guide further research into target-specific interventions. For example, 

if the elevated bone marrow fat in children with CP is not deleterious to the skeleton, then 
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research focus needs to shift towards promoting osteogenic-interventions to ameliorate 

skeletal acquisition. On the other hand, if the elevated bone marrow fat is a negative 

regulator of the skeleton, future efforts must identify the mechanisms by which bone marrow 

fat is impeding skeletal development in CP. Figure 1 highlights a working model for 

potential mechanisms between bone marrow fat and skeletal metabolism in children with 

CP, based on the literature. It is unknown if the elevated bone marrow fat is due to a greater 

number or size of adipocytes or to a change in lipid composition, each potentially having a 

unique effect on local and systemic energy metabolism. It is also unknown if hematopoietic 

stem cell metabolism is altered in children with CP.

Conclusion

Given the inadequate musculoskeletal development in children with CP, and the high 

prevalence of cardiometabolic disease and multimorbidity in adults with CP,7–12 which is 

associated with musculoskeletal deficits,11 it is important to elucidate the extent to which 

bone marrow profiles in those with CP are related to skeletal acquisition, local and systemic 

energy metabolism, and cardiometabolic disease risk. This is especially true for children, 

because identifying and treating bone marrow alterations in childhood will have a significant 

impact on mitigating the development and/or exacerbation of chronic diseases in adults with 

CP. Necessary considerations for future research will need to consider the severity of 

disability for the skeletal pathophysiology profile and the stage of life, because a developing 

skeleton (childhood and adolescence) has a different metabolic demand, supply, and 

response to stimuli than does a developed skeleton (adulthood).
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Figure 1. 
(A) Simple diagram showing mesenchymal stem cell (MSC) and hematopoietic stem cell 

(HSC) differentiation. In typically developing children, MSCs favor osteogenic 

differentiation due to adequate loading, nutrition, hormonal milieu, and growth. In children 

with cerebral palsy, MSCs likely favor adipogenic differentiation due to multiple and 

complex factors. (B) Diagram showing potential mechanisms of elevated bone marrow fat 

on skeletal metabolism in children with cerebral palsy. Dashed red line indicates a 

suppressive role. Solid blue line indicates a stimulating role.

Whitney et al. Page 19

Am J Phys Med Rehabil. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Skeletal Status in Children with CP
	Skeletal deficits in children with CP
	Bone marrow fat in children with CP

	Bone Marrow Fat
	The link between bone and bone marrow fat
	Bone marrow fat and its interaction with the microenvironment
	Bone marrow lipid composition
	Bone marrow fat and chronic inflammation

	Cardiometabolic Disease
	Bone marrow fat and cardiometabolic disease in adults
	Proposed mechanisms of bone marrow fat regulation of skeletal acquisition in children with CP

	Conclusion
	References
	Figure 1

